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ABSTRACT

The literature review shows that student altermattonceptions or misconceptions are
important for teaching and learning. Causes othssitident difficulties may include the
counter-intuitive nature of some chemistry conceptto instruction itself. However, over 30
years research into student conceptual difficulbi@s had little impact on teaching and learning
chemistry. In this study, a critical analysis ahthesis of published research into student
conceptions in acid-base chemistry was carriedrotite naturalist nomothetic paradigm using
a constructivist framework. Historical models whigvere included were an operational
macroscopic model and the theoretical Arrhenius @rdnsted models. Firstly, a
comprehensive search strategy with defined inchdsialusion criteria identified 42 suitable
reports which were mostly peer-reviewed. The idiedt research was not limited to
Anglophone countries although Africa and South Apgervere underrepresented and research
among secondary students predominated. Then iqueribf the research showed it was of
variable quality and often poorly reported. Ancmrhe was a set of guidelines for research into
student conceptions. The variable quality and néyp of research then also necessitated a
four-level framework to reflect the stability of stiptions of student difficulties. A new
method for synthesis of descriptions of studentceptual difficulties was developed which
entailed mapping qualitative data on the diffiesgti which had been extracted from research
publications, to propositional knowledge statemeaatsved in this study. This was an iterative
process which simultaneously honed descriptiondiffitulties and illuminated propositional
knowledge implicated in them. The second major @ute was synthesized descriptions of 10
student difficulties with acid-base species, 26idifties with acid-base properties and 17
difficulties concerning terminology and symbolisrarficular to acid-base chemistry. Some
conceptions were also found to have been mis-repas ‘misconceptions’. The difficulties
could be broadly due to student conceptions comugracid-base models, or students not
relating empirical observations to theoretical med® their poor understanding of underlying
chemical principles. Some difficulties were foulndhave been over-researched, while further
work was needed to clarify the nature some diffieal with conceptions of bases, acid-base
reactions, and symbolism used in acid-base chemisithe third major outcome from the
synthesis was 218 propositional knowledge statesnetiich were shown to be suitable for
teaching high-school students, avoided hybrid histb models and were acceptable to expert
chemists. These propositional statements were ratiesgd) as a set of 11 concept maps. The
maps showed the hierarchy and interconnectednessoépts as well as the propositional links
which had been implicated in the difficulties. tha@rmore the concept maps indicated critical
concepts where teaching in each topic should fasusell as cross-linked concepts that can be
used to integrate different aspects of the topiccordingly they contribute to PCK in the acid-
base topic as they represent the fine-grained yelt imtegrated conceptual knowledge
characteristic of a teacher with highly develop&KP
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CHAPTER 1

INTRODUCTION AND AIMS OF THE STUDY
Student difficulties with learning science have duced a considerable body of research
spawned by Driver and Easley’s seminal work in 1@8ver & Easley, 1978). Early studies
focused on student preconceptions in physics lgaftira concept inventory test (Hestemees
al., 1992), with later work in biology (e.g. Lawson Bhompson, 1988), chemistry (Taber,
2002) and latterly biochemistry (Graysen al, 2001). However, this research has not yet
effected substantially improved teaching and lewyndf science (Osborne, 1996; Erickson,
2000) although various causes for conceptual ditiies have been cited. These include naive
preconceptions (Bensopt al, 1993), ‘misconceptions’ relating to ideas thamtcadict
empirical facts (Herron, 1996), student reasoningtesgies (Stavy & Tirosh, 2000; Talanquer,
2006) and even instruction itself (Taber, 2001&urthermore, difficulties in chemistry have
been attributed to three levels of representatimmely macroscopic, sub-microscopic and
chemical symbolism, which students need to undedstnd distinguish but simultaneously
integrate (Johnstone, 2002). Different models epresentations abound in theoretical
chemistry (Hoffman & Laszlo, 1999) and incorrecadiing of scientific models has been
implicated in student conceptual difficulties (Jusk Gilbert, 1999; Taber, 2001a).
Furthermore, textbooks have been implicated in tisblem, particularly in acid-base
chemistry (e.g. Furio-Mast al., 2005), but they remain a primary resource forheex (Costa
et al.,2000; Drechsler & Schmidt, 2005a). Despite a rfeetextbook revision, few reviews of
research into student conceptual difficulties ierofstry have been published; some have been
general (Garnetet al, 1995; Kind, 2004) while others are topic specifcg. Calyket al,
2005a), but acid-base chemistry has received hitlention. Moreover, there has been little

method development for this type of synthesis (RQ1).

I knew from ten years experience in high schoothéay that acid-base chemistry was a
challenging topic. | thought it was due to studemtifusion over acid-base definitions as well
as poor understanding of sub-microscopic proces#észn an opportunity arose for research, |
wanted to contribute something useful for teacheingch would increase their pedagogical
content knowledge or PCK. PCK involves transfamgncontent of a discipline to make it
suitable for teaching. It includes knowledge ofysido represent and organise ideas and
potential cognitive challenges for students (Shulp086). Accordingly | hypothesized that
critical analysis (as review and synthesis) of axisresearch on conceptual difficulties in acid-

base chemistry would also highlight correspondiagceptual knowledge that should be made



explicit for students. This led to the followingesjfic research questions and sub-questions,
designed to review, critique and synthesise puétisiesearch.
1) What is the nature of research published on studgfitulties with acid-base chemistry?
a) Which reports give suitable research data on sttdenceptual difficulties in acid-
base chemistry?
b) What is the scope of this research?
¢) What is the overall quality of this research?
2) What difficulties do students experience with sseti acid-base chemistry?
a) What descriptions of difficulties with acid-basesies can be synthesised from existing
research data?
b) How stable are these difficulty descriptions acrdgierent contexts?
¢) What statements of propositional knowledge are eg¢d address difficulties with
species in acid-base chemistry?
3) What difficulties do students experience with dmde properties?
a) What descriptions of difficulties with acid-bas®perties can be synthesised from
existing research data?
b) How stable are these difficulty descriptions acrdgterent contexts?
c) What statements of propositional knowledge are eg¢ad address difficulties with
acid-base properties?
4) What difficulties do students experience with taotugy and symbolism in acid-base
chemistry?
a) What descriptions of difficulties with acid-basemaology and symbolism can be
synthesised from existing research data?
b) How stable are these difficulty descriptions acrdgterent contexts?
¢) What statements of propositional knowledge are eg¢d address difficulties with
acid-base terminology and symbolism?
5) Does the set of propositional knowledge statemirised through analysis of student
difficulties reflect appropriate knowledge for tédéng and learning acid-base models?
a) How well do the propositional statements refleaticulum models for acid-base
chemistry?
b) What are the implications of the propositional ktexdge for teaching and learning
acid-base chemistry?
The structure of this dissertation in addressimgé¢hresearch questions is outlined in Figure 1.1

and then described briefly.



Chapter 1 INTRODUCTON
Introduces the aim, hypothesis and research questio

Y

Chapter 2 LITERATURE REVIEW AND MOTIVATION
Surveys relevant literature, shows the need farrbgearch, informs the type of research
and research questions

l

Chapter 3 THEORETICAL FRAMEWORK AND CONTEXT FOR THE STUD
Outlines the context of this study in terms of sceeducation theory, the chemistry context
educational context and personal context of theareher, which guide the research methods F‘rd—

interpretation of results

|

Chapter 4 METHOD DEVELOPMENT
Shows reasons behind choice of methods and theinuenswering the search questiol <

V1

Chapter 5 RESULTS OF THE SEARCH AND CRITIQUE
Gives results for Research question 1 which pamftyrins research methods
for Research guestions 2& 4

A

v f )

Chapter 6 RESULTS OF
DIFFICULTIES WITH
ACID-BASE SPECIES

Gives results for Research

Chapter 7 RESULTS OF
DIFFICULTIES WITH
ACID-BASE PROPERTIES
Gives results for Research

Chapter 8 RESULTS OF
DIFFICULTIES WITH
TERMINOLOGY AND

SYMBOLISM IN ACID-

question 2 question 3 BASE CHEMISTRY

Gives results for Research
auestion -

A
rd
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Chapter 9 SUITABILITY OF THE DERIVED PROPOSITIONAL KNOMEDGE FOR
TEACHING AND LEARNING ACID-BASE MODELS <

Shows the propositional knowledge statements ist aihd concept maps for separate acid-base
models and then analyses these to answer Reseastioqub

y

Chapter 10 CONCLUSIONS AND DISCUSSION
Summarises the answers to each research questaws sheir overall significance, validity and [«
implications for future resear

Figure 1.1 Flow diagram to show structure of the disertation

The first research question askéthat is the nature of research published on studéficulties
with acid-base chemistryi?was addressed through a process of comprehensialghing and
rigorously screening relevant literature againseteof criteria which | had previously developed
(sub-question 1a). Then the overall scope of @search was analysed according to different

variables (sub-question 1b). Finally there wasitegae of the research (sub-question 1c). The



methods by which these were carried out are gime@hapter 4, with results of this process

being given in Chapter 5.

Three parallel questions were asked in Researctiqne 2, 3 and 4. Firstly, Research
question 2 askeWhat difficulties do students experience with s acid-base chemistrt?
was addressed by synthesising descriptions indigatbmmonalities behind evidence from
independent research projects — this was Reseas$tign 2a. Sub-question 2b necessitated
evaluating the stability of each difficulty desd¢iim across different educational and chemistry
contexts according to a four-level framework. Tistend, results from the critique of original
research according to Research question 1 were. uddte method used for synthesising
descriptions simultaneously revealed proposititmalwledge necessary to answer sub-question
2c. Individual propositional statements were etgd from publications by experts in
chemistry and chemistry education; textbooks wereniaor source. The need for each
propositional statement was largely intuitive, adatg to my teaching experience. The
applicable method for each sub-question is destribeChapter 4 with results being given in
Chapter 6. This chapter starts with a table shgwielevant difficulties together with
propositional statements implicated in each. Tiffecdlties are then discussed individually to

show how the descriptions and propositional statesneere derived.

Answering Research questions 3 and 4 entailed lpbrakearch processes to those used for
Research question 2. Respectively, the two questisere What difficulties do students

experience with acid-base propertiesthd What difficulties do students experience with
terminology and symbolisin acid-base chemistryResults for these questions are presented in

Chapters 7 and 8 respectively, using a similar &ro Chapter 6.

The last research question wlses the set of propositional knowledge statemdats/ed
through analysis of student difficulties reflecpagpriate knowledge for teaching and learning
acid-base modelsPo answer this question, criteria for acceptaltgpsitional statements had
first been developed before deriving the propasélicstatements used to answer to Research
questions 2, 3 and 4. Then a composite list ahallpropositional statements was arranged in a
conceptual hierarchy derived from a set of coneepps. The propositional statements and
concept maps were examined together against ertteensure their suitability for teaching and
learning in order to consider their appropriatenfiesshigh school teaching, consistency with

acid-base models and acceptability to expert ctisn@gsib-question 5a). Further analysis of



the propositional statements and concept maps sibmghe difficulties addressed sub-question
5b. Criteria for propositional statements and méshused for constructing concept maps are
outlined in Chapter 4 Results, including a tableall propositional statements and concept

maps, are given in Chapter 9.

In the last chapter findings from all five reseagurestions are summarised, their limitations
evaluated and implications discussed. Finally ithplications of all the findings for both

educational practitioners and researchers are denmsi with a view to future research.

The research process involved much cross refergmatween three tables of criteria, critique
of original research reports and the theoretiahtework for the chemistry context, so relevant
tables have been presented in a flip-out out femabling a reader to consult several aspects at
the same time. A list of research reports usdtarsynthesis is given in Appendix 1, page 272,

in addition to their citation as general references



CHAPTER 2
LITERATURE REVIEW AND MOTIVATION FOR THE STUDY

Learning a body of knowledge accepted by scientiats present difficulties for novices. This
chapter looks initially at the nature of such knesde. It then gives some possible sources for
conceptual difficulties that students may expemremden they come to learn this body of
knowledge. Next this chapter gives some criticishgsesearch into student difficulties and
why this body of work has not effected significahianges in teaching and learning science.
Some research deficiencies are identified and resamdations made for the type of analysis
that is needed. This literature review does naugoon acid-base literature because this

literature is the focus of the main research study.

2.1 CONSTRUCTS OF SCIENCE KNOWLEDGE

2.1.1  Scientific Concepts
Rule-governed scientific concepts may be “delilyaaind consciously invented or adopted for
a special scientific purpose” (Kerlinger, 1986, p).2 Scientific concepts always include a
definition; this statement of critical attribute$ @ concept tells us which characteristics are
individually necessary and jointly sufficient taaskify instances as examples or non-examples
(Smith & Medin, 1981; Herron, 1996). Thagard (19p60) terms critical attributes “default
expectations”. Several definitions may pertairot@ concept, and in a physics context, Galili
and Lehavi (2006) include both operational andrimsental definitions (indicating how to
measure a quantity) alongside theoretical defintioHowever, definitions are only one aspect
of the set of knowledge that should be associatitil & concept label and overemphasising
them could suggest erroneously that concepts anglesiunits of knowledge, rather than
networks (Pines, 1985; Herron, 1996).

Networks of knowledge can be organised around quacéNovak, 2002). Concepts are
abstractions or generalizations linked by a paiciabel, which could be its name or a symbol
(Kerlinger, 1986; Novak, 1996). White and Gunst@t@92, p 85) advance an idea of a concept
being the “total set of knowledge associated withbel”. Pines (1985, p108) terms it a “locus
of meaning” associated with a concept label — atimgelace of all relationships associated
with the concept label. Concepts may derive frorengs or objects with perceived shared
characteristics, which are then generalized asssabr set of examples (Novak, 1985). The

context or framework in which a concept is used ndayermine which relationships are



indicated by its label (Pines, 1985; Kellogg, 200y example, a concept ohatter as a

continuous matrix of grains or drops (aréte elementwould be quite acceptable in materials
science, whereas chemists conceive matter to bee mpdof discrete atoms and molecules
(Andersson, 1990). Furthermore, an everyday cdnae@ a scientific concept may share a

label, which is a possible source of confusionstadents (Pines & West, 1986).

Concepts bring order to the world (Smith & Medir981) as they may be organised
hierarchically (Thagard, 1996). A concept’s giosi in a hierarchy of associated concepts
(super-ordinate, co-ordinate or supra-ordinatgaid of the set of knowledge associated with a
concept (Herron, 1996). In addition to criticarriédutes given in a concept definition, Herron
also includes attributes that may vary across elesygf concepts. While limited examples, as
stereotypes or prototypes, may be adequate foy@agrconcepts, a wider range of examples
and non-examples need to be associated with atificiemoncept in order to indicate both its
fullness and limitations. Accordingly, the contesgtecific and hierarchical nature of concepts
will influence the manner of presenting propositibknowledge arising from Research sub-

guestions 2c, 3c and 4c and Research question 5.

2.1.2  Conceptions
Each person’s mental representation of a concatigue and is constantly evolving, through
increased variety of examples and an enriched ledyd network. These idiosyncratic personal
mental representations of a concept are termedeptinas (Duit & Treagust, 1995). Johansson
et al. (1985) describe conceptions as a qualitative iogighip between an individual and a
phenomenon. As part of a conception, White and s@une (1992) include propositional
knowledge (knowing that), procedural knowledge (kimy how), verbatim learning, images
and memories of events, all as parts of conceptmdérstanding. However, understanding a
concept does not necessarily include knowing lislland definition, provided other aspects are
present (Herron, 1996; Clerk & Rutherford, 200Q)rtRermore, Pines (1985) emphasises that,
while a concept itself cannot be judged true osdalthe relationships around it may be so
judged. Thus a person’s conception may differ frmonsensus ideas of a concept and may
include relationships that are at odds with thageepted in a science community. This premise
is central to studies on student conceptual diffiesi in science.  Propositional knowledge is
one aspect of a conception that can be compardd agibsensus scientific knowledge. A
proposition’s role in linking two concepts is showm Novak and Gowan (1984), who use a

metaphor of concepts being ‘atoms’ with proposgideing ‘molecules’ from which meaning



is built. This study makes use of propositionabkiedge indicating a discrete relationship

between concepts, which can be compared to stedeneptions.

2.1.3 Models

Complementing propositional knowledge, meaningéalrhing of science involves constructing
mental models (Johnson-Laird, 1983; Glyenal., 1991). These mental models, or inner
mental replicas, appear to make use of images $dohnaird, 1983) and have explanatory
power. Because they are personal representatitise(t et al, 2000), it is possible that, like

propositional knowledge, mental models may diffemf accepted understanding, thus giving
rise to misconceptions (Clerk & Rutherford, 2000T.aber (2001a, p 125) argues that, in
chemistry, concepts are often not learned hiereadlifi because much of the “theoretical

content of chemistry is beseeras a set of models.”

Models may be classified according to a typologsegiby Gilbertet al. (2000, pp 12-13).A
consensus modeakises by agreement between different social grdoipowing discussion and
experimentation. Once this has “gained acceptaryca sommunity of scientists following
formal experimental testing, as manifest by itsligabion in a refereed journal” it is termed a
scientific model.lf a “consensus model produced in specific histdricontexts” is “later
superseded for many research purposes” it is calledtorical model. Students are not yet
experts, and a simplified version of an historioalscientific model may be included as a
curriculum model Models combining characteristics from indivitlhéstorical models, using
them as a “coherent whole”, are terntdgbrid models.The present study makes use of this

typology of models with regard to student concepio

2.2 THE NATURE OF STUDENT CONCEPTUAL DIFFICULTIES

When individuals construct knowledge they do saulh a filter of prior knowledge and
experience and within their social milieu. The ogptions that students find useful and those
reinforced by society will be retained (Mintzes &Wwk, 2000; Duit & Treagust, 1995).
Student conceptions that differ from those accepted community of scientists have generated
considerable research in what is known as the rdtére Conceptions Movement (ACM) due
to their possible value in planning science ingtamc (Smith et al, 1993). Early research
investigated student naive preconceptions in mechdhythcott, 1985) and heat (Erickson,
1979). Other disciplines have followed suit, sushr@search into conceptions of the shape of
the Earth (Nussbaum, 1979), of the particle natofematter (Gabel, et al., 1987) or



stoichiometry and chemical equilibrium (Huddle &8I&y, 1996). By 1994, Wanderseeal.
reported over 700 publications on student concesgtio physics and estimated there were 200
investigations of biology conceptions. Researtb gtudent biochemical conceptions has been

only more recently explored (Graysenhal., 2001).

These student conceptions show surprising comntgnaftound the world (Driver, 1995;
Solomon,1993b), being “robust with respect to such facewsge, ability, gender, and culture”
(Wanderseeet al, 1994, p 185). Furthermore, these student cdiorep are tenacious —
students hold firmly to ideas that appear sensiiniike simple mistakes (Abimbola, 1988) —
and these ideas may persist despite a universityagion (Pyramid Film & Video, 1988; Evans,
2006). Tenacity of these alternative conceptiaasgrompted research into specific conceptual

change strategies in order to address them (S&riResner, 1982; Hewson & Hewson, 1983).

The ACM has spawned much literature but a “plethmfréerms” (Wanderseet al, 1994, p
178) and lack of uniformity in terminology of theorrement are seen as weaknesses in this field
of research (Solomon, 1994). In particular, Clenk &utherford (2000) criticize some authors
for outright failure to define their intended meamifor terms, or for vague generalizations
passed off as definitions or for coining yet anothew term. Nevertheless, careful choice of
terms may indicate two aspects: firstly, it may whan individual research framework —
idiographic or nomothetic — and the way in whiclthaus view student conceptions; or it may

reflect the type of conception being investigat&tiese aspects are discussed next.

Within an idiographic framework, researchers mayord student conceptions in an
ethnographic manner — much as would an anthrogilegudying a particular culture. Such
work focuses on personal knowledge — what studssitslly believe — and thus accords respect
to these individual conceptions (Lincoln & Guba8®9Wanderseet al., 1994). This group of
researchers would probably use such termghéisiren’s science(Duit & Treagust, 1995),
intuitive conceptions(Lewis & Linn, 1994), alternative conceptiondHewson, 1985) or

alternative frameworkgTaber, 2001b).

By contrast, research in a nomothetic (scienceredhpt framework compares student
conceptions with consensus scientific understandiAg a result, there is a hint of judgment
that students may be ‘wrong’ (Wandersteal, 1994). Workers from this paradigm are more

likely to use the ternmisconceptioror pre-conceptiongKousathanaet al, 2005) to describe
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conceptions or mental models at variance with ctfyeheld scientific theory (Clerk &
Rutherford, 2000). Such erroneous conceptionsdcbeldue to science instruction itself (Duit
& Treagust, 1995; Kousathaeh al.,2005) or despite good instruction (Driver & Easl#978;
Kousathanat al, 2005). Focusing on missing or faulty connectibesveen concepts resulting
in false propositional knowledge, Novak and Gowad®8@) propose the terrhimited or
Inappropriate Propositional HierarchyLIPH). Being based on the theory of meaningful
learning, this term indicates structural weakness student's mental representations.
Accordingly, searching for research published ie tield of student conceptions requires an
awareness of the variety of terms and, hence, kedgamy which authors might describe student
conceptions. It also shows that not all author & comparing these conceptions to

scientifically accepted understanding.

While endorsing the terrhlPH, Wanderseet al. (1994) suggest that the temmisconception
has merits as it is more generally known outsidsaiénce education. Furthermore, they are
concerned that mainstream scientists, focused lmydg of knowledge accepted by consensus,
may see little legitimacy ialternative conceptions Mainstream scientists could thus become
alienated from work on student conceptions, degp#eattention these deserve when teaching.
While Herron (1996) acknowledges a negative corniustaof the wordmisconception he
maintains that misconceptions are a legitimate aadessary part of intellectual growth.
Moreover, he warns: “it is a matter of time befather labels are tainted” (Herron, 1996,
footnote p 110). In the same vein, Terry (1993 5p ltad already noted a common view that
alternative conceptions are “rather embarrassimgsdconceived on the wrong side of the
blackboard.” From this can be seen that, when pisbig research on student conceptions to
mainstream scientists and teachers (essentiallpdaple in the research field), researchers

need to be aware of audience perceptions of |aiseld.

A different approach to terminology is to consitlee subject of student conceptions. Are they
conceptions of phenomena, explanations of phenoneenscientifically defined concepts?
Herron (1996) usednisconceptiorfor student beliefs about phenomena that are agnto
empirical facts; for example, ‘heavier objects vgilhk in water’. Unlike this example, much
early work in the ACM concerned “experience baseglanations constructed by a learner to
make a range of natural phenomena and objectdigitikd’, which Wanderseet al. (1994, p
178) termalternative conceptionsExamples include conceptions of evaporation (Osb@&n
Cosgrove, 1983), dissolving (Longdehal, 1991) or force (Hestenest al, 1992). As von
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Glasersfeld (1995b) points out, many current teokb@xplanations may be considered
misconceptions in the future. This is shown in liory of science where different models
have been proposed to explain or represent the paem@menon; for instance, Carnot’s theory
of heat engines in 1824 supposed that ‘heat’ wasewed, but 40 years later William

Thompson proposed that ‘energy’ was conservedheat (Cropper, 2001). These two models
might be seen as alternative explanations for #meesphenomenon. More recently, in the
relatively new field of biochemistry, tertiary anduaternary protein structures remain
contentious (Mbewe, 2000). Furthermore, even saickeemingly simple and well-known

chemical reaction as the combustion of magnesiumiritan provoke disagreement. In this
regard, Lee (1999) found only partial consensusragmien university chemistry lecturers over
the mechanism by which the reaction occurred — eigit depicted formation of intermediate

complexes. So various student generated expiarsatiwhich make sense to them, could

rightly be termedlternative conceptionsather tharmisconceptions

Scientific concepts are different. Unlike explaoas, which may be contentious, scientific
concepts are usually agreed on by a community m@nssts and defined according to a
particular context (see Section 2.1.1). As eawlitept involves a network of relationships, and
a student’s conception of a concept may lack sorhethese or have included them
inappropriately, Novak and Gowan'’s (1984) idea dfimited or Inappropriate Propositional
Hierarchy (LIPH)will be used in this study to determine particutatwork links that might be
troublesome. However, some authors claim to hdeatified ‘misconceptions’ simply
because students could not give an appropriateeptunal label. Clerk and Rutherford (2000)
rather classify this as a language difficulty. Hanhy, Taber (2001a) distinguishes a situation
where a student is not sufficiently familiar withid concepts to be able to distinguish them (a
conceptual difficulty) from that where a studentrete confuses two labels (a linguistic
difficulty). Knowing a concept label does not immunderstanding concept and, conversely,
not-knowing the label does not imply a misconcaptio Concept labels are is not the

conception of a concept.

Different research positions as indicated by tealigy discussed above (alternative
conceptions, misconceptions and LIPH) can be seeonmaplementary features allowing a more
inclusive view of the complex process of learnibyif & Treagust, 1995). In this vein, and
avoiding semantic issues, Graysenal (2001) use the termtudent difficultiesto refer to

problems that students exhibit in understanding apdlication of scientific concepts and
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reasoning skills. This encompasses a broad rarigether terms such as alternative
conceptions, preconceptions, and incorrect wayseatoning. This inclusion of reasoning
difficulties has since been confirmed by a secondaralysis of published misconceptions in
chemistry, which attributed many misconceptions stadents’ faulty heuristic reasoning

(Talanquer, 2006) and confirms the multifacetedireaof learning.

Thus, a student could havarasconceptiorin thinking aluminium foil will keep a drink cold,
could have amlternative conceptiogoncerning an explanation for wool keeping drinksm,
and could show &IPH or misconceptiorabout the scientific meaning of heat capacity. A
student may have well-differentiated conceptionseafperature and internal energy of a body
without giving thesdinguistic labels; or might be unable to use proportioredsoningto
calculate the final temperature of a mixture. Afl these could be described asident
difficulties but the distinction in labels is not trivial. Earequires a different didactic means of
addressing the problem. The terstudentdifficulties, reflecting a multi-faceted nature of
learning science has been adopted in the currejeqgbr It will, however, focus on student

conceptualifficulties, rather than linguistic.

2.3 SOURCES OF STUDENT CONCEPTUAL DIFFICULTIES

Numerous causes have been put forward for stugdermeptions which are contrary to accepted
science. Wandersest al (1994) warn that tracing the origins of altermatconceptions is
largely speculative, as each learner is individudlevertheless, the universality of these
conceptions among different cultures and ages sig@everal common experiences that can
cause difficulties. These include the nature adrsze (and more particularly chemistry) and the
language of science, informal and formal instrutct@s well as sources within a student, which

are discussed below.

2.3.1  The Nature of Science
Students may misunderstand the nature of sciences@hanat al, 2005). In this way, they
may consider scientific conceptions or theorieSaakind of privileged truth” instead of being
viable within a historical or practical context (v&lasersfeld, 1995b, p 15). Furthermore,
students sometimes believe scientific models hireetdcorrespondence with reality (Oversby,
2000a; Talanquer, 2006). They could be confustadmn models (Carr, 1984; Hawkes, 1992,

Drechsler & Schmidt, 2005b)) and may even atteraphtegrate several distinct models into
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one composite model (Justi, 2000), as do many dekt (Justi & Gilbert, 1999; 2002a).

Teaching a simplified curriculum model may itselfroduce difficulties (Glynret al, 1991).

2.3.2 The Language of Science
The language of science also presents difficul{®gmen, 2004). Scientific texts often
introduce more new vocabulary words per page tlafockign language texts (Glyret al.,
1991). Non-technical words like ‘pungent’ or ‘aqus’ or ‘excess’ may also be beyond a
school pupil’s ordinary vocabulary or not understomithin a science context (Cassells &
Johnstone, 1983; Johnstone, 1991). Further lamgd#ficulties may arise when students
superimpose their everyday word associations ocitensfic terms with restricted meanings
(Pines & West, 1986; Chiu, 2007). Another difftgumay arise when the scientific meaning
for a concept label has changed historically, ketlabel still invokes the original concept for
students (Schmidt & Volke, 2003). Kuhn (1970) agthat this confusion is also found among
scientists when a paradigm shift occurs. Whenesttgdare not learning in their mother tongue,
as happens for many in South Africa, these diffiealmay be compounded (Moji, 1998). In
this matter, Clerk and Rutherford (2000) investegaso called wrong answers to multiple-
choice probes published by other authors. Theyvstahese answers had been too readily
ascribed to misconceptions (as incorrectly asstedlanental models) rather than language
difficulties. They differentiate clearly betweehese two categories because each requires

specific remedial strategies.

Nevertheless, while poor understanding of the lagguof science may in itself not be a
misconception, it can give rise to inappropriatentaemodels. Herron (1979) believes that
when chemistry teachers themselves misuse or perisiise of scientific language they could
contribute to student conceptual difficulties; fiestance, allowing students to refer to all of H

H* and H simply as ‘hydrogen’ suggests erroneously thare is no difference between

molecules, ions and atoms. Moreover, knowing tistindtive and limited meanings for

explicit terms that are appropriate to specificaions is part of acculturation into chemistry
(Overshby, 2000a). Language is one essential @vavhich to understand and communicate
chemistry (Laing, 1999). This language aspect,ttagewith the argument about concept labels
from the previous section, is relevant in three svéyr the current project; it necessitated a
careful analysis of the language used in reseasthuiments and claims of misconceptions but

it also informed one of the categories of diffitest
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2.3.3  The Nature of Chemistry
Several levels of thinking characterize, and aeevbry strength of, modern chemistry as an
academic endeavour. These are the macroscopipevatmnal level, the sub-microscopic or
particle level, and then the symbolic level useddé&scribe and explain phenomena. For
centuries chemistry was understood only through ros@opic tangible experiences of
phenomena. Then by the mid™8entury, symbols, formulae and equations were abrm
representations among chemists. Much more recentiynce 1950 (Laing, 1999) — atoms,
electrons and bonding became the dominant wayiokitty. Expert chemists move fluently,
and sometimes tacitly, between the levels of remrgion (Johnstone, 1982). By contrast,
students have trouble navigating through and iatéyy the levels (for example Ben-Zaf al.,
1986; Gabel, 1993; Johnstone, 19@3jiu 2007; Drechsler & Schmidt, 2005b). Johnstone
(2002, pll) argues that a reason for these diffesullies in overload of working memory,
which prevents a novice from simultaneously recgjyiprocessing and integrating information
in the “triple layer sandwich”. Furthermore, anedwaded chemistry curriculum allows
students little time to make connections betwegmwesentational levels, which leaves their
knowledge compartmentalized. It then appearsdtiatmpting to load too many simultaneous
levels of thinking onto students hinders meaningiesrning, with resultant conceptual
difficulties (Gabel, 1993; Nelson, 2003).

Since 1960, many chemistry courses himgpcally started with elements and atoms, whereas
chemistry educators have continually argued agahespsychologicalstructure of such an
inverted highly abstract curriculum (for examplevMio& Nussbaum; 1978; Vogelazang, 1987,
Gabel, 1989; Johnstone, 1991; Laing 1999; Solonmni® Stavridou, 2000; Nelson, 2002).
Furthermore, Laing (1999) and Johnstone (1991) bwtimtain that much useful and interesting

introductory chemistry can be taught that is batigible and non-abstract.

Over and above the inherent difficulty of the migtrel nature of chemistry, teachers appear to
be unaware of, or may even compound, the probleabé€(; 1999). In this matter, Loeffler
(1989) contends that traditional teaching involl@sbiguously skipping back and forth with
an imprecise and often incorrect usage of confusimms” (p 930). He gives examples of
mature chemists frequently using the same wordmnila to denote both species (atom, ion or
molecule) and substance, assuming that studentd adfer the intended meaning from the
context. Consequently, students, experience diffess with each representational level, in

addition to difficulties in distinguishing, but #te same time linking, these three systems. The
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difference between knowledge of experts (possibtytt and novices forms a large part of the

research in this current project.

2.3.4  The Nature of Instruction
Student conceptions are influenced informally bthiitbe media and their peers (Botton, 1995;
Chiu, 2007). Solomon (1993a, p 9) describes a riitmg tension” between cultural and
scientific knowledge causing emotional reactionsntisk scientific thinking, so that “...what is
sensational, or comfortably agreeable, survivethaetexpense of accuracy.” Even a well-
educated lay public associates the watdmicalwith manufactured materials, possibly toxic or
carcinogenic (Evans, 2006). It is heartening thatgden € al. (1991) report an apparent

decrease in this influence as students are exgosadre science instruction.

Formal instruction may cause its own misconceptionisese could arise from teachers’
inadequate content knowledge or through inapprteorieaching strategies, or textbooks
themselves might foster misconceptions. Teacloave misconceptions may be transmitted to
students (Blosser 1987; Chiu, 2007). Specificaflgise and Roehrig (2005) found parallels
between scientifically unacceptable conceptionsitiied among students and their teachers,
which were more prevalent among teachers withoshemistry major qualification. The
authors concluded that these teachers probablgriigtied their own misconceptions to students
or covered only superficially content where thegkked confidence. The research also showed
that these teachers thought chemistry required rmiaitive knowledge, possibly due to their
not having experts’ tacit way of moving confidentbhetween representation systems in

chemistry.

Many chemistry concepts (for example oxidizing dgen proton-donors) are in fact non-
intuitive and so students are hardly likely to depeany conceptions (alternative or acceptable)
on their own initiative. Taber (2001a, p 128) elattes (with his own italics): “it is important
to note thatmost alternative conceptions in chemistry do notivdefrom the learner’s
unschooled experience of the watldin this way he sees alternative ideas, not awenor
intuitive conceptions such as frequently found hygics, but rather those derived from a
student’s prior formal learning experiences. Adiugly, he argues that most difficulties in
learning chemistry have pedagogic and epistemicasau Rather than laying blame, Taber
asserts that these are opportunities to make ttietyer for students. The aim of this project is

to contribute to such a solution.
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A connection exists between information availabletudents and alternative conceptions they
might develop; one instance could be a limited eandl examples given to students. In

particular, if they have studied only strong acitteey might assume that all acids behave
similarly (Schmidt, 1997). Another instance cobklallowing student conceptions to develop
informally, rather than through carefully plannettruction; consequently students may not
distinguish between two similar but different copise (Herron; 1996; Taber, 2001a). As

discussed earlier, Herron (1996) suggests thardédaching a topic, teachers first undertake a
conceptual analysis, which includes finding examaled non-examples to show the extent and

limitations of a concept.

There couldalso bea mismatch between students’ prior learning andhea’ assumptions
about students’ existing ideas. Students’ pretiexjsconceptual links are critical for
meaningful learning so conceptual problems maylyeasise when teachers falsely assume that
a student understands core concepts and make wigsiprofor this knowledge to be constructed
(Tullberg, 1994). Without tacit knowledge whichpexts use to weave their way through
different representational models in chemistrydstus could well have limited or inadequate
conceptions. ldentifying this tacit knowledge aspwsitions (see Section 2.1.2) is the focus of

Research sub-questions 2c, 3c and 4c.

Textbooks may also be a source of misconceptioestdua mismatch between scientifically
accurate models or theories and those that areoaigie to the cognitive development of
younger students. It is impractical to teach phisiicated expert view to young children, but
presenting a simpler, more easily comprehendedryh@s a curriculum model, see Section
2.1.3) may result in actually teaching misconcemio If these are not subsequently
straightened out they may be carried through ansfic illiteracy (Glynnet al.,1991). Over-
simplistic textbooks which introduce errors are idespread problem shown, for example, in
research from physics (Carvalho & Sampaio, 2008)loby (Clifford, 2002) and chemistry
(Sanger & Greenbowe, 1999mith & Jacobs, 2003). The problem is found anmelegnentary
textbooks, as shown by Barrow (2000), and thoseufdversity undergraduates, as shown by
Sawyer (2005). In particular, textbook presentataf scientific models has been widely
criticized as confusing for students (e.g. CarB4; 9 oeffler, 1989; Overshy, 2000a; de Vos &
Pilot; 2001; Drechsler & Schmidt, 2005a; Justi &hb@rt, 1999, Gilberet al, 2000). More

specifically, Andersson (1986) recommends thatimoits emphasise the provisional nature, as
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well as explanatory and predictive roles of modelsile making clear distinctions between a
model and the real world: “If our ideas about ataans correct what should happen here?” (p
561). In both this review article and another 89Q, Andersson emphasises careful choice of
words; for example, water is frequently described cansisting of oxygen and hydrogen
conveying an idea that it is a mixture, rather thamg described as a compound of oxygen and
hydrogen. Accordingly, in the current project, positional knowledge which was put forward,

needed to be carefully verified, to make it comglativith expert opinion.

2.3.5  The nature of students

According to Brownret al (1989) conceptual knowledge cannot be abstrdobed its context,

that is, it is situated within the culture in whitkarning takes place. As this work is situated
within a social constructivist paradigm (Novak, 2P0the nature of students is considered to
influence their learning. Three aspects are consitlbere. Students’ gender may affect the
type of instruction they need in order to countésamnceptions as, for instance, Chiu’s (2007)
evidence for gender differences in conceptual wideding of chemistry among Taiwanese
students. In other studies, appropriate intereestienabled females, who initially performed
worse than males, to subsequently perform at thee saonceptual level as their male peers.
These interventions required and assisted studemnisualize chemical reactions at particulate
levels (Bunce, 2001Yezierski & Birk, 2006). This suggests that fensaleeed specific

instruction in using visual models.

Students also tend to compartmentalize their kndgde- using different aspects according to
different situations; for instance, Taber (200limeg numerous examples where students do not
apply electrostatic principles learned in physishemical bonding. Students also appear to
make little attempt to reconcile everyday and smeknowledge, retaining personal theories
and models but insulating them for protection frdiscrepancies observed in science lessons.
Personal theories are used out of class while totetheories are presented for the teacher.
However, initial conceptions may be retained butdmee wrapped up in more and more
scientific jargon as students progress, so theyddfieult to detect through factual recall tests
(Glynn et al, 1991). Lewis and Linn (1994) reported this sapian of everyday and science
knowledge as occurring among adolescents, adultseaen professional scientists. Everyday
knowledge as general principles, or p-prims, whstidents use to predict behaviour of the
natural world, may itself not be integrated int@aherent whole, remaining &sowledge in

pieces(diSessa, 1998), used according to context.
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Some students may have difficulty applying ruledagfical reasoning. Herron (1996) points
out the commonality of proportional relationships ¢oncepts that cause difficulties, for
example, density, stoichiometry, acceleration atd of reaction. Following chains of formal
hypothetico-deductive (logical inference such as then ...) or probabilistic reasoning have
also been put forward as essential reasoning ghkillsuccess in science, but which are often
lacking (Herron, 1975; Cantu & Herron, 1978; Laws® Thompson, 1988). The fraction of
students identified as having developed such msilis small: 21% of a biology class with an
average age of 13 years (Lawson & Thompson, 1988)% of a high school introductory
chemistry course (Goodstein & Howe 1978) and 20%biofogy students at a community
college (Lawsoret al, 1993). Instead of formal reasoning, studentsl teo use their own
intuitive reasoning rules in mathematics and sag®tavy & Tiroch, 2000). Talanquer (2006)
presents a model for interpreting published chegnistisconceptions in terms of students’
erroneous ideas which appear to them as ‘commasesand which they use in an attempt to
reduce cognitive overload. It is important tentfy such troublesome concepts in order to

provide appropriate support for such students.

2.4 MOTIVATION FOR A REVIEW OF CONCEPTUAL DIFFICULTIES

Despite the strong message sent by a considerable df research into student conceptual
difficulties in science, there has been criticigmattit has had little effect on teaching and
learning (e.g. Osborne, 1996; Erickson, 2000; Be#nhebben, Hogarth & Campbell, 2005a;
Bucat, 2004). The following sections show numeroeasons which have been suggested for

this disparity.

2.4.1 Research has to move its focus away from misconcapis

Some authors believe that research should movenbegocumenting student difficulties and
focus on remediation. Gabel had already claimel®®B that there had been sufficient research
in chemistry misconceptions and called for more leasgs on moving students forward, when
in 2000, Johnstone noted a negative flavour calsedhe predominance of research into
student misconceptions, with little on how to reeethem. There appeared to have been little
change later when Gilbegt al (2002a) continued to decry the preponderancesdarch from
which no development had ensued. Some heed hasdrzken paid to these repeated appeals;

Tsai and Wen'’s (2005) content analysis of the niaiernational science education research
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journals showed there had been a recent drop iprdortion of papers on learning (including

conceptions) with a subsequent move towards res@ateaching.

Recently there has been revived interest in commeptresearch due to a movement towards
concept-based learning (Morse & Jutras, 2008).s Hais prompted development of concept
inventories, such as those in mechanics (Hestenes$, 1992), basic chemistry (Mulford &
Robinson, 2002: Potgietet al. 2005), and other disciplines such as biology andhemistry
(Howitt et al, 2008). These inventories of conceptual questiovhich rely on established
student ‘misconceptions’ for distractors in mukighoice items, are well adapted to evaluating
pre-knowledge and for teaching large classes, amphlteacher to respond quickly to students’

pre-existing conceptions (Mazur, 1997).

Common student difficulties may also be avoidedgather (e.g. Johnstone, 2002) if educators
are aware of them and have well-planned teachiagesfies (Schmidt, 1997) (see Section 2.3.4
on chemistry difficulties being largely due to ipappriate instruction). This might involve
explicit instruction, especially with non-intuigvconcepts (de Vos & Verdonk, 1996), where
Muthukrishnaet al (1993) claim explicit instruction can be effeetiin removing 90% of
common alternative conceptions. It follows thaturgent interest in conceptions research is
prompted by a desire to effect changes as have beked for.  Accordingly, accurate
descriptions of difficulties are needed. The aiimesearch questions 2, 3 and 4 is to provide

suitable descriptions.

2.4.2 Research should drive changes in teaching

The curriculum and textbooks in chemistry havendesv changes arising from research into
student conceptions. An earlier section (2.38)h@ nature of chemistry highlighted continual
but unheeded appeals from science education résearfor a more conceptually appropriate
student-centred curriculum. For example, Johns{@060) reports that there is more concern
about a logical order in which to teach chemistather than the psychological principles of
learning. More particularly, Schmidt (1995) cortterthat textbook authors ignored certain
misconceptions, yet teachers needed to become af#nese misconceptions if they were to
address them. In the same way, Gabel (1999) abddhat changes in chemistry textbooks
since the 1950s had “not been driven to any gregne by research findings”. Moreover,

Costaet al (2000) found that teachers most commonly refetextbooks for information on
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practical work. So, evidently, a main source dkmence for teachers’ pedagogical content

knowledge (PCK) has not been highlighting researcbtudent conceptions.

2.4.3 Pedagogical Content Knowledge
Pedagogical content knowledge (PCK), as advancedhyiman (1986), is the form of
knowledge that teachers use to transform their iglc content knowledge into suitable
learning experiences. It is an amalgam of bothestitspecific knowledge (the conceptual
structure of a subject, the validity of knowleddaims in the subject, and the value of such
knowledge) andpedagogical knowledge. Shulman’s model of PCKudek the following
aspects of making a discipline comprehensible timfents:
« The most useful ways to represent ideas;
* The most powerful analogies, illustrations, exarmpéxplanations and demonstrations;
* Knowledge of what makes a topic easy or diffictltat is, knowledge of common
preconceptions, alternative conceptions or misquotimes;
e Strategies for organising and understanding ideas.
Further aspects of PCK are evident in recent dssouos (Abel, 2008):
* PCK integrates discrete categories of knowledge apulies them synergistically to
problems of practice;
« PCK is dynamic; it develops from teacher prepargtiexperience, and professional

development.

Shulman (1987) considers PCK to be an ill-docuntestaurce of practice, unlike practice in
other professions. Consequently PCK is not e&igitysmitted to other practitioners (Frappaolo,
2006), although Rollnickt al (2008, p 1366) argue that if it “can be captuaed portrayed, it
may then be passed on to inexperienced teach&hs& has been demonstrated by van Datel
al. (2002) where a workshop, based on reported reseamcerning student difficulties with
macroscopic and sub-microscopic levels of represient proved to be effective in making
teachers aware of such difficulties and of waysvhich they could help students overcome

them.

Classroom experience is currently the primary sewicPCK (van Drieket al, 2002; Lee &
Luft, 2008) but Bucat (2004) is concerned that angated PCK does not contribute “to the

collective wisdom of the profession” because itaggears when experienced teachers retire.
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Like Rollnick et al. (2008) above, he recommends that educationalistersstically document
the rich pool of experiential PCK, which he beliswghould then be evaluated formally. This
suggestion may not be as simple as it soundsworpossible reasons. Firstly, rather than
being generic, Bucat argues that, in chemistry, FCtiighly specific within a discipline, which
implies many interviews to cover even one topicse&ond problem became evident in research
by Rollnick et al. (2008). Through observations they found, as eggechat an experienced
teacher displayed highly developed PCK, but they &und that he could not articulate it in an
interview. It was tacit, something that he simmld. Therefore recording experienced
teachers’ PCK could be a laborious process, emgaitiany observations, interviews or group
discussions. Two aspects of PCK are especialgvaelt in this project. Research into student
conceptions from Research questions 2, 3 and 4doceedy usefully contribute to teachers’
PCK. Another aspect that needs to be capturedbiga knowledge of experts which will be
included in the propositional knowledge referredht®esearch sub-questions 2c, 3c and 4c. As
already discussed, what appears to be intuitiveveaage causing difficulties in chemistry

could be tacit knowledge among subject experts $setion 2.3.3).

2.4.4  Teachers should become aware of research

From discussion in Section 2.4.2, teachers’ lackwidéireness of student conceptual difficulties
is no surprise, although it is unfortunate. Fumtin@re, finding that student misconceptions are
shared worldwide can validate much that teachersbesides fostering their professional
development (Osborne, 1996) through increased PBken in 1993, Sanders had highlighted a
need for research to be communicated with a tangaience of educational practitioners but in
1999 Gabel claimed that nine out of ten instructarsre neither aware of common
misconceptions, nor of how to counteract them as€! Even much later, Drechsler and van
Driel (in press) found that teachers had little \whemige of many student difficulties in acid-
base chemistry that had already been publishedredder, Costat al’s (2000) study showed
that experienced teachers’ lack of awareness efiseieducation research findings meant they
derived their teaching knowledge instead from eigmee and ‘common sense’. These teachers
also did not question this personal knowledge despsearch having sometimes challenged its
validity. Another concern is that being unawarepotential conceptual difficulties, teachers
tended to overestimate their students’ performaasshown by 64% average prediction against
41% performance on conceptual questions (Agung &wactz, 2007). Teachers also
underestimated how deeply student conceptions weted (Salloum & BouJaoude, 2008). It

thus appears that teachers are largely unawaréeofextent and pervasiveness of student



22

conceptual difficulties. In addition, as discussadlier, teachers may not be aware that they
themselves hold misconceptions, which they may tin@nsmit to students. To be specific,
teachers held the erroneous belief that a single atf sulphur would be a brittle crystalline
solid, with the same melting point and density aample of sulphur (Kruse & Roehrig, 2005);
they also showed little conception of the spaceipied] by one mole of carbon atoms (Kruse &
Roehrig, 2005) or the mass of one atom of hydrodgem-Zvi et al., 1988). Furthermore,
teachers sometimes confuse terminology from theresaopic domain and use it in the sub-
microscopic context (de Jong & van Driel, 2001; $&u& Roehrig, 2005). Nevertheless,
reports show that discussion on published miscdimepwas a useful and unthreatening way
of alerting teachers to their own difficulties (Keu & Roerig, 2005; Calyket al. 2005;
Drechsler, 2007). Teachers would probably welcdhie inclusion: “I know chemistry, but
knowing and teaching are two different things” (Beu& Roehrig, 2005, p 1248). It appears
that teachers are not resistant to and would ih fiaacome this knowledge about student

difficulties.

Publishing for teachers is not the same as puhlisfor a research community; teachers find
much  science education research unwieldy. Cestal. (2000) appeal to researchers to
elaborate findings so as to make them relevanteiaching practice. This is echoed in Gilbert
et al's (2002a) plea for such potentially relevant fimgh to be made accessible in professional
journals for chemistry teachers. All too oftene@xh remains published only in journals
(Jenkins; 2000) or remains unpublished in thesdd&sertations (Anderson, pers. com.) where
it is then forgotten. Teachers’ workload is suehttthey have little time to read and work out
applications for research findings; instead theydheeady-made solutions to specific classroom
difficulties which they encounter (Anderson, 2007As de Jong (2004) observes: “The key
problem here is that teachers expect research podsented to them in a form they can readily
apply because they are too busy doing their jobetal the research literature.” However,
researchers’ careers often depend on publicatiopsér-reviewed journals, which may cause a
divide between research and practice (de Jong,)200&vertheless, there has been some
progress in making research findings availableetucators. In this regard, an analysis of main
science education journals by Viglietta (1996) shdvthat many were trying to address the
problem of bridging research and practice, for gXamadopting a more magazine-like format
to some sections or inviting authors to write edoicaentred articles such as the series:
“Bridging the education research — teaching praaap” (Anderson & Schénborn, 2007; 2008;
Schonborn & Anderson, 2008a; 2008b). Attempts hale® been made to publicize this
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research in a suitable form through websites, fan®le, Anderson and McKenzie (2002), see

CARD at http://www.card.unp.ac.za These efforts to publicize the considerable body of

research on student difficulties appear to berist@ffecting changes in teaching strategies.

2.45 The nature of research already conducted
Numerous criticisms of the nature of research adestt conceptions have been made. Some
research has been of low quality or poorly repo(teghe & Schmidt, 2001). It has also been
described as lacking replication studies (SandiE993; Wanderseet al., 1994; Krnelet al,
1998; Jenkins, 2000; Graysenal; 2001; Kind, 2004). Both aspects have resultedismally
slow progress in developing accurate descriptidrspecific student difficulties (Graysaat al,
2001). As already noted, Clerk and Rutherford (30@ieve that different types of difficulties
require different strategies to counter or avoighth We need to know what we are addressing
before we address it. It follows that coherentuked and effective research giving greater
insight into the nature of student conceptionsdeded in order to plan effective remedial or

preventative action.

Some gaps in the research field of misconcepti@ve been identified within specific topics
(Garnettet al, 1995; Erickson, 2000), which researchers nedil & as to provide necessary
insight into student conceptions. Furthermore stud®nceptions in some topics have been
over-researched (Graysat al., 2001) and for these Gabel's (1993) call to movevérd
should be heeded. In this regard, Tsai and W@®85) content analysis of science education
research journals gives few instances of recemewepapers in any field of science education.
Some general reviews of student difficulties hagerbpublished in journals (Driver & Easley,
1978; Garnetet al, 1995), in handbooks (Gabel & Bunce, 1994; Warekees al, 1994), or
electronically (Kind, 2004). Latterly reviews leabecome more focused. Examples covering
student conceptions in chemistry include: concagtiof matter (Andersson, 1990; Krretlal.
1998), solutions and dissolving (Caly, al., 2005a), stoichiometry (Furiét al, 2002), and
chemical bonding (Ozmen, 2004; Umalal, 2006). Research question 1 of the current proje

will include a review of the scope of existing rasah.

Systematic reviews of uncoordinated research casltiprovide a bridge between research and
practice.  These systematic reviews, as advochyedilbert et al. (2002a), differ from
traditional review articles. Criticisms of tradial narrative reviews include authors’

complete, and possibly subjective, discretion anelusion or exclusion of material, sometimes
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with no explicit assessment of research qualityn(i&ttet al, 2005a). Moreover, traditional
reviews may be biased towards larger studies ghddlisn top journals, while neglecting smaller
but important studies (Torgerson, 2003). The &tned’ systematic review process which
Bennettet al (2005a) advocate is suitable for a narrowly fecusesearch question to be
answered through secondary analysis of publishedareh reports. It has rigorous and
replicable strategies for searching, screeningraapping these reported studies. Adapted from
medical research, it has proved effective in s@eaducation (Bennett, Campbell, Hogarth &
Lubben, 2005b; Lubbeat al., 2005; Bennetet al., 2007) but it seems, at the time of writing,

that it has not been used for research into stud@rteptions.

2.4.6  Propositional knowledge in conceptions research

When Erikson (2000, p 287) advocated further mebe@n domains where knowledge of
student conceptual difficulties was lacking, he bagised a need to include  “explicit
orientating frameworks”.  Similarly, in their 199®view article, Garnetet al advocated
having a list of “conceptual and propositional kiedge” (p 83) as a starting point for further
research into misconceptions. Describing studesmceptual difficulties asLimited or
Inappropriate Propositional HierarchyLIPH), as suggested by Novak and Gowan (1984),
shows that these propositional statements are tedsehow else does a researcher adjudicate
what is missing or inappropriate? | anticipateddieg such a set of propositional knowledge
when formulating Research sub-questions 2c, 3c4and Treagust (1988; 1995) outlines a
method for deriving a coherent set of propositiogsi@tements from expert knowledge. A
further aspect of Treagust’s method includes demetpconcept maps to establish coherency or
internal validity of propositions within a topic.Both aspects are important pedagogic

knowledge for teachers in a discipline.

2.5 A SUITABLE TOPIC FOR REVIEW
2.5.1 The Importance of acid-base chemistry

Acid-base chemistry is an important topic in a cis&ém curriculum. The topic has been
described by chemistry education researchers asldfmental” (Morgilet al, 2005), one of the
“big ideas” in chemistry (Chiu, 2007) and “relevafdr medical students (Tarr & Norwell,
1985) and is also ranked by teachers as amongfteéenf most important topics in chemistry
(Finley & al., 1982). In addition, through studying acid-bakemnistry, students learn about
both the nature of scientific models and many edayyprocesses (Drechsler & Schmidt,

2005a), as well as processes applied in other gesen In this regard, Oversby (2000a)
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highlights the pervasiveness of acid-base chemistrpther topics such as the nature of
inorganic oxides of metals and non-metals, or ttiditg of phenols and carboxylic acids in

organic chemistry. Furthermore, introductory ogdiébiology may include acid-base chemistry
in cellular processes, such as protein and nuat@ttdenaturising, enzyme activity, oxygen and
carbon dioxide transport (Rhodes, 2006; Watters &tté/s, 2006). Despite this stated
importance, recent general reviews report very sawdent difficulties in the topic of acid-base
chemistry; for example, Kind (2004) reported fiwantrasting with 20 reported for each of
electrochemistry and particulate nature of matkdije Garnettet al. (1995) reported nothing

specifically on the chemistry of acids and bas€sirrently, the literature contains no specific

review on the topic of acid-base chemistry.

2.5.2  The potential of acid-base chemistry for misconcejuins and difficulties
It could be argued that acid-base chemistry do¢yietd many difficulties, but this is hardly
true in light of teachers’, students’ and educasitsh ideas of the complexity of acid-base
chemistry as follows. In the United Kingdom, seréchemistry teachers rated the topic as the
third most difficult to teach (Ratcliffe, 2002). mfong Swedish chemistry teachers, none rated
the topic as their favourite; they anticipated nyoshathematical rather than conceptual
difficulties (Drechsler & Schmidt, 2005a). Sontadents also dislike the topic. Specifically,
Tarr and Norwell (1985) describe feelings of fdapelessness and intolerance among medical
students who often resorted to rote and algorithiesrning: “Nothing, it seems, is as
universally misunderstood and difficult to convey the concepts surrounding the biological
responses to hydrogen ions” (p 14). New Zeakmwbndary school students thought acid-base
chemistry was a difficult topic, especially wheomic equations are needed. They rated their
performance as third poorest in 50 topics (Bur®@82). Similarly, Wisconsin students ranked
pH as the fifth most difficult topic in chemistriFifley et al, 1982). Ratcliffe’'s (2002) report
suggested that students held very different viewvsheir teachers (above). These students
thought there were 15 other chemistry topics mdfedlt to learn than acids and bases. In the
same vein, Furio-Mast al. (2005) noted Spanish students’ belief that it was a sinipfgc,
even boring. Swedish teachers, mentioned abds@ ttrought it was superficial, offering little
further extension beyond students’ experienceriiojusecondary school (Drechsler & Schmidt,
2005a). However, as noted earlier (see Sectiod)2#®achers tend to underestimate the impact
of student conceptual difficulties (Agung & Schwar007). In summary, the topic is

recognised as being important, but teachers appadislike the topic but for different reasons,
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seeing it either as undemanding or presenting snastthematical difficulties. Students’

opinions vary; some rank its difficulty level higind others low.

Adding to the surveys above, research suggestshiadtigh cognitive demands associated with
studying acid-base chemistry will probably yieldhceptual difficulties. To be specific, Herron
(1975) anticipated that students who do not readistractly would struggle to “conceive an
acid as a proton donor or electron pair acceptdtfioagh they should not have trouble
conceiving “an acid as any substance that will litmus red”. This reflects Johnstone’s (e.g.
2002) contention that many difficulties in learninghemistry arise from different
representations in chemistry; specifically the roacopic, molecular and symbolic.
Furthermore, acid-base chemistry involves sevesdindt models (e.g. Kolb, 1978, Oversby,
2000a) and student difficulties in such situatidreve been recorded (e.g. Justi & Gilbert,
1999). Specifically, according to Nakhleh and Kilaj(1994), the topic requires a deep
understanding of atoms, molecules, ions and chémmactions, and on a similar note,
Johnstone (2002, p 13) contends: “Many of the wriolegs that students have start with ions
and salts.” It follows that experts in chemistdueation research anticipate students having

difficulties in the acid-base topic.

Different categories of concepts might be assimilah differing ways according to a student
cognitive level. In this regard, Wilson (1998) falithat weaker students tended to use matter
concepts (such as acid or base) around which enag their knowledge, while more advanced
students were able to use process concepts (suomiastion) for the nodes in their concept
maps. As a result, she suggests that teachershasBrst, more concrete, category as an
organisational framework for novice learners; teeomid, more abstract, category being more
suitable for advanced students. This aspect stagjdbere could be different categories of
difficulties according to the central organisingad— namely chemical species or processes.
Furthermore many reports concerning student diffiesiin interpreting representations used in
chemistry, such as scientific terms (see SectiB2p. mathematical expressions (e.g. Potgieter
et al, 2008) or chemical symbols (e.g. Yarroch, 198&®agust & Mamiala, 2003) suggest that

difficulties with representations can be expectefdrvade all aspects of chemistry.

2.5.3 Acid-base presentation in textbooks.
Textbook inaccuracies with acid-base chemistry halge been reported (e.g. Carr, 1984).

Specifically, Loeffler (1989, p 929) pointed outhé entire field of acid/base chemistry is filled
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with ambiguous or seemingly inappropriate word esagd symbolism”. Recent content
analyses of the acid-base topic carried out orbteis published in the United Sates (Erduran,
1996; de Vos & Pilot, 2001), the United Kingdom @@sby, 2000a), Spain (Furio-Mas al,
2005), Greece (Kousathaanal, 2005) and Sweden (Drechsler & Schmidt, 2005arbsler &
van Driel, in press) indicate a persistent and spdead problem. All these studies report
instances of hybrid or mixed acid-base models ardesponding lack of distinction between
applicable contexts for the models, resulting in iaooherent presentation for readers.
Moreover, textbooks are sometimes contradictonheaapecific, different definitions of acids
are given almost contiguously without differentigticontexts (Evans & Lewis, 1998), while
textbook explanations of relative strength of adidsvater have been described as “nebulous”
and sometimes inconsistent with explanations, siscstrength of chemical bonds given later in
a book (Moran, 2006, p 800). Formal instructiors ledready been implicated in student
conceptual difficulties (see Section 2.3.4) andady, textbooks could be an important cause of
student conceptual difficulties in this area of roiwtry. Accordingly, a need for a different

source of propositional knowledge in the topic watcipated in the current research.

2.6 CONCLUSION

This review has shown that learning science andairiicular, chemistry is no easy matter.
Students need to form appropriate links betweereyis but sometimes difficulties may occur
because students filter and interpret new inforomatiso making their own idiosyncratic

conceptions. If these conceptions are not in alzoare with accepted scientific knowledge,
they indicate a limited or inappropriate propositib hierarchy (LIPH) which may also be

termed a misconception, or alternative conceptiogimply a conceptual difficulty. Causes

may lie within the nature of science in generatl anemistry (with its large abstract component

and multi-representational nature) in particulahave pedagogic origins.

Research into student conceptions has so far ittedihfluence on the efficacy of science
instruction. A possible reason is a dearth ofeegi and syntheses of isolated research studies.
Acid-base chemistry is an important topic in itsefwell as a foundation for allied sciences and
since it encompasses several models, which aretgsoaesemisrepresented in textbooks; it could
be a fruitful field for misconceptions, which masllfinto categories of species, processes and
representations. Consequently, a comprehensivigsiaf student difficulties in acid-base
chemistry should be useful for practitioners anlp tiacilitate effective teaching. In addition,

corresponding propositional knowledge, which appebacking or inappropriate among
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students, needs to be presented in a manner thatls useful for textbook authors and
enhances teachers’ PCK. Thus the goals of the miresedy have been to critically analyse
research done to identify conceptual difficultiesacid-base chemistry through an approach
which matches such difficulties specifically to sdupropositional knowledge. This could,
inter alia, be used to improve textbook descriptions of dede concepts, help develop
practitioners’ PCK and facilitate remediation ofyastudent difficulties. Towards this goal |
addressed the research questions already presentieel Introduction (Chapter 1) which, for
readers’ convenience are given again below.
Research questions addressed in this study
1) What is the nature of research published on studifitulties with acid-base chemistry?
a) Which reports give suitable research data on sttdenceptual difficulties in acid-
base chemistry?
b) What is the scope of this research?
¢) What is the overall quality of this research?
2) What difficulties do students experience with sseti acid-base chemistry?
a) What descriptions of difficulties with acid-basesigs can be synthesised from existing
research data?
b) How stable are these difficulty descriptions acrdgterent contexts?
c) What statements of propositional knowledge are e@¢ad address difficulties with
species in acid-base chemistry?
3) What difficulties do students experience with dmade properties?
a) What descriptions of difficulties with acid-bas®perties can be synthesised from
existing research data?
b) How stable are these difficulty descriptions acrdgterent contexts?
¢) What statements of propositional knowledge are eg¢d address difficulties with
acid-base properties?
4) What difficulties do students experience with taottigy and symbolism in acid-base
chemistry?
a) What descriptions of difficulties with acid-basem@ology and symbolism can be
synthesised from existing research data?
b) How stable are these difficulty descriptions acrdgferent contexts?
¢) What statements of propositional knowledge are eg¢d address difficulties with

acid-base terminology and symbolism?
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5) Does the set of propositional knowledge statendgrised through analysis of student
difficulties reflect appropriate knowledge for té@ng and learning acid-base models?
a) How well do the propositional statements reflecticulum models for acid-base
chemistry?
b) What are the implications of the propositional kiexdge for teaching and learning

acid-base chemistry?
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CHAPTER 3
THEORETICAL FRAMEWORK AND CONTEXT OF THE STUDY

3.1 INTRODUCTION — THE NATURALISTIC PARADIGM

A researchparadigm can imply the set of symbolic generdlire, models, values and
exemplars that are shared as a “disciplinary niatiyxmembers of a given community (Kuhn,
1970, pp 174-187). Lincoln and Guba (1985, p 1&)ify that a paradigm entails “a systematic
set of beliefs together with their accompanying hods” which they emphasise should be
enabling rather than constraining. These authors multiple constructed realities as one
axiom of a paradigm for naturalistic enquiry. Tieion of multiple realities is inherent in an
idea of students’ differing conceptions. Therefdhe present research study is framed within
naturalistic enquiry in order to evaluate existirgsearch already carried out on student
difficulties in acid-base chemistry. Some imgtions arising from the axioms of naturalistic
enquiry given by Lincoln and Guba (1985, p 39) i@ observations being context dependent,
and the relevance of purposive sampling. Thesectsp&#ormed Research question 1 and the
means used to address it. In this matter, firgtlgearch for publications should be purposive
(Research question 1b). Then the scope and quafitpublished research should be
investigated in order to understand the contexdaezh investigation (Research sub-questions 1b
and c), before research outcomes from those ptiblicacould be analysed. This evaluation
then feeds into Research questions 2, 3 and 4 vitmaciive determining what difficulties can
be described concerning conceptual difficulties mgnatudents. Qualitative analysis also
achieves “some level of understanding” (Lincoln &uba, 1985 p 37) and the level of
understanding reflected in difficulty descriptionsll be considered in Research sub-questions
2b, 3b and 4b.

A notion of comparing student conceptions to prapmsal knowledge accepted by a scientific
community falls within a nomothetic or science-cedt paradigm (Wanderses al, 1994).
However, Lincoln and Guba (1985) suggest that.esstof looking for separate cause and
effect, naturalistic enquiry is a holistic enquitiiereby allowing parts to work synergistically
together, mutually shaping each other. ConsequeResearch sub-questions 2a, 3a and 4a
(descriptions of student difficulties) would be @stigated alongside Research sub-questions 2c,
3c and 4c (propositional knowledge statements)otlmer words, propositional knowledge
statements would be formulated according to pddrcstudent difficulties that were identified

rather than as a starting point.
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Anticipating mostly qualitative data published asident conceptions, Maxwell's (2005)
recommendation for a conceptual framework was adbptHe suggests that “the system of
concepts, assumptions, expectations, beliefs, aedries that supports and informs your
research” (p 33) could be considered as a modehat is happening in a research problem. Its
function is to guide and frame a research desigo &s goals, research questions, methods and
validity threats. Components of this framework ud® prior theory and research, together with

experiential knowledge of the researcher. Accalyi these follow next.

3.2 SCIENCE EDUCATION CONTEXT
Osborne (1996) asserts that the most valuable m&t@d a research paradigm of constructivism
has been to show up the extent of difficulties Wrstudents have with learning, and applying

appropriately, explanatory models of science.

3.2.1  Constructing science knowledge
Knowledge is an active human construction. Knaolgk is not passively received (von
Glasersfeld, 1995a) nor is it merely “discoverdga Igold” but rather it is “constructed like
pyramids or cars” (Novak & Gowan, 1984, p4). Beiogganised and with potential for
application, knowledge goes beyond mere informatidinis ability to make meaning of the
world is uniquely human (Mintzes & Novak, 2000j}.fdllows that knowledge is not inherently

out there waiting to be unearthed or passed oteadshumans actively build it up.

Knowledge is also personally constructed; individudo not simply mirror and reflect what
they receive. According to von Glasersfeld (189%995b), reality cannot be accessed
directly, so individuals simply construct a view raflity based on personal observations and
experiences. A person will retain the set of idead actions that are both “viable” and useful —
knowledge is good if it works for an individual. in8larly, Duit and Treagust (1995) view
learners as sense makers, so constructed knowddged fit one’s personal understanding of
the world. Therefore, as learners construct thein meanings of words, visual images or other
stimuli, they are personally selecting, interprgtand ordering information according to prior
conceptions while ignoring contra-examples. Beeafsthis filter, it is impossible to transfer
ideas intact from teacher to learner as “nuggetsuthi” (p 49). This aspect of constructivism

infers that students will form diverse conceptiatesspite all receiving similar teaching.
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Knowledge is also socially mediated as it is emleeddithin an individual's social setting,
including personal history and cultural backgrouradical constructivism is not concerned
with whether personal knowledge is accepted by esiss, but simply that it works for a
person (von Glasersfeld, 1995a; 1995b).By contrast, human or social constructivists
emphasise an individual's context or personal fraheeference when making sense of new
material; so knowledge is mediated by social irdigoa (Duit & Treagust, 1995)The culture

of science involves ideas, initially constructed ibglividuals through interaction with natural
phenomena and then scrutinized before acceptanqeedéns (Driver, 1995; Osborne, 1996).
Thus, despite being widely held, not all culturd¢as (for example UFQ’s) are given equal
weight by a scientific communitfMintzes & Novak, 2000). Progress of ‘normal scien
requires that novices be acculturated into the winegal tradition of a particular field (Kuhn,
1970). Therefore the culture of science, into Wwrdtuidents will be inducted, includes a body of
knowledge that has been judged credible by a sfitenbmmunity. These consensually held
ideas, rather than personal theories about pheramnaee, according to Millar (1989), the core
of science teaching. This idea informs the neelalve propositional knowledge statements
against which descriptions of student conceptiorsy e compared. Moreover, these

statements should reflect consensual expert kn@eledthe discipline.

From these two arguments, there appears to behatdiay between personal construction of
knowledge and consensual social construction aénsific knowledge.  While there is
considerable support for a teacher’s role in dowiadiation of scientific knowledge (e.g.
Hodson, 1992; Treagust al, 1996a; Mintzeset al, 2000), Matthews (1994)elieves that
teaching which involves transmission of a body wbwledge is better termed good education
rather than constructivism. However, Solomon (3984tinguishes between learners having
their own theories about reality, which make seiesthem, and established scientific theories
that formal instruction should enable them to redog She contends: “Constructivism ... has
always skirted around the actual learning of araldisthed body of knowledge” (pl16).
Similarly distinguishing these two aspects, Osbofh@96) argues that construction of new
knowledge is an epistemological issue, whereasileguexisting constructs of that knowledge
is an educational issue. They are not the samrejaes one necessarily govern the other. He
continues: “...the advocates of constructivist radthof teaching have failed to recognize that
there is a role for telling, showing, and demonstea...it is false to assume that a belief in
constructivism implies that all knowledge must egatiated” (p 67). Accordingly, learning

what is already known in science, whether by diegierience or through explicit instruction,
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should be meaningful, as expounded by human cansigis. It then follows that comparing
students’ individually constructed, and possiblyedse, ideas with a norm of scientifically
accepted knowledge will be necessary for this reseproject to have outcomes acceptable
within a community of scientists, chemists in parkar. Scientifically accepted knowledge
implicated in the difficulties (from Research suleegtions 2c, 3c and 4c) can then become a

focus for developing more effective teaching (Regeguestion 5).

3.2.2  Meaningful Learning

Meaningful learning concerns the way in which agividual actively absorbs new knowledge
rather than the manner in which knowledge is resmkivso it includes both well-designed
reception learning and discovery learning. Meafuihigarning requires that individuals choose
to relate new knowledge to prior knowledge in a-adnitrary way. This coherence will show
in their being able to use it appropriately. Qandion of a framework of relationships is what
makes learning meaningful (Mintzes & Wandersee,81.99Vhen learning meaningfully, a
learner activates existing knowledge and relatés itew experience. This newly constructed
knowledge may then be applied, evaluated and gdgssdvised (Glynn & Duit, 1995).
Meaningful learning goes beyond memory tricks amges-learning strategies (Novak &
Gowan, 1984), beyond a “facade of stored factualWedge” (Duit & Treagust, 1995, p 46) or
“knowledge in pieces” (diSessa, 1998). Meanind@alrning implies understanding (West &
Pines, 1985) and therefore can include receivind smegrating an established body of

knowledge. To learn meaningfully is to understand.

Understanding involves the extent, connectednessitility of knowledge. It is dynamic rather
than a dichotomous state; it improves as the amotirknowledge increases and elements
become more intensively linked (White & Gunston892; Mintez & Novak, 2000). For
example scientific facts and formulae should bevgétin the fundamental qualitative ideas
from which they are derived (Larkin & Reif, 1976;uiD & Treagust, 1995) — this is
transparency — without being encumbered with ursssng detail (Mintzes & Novak, 2000).
Connections will be logical (that is coherent) bigo particular, according to a learner's own
prior knowledge and beliefs (Smith, 1991; MintezN&vak, 2000). Usefulness entails being
able to apply knowledge in new situations (Duit &edgust, 1995) or perform socially
worthwhile tasks in an appropriate manner (Smiff91). A consensually recognized referent
group should share the constructed meanings (Mi&ité&lovak, 2000). Thus, understanding

enables an individual to participate meaningfullyda community of practitioners, such as
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scientists, due to a rich, well-connected and naly consistent network of knowledge. In
answering Research question 5, the propositionawledge statements will be evaluated
against criteria which reflect these aspects oflarstanding’, namely consensus, consistency,

parsimony (or brevity) and transparency.

3.2.3  Propositional knowledge
Propositions are part of well-connected knowledgéescribed in the previous section because
they represent discrete relationships linking tvemaepts (Novak & Gowan, 1984; Novak,
2002). A proposition is not in the words themselbes in their meaning (Sutherland, 1989;
Pinto & Blair, 1993; Colman, 2001). One may alsdkean implicit proposition — expecting an
audience to go beyond explicit statements and dremclusions (Pinto & Blair, 1993). As
discrete units, propositions can be judged truéalse, truth depending on “shared values” or

context of propositions (Lincoln & Guba, 1985, p.31

Propositions link concepts in a hierarchical fashiand Novak and Gowan’s (1984) idea of a
limited or inappropriate propositional hierarchy bPH (see Section 2.2) indicates that
conceptual difficulties arise when students haveirappropriate link or an important link
missing in their conception of a concept. Accogtim identifying which propositional link is
troublesome is implicit in determining the naturfetleir conceptual difficulty, and so being
able to describe it. This indicates that it wobkl practical to investigate these two aspects at
the same time; that is, answers could be souglRégearch sub-questions 2a and 2c, 3a and 3c
and 4a and 4c simultaneously, in accordance wighhiblistic nature of naturalistic enquiry
(Lincoln & Guba, 1985, see Section 3.1).

3.2.4  Models

Learningabout science (that is, understanding what is involuedhie conduct of science) is
considered to be one of three main purposes ofigeieducation (Hodson, 1992). According to
Lakatos (1978), each historical programme in s@emas ehard corewhich is its theoretical
context — the consistent main ideas (or models)aaadiytical tools on which it is based — and a
protective beltwhich is an auxiliary theory that is more flexildad used to defend the hard
core in explaining phenomena. Taber (2001a) arghbat theoretical chemistry is largely
comprised of models so that student difficultiesemistry tend to be epistemological (where
students think that models are reality) or pedagpdg{caused by instruction) rather than

ontological; in other words, they do not generailyolve naive conceptions as typically found
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in physics. This echoes Carr (1984, p 97) wheeolexl that student difficulties are “more
usually perceived in terms of confusion about mededed in teaching the concept than as a

conflict between preconceptions and the scientiéov”.

Experts choose an appropriate model for a partiqugoose, from knowledge of strengths and
limitations of particular models, rather than franparticular hierarchy (Oversby, 2000a). The
very nature of a model is to provide a simplifiegpresentation of a target (an object or process)
(Glynn et al, 1991) so it is customary to deliberately exclumtane aspects of the target
(Drechsler & Schmidt, 2005a). In this way a certabntext may lend itself to a simpler
historical model, despite this model not being ently a focus of research. It follows that
models learned earlier retain their usefulnesanire advanced students might be expected to
have a greater variety of models at their dispogalater model does not necessarily replace an
earlier one. A chemistry curriculum, thereforeed® to expose students to a variety of models
and also to present historical models with thendhzore intact. This could help address two
aspects: the epistemological nature of sciencer{seiknowledge is tentative and evolving) and
also show the relevance of different models fofed#int contexts; with appropriate scientific
conceptions and reasoning applicable within eaclemo These aspects have informed the
nature of propositional knowledge to be derivedtlgh Research sub-question 2c, 3c and 4c
and evaluated in Research question 5. Each asel4badel needs to be carefully defined and

differentiated.

Justi and Gilbert (1999) identified the hard comeddifferent historical models of reaction
kinetics using original research papers as welllist®ry of science publications. They analysed
these in terms of:

1. Deficiencies in explanatory capability of previcusdels,

2. Features of former models that have been modifigd@corporated into new model,

3. How the new model overcomes and explains deficg=naf previous models,

4. Unanticipated explanatory benefits of the new model

5. Explanatory deficiencies of the new model.
These aspects will be used to maintain the integrithe hard-core of each model as described

by propositional knowledge statements.
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3.25  Expert — Novice Knowledge
Leaning is about making connections (see Secti®2)3. Both experts creating new knowledge
and novices learning existing knowledge must ma&aenections between prior and new
conceptions (Mintzes & Wandersee, 1998a). Howewewices frequently do not make
connections and new knowledge might remain discttede Isolated pieces of understanding,
or p-prims, are accessed in different contextsSdssa, 1998). Because novices do not
appreciate inconsistencies or gaps in their knogdestructure, they struggle to make meaning
of their new knowledge, so they have little undamging. By contrast, the chief product of
meaning making is a well-integrated, highly cohesiknowledge structure (Mintzes &
Wandersee, 1998) as reflected in a concept mapopbpitional statements. The concept maps

used in this dissertation will be evaluated undesdrch question 5.

Connections in an expert's knowledge structure mvayl be tacit. According to Frappaolo
(2006), tacit knowledge is personal, embedded peggnce, and forever changing, growing
and being reshaped. Because it is based in a coitymaf practice, coding tacit knowledge
into an explicit communicable form is a challengéis coding process involves capturing
elusive aspects such as thought processes; thahds;logical, methodological thinking
processes that are simply not recognised as sueh,l® the thinker” (Frappaolo, 2006, p 12).
These subtle interrelations (Lincoln & Guba, 198Bable experts with greater tacit knowledge
to choose appropriate procedures for different lerab. In the chemistry context experts’ tacit
knowledge includes knowing which model to use padicular context and knowing particular
meanings for words and symbols in these contexis. i§ the knowledge that needs to be coded

and compared with that of students. The acid-bas&ext is where it will be applied.

3.3 CHEMISTRY CONTEXT

Experts in chemical education believe that theildficonstitutes a branch of chemistry. Bunce
and Robinson (1997) substantiate this view by drgwanalogies with research into natural

products or analytical chemistry. However, theguar that if science education researchers
wish to be considered representatives of a commuafithemists, researchers need to have a
detailed knowledge of the chemistry concerned. ddeer, because it is the actual chemistry
content that causes difficulties for students, aes®ers need to make explicit the chemistry
background in question (Eybe & Schmidt, 2001).
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Numerous publications distinguish acid-base moftel€hemistry educators (e.g. Kolb, 1978;
Rayner-Canham, 1994; Oversby, 2000a; de Vos & ,Plifd1). These include an operational or
behaviour model used from antiquity together witéaretical models put forward by Lavoisier,
Arrhenius, Brgnsted and Lewis. The Lavoisier glod “acids are substances that contain
oxygen” — may be considered obsolete and is ysuatluded in high school curricula while
the Lewis model is usually included only in teyiatudies (Oversby, 2000a).  Accordingly,
my analysis of student difficulties has not incldddther of these models. The core aspects of
three models (Operational, Arrhenius and Brgnsted) summarised next, followed by brief
details of the Lewis model which influenced intetation of some data. Lastly, an outline of
the pH concept, which pervades all the modelsivsig In this section, a number of chemical
equations are introduced that will be referred ated when interpreting data. These are
summarised at the end of the section. Stricthaking, species in aqueous medium should be
indicated thus: kD"(aq) but for simplicity necessary for novice stugein many instances the

(aq) subscript has been omitted.

3.3.1  An Operational Model
An operational model has been used from antiqutyléscribe acids and bases (sometimes
called alkalis) in terms of macroscopic propertigsplayed. Operational definitions to show
how a property might be recognised or measuredireraevant today (Galili &Lehavi, 2006).
In this operational context substances or theintgnis were hardly distinguished (de Vos &
Pilot, 2001); for example, does a bottle labeketfuric acidindicate pure ‘oil of vitriol’, or a
diluted aqueous solution? It is acidic and baslistances which tend to neutralize each other;
the products are a salt and water. Priestley’sain@tids are substances that contain hydrogen)
allows use of formulae to show substances in ad-laase reaction (Oversby, 2000a) in the
form of: acid + base- salt + water
A typical example for this scheme could be: HCNaOH— NaCl + HO
Such an equation remains useful in quantitativdyaisaof an acid or a base by means of a

titration. This model is predictive and offersmeason for the reaction to take place.

3.3.2  The Arrhenius Model
In the 19 century, Arrhenius suggested in his PhD thesisitims formed when salts dissolved
in water rather than, as previously believed, amge a current was passed through the solution
(Kolb, 1978). From this proposal, a new explanatpayadigm arose, wherein acids or bases

were substances, which dissociated in aqueousi@olid produce hydrogen (M and
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hydroxide (OH) ions respectively (for example Arrhenius, 190912). In this model, the
particular acid or base is considered irrelevardlbgeutralization reactions are fundamentally
the same; hydrogen ions from the acid react witlirdwide ions from the base and the primary
product is water. It follows that the Arrhenius debdoes not consider formation of a specific
salt, although one could be isolated by evaporaifdhe resultant solution. An ionic equation
may be used to represent the reaction, in eitheoraplete or net ionic form (Drechsler &
Schmidt, 2005a).

(H"+Ch + (Na' + OH) — (Na'+ CIN) + HO or H + OH — HO
Equations with single arrows as shown above wondticate the reaction goes to completion.
In this model, water molecules dissociate partjaltythe equation below shows the reversibility
of the equilibrium system: WW=H+0OH

The ion-product constant for water is given #¢;, =[H "][OH ] where square brackets [ ],

represent concentration of the indicated spearet)is case at equilibrium. This infers that in
an equilibrium system a higher concentration ofrbgén ion infers a lower concentration of

hydroxide ions, and vice versa.

3.3.2.1 Acid-base strength in the Arrhenius model
Being based on electrolytic theory, the Arrheniuzdei treats acids and bases as electrolytes;
those that are fully dissociated into ions arergjravhile those that are not fully dissociated are
weak. Typical equations representing the dissiocigtrocess for strong acids and bases are:
HCI— H"+CIr and NaOH— Na + OH
Concentrations may be obtained from electrical aotidity of solutions, to give values for
corresponding equilibrium constants &d K,, also known as dissociation constants.
U g IO
The model is limited to aqueous solutions, so diffiees in strength between acids and bases
that are 100% dissociated will not be detected.ss@giation of a weak acid could be
represented as a reversible system such as:
CH;COOH= CH,COO + H"

The corresponding dissociation constant for thélibgium is

[H+].[CH3COO_]
K =
aCH,COOH [CH3COO|_|]
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K, for HCI will be much greater for than for GEOOH (Bell, 1969, pp 13, 16). Consequently,
for the same bulk concentration of monoprotic acagh as HCl and GEOOH, the solution

of a stronger acid will have a higher concentratbions.

Polyprotic acids dissociate in two or more stagfass for diprotic sulfuric acid:
H,SO, = HSQ, +H* and HSQ = SO +H'
Consequently, a polyprotic acid may have a highemcentration of hydrogen ions than

monoprotic acids of similar strength.

3.3.2.2 Aspects of the protective belt for the Arrhenius deb

Some ways in which challenges from empirical obséons have been accommodated by
adjusting the protective belt of the Arrhenius nloale discussed next. The Arrhenius model
accommodates the first challenge presented byahie Inature of a solution of ammonia (§H
which has no hydroxide group, through postulatifigrmation of molecular ammonium
hydroxide, which could dissociate partially in d@n (e.g. Kobe & Markov, 1941; Tuttle,
1991), thus: NEOH = NH," + OH

However, modern chemists have challenged the existef ammonium hydroxide (e.g. Laing
& Laing, 1988; Yoke, 1989). In particular, Davi®98B) maintains: “Nothing is gained in clarity

or understanding by continuing the fiction of tleeality of the ammonium hydroxide molecule”.

A further challenge to the Arrhenius model ariseacerning the phenomenon of substances
that do not themselves dissociate into hydrogehydroxide ions (so not fitting definitions of
acids or bases) but still have acidic or basic agseolutions (Rayner-Canham, 1994). In each
case the salt is first presumed to dissociate -clwlm itself may not be completely true
(Hawkes, 1996a). The acidic nature of an ammorgbioride solution may be explained by
production of excess hydrogen ions depicted aeviali
NH,CI(s) — NH,"(aq) + Ci(aq) followed by N (ag) = NHs(aq) + H(aq)
To explain these empirical observations concersaits such as sodium ethanoate (acetate) or
sodium carbonate, which have basic aqueous sofitidrthenius acid-base theory includes a
notion of these ionic species being hydrolysedgeacting with water, whereby ions from weak
acids produce the original weak acid (un-dissodjatand excess hydroxide ions. For sodium
ethanoate, excess hydroxide ions can be produceddicg to the equations:

CH;COONa(s)— CH;COO (aq) + Nd(aq) and

CH;COO(aq) + HO(l) = CH;COOH + OH(aq)
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A similar process is shown by the following equasidor sodium carbonate:

Na,COs(s) — 2Nd(aq) + CQ°(aq) and Cg@(aq) + 2HO(I)= H,COs(aq) + 20H(aq)

As the equations above show, the aspect of theegire¢ belt needed to explain the
phenomenon of acidic or basic solutions also redieshe existence of carbonic acid,(Ds)
which is again merely postulated. The phenomeobibasic solutions for salts is also

explained much more simply by the Brgnsted modelyil be shown below.

3.3.2.3 Terminology: dissociation and ionization in the Anenius model.

The terms ionization and dissociation appear tehmen used interchangeably to indicate the
process whereby electrolytes provide ions in sofuti For example “According to this theory
strong acids and bases, as well as salts, are tienex dilution completely dissociated”
Arrhenius, 1903, p51) and “ionization of sodiumarfde...” (Arrhenius, 1912). Even with
modern knowledge of bonding, de Vos and Pilot (30@sk ionization in relation to acids and
bases in solution. For clarity | have used dissttmm for all these processes concerning the

Arrhenius model.

3.3.3  The Brgnsted Model
A paradigm shift arose from work by Lowry (1923&daBransted (for example 1923; 1926).
Bronsted developed this new model further and ge ftequently referred to simply as the
Brgnsted model. It is based on the reaction schameacid is a proton donor while a base is a
proton acceptor, the process represented asacid— base + H
The model differs from earlier models in importaratys.
« It does not classify substances, but rather maodearlionic species.
« There is no absolute classification; instead behavof species in a given reaction
determines their classification.
* Acid and base are present, both as reactants addiqis: acig forms conjugate bage
while basg forms conjugate acidas shown by a general reaction scheme
acid, + base= acid, + base
« The model is not limited to aqueous solutions.
» The model is not limited to neutralization reaction
e Bases are not limited to those with a hydroxyl gro®H, so molecules such as
ammonia (NH) and amines are easily accommodated as weak bases.

These differences are explained next.
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3.3.3.1 Acid-base species are particles in the Brgnsted etod

Most fundamentally, the model focuses on molecolaionic species behaving as acids and
bases rather than classifying macroscopic substardthough this was not explicit in early
publications; for instance, Lowry (1924, p 10219tss: “An acid may be defined as a hydride
from which a proton can be detached” and Brgnsi&®q&, p 777) writes: “An acid is a
substanceble to split off H ions simultaneously forming a base” (my italicsjowever, later

on the same page, Brgnsted clarifies that his seH@&molves the admittance of the acid and
base properties being in principle assignable i3 i@s well as neutral molecules”. In a later
publication, this is clarified by: “An acid israoleculewith a tendency to split off a hydrogen
nucleus” (my italics) and a few sentences lateonis of the molecules are neutral and others
electrically charged” (Brgnsted & Guggenheim, 1922554). Clearly, Brgnsted had particles
rather than substances in mind. Accordingly, thleguld be referred to as species rather than
substances (Loeffler, 1989). Furthermore, alttoldglb (1978, p462) asserts that Brgnsted
had “significantly broadened the definition of tlverd base..”, many common Arrhenius bases
such as NaOH cannot be placed directly into then&meal reaction scheme. For instance
examples of (electrically) neutral bases include;NBrgnsted, 1923; Kolb, 1978) and.®1
(Kaolb, 1978), whereas, neither author mentions Na®HKOH. Furthermore, Lowry (1923,
p46) explains “The hydroxyl ion is itself a strobgse, since it is capable of accepting the ...
hydrogen ions.” If NaOH was a Brgnsted base, itilkdhave a conjugate acid but Brgnsted
(1926) noted that sodium ions in aqueous solutiemahstrated no acidic properties, unlike
magnesium and aluminium ions. Moreover, in theefatbses, he explains that it is the hydrated
cation which is capable of donating a proton, stiingcas an acid. Consequently, for metal
hydroxides such as NaOH or KOBaseno longer refers to the substance, or even thplsim
ionic formula unit, but rather the hydroxide ionsoguced on dissolution (Lowry,1923).
Relating the Brgnsted model to such substancethear chemical formula, is an example of a
hybrid model (de Vos & Pilot, 2001)n addition, because the temikali relates to substances
it has no place in the Brgnsted model (Schmidt 8kgp2003).

The IUPAC definitions for modern chemists promateaathentic model. A Brgnsted acid is “a
molecular entity or chemical species capable ofating a hydron”. Similarly, a Brgnsted base
is “a molecular entity capable of accepting a hydr¢gMcNaught & Wilkinson, 1997).

Nevertheless, a hybrid model persists in some ftieiirs of an acid even in modern chemistry
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handbooks, as shown by Lide (2002) “In the Brgnstefinition, an acid is aubstancehat
donates a proton in any type of reaction ... a Baasubstanceapable of accepting a proton in
any type of reaction(my italics). The term ‘hydron’ used in IUPAC ddations indicates all
hydrogen isotopes, represented dgMcNaught & Wilkinson, 1997). However, this telms
not been generally accepted in text books — evéertary level — (pers.com Southway) so in

the current work | have retained the word ‘proton’.

3.3.3.2 Neutralization in the Brgnsted model

Because a Brgnsted scheme includes non-agueo@snsysivater is not necessarily a product
and, again, salts have no place in this reactiberse. Moreover, in 1923, Brgnsted clarified:

“The hydroxyl ion in principle has no special pasitas a bearer of basic properties.” Indeed,
neutralization is not unique; rather it is but arianany acid-base reactions, as Schmidt (1995)
clarifies: “The term neutralization (in its origihaneaning) cannot be applied to acid-base
reactions according to Brgnsted.” Oversby (20@3@)ains further: neutralization ispgiocess

rather than goint or position shown for an agueous system by the particulac isquation:

H;O" +OH = H0+ HO
In this analysis, | use “neutralization” in the Bated model to mean the reaction between
solvated protons and hydroxyl ions. In this waysitbut one of many acid-base reactions
alongside hydrolysis or ionization. All of theseaynor may not proceed to completion
according to context. Furthermore, becausedsdwt cover the customary macroscopic acid-
base neutralization reaction between substancés, niodel has limited application in a

guantitative analytical context such as titratiaicalations.

3.3.3.3 Acid-base strength in the Brgnsted model

The Brgnsted model treats acid-base strength agparamive; there is no dichotomous
classification as weak or strong. In this way, ea@mnids or bases are simply stronger or weaker
than others, as measured by how readily acidsdeilate protons or bases will accept protons.
Accordingly, many acid-base species can be regaadesimphoteric, because they can behave
as either proton donors or acceptors under theenfle of other species. Furthermore, because
molecules of water (or other solvents) may thenesehe proton donors or acceptors, Brgnsted
(1926) clarifies that comparison of acid-base gftiershould be made in the same solvent. In
aqueous systems, water molecules mask strendéneti€es between two very strong acids or

between two very weak acids — termed the ‘leveléffgct of the solvent'(Kolb, 1978).
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3.3.3.4 Terminology: dissociation and ionization in the Bngted model

In a similar fashion to the Arrhenius model (seecti®da 3.3.2.3), these two terms are
interchanged. Brgnsted appears to use dissociatiorlation to acids but ionization with
respect to bases (e.g. Brgnsted, 1926), whereasvryl. 1924, p13) clearly differentiates: “...
the ionisation of an acid may be, not dissociatierexpressed by an equation such as ..., but a

double decomposition of the type ...". IUPAC défoms clarify as follows. Dissociationis
“The separation of a molecular entity into two asremolecular entities” whereamizationis
given as “The generation of one or more ions.” (Mabht & Wilkinson, 1997). This suggests
that ionization creates ions that were not previotiere, whereas dissociation merely separates
the constituents. Furthermore, in the contextdehtifying student conceptions, Demeroetti
al. (2004) and Kousathar al. (2005) distinguish them similarlyDissociationof a substance
in water is the phenomenon where ions are reledsgdg the dissolution of ionic compounds
and ionization of a substance in water is the phenomenon where aoe created during the
dissolution of molecular compounds. Accordingly, the interests of distinguishing the
interactions which characterise the Brgnsted mivdei the Arrhenius model, | prefer the term
ionization to indicate generation of ions which diot previously exist through an interaction
between two species or between molecules of the species as in the self-ionization of water.
To illustrate: when acidic or basic substancesali® in water, acid or base polar molecules
interact with polar solvent molecules to form ioascording to the model for acid-base
reactions shown by ionic equations:

HCl + H,O=H;O"+ CI or NH + H,0 = NH," + OH
HCI molecules will not ionize unless base molecHg® are present to accept protons, and
similarly, base molecules NHnolecules need acid moleculeglHin order to ionize (Brgnsted,
1926). Consequently, the Brgnsted model implies when hydrogen chloride and ammonia
dissolve in water, ions are created from molecutesther words, the substances ionize. When

water ionizes, it can be seen as autoprotolysisngby: HO + HLO= OH + H;O"

lonization is a more complex concept than dissmnatlt is also more realistic: Hawkes (1992)
gives evidence of the energy required to dissodi@é molecules and likens the idea of this
happening of its own accord to donating a pursa tougger. There need to be two species
(acid and base) interacting as in the model foization. Indeed, Sacks (2007) promotes the
phrase ‘proton extractors’ to describe Brgnstededad further potentially confusing aspect

concerns Brgnsted acids and bases that are alieaslysuch as NF and OH, where the
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notion of how well acids or bases are dissociasezbmpletely inappropriate; acid and base are
already single ionic species. Corresponding dayitlin constants (commonly referred to as
‘dissociation constants’) are given for acid speci{®ogel, 1961; Skooget al, 1996):

OO INHLTLOH]
[HCI] 4 [NH,]

K
3.3.3.5 Hydrolysis of salts according to the Brgnsted model

Acid-base conjugate pairs have reciprocal strengibsthat a weaker acid gives rise to a
stronger conjugate base and vice versa. This agpears a simple explanation of acidic or
basic properties of salts in aqueous solution. Amiom chloride dissociates into ammonium
and chloride ions. Ammonium ions are better hgdroion donors than water molecules (that
IS stronger acids) so the solution will exhibit dici properties. Correspondingly, sodium
ethanoate (acetate) dissociates into ethanoatea{@céns and sodium ions. Ethanoate ions
are better hydrogen ion acceptors than water migedthat is stronger bases) so the solution

exhibits basic properties.

3.3.3.6 Aspects of the protective belt for the Brgnsted miod

Acidic behaviour has been shown with aqueous swiatiof substances such as aluminium
chloride, which have no hydrogen to donate. Brah$1926) explains such aspects in terms of
hydrated aluminium ions, [Al(#D)¢]**, acting as proton donors. These properties grkaimed

more directly with the Lewis model.
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3.3.4  The Lewis model
The Lewis model is even more general than the Bednsodel. Furthermore, the focus is on
coordinate bond formation rather than species.d#\are electron pair acceptors while bases are
electron pair donors as shown by the general schefogy, with: representing an electron pair.
A + B:— A:B Neutralization could be represented as! #+tOH — H:OH
Unlike the two earlier theoretical models, a scheweording to the Lewis model can explain
why reactions occur between polar covalent compsu(®haffer, 2006). The model is
particularly suited to explaining acidic properti@ssubstances without hydrogen atoms which
cannot act as proton donors such as anhydroysoS@ICI; (Kolb, 1978). Similarly it can
explain basic properties of compounds without hyite groups, such as amines in organic
chemistry (Oversby, 2000a), or anhydrous metalaxiglich as calcium oxides as shown below:

SiO, + CaO— CaSiQ

Some deficiencies of the model include the diffiguh obtaining quantitative data to reflect the
differing abilities of species to accept or donatectron pairs, in other words, ranking their

strength.

The role of the model in introductory chemistrycantentious. In this regard, Oversby (2000a)
considers the acid definition to be so broad thatrhodel loses some explanatory power. In
contrast, Shaffer (2006) decries “proton fixati@s found in many textbooks and believes the
Lewis model is much more appropriate at introdyctamiversity level for understanding why
chemical reactions proceed. Sacks (2007) howewetends that Shaffer’'s suggested teaching
programme obscures the differences between LewisBamnsted models, and their relative
applicability in different contexts. Customarilihis model is not included in high school
curricula (Oversby, 2000a) and for that reasonrmdeen included as a focus of this study but

does influence the general context.
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A comparison of acid-base models
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Table 3.1 below gives a summary comparing acid-lmasdels that will be used to interpret

results on student difficulties in chapters 6, @ 8n For readers’ convenience, they are given as

flip-out pages to enable easy cross-reference wéaating such discussion.

The Lewis model

is omitted from this summary as it will not be usediscussion of student difficulties.

Table 3.1 Summary of three acid-base models usedtims dissertation

Operational Arrhenius Bransted
Taught in Junior secondary Junior/ senior secondary Senior secondary
Context Predictive reaction between Explanatory, classification of Explanatory, comparative
substances, quantitative substances, quantitative molecular or ionic behaviour
Includes non-aqueous systems
Acid Characteristic properties e.g. Supplier of H ions in water Proton donor
indicators, e.g. HCI, 580, e.g. HCl, HSO, eg HCI, HSQ, NH,"
Base Characteristic properties, e.g.  Supplier of OHions in water.  Proton acceptor
indicators, tends to neutralize agid
e.g. NaOH e.g. NaOH, “NHOH" eg NH;, OH
Acid-base Neutralization of specific acid by Neutralization between Any proton transfer, e.g.
reaction specific base to give specific salt hydrogen and hydroxide ions neutralization, ionization,
hydrolysis
General Acid + base- salt + water H*+ OH= H,0 HA + B — BH +A
equation Formulae of substances lonic species lonic species
Acid-base Degree of dissociation of the  Relative ability to donate or
strength is... substance in aqueous solution accept protons.
Quantitative _[HAT _[H,OJA]
strength, acid a” [HA] a” [HA]
Quantitative _[X7IOH ] _[HAJIOH] _ K,
strength, base b~ [XOH] K, = AT _K_

Limitations:

Not explanatory
(NH,CI) or basic (NgCOs)
Non-aqueous solutions

Where K, =[H O'][OH]

N&is basic Salts can be acidié\cidity of non-protic species,
e.g. AICk Stoichiometric
quantities of substances,

e.g. titrations

The three acid-base models relevant in the curessiarch each has appropriate contexts. Both
the operational model and the Arrhenius model fanusubstance. The Arrhenius model also

considers ionic species formed in solutions, batBhngnsted model considers only species or
particles that take part in reactions. In this vitais fundamentally different. Furthermore
examples of bases in the Brgnsted model do notidechny from the earlier models. This
model compares relative strength of acids or baséseir ability to donate or accept protons.
The constant Kis very similar in both models, but for Brgnstedlways relates to the solvated

proton. However, an advantage of Brgnsted’'s mosiehé relationship between,Kand the
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dissociation constant for the solvent, for water, so there is no need fog. KEach model has
its limits, where the model falls down or is inappriate, usually requiring a later historical
model, but sometimes an operational model might alemmore appropriate as for
stoichiometric calculations. Figure 3.1, whichldels, also shows a summary of typical

equations used in the three acid-base models.

Operational model, acid-base reaction scheme: id tabase— salt + water 3.1
Operational model example: HCI + NaGH+ NaCl + HO 3.2
Operational model (non-aqueous): acidic oxide +dasde— salt 3.3
Arrhenius model, neutralization scheme: " +HOH = H,0 3.4
Arrhenius example: H+ CI+ Na + OH = H,0 + Nd& + Cr 35
Arrhenius acid dissociation: HA = H + A 3.6
Arrhenius base dissociation: XOR= X" + OH 3.7
Brgnsted scheme: acid— base+H 3.8
Bragnsted model, general acid-base reaction: ,acithse = acid + base 3.9
Brgnsted model, neutralization, aqueous: OHOH = HO+ HO 3.10
Brgnsted model ionization, acid example: HA 0= H,O" + A’ 3.11
Brgnsted model ionisation, base example LOH NH; = OH + NH," 3.12

Figure 3.1 Summary of acid-base equations used ihis dissertation

In an operational model, equations to represent-laase reactions make use of equations with
formulae (equations 3.1, 3.2 & 3.3) for substaneeabling prediction of products (focused on
salts) from reactants. This differs from the Amhus and Brgnsted models which both make
use of ionic equations (equation 3.4 to 3.11) ideorto explain reactions taking place.
Restrictions to neutralization in agueous soluti@me appropriate in Arrhenius acid-base
reactions but do not apply in the Brgnsted modelAcid-base strength is accommodated in
different ways by the Arrhenius and Brgnsted madel®egree of dissociation in aqueous
solution is used in the Arrhenius model to classfyids and bases as strong (completely
dissociated) or weak (degrees of partial dissamgt{equations 3.6 & 3.7). In the Brgnsted

model, dissociation is an inappropriate term whetegular species are ionized (equation 3.11).
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3.3.6  The pH concept
The modern concept of pH for a solution is defirtedoretically in terms of activity of

hydrogen ionssz—Iogycm where yis the activity coefficient for hydrogen ions in a
particular solution, ancC . is the concentration of hydrogen ions in solutioActivity is

influenced by both the solvent and presence ofroibes. It is directly proportional to
concentration of Hin the solution and molecules or ions in solutidrich are close enough to
H" ions for their electric fields to interact. It i@s slightly with temperature even for a constant
hydrogen ion concentration. Activities may covetasge range, from 0.05 to 13, but for
seawater it is usually between 0.5 and 0.7. Asmuof calculations with activities is given as
+0.02. Where solutions are so dilute and so puaekhions are not influenced by anything

except the solventy tends to 1, so pH = -logsc or as is often given: pH = -log [H+]

(McNaught & Wilkinson, 1997; Lawn, 2003; Hawkes 929.

An operational determination of pH may be coloutiigal, such as using ‘Universal indicator’.
For this ‘semi-quantitative’ method, accuracy may &s little ast 1 unit (Lawn, 2003).
Modern electrometric analytical methods are refldcin an operational definition from the
International Union of Pure and Applied Chemiststhwia reported accuracy of
+ 0.02(McNaught & Wilkinson, 1997), although Lawn (&) gives slightly greater
uncertainty. An electrometric measurement of payine used to measure activities, which for

all practical purposes may be defined a8M(Hawkes, 1994).

Measurement of pH is usually undertaken betwe€@ 2hd 25C (Lawn, 2003) because pH
will decrease as temperature increases. This oceecsause of the relationship between
hydrogen ion and hydroxide ion concentration which water is given by the ion product
constant K, = [H'].[OH7]. Because water dissociation is an endothermicgss, increasing
temperature will increase K so accordingly, [H also increases. Because of an inverse
relationship (see —log above) this will cause adadrease with increasing temperature (Skoog
et al, 1996). In all these discussions hydrogen igh&n as H, refer to solvated ions which
in aqueous solution might be represented #3'KLawn, 2003). Measurement of pH relates to
a particular effective concentration of hydrogemsiorather than to a particular substance.
Lawn (2003) clarifies this aspect by giving pH vedufor examples of common household
products such as battery acid, shampoo and howsahuinonia, all of which have particular

concentrations. Oversby (2001b) emphasises ‘fhiag¢ concept of weakly acidic is applied to
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solutions, and not applied to acids themselvedlidnh follows that a pH of 5 may arise from a
solution of a weak acid, such as ethanoic acidy dilute (10 mol.dni®) solution of a strong

acid such as hydrochloric; both solutions shouldel@med weakly acidic.

Historically the concept of pH arose from work oleotrolytic dissociation pioneered by
Arrhenius. Needing a measure of the tendencysollation to supply Hions, rather simply an
acid or base concentration, Sérenson (1909) builtearlier work which recognized that
measuring the concentration of hydrogen ion§ fiMas more easily accomplished than it was
for hydroxyl ions, [OH, even in alkaline solutions, related by,,Kas described above.
Sorenson’s work recognized the importance of dffectoncentration of the hydrogen ions,
rather than a simple acid concentration, on biodb@mprocesses. Accordingly, he
accommodated a wide range of possible values fdrdgen ion concentrations [Hin the
expression, which, in customary notation, may beemiaspH =—log[H* Jor[H"]=10"",
where ‘p’ represents ‘power’ or the exponent of 1This means that one unit difference in pH
corresponds to a ten-fold change in concentraticmso means that a higher concentration of
hydrogen ions give a lower pH. In principle, Somnaccepted the idea of negative values for
pH, but hydrogen ion concentrations greater thaf] [# 1 mol dm® would be seldom
encountered in his field, giving zero as a pratticimimum for pH. Because of the importance
of very low range hydrogen ion concentrations itured buffer systems (Watters & Watters,
2006), biologists and biochemists readily adoptesl idea of pH. However, chemists such as
Clark (1928) spoke out about the counterintuitivaeywt related increases in pH to decreases in

acidity and this has continued to challenge modardents (van Lubeck, 1999).

According to Hawkes (1994), calculations with camtcation instead of activity of hydrogen
ions, can differ in the first decimal from thoseingsactivities and, referring to Sérenson’s
work, he continues: “It is ironic that the natueald inevitable misconception of this pioneer
haunts our introductory texts nearly a centuryr|aggen though the authors have the benefit of
a modern education.” He claims that within a dec&drenson had made a correction to a new
term paH, where a is the activity of Hvhich later became shortened to pH. Hawkes (196
describes equally simplistic calculations with leuffystems as ‘dangerous’ because they are so
misleading. Nevertheless, such calculations stilbund in chemistry and biochemistry
textbooks (Watters & Watters, 2006) and so areuthefl in the current analysis of student

difficulties.
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3.4 RESEARCHER CONTEXT

In qualitative research “the researcher is therumsént” (Maxwell, 2005, p 37), inextricably
bound with an ‘object’ of enquiry. (Lincoln & Gub&985, p 39). However, research demands
“critical subjectivity” (Maxwell, 2005, p 38). Meover, Solomon (1993a) cautions that, despite
researchers attempting to be disinterested obsertlegir particular perspective nevertheless
frames their observations and interpretations, @s thve case in the present study. Accordingly,

my personal context will influence hypotheses,ghts and validity checks and is outlined next.

In South Africa, chemistry comprises half the hgghool physical science curriculum. During
my ten years experience in high schools, with Ehgéis the medium of instruction, | taught an
operational model focusing on macroscopic propertie substances to junior classes. The
Arrhenius model featured in Grade 10 for studerite Wad chosen the physical science option,
but was largely limited to strong acids and basEse final school year (Grade 12) highlighted
the Brgnsted model, and applied it to acid-basngth, choice of indicators for titrations with
weak and strong acids and bases, and hydrolysisedf salts. The curriculum also included

calculations for titrations and pH (only with cont&tions and assuming 100% dissociation).

As an experienced and reflective teacher | knewetlvgere aspects of the curriculum where
many cohorts of students had experienced similiiicdlties, regardless of how carefully |
presented the topic. Based on student feedbaalenaing specific problems each year | would
incrementally change course material. Acid-basaribtry was one such topic. How was | to
explain that water was an acid when clearly itsvyghts 7? One day we would use sodium
hydroxide as a base in a titration, with the wifolenula unit in a calculation and the next day a
student would be confused about whethet idas were a conjugate acid of sodium hydroxide.
Sometimes | too felt confused, despite having ectesternationally published textbooks. In
retrospect, | realise that | had been presentinyitiynodels. My greater insight has been
gained from science education journals and nobtmis or general professional magazines for
teachers. My dim view of textbooks is affirmed t@cent content analyses of the acid-base
topic in textbooks. A preponderance of hybrid dwdde models was found in textbooks
published in English (de Vos & Pilot, 2000; Furio-8/& al, 2005), Spanish (Furi6-Mét al,
2005), Swedish (Drechsler & Schmidt, 2005a) ande&ré&ousathanat al, 2005). My
experience has been valuable in gaining the foligvimsights:

1. I needed to listen to what my students found trestuine;

2. course material changed accordingly, often sudntigf usually incrementally, in response



51

to my growing insight into their difficulties;

3. Textbooks were often a poor resource for sub#etieconceptual knowledge that were
troublesome; science education literature was mseéul; and,

4. Itis exceptionally easy to slip into teaching d&@hg model.

These insights help frame my interpretation of lteso the present study.

3.5 STUDENT AND COURSE CONTEXT

Both the student and course context, for which é@atahis research were obtained, cannot be
clearly described, as both varied considerably frore study to the next among the research
papers analysed in this study. Thus, unlike in nmtker science education studies, data on
student conceptual difficulties were obtained frawide range of student contexts and courses
from different institutions world-wide. Howeveroth these contexts clearly affected the results
of the study and thus cognisance should be takehisffactor even if it could not be well
defined.

When determining criteria for including or excludira particular study into the analysis,
conscious choices were made for the following reasoAs explained in Section 2.2 of the
literature review, student conceptual difficultiase remarkably consistent around the world, so
there was no reason to be exclusive with regara particular culture, language or ethnicity.
Furthermore, the same section shows that theseeptions are tenacious, despite good
instruction, and may persist into adulthood. Int®ec3.2.4 it was argued that a model
developed in an earlier historical context or learearlier in a student’s career may retain its
relevance in certain modern contexts; | have reghilich models as cumulative knowledge,
rather than one replacing another. Consequentigated research on conceptions of ‘simpler’
models gleaned from studies among older studemtsn et tertiary level, as indicating
conceptions formed earlier in students’ careers. follows that there was no reason to
circumscribe a particular age group, provided thidents had already been taught the relevant
model. The only major restriction was in termstioé chemistry context which excluded
conceptions of the Lewis model because of its Wsling reserved for tertiary courses (see
Section 3.3.4).
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3.6 SUMMARY

In summary, the main aspects of the contextual éi@onk are presented here. The research
falls into a naturalistic paradigm, anticipatingatjitative data on student conceptions, which
requires comparison with scientifically acceptedtenents to gain acceptance within the

science community.

Within an educational framework of constructivisstudents all form their own unique

understanding of concepts which may or may not tbedas with those recognised by the
scientific community. Meaningful learning of chestny may require explicit teaching. |

anticipate that student conceptions may lack thenoes of expert knowledge which includes
the relevance of different models for different wxts.

The chemistry context will focus on an operatiamaldel for acid-base chemistry as well as two
historical models. These are the Arrhenius mogididgen or hydroxide ions in solution, with

the Brgnsted model focusing on particles which raalyas proton donors or acceptors. The
concept of pH is both operational and theoretidéh wome controversy over whether to include

simplistic calculations in a curriculum

Student and educational contexts will be deterthioy the research reports which arise from
the search, but there will be criteria to narrow Hearch to exclude conceptions of the Lewis
model. The researcher is an experienced chentesigher who has already found it necessary

to adjust curriculum materials according to hedstu conceptions.
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CHAPTER 4
METHOD DEVELOPMENT AND RATIONALE

4.1 INTRODUCTION

The literature review (Chapter 2) indicated a deficy of reviews and syntheses of student
difficulties with acid-base chemistry and of soumesearch-based textbooks. To help meet
these needs a critical analysis of existing reseasrs proposed.  According to Browne and
Keeley (2004) critical analysis is founded in askthe right questions in order to reach an
objective of improved conclusions, and this critimnalysis entails five main research
questions. This chapter shows the reasoning betiwices of research methods (partially
informed by the theoretical framework given in Clemp3) which were used to answer five
research questions and their corresponding sultiqones It starts by outlining some
shortcomings of existing methods used to revieveassh in student conceptions, and then
shows how a research protocol was developed wahrdtionale behind selection of specific

approaches.

4.2 EXISTING RESEARCH METHODS

Few reviews of student conceptions and difficultreany chemistry topics have been published
this century despite the continual appeals notetiénliterature review (see Section 2.4.5) and
the considerable growth in the literature on steidiestudent conceptions (Tsai & Wen, 2005).
The quality of these reviews varies considerablg af six that were published recently on

chemistry conceptions, all have shortcomings, asvaetbelow.

Kind (2004, p 5) aims to “bring together researchstudents misconceptions in chemistry”.
She summarises research findings under broad ttiptscover much of a school chemistry
curriculum, together with implications for teachingshich will be useful for educators.
However, the breadth of her work precludes an pHueeview and there is no quality
evaluation of the studies. Furéd al. (2002) simply give a brief summary of five maindsut
difficulties with the mole as part of their revieaf teaching and learning this topic. Ozmen’s
(2004) historical narrative of research into studerisconceptions about chemical bonding
gives separate tables for the main knowledge cldiom® each article. There is no quality
evaluation of the research and little effectivethgsis, despite this being the stated aim of the
paper. More detail is shown in two recent revievith a similar format: Calylet al. (2005) in

solution chemistry and Unat al (2006) in chemical bonding. Both groups anatyeaims of
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the reports, research methods for the student ptinos and the main knowledge claims from
the reports under broad topic headings, and them rgicommendations for teaching, learning
and curriculum development.  Calyt al. also discuss the conceptions according to the
probable source of the conception. However, neititreup gives reasons for inclusion or
exclusion of particular studies. The studies idell in their reviews range from those
published in international peer-reviewed sciencacation journals to regional journals and
doctoral theses, Calydt al. also include unpublished reports while Uatll also incorporate
articles from professional journals for teachersl annference reports available through the
World Wide Web. Only Calyket al define the time frame for the chosen publications
Moreover, in both studies the descriptions of sti@dternative conceptions show little further
synthesis beyond the individual student quotesesciptions from the original authors. All of

these reviews give little more than a content aialgf existing research claims.

Liu (2001) goes much further than content analiystis synthesis. Using a phenomenographic
perspective, he constructs digraphs, which arectitimeal and hierarchical concept maps, of
student conceptions from prior research studiebe digraphs are then used to distil out the
core student conceptions of matter arriving at séwierarchical categories for these, from naive
to something close to scientific. Liu specificatlid not aim to include all possible reports, as
he wanted to establish the validity of the proposethod, so he focused on quality work
selected only from peer-reviewed journals. AlthHougere was no stated time-frame for his
review, nine research studies were chosen to caweide range of research methods, student
ages and socio-economic or cultural backgroundsis process involved two researchers and

Liu acknowledges its time-consuming nature whenpaned with a more intuitive synthesis.

Research methods reported in these reviews shawnaer of shortcomings with respect to the
current aim of critical analysis of literature otudent conceptions. Firstly, it needs to be
focused on a specific topic. Then it needs a cfgatocol for searching and screening of
publications. In this regard, Torgerson (2008)i¢ates that in a systematic review, protocol
should include the scope of the review, strateg@si to search comprehensively for and then
screen publications, methods of data extraction qurality appraisal. Certainly none of the

reviews above would meet these criteria, althotmbe fair, they did not claim to be systematic
reviews. Nonetheless, critical analysis requiraagparency (Wallace & Wray, 2006) which |

interpret as protocols indicating a reproducibkesgch process. A third shortcoming evident in

the reports was the lack of effective synthesislbyesearchers except Liu (2001); however his
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aim differs from mine. Useful protocols from theports include a matrix summary of research
methods (Calylet al., 2005; Unalet al, 2006) and concept maps (Liu, 2001). For all othe
aspects, due to unavailability of suitable methfmismy proposed analysis, it was therefore

necessary to look more widely for protocols ordertain aspects to develop my own.

4.3 MAIN PHASES IN THE RESEARCH PROTOCOL

As the research protocol is described, | considsearch questions and sub-questions in
sequence, taking the reader through each releviaasep describing the steps in method
development, the reasoning behind chosen procedurdsthe final details of the methods

chosen for each phase. However, Research que&i@and 4 were considered in parallel as
they had the same data sources and only latertypassible to decide under which category the

difficulties fell.

To help readers assimilate the final research pgdeis shown as a flow diagram (Figure 4.1).
This figure is given in a flip-out format so thatan be easily referred to when reading different
parts of this dissertation. The overall protoca fige main phases, as shown downwards on the
flow diagram, namelgelectingsources of data, extracting acategorisingthe data, followed

by comparing data segments which enabledsgnthesisfrom the data, which is finally
interpreted The phases are based on recommendations from IMaMind Schumacher (1993,

p 482-484) and sometimes ran parallel to each @behese authors suggested. Furthermore,
three targets of analysis, that research reports student difficultiesand propositional
knowledge statementsere considered; these are shown from left to raytrbss the flow
diagram. It can be seen from the flow diagram Redearch question 1 focused on the research
reports. For all of Research questions 2, 3 ansu#;questions a and b focused on data for
student difficulties, while sub-question ¢ consaterpropositional knowledge statements.

Finally, Research question 5 interpreted the pritipasl knowledge statements.
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Develop quality criteria (Table 4.3)

Extract from variety of sources
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OUTCOME: summary of scope of research
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OUTCOME: Overall quality evaluation for each report
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OUTCOME: quality criteria in Table 4
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SYNTHESISING
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Research questions 2a, 3a & 4a
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knowledge and difficulties
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Research questions 2a, 3a & 4a
OUTCOME: Descriptions of individual
difficulties

X
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Research questions 2c, 3c & 4c
Increase list, Clarify items
OUTCOME: Propositional knowledge implicated in
each difficulty

INTERPRETING

|

Research questions 2b, 3b & 4b
Apply criteria Table 4.2

OUTCOME: Classification level for each

difficulty description

. 4

Research question 5
Prepare concept maps, Apply criteria from Table 4|
Eliminate, reword items

OUTCOME: Scientifically acceptable propositional
knowledge suitable for curriculum models
Correspondence to student difficul

Figure 4.1 Flow diagram to show the overall resealcprotocol
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4.4 RESEARCH REPORTS SUITABLE FOR CRITICAL ANALYSIS

Methods described in this section address Reseprestion 1\What is the nature of research

published on student difficulties with acid-baseroistry? Protocols for a systematic review

guided choice of methods, which should show repleand effective processes for the stages

of searching, screening, finding the scope of me$eand quality appraisal of data (Torgerson,

2003, pp27-28 & 34-39). In order to analyse redeanto student conceptual difficulties in

acid-base chemistry, it was necessary to firsnégtiree sub-questions, which are:

1la) Which reports give suitable research data on studemceptual difficulties in acid-base
chemistry?

1b) What is the scope of this research?

1c) What is the overall quality of this research?

These sub-questions were each addressed in segasndescribed in the following sections.

The protocol corresponds to the left hand portibRigure 4.1.

4.4.1 Developing a search strategy and inclusion/exclusicriteria
Research question 1a was addressed through ayafigearch techniques: electronic and hand
searches and personal contact, as recommendedimgtBet al (2005b) followed by screening
using criteria developed by the researcher. Seagadmtailed firstly obtaining papers cited in
published reviews (Kind, 2004, and Garrgdttal., 1995) then pursuing appropriate references
from these cited papers. Next, an extensive segireltademic databases (Academic Search
Complete, ERIC and PsycINFO) was carried out. [itheature review (Section 2.2) showed
that a variety of terms can be used to describgestudifficulties. Consequently, a variety of
keywords and phrases were used in the search, wldodt chemistry, acid/s, base/s, Brgnsted,
Arrhenius, student understanding, student concefstio alternative conception/s and
misconception/s. Then the same keywords were adeal with the Google Scholar search

engine (Wwww.scholar.google.com A third aspect of the search entailed systerabyic

searching (by hand or electronically), as far basl 978, the indexes and tables of content from
science education journals available through thevéssity of KwaZulu-Natal library. These
includedInternational Journal of Science Education, Journ&Research in Science Teaching,
Science Education, Journal of Chemical Educatidmer@ical Education Researeimd Practice
and, finally,Research in Science EducatioAdditionally, | was fortunate to be able to dbta
some pre-publication copies of research reporutiir personal contacts. The abstracts of all
suitable papers were scrutinized and if possibitable, hard copies were obtained. Finally,

where authors of these papers had cited work thghtnihave been suitable, these too were
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obtained. |judged the search had reached satarpdiint when further iterations of the process

showed the same reports. This search took pleiveecen May 2006 and January 2008.

As discussed above, inclusion or exclusion of aystior a review should be based on clear
criteria (Eybe & Schmidt, 2001; Bennedt al, 2005b). The review publications described
earlier (Section 4.2) had not suggested any seitabteria, so it was necessary to derive my
own. These were driven by the research aim amstl iesearch question, and guided by the
theoretical framework and advice regarding systemaviews (Torgerson, 2003; Bennettal,,
2005h). Chosen criteria are given below in Tablé (in flip-out form for readers’

convenience) followed by the rationale behind theice of each criterion.

Table 4.1 Inclusion and exclusion criteria for resarch publications

Aspect Inclusion if research includes: Exclusion if Reseah is limited to:
1 Chemistry Acid-base reactions Underlying principles, e.g.ikdouum,
concepts formulae

Redox reactions of acids or bases

Applications of acid-base chemistry, e.g.
environmental or physiological

2 Acid-base Operational model (macroscopic Other models, e.g. Lavoisier (historical),
models properties) Lewis (not generally high school)
Arrhenius & Brgnsted.
3 Type of Conceptual knowledge Isolated facts, e.g. indicatotour
knowledge
4  Type of Any of: Laypersons, other professionals
students Elementary to post-graduate students,

and teachers

5 Research aims Probing for, or identification of studentPurely quantitative studies on
or questions conceptions in an educational setting, prevalence or achievement.
pre- or post- instruction Instructional programmes

6 Type of Student quotes or author knowledge Textbook quotes
research data claims about nature of conceptions, not
previously published by the authors.

Data of similar nature, from
publications which are not available

7 Publication January 1978 to December 2007 Before January 194 @féer
date December 2007
8 Language of  English Other languages
Publication
9 Type of Journals, available through academic Theses, Conference proceedings not
publication libraries in South Africa or freely available on www or through
electronically South African academic libraries

Conference Papers published on www.
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Criterion 1

A narrowly focused research question is recommertgye@orgerson (2003) and Bennettal
(2005b). Accordingly, this study was limited tadent difficulties in acid-base chemistry.
Although these could be caused by problems withedyithg concepts (Furio-Mast al,
2007), such difficulties with more fundamental islesach as distinguishing a chemical reaction
from simple mixing, understanding the nature ofrsloal equilibrium or writing chemical
formulae were not investigated. Redox reactionaoids or bases require different models for
explanations to those described in the chemistngesa (Section 3.3), so they were excluded; as
were environmental and physiological applicatiorfs agid-base chemistry. Despite the
importance of such problems as acid-rain, it walg@a too broad to also target environmental
or physiological as well as chemical concepts.

Criterion 2

High school curricula seldom embrace the Lewis rhaafeacid-base chemistry (Oversby,
2000a). In order to focus on high-school chemjsivigere | had the most experience, only
conceptions of the phenomenological or macroscappects of acid-base chemistry, with the
Arrhenius and Brgnsted models used to explain thenpmena were included. Students
entering tertiary education could be presumed t@ Istudied and mastered these conceptions at
high school (see Section 3.3).

Criterion 3

The search for data on student difficulties witiddzase chemistry also focused on conceptual
understanding as described in Section 3.2.2 on imgfah learning. For example, isolated
items of arbitrary knowledge such as the coloumgeaof particular indicators would not be
included as these would need to be learned bywdtereas understanding how indicators work
and the choice of indicators for titrations of weatkds or bases could be included.

Criterion 4

Previous studies into student conceptions wereudted, provided they were not simply a
survey of laypersons or other professionals suchuases or engineers, who might not have
received formal instruction in the relevant topic¥here was no restriction on the age and
educational level where conceptions were researcimgided it would be advantageous to
include a wide range of ages and contexts to ensooeigh representative evidence for a
conception (Graysoet al, 2001; Liu, 2001). Furthermore, as discussed uthge'student and
course context’ (see Section 3.5), student diffiealare widespread and tenacious, even into
tertiary education, so that conceptions develoetiee in a students’ career may still have an
impact on how students filter new educational eigpees later on. Consequently, this study

could cover elementary school through to tertisgyel and post-graduates, also including
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professional teachers. | include all these indigid under the banner studentswhen
discussingstudentdifficulties, as even teacher understanding is most likely te ltgeveloped
during their student years.

Criterion 5

Any project that included an investigation intad#nt difficulties, whether this was a primary
aim or a necessary part of evaluating the effeaigs of an intervention has been included,
provided there was suitable data available (s¢ermn 6). Pre-instruction data would need to
be interpreted judiciously, as conceptual diffimdtwith chemistry models are not principally
due to intuitive pre-conceptions (Taber, 2001a).

Criterion 6

With a view to gaining greater insight into the urat of particular student conceptions, rather
than prevalence, | anticipated collecting any slitajualitative data from the published papers
in the form of student quotes or author knowledigénts, or perhaps in the form of distractors
for multiple-choice items. Tagt al (2002) considered alternative conceptions sigaifi when
there was a 10% incidence in their sample groupthis was not used as a criterion for this
study, because research cohorts might be very smnain investigation only exploratory
through open ended questions. However, data omprinealence of a conception or student
achievement data that was purely quantitative vessned irrelevant in this review if it shed no
further light on student understanding. Some astbied and quoted descriptions of student
difficulties from other publications — includingternal reports from their own research group.
These secondary sources have been included only wie original reports could not be
obtained. We also excluded research focusing an paesentation of this topic in textbooks
(e.g. Drechsler & Schmidt, 2005a). While textbo@ks undoubtedly one source of student
misconceptions, such a content analysis represerdgferent research project. Similarly,
research into the effect of different teachingtsgges also fell outside this project. As with
textbooks, this would constitute a separate prajeitself.

Criterion 7

Publications over a thirty-year period were inclddériver and Easley’s (1978) seminal work
on student conceptions marks the start of thisesevand | looked for no further publications
after December 2007. | included reports obtaifedugh personal contact, at that stage ‘in
press’, so their publication dates might be latant2007.

Criterion 8

Only research published in English was included asuld not have done justice to work
published in another language. In such casesndacp reports on the work were accepted if

they were available.
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Criterion 9

Torgerson (2003) advocates including worthwhile lfnastudies not published in the main
journals, but still in the public domain. For lstical reasons, sources were limited to those
available through academic libraries in South Afiecan the public domain on the World Wide
Web. As a result, some research in dissertatioiiernal reportsand certain conference

proceedings was only available through secondargcss, or not at all.

As each research report became available, thoseritathe acceptance criteria for analysis
were allocated numerical codes. These enabledrtaer ‘tag’ each piece of data back to its
source and to link all reports from one researadugr- important because they could involve
overlapping data. The codes followed no particatder, simply being allocated in sequence as
the reports were obtained. Information was inialicorded by hand on a separate printed form
for each research report, and then summarized dliceosoft Excel spreadsheet. This
completed theelectingphase of answering Research question la, theagedwihich are given

in Section 5.2 of the next chapter. Bibliograpimformation (according to column 1 in Table
4.2 below) for all the suitable research reportgiven in Appendix 1. These reports were then

used to categorise the scope and quality of thetiegiresearch in the next phase.

4.4.2  Categorising data on the research reports.
Qualitative research data should be interpretedimvitontext (Lincoln & Guba, 1985, p 42)
and, being guided by Torgerson (2003, pp 45-47) Bednettet al. (2005), | extracted
contextual information, as shown below in Table, 4f2om each published report, if it was
published. A matrix, as suggested by Cafkl. (2005), was used to summarize the data. The

data extraction and coding ran concurrently withgbarch process (see above).

Table 4.2 Contextual information extracted from suiable reports

Bibliographic information Context of study Researchmethods

Report code Country Cohort size

Search Source, Date of the study Data collection instrument(s)

e.g. ERIC or Google Scholar Research aims Probes or interview questions given?
Author(s) Educational setting In what form is propositional

Year Published Pre-instruction or post-instruction? knowledge given?

Title Participant details:

Full Citation e.g. age/ educational level, gender, ethnicity,

socio-economic level
Acid-base topics

During the categorising phase, by looking at thetexts covered by the body of research, | first

sought an answer to Research sub-questionvVthat is the scope of this resea?chhe results
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of this analysis are given in Section 5.2 of thetnehapter. The next category of data
concerned information on research methods in amenswer Research question ¥¢hat is

the overall quality of this research®odes indicating aspects of research methods asithe
data collection instruments or nature of proposdicknowledge given were used as suggested
by Unalet al. (2006). Sometimes, not all the desirable inforamatvas published. The research
reports were then critiqued using guidelines phielisby Eybe & Schmidt (2001) to indicate

the overall quality of the research. This is présé in Section 5.4 of the next chapter.

Assessment of the overall quality of the body ofearch informed the methods adopted for
answering Research questions 2, 3 and 4 as deadnilibe next section. Categories of acid-
base topics informed the initial categories of studdifficulties and propositional knowledge

(Research sub-questions 2a, 3a and 4a, and 2ch®dl@ see Sections 4.4.2 and 4.5.2
respectively while the data on research methods were used ituatiray the stability of

difficulty descriptions as described in Section 4.5.

4.5 SYNTHESIS OF DESCRIPTIONS OF STUDENT DIFFICULTIES

From reports meeting the acceptance criteria, asrided in Section 4.4.1, data could be
selected to answer three research questions. RBsgaestion 2 wasWhat difficulties do
students experience wigpeciesin acid-base chemistryth order to address this question, |
needed to first frame specific sub-questions, th2ig) What descriptions of difficulties with
acid-basespeciescan be synthesised from existing research da®?} How stable are these
difficulty descriptions across different contexR&search questions 3 and 4 involved exactly
parallel questions and sub-questions concerningpegively, acid-baseroperties and
terminology and symbolisminitially all data for difficulties was treated ase set and was
separated into these three categories only mueh ilatthe analysis. The analysis began with
phases of selecting and categorising. Data was tbmpared to propositional statements to
arrive at difficulty descriptions which were fimaltlassified according to the stability of the
description. A detailed description of the methayelopment for these processes follows,

corresponding to the protocol shown in the centmtign of Figure 4.1.

45.1 Selecting data on student difficulties
Studying the methods, results and conclusionsa@ectf each report yielded four types of data
on the student difficulties. Data segments welecsed and coded accordingly, as follows:

« Distractors that students chose from multiple ohdtiems (MCQ);

¢ Author’s knowledge claims (AU);
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e Student or teacher quotes supporting these clé&@sof TQ); and,,

* Further conclusions that | personally drew fromriagort (SEH).
Extracting all four data types in the list abovelldocreate some overlap, but this cross checking
was necessary to verify the consistency of syrghigem the data. Moreover, it retained the

texture of data provided by student quotes.

Computer techniques are useful for managing themelof data entailed in qualitative research
(McMillan & Schumacher, 1993, p 501) and MicrosBkcel had sufficient capability for this
project. Data segments on student conceptuatudifies (in any of the four types above) were
collected on a spreadsheet, each item being ‘tadpyetthe code for the research report, as well
as the type of data (e.g. AU, SQ above). All imdlnal data segments were typed verbatim,
directly onto separate rows of the spreadsheethoAgh quantitative data was not a focus of
this synthesis, where authors gave the prevaleheeparticular student difficulty, it was also
included in a separate column. At the end of #lecsing phase for Research questions 2, 3 and
4 there was an MSExcel spreadsheet with all tha gdagments as extracts from the original
report, along with information about the originabusce, the type of data and possibly
gquantitative data. At this stage the column far ¢higinal source was ‘hidden’ so as to avoid
prejudice concerning data originating from parteuhuthors. In this way all data segments
were treated equally, until later. This set ofadatas then used to synthesise difficulty

descriptions.

45.2 Categorising data on student difficulties

A review of student conceptions requires secondaglysis of prior work in order to describe
particular student difficulties more accurately §¢sonet al, 2001). In this regard, Torgerson
(2003) and Cohemt al (2000, pp 220-5) suggest meta-analysis in ordeyeneralize from a
range of studies and to identify inadequacies whatber research is needed. However, their
focus is on statistical methods applied to quantgaresults. As Liu (2001, p 58) found: “there
has been no methodology developed specificallyttier purpose of synthesising findings of
qualitative studies.” The selection of recent e@xd of work on student conceptions, which
were outlined in Section 4.2, offer little furthguidance on how to undertake the secondary
analysis and synthesise overall descriptions, aspxfor Liu (2001), they barely go beyond
documenting prior work. Furthermore, Liu's (200&¥yearch used digraphs to distil out general
trends in thinking, rather than individual conceptdifficulties. Another method was therefore

needed and is discussed next.
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The very nature of synthesis is to strip away thatexts so as to determine the common
essence of the student difficulty (Liu, 2001). untive analysis, as described by McMillan and
Schumacher (1993), is a method of analysing datahwallows “categories and patterns to
emerge from the data rather than being imposedatmptior to data collection” (p 480). In this

way, categories are allowed to emerge from theitiaH (Lincoln & Guba, 1985, pp 340-344).

The data had already been selected: as descrilf&ection 4.5.1 each data segment concerning
relevant quotes, with allied information, represeina row on a spreadsheet. In order to
synthesise descriptions appropriate to answer m&@sapiestion 2a, 3a and 4a, | first needed
some broad categories for the data. At the outisettows were first categorized according to
representational systems used in chemistry. Téwsned reasonable in terms of Johnstone’s
(1991) argument that many difficulties which studeencounter in chemistry arise from their
having to cope simultaneously with the systems:rogmpic, microscopic (later termed sub-
microscopic, e.g. Johnstone, 1999) or symbolictHeumore, Nakhleh and Krajcik (1994) had
used similar broad categories of difficulties. ®antries from all the research reports were then
combined, in no particular order, onto three spshadts; one for each representational system.
These initial spreadsheets were, however, excegljotong and cumbersome, with many
difficulties overlapping categories and hence nagdo feature on more than one sheet. An
alternative method for categorizing the data waggssted by the initial scope of existing
research which had included notes on the broadkmsd topics covered in each research report
(see Section 4.4.2). Thirteen topics proved taud&able for initial categories of data and are
shown below (see Table 4.3). These reflected batdgories which suggested species,

processes and representations (see Section 2.5.2).

Table 4.3 Initial categories for difficulty data sgments

Species Processes Representations
Acid/base definitions  Macroscopic properties Chatnigrmulae & equations
pH Neutralization Aqueous equilibria
Salts Indicators Acid-base strength
Heat of reaction Conjugate acid-base pairs

Everyday applications Polyprotic acids
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Having inserted another column into the spreadshegted one of the words or phrases above
for each row, sometimes repeating the row if twanmre words were applicable. For instance
the student quotation “pH is inversely related &ontful” (Nakhleh and Krajcik, 1994) related
to both pH and everyday applications. Sorted ismway the data was much more manageable,
and | subsequently abandoned the initial macro/nsigbo/ symbolic classification. At the end
of this stage data for Research question 2a, 3a4artthd been selected, and categorised. To
reduce bias when treating data from different sesirthe spreadsheet column with the source

paper code was kept hidden during the next phaseroparison.

4.5.3 Comparing data to synthesis descriptions of studertifficulties
A method of constant comparison was used to furthessify data. This involved putting data
from different studies side by side (Lincoln & Guld&85, p 203), which allowed synthesis and
honing of a description for each student difficultin this regard, the use of numerical codes
proved useful as it enabled rapid grouping of dattasmaller sets, each set indicating a similar

difficulty with only contextual differences.

Numerical codes used in this process representdividnal statements of scientifically
accepted propositional knowledge (derivation of sthepropositional statements will be
described in Sectiod.6). My idea of categorising data segments in this ase from the
association of student conceptual difficulties wahlimited or inappropriate propositional
hierarchy or LIPH (Novak & Gowan, 1984; see Sec8dh3). Drechsler and Schmidt (2005b)
used a similar, but less detailed, idea to categoimappropriate or mixed models which
students had used in their explanations.  Byrapdifficulty data in this way | was indicating
a proposition that, if missing or inappropriateulcbgive rise to the difficulty.l presupposed
that individual data segments for a common difficulvould end up mapped to the same
proposition. Working with a provisional list ofggositional knowledge statements, | allocated
at least one numerical code to represent a propaait statement to each difficulty data
segment. In this process | drew on my teachingee&pce, imagining | was correcting
students’ work, to identify scientifically approgté ideas which were missing or incorrectly
applied. For example, “milk is a base” mapped he statementmilk contains acidic
substances. In some cases more than one propositional statewas needed as illustrated by
the student quotation “Water as an alkali is diffico conceive” (Schmidt & Volke, 2003)
which mapped to three propositional statements;itpadly: Alkali is an alternative term for

Arrhenius basesBrgnsted bases: examples do not include ArrherasedandBrgnsted bases:
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examples include the moleculegdH Unless | was able to interview the studentt evds clear
from the research report, | would not know whicpheag(s) might be missing or inappropriate in
the student conceptual framework so | erred onsttle of caution by giving all four. | thus
anticipated a ‘many-to-many’ mapping as illustratedow in Figure 4.2. Some propositions
may not be implicated in any difficulty {P others may be mapped from only one difficulty (P
and R), or even from several difficulties {PP,and R). Furthermore data on difficulties may

only map to one proposition ¢p) or to several (Pto Ds).

PP Ps Pa Ps P KEY
P, to Pspropositions
D, to D, data on difficulties
Dl D2 D3 D4

Figure 4.2 A ‘many-to-many’ mapping of student dificulties to propositional statements

Each difficulty data segment now had a unique niwcakcode and it was possible to sort the
spreadsheets according to the two columns, nammhjcst and codes for propositional
statements. | termed this stage the ‘fine-smttategories had become much fin&imilar
student difficulties were thus grouped and themownalities quickly became evident. This
was the end of the comparing phase for Researcétigne 2a, 3a and 4a. Data were now
sorted so that smaller, more manageable groups wegped to a code for a particular
propositional statement. At this stage the “hiddeslumn on the spreadsheet with codes
representing the reports from which the data setgrtead been extracted was revealed and any
data segments which were duplicates were deletdérk next stage was to synthesise a single

description for a difficulty from each group of dat

For the synthesis stage, it was a pleasant surfwi§ed that, not only had the propositional
statements allowed easy sorting, they also fatlitasynthesis of a description showing the
essence of a difficulty. Sometimes, it was onlgassary to reverse the sense of propositional
statements. Thus, in most cases, a concise diaerigf the particular student difficulties in
each category could be synthesised in a single stepillustrate: The data for difficulty R10
(see Section 8.3.2.3) mapped to the two propositistatements:

» The general Brgnsted reaction scheme applies ty different types of reactions.

» Bregnsted model, neutralization can be represerstedD’ + OH = H,O + H,0
Reversing the sense of the statements led to ffieutty description: The general Brgnsted
reaction scheme shows neutralizatioBometimes further iterations were needed if the

preliminary difficulty description suggested furthenodification of propositional statements
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which then in turn, helped further hone the desianip It was thus possible to use the
propositional statements to both sort the data @ndharpen descriptions of the student

difficulties, thereby better encapsulating theitune.

Decisions on how broadly to group data were guigeraysoret al. (2001). They show how
an inductive analysis of student responses was tosddrive descriptions of difficulties. They
describe an instance of one overall difficulty whicould be further differentiated into two
conceptions, each indicating different student oy difficulties so requiring different
remedial strategies. However, variations withintedifficulty could be addressed by the same
strategy so further subdivision of the difficultiego sub-categories served no useful purpose.
In a similar, but reverse, fashion | aimed to cambindividual difficulty descriptions and
synthesise a description linked to a common sepropositional knowledge, indicating a
common difficulty. If the propositional knowledgeas substantially different, it was likely to
indicate a separate problem with correspondingigapbns for teaching. At the end of this
phase there was a set of difficulty descriptiorst there decontextualized and for which there

had been no quality checks. These two aspectsadeiressed in the final phase, interpretation.

45.4 Interpreting difficulty descriptions
Synthesis should not lose sight of the researdhlédato the data, so it must look at the whole
study, not only the data. In this regard, Linc&inGuba (1985, p 41) emphasise that in
naturalistic enquiry data interpretation shouldnegotiated with human sources in the study.
This was not practical in my study. However, cainto secondary analysis is the idea of a
common pattern emerging, in which case “the commhssmay be stronger than the component
studies” (McMillan & Schumacher, 1993, p 144). HNHdheless, these latter authors warn
against combining ‘apples with oranges’ and thesesst that conclusions should make
conceptual sense. They also emphasise lookindisorepant data (p 391). Accordingly, as |
wrote about each difficulty in the results chapténseturned to the original reports, rereading
each one afresh to be assured that | had caugtesgence of the research in its particular
context, asking myself if the description made seimsthat context and if there were any

anomalies.

Three major categories of difficulties are preserite chapters 6, 7 and 8. The first major
category:Difficulties with the species in acid-base chemisgrwill be found in Chapter 6.
This chapter covers the notions which students heh@ut matter classified as acid, base,

neutral, salts, or amphoteric species. Groupirggrijgions of student difficulties with more
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concrete entities into one category indicates thendational concepts that may present
difficulties. The second major categorjfficulties with acid-base properties represents
more abstract, process concepts and will be covar€thapter 7, where the primary focus is on
acid-base properties and processes including rieatran. The last major category:
Difficulties with terminology and symbolism in acd-base chemistrycovers difficulties with
symbolic representation, which may be a technigiaht or chemical or mathematical symbols,
and is presented in Chapter 8. Difficulties inreabapter are given corresponding prefixes. To
elaborate, difficulties S1 to S10 are those coringrapecies, difficulties P1 to P26 concern the
general properties and processes while difficultis to R17 relate to difficulties with
representations. The final interpretation of thiffiadilty descriptions which had been
synthesised involved considering the stabilityhdde descriptions across the range of contexts
in the original research, according to Researchgegstions 2b, 3b and 3c. This aspect is

described in the next section.

455 Quality of reported research
Criteria for inclusion or exclusion of a publicatiinto this analysis (see Section 4.4.1, Table
4.1) made no mention of quality of research regbmethese publications. However, critical
analysis should evaluate the merits of and fanlthé research underpinning knowledge claims
(Wallace & Wray, 2006) such as difficulty descrgots as reported here. In this way it aims to
achieve, not only “some level of understanding”id¢gp of naturalistic enquiry (Lincoln &
Guba, p 37) but also estimate the level of undedst (see Section 3.1). To this end,
addressing the first research sub-questions (2an8ata) had given descriptions of individual
difficulties, and from Research question 1c theeswdata on research rigor concerning these
difficulties (Section 5.4). Finally, a more de&allanalysis of the sum of research concerning
specific difficulties was needed; this section shkdww answers were sought to Research sub-
questions 2b, 3b and 4btow stable are these descriptions across diffemamttexts?In this
regard, a description which is substantially ungjeehacross differing educational and chemical
contexts is presumed to be stable. Some challdngbss goal are discussed next, followed by

methods adopted to accommodate these problems.

Researchers should be aware that what they cadksticonceptions are really the researcher’s
conceptions of the student conceptions (Duit & §es, 1995; Johnson & Gott, 1996; Clerk &
Rutherford, 2000; Liu, 2001). In the same way,ewlintroducing a book on children’s
informal ideas in science, Black and Lucas (1994j)msuggested “only partly tongue in cheek”

the title could have been “Alternative misconcemicof children’s scientific ideas”. If, as
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Marin et al. (2004, p 427) suggest, the teoonceptionrefers to “replies that show a certain
degree of regularity and are an observable maatfest of student cognition”, then what is
needed are ways of distinguishing ideas that reptesignificant thinking of an individual or
group from ad-hoc responses that may be generatddr ypressure of an interview or test
(Driver, et al.,1985). Moreover, data collected by differentimoels may be cross-checked and
merged to give a more comprehensive picture thraughgulation (Lincoln & Guba, 1985, pp
108 & 306; McMillan & Schumacher, 1993, p 386). #ss project is a secondary analysis
which entails interpreting prior work, this was kattenge, as not all research reported such
rigor. However, internal validity can be seen @lsitive, rather than absolute. The degree of
validity being determined by particular aspects tbé reported research (McMillan &

Schumacher, p 391), as outlined next.

4.5.5.1 Descriptions of student conceptions, some validiitseats.

Research work which proceeds directly to multigleice items to ‘establish’ student
alternative conceptions needs to be treated caljiolccordingly, some validity threats in the
descriptions of student conceptions are discusset nResearch probes should only become
more focused as greater insight into the naturéhefstudent difficulty is achieved. As a
specific example, Graysaet al. (2001) began their research with open-ended erregponse
written probes, followed by structured interviews uncover greater understanding of the
student reasoning, which they then used to cortsinudtiple-choice items incorporating free
response justifications for the choice. Trea@l885) used a similar sequence to arrive at two-
tier diagnostic instruments; that is, linked padfs multiple-choice items requiring both an
answer and an explanation. Even so, Chiu (2003)sbane reservations about these two-tier
items because the second-tier includes only adongelection of the possible reasons for the
first choice, none of which may represent the gttideactual reasoning. To alleviate this
problem, some workersiclude a further open-ended choice; in whichrilees can provide an
alternative reason should they feel none of therstier statements are correct (Schonborn &
Anderson, 2008b) Multiple-choice items constructed in any of thésenats allow the ease of
collating and categorizing responses to focusetlgwgdn large populations, while still fostering
some validity. On the other hand, poorly cons&damultiple-choice items show a range of
other problems. For instance they may “direct shedents’ thinking towards the examiner's
point of view” (Dhindsa, 2002, p 19). This is #lwated by Schmidt and Volke’'s (2003) report
of a student who showed in a subsequent intervieat he did not really believe his earlier
response to a written probe. Other potentiablgras with multiple-choice items are discussed
in more detail by Anderson (2007) and Schonbornfamdirson (2008b).
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The content validity of research probes also needse evaluated. For example, Eybe and
Schmidt (2001) caution that including several alive historical models in one set of
distractors for a multiple-choice item could intung ambiguities, with corresponding difficulty
in judging answers as correct or incorrect. Th&akness had also been evident in physics
education research, prompting Pushkin (1996) touerdor modern terminology when

investigating student conceptions rather than oegirfig outdated concepts.

The whole investigation, including interpreting dgat responses, should take place on neutral
ground, which should be derived from the studenisher than the researcher’s, frame of
reference. In their retrospective analysis of igtsichbout student conceptions in the particle
nature of matter, Johnson and Gott (1996) used bhisis to challenge some authors’
interpretations of data. In a similar way, Domi®96) questioned the validity of reporting an
author-generated concept map of a student’'s cegn#tiructure (Nakhleh & Kraijck, 1994).
However, the research authors explain: “our finditlgat students overwhelmingly used the
macroscopic representational system in talking ailboids, bases and pH is supported by our
analysis of the titration protocols of the samalgtin which students apparently thought of little
else but procedure and macroscopic observatiores) ethen performing a familiar titration
routine” (Nakhleh & Kraijck, 1996, p 937). In thigay they could subsequently defend their

interpretation, which had been triangulated froteriviews and a protocol analysis.

In summary, research rigor for studies in studefficdities will be enhanced by progression
from open-ended probes to more focussed probesseTshould be carefully phrased, so as to
not actually introduce misconceptions or historiaibiguities. The probes themselves should
be within a student’ frame of reference, as shaillthterpretation of responses. In their search
for quality criteria in chemistry education resdéarEybe and Schmidt (2001) found such rigor
sadly lacking in much of the published materialowdver, not wanting to summarily exclude
data from less rigorous but useful studies, | sbagtifferent solution for this study. Instead of
looking only at the research within one study, camality between multiple studies in a

variety of contexts was sought as is outlined next.

4.5.5.2 A four-level framework to classify difficulty desigtions
To evaluate the stability of student difficulty ddptions synthesised from these studies, a
hierarchical classification framework was develagedias based on previously published work

and extensive discussion with experienced sciedoeation researchers. One source was a
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classification system which Andersson (1990) prepos a review of student conceptions of
matter. His suggested categories included: (Klesttiquotes, (II) conceptions derived from a
single study, (lll) conceptions based on sevenatdliss, and (V) a general description of the
conception. However, he cautions against losingrfidetail as descriptions become more
general and argues that descriptions at all leaets valuable for teaching.Furthermore,

Andersson gives little guidance as to how to aghibese descriptions of student difficulties.

Along the same lines of gathering increasing ewidesbout a particular difficultyGraysonet

al. (2001) propose a similar framework which ‘movekscriptions of student difficulties
through four levels based on cycles of increasirfigbused data collection. These levels of
descriptions are those which are: (1) Unanticipatedthey arise unexpectedly through data
collection, (2) Suspected on the basis of teacfivith only anecdotal evidence), (3) Partially
established from one systematic investigation djdtablished from systematic investigations
in different contexts. Anderson and McKenzie (20@23r used the Graysat al. framework to

evaluate published research information on studéfitulties, used to populate their online

resource littp://www.card.unp.ac.za/lhome.ad$pr conceptual and reasoning difficulties. Like
Andersson’s framework, Graysat al’s acknowledges the benefit of several complemgntar
studies to increase the accuracy of a difficultgadiption. While Graysoet al. give greater
detail than Anderssson of how to use their framé&witrwas still not perfectly suited to the

current project concerning published research riigsli

During discussions with science education reseestieagues about the Graysenal. (2001)
framework, two concerns were expressed. Firstiof@vel 1 represents unanticipated research
data while Level 2 corresponds to difficulties thave emerged from prior teaching experience
rather than research. Thus in a single investgadi difficulty could ‘move’ rapidly between
Levels 1 and 3, bypassing Level 2. Secondly, is framework there is a large difference
between Levels 3 and 4. Thus the hierarchy fingllgsen for the current study was an attempt
to address these problems by modifying the Graytoal. (2001) framework in two ways.
Firstly, Levels 1 and 2 were interchanged, giviegearch rather than anecdotal evidence a
higher standing. A second change instituted le8e|s3++ etc to show multiple contexts for a
difficulty, which was not yet classified at level he new framework thus includes evaluation
of the amount and quality of all research on a eption, as well as the degree of insight this

brings to the description. It is presented in €ahK (on the following page).
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The table shows that classification levels for atipalar student difficulty improve from 1
(merely suspected) to 4 (established) as insightvgthrough research into the nature of the
student difficulty. This increased insight is shioly the description of a student difficulty
becoming more stable (or reliable), as shown bfeht data sources (triangulation) and the
existence of the difficulty in multiple contextdn other words, it is not merely idiosyncratic

within a single student population.

Table 4.4 Hierarchical Classification Framework for Difficulty Descriptions
(based on Graysonet al (2001)

Level Label Insight into difficulty Source of insight Posible Uses
1 Suspected Intuitive or subjective Teaching experience/  Teaching and evaluation
description anecdotal OR Research through free-response
Unanticipated data probes

Not controlled data,
e.g. unvalidated MCQ

2 Emergent Description based on Some controlled researchTeaching and evaluation
research, may vary No triangulation reported Research: basis for a range of
between contexts free-response probes

3* Partially More explicit description, At least one triangulated Teaching and evaluation

established open to modification study Further Research:

Or identified separately basis for a range of more
in several independent  focused probes

studies
4 Established Description is stable —it Triangulated studies in  Teaching and evaluation,
does not vary substantially multiple contexts Design of learning material
between educational or Diagnostic tests, MCQ
equivalent chemical distractors for concept
contexts inventories

Other Research, Prevalence
studies, Cross-age studies

*Levels 3+, 3++, 3+++ etc were introduced to shogvringe of contexts studied in the research

This modified framework, as given in Table 4.4, wagsplied to interpret and classify the
combined data on student difficulties reportedanhepublished study. It is possible that results
from a rigorous study may have been given a lowsif@ation (for example Level 2) if crucial
parts of this information were not reported. Imerto ‘move’ a description of a particular
difficulty up the hierarchy, it was not enough tongly identify it in more contexts. Its
description also needed to become sharper in todgdrow the essence of a difficulty, as shown
by its universality and increased stability acrdggerent contexts. Where a student difficulty
appeared in many contexts | verified that the neacdption was stable — that it appeared to
encapsulate the nature of the student difficultyt agppeared in different contexts. Now and

again a difficulty was reported from multiple coxtse but still appeared to have a vague
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description. In some cases, further inductive ymigslof the original data revealed that there
were in fact two separate difficulties that coulel identified, meaning that | had previously
grouped the responses too broadly. In other céssas evident that there was not yet enough
research to illuminate the essence of a difficully, its description remained at a lower
classification level. Furthermore, it was impottatinat different contexts were truly

independent studies. For instance some researdlestincluded multiple-choice items based
on published results, sometimes from a single dohbrstudents, taking these as accurate
descriptions. As a result, these subsequent stumbatributed no greater insight into the
description of the difficulty; they only showed thather students also chose a particular
response. Taking into account the quality of redeafinal classifications of individual

difficulties is given in Chapters 6, 7 and 8, ashedifficulty is individually described.

Where a stable description of the difficulty exidtevel 4 classification) it indicates that further
research into its nature serves no useful purplmsesuch cases the research focus should
change; the description could form the essence dis@actor for a concept inventory (see
Section 2.4.1) or perhaps research should invéstifge underlying cause or evaluate a
remediation strategy for the conception. Convgrsellow classification would show that the
difficulty needed further research into its natui@; instance, showing its existence in other
contexts or closer investigation into its natureider to describe it more explicitly. After the
difficulty descriptions were interpreted individlyalwithin the relevant research contexts,
leading to evaluation of their stability on clagstfion levels, Research sub-questions 2a & b,

3a & b and 4a & b had been answered.

Finally, | attempted to evaluate the effectivengfsthe search and secondary analysis according
to whether it illuminated a difficulty that had nateviously appeared in review articles; Gabel
and Bunce (1994), Garne#tt al. (1995) and Kind (2004) being the chosen benchmarks
Certainly one would expect that difficulties whiblad high classification level based on data
published before those dates should have been onedtiin the reviews. However, this
evaluation had limited applicability as much of tlesearch was published too late for these
publications, and Kind's review was very generae(Section 4.2). The final descriptions,
together with each classification level and coroegling propositional statements, are
summarized in tables in Chapters, 6, 7 and 8, waiehfollowed by discussion of the research

behind each description.
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4.6 DERIVATION OF PROPOSITIONAL KNOWLDGE STATEMENTS

A need for statements of acceptable propositionaiedge to stand alongside descriptions of
student difficulties had already been identifiegle(Sections 2.4.6 and 3.2.3). Consequently, the
third sub-question to be addressed for Researclstiqgne2 was: What statements of
propositional knowledge are needed to addresscdiffes withspeciesn acid-base chemistry?
Once again there were corresponding sub-questmnRdsearch questions 3 and 4 involving
acid-basepropertiesand terminology and symbolism.In the previous section (4.5) | showed
how data segments on difficulties were mapped titalsle statements of propositional
knowledge, in order to help classify data from vidiial studies and then to hone synthesised
descriptions of the difficulties.  This sectiontlmes the method, by which these suitable
propositional knowledge statements were derived awmdluated which entailed, in part,

constructing concept maps to show conceptual ltieies.

The process involved firstly drawing up criteria facceptable propositional statements, then
once these were set, a general list of propositiomawledge statements was prepared from a
variety of sources and sorted by broad topics. s&hstatements were then used to help
categorise data on difficulties, and at the samme fpropositional statements were resolved to
show finer detail. Finally the set was evaluated arranged in a conceptual hierarchy from
which inferences concerning teaching and learnmddcbe drawn. The following sections give

the details of this process, which correspondbeaight hand section of Figure 4.1 (page 56).

4.6.1  Criteria for propositional statements

From the scope of the research reports deemed @i for this secondary analysis (see
Section 4.4.2) | knew that some researchers hadrtezgp propositional knowledge.  For
instance, Nakhleh and Krajcik (1994) used a sumngleaned from senior secondary
textbooks, while Ross and Munby (1991) based thogirsurriculum guidelines. However, some
authors did not describe their source, leadingamguestion the scientific acceptability of some
of their propositions. In particular, a conceptonggven as a standard by Botton (1995) includes
a statement that Oversby (2000b) would consideisaanception. Moreover, the scope of the
research (Section 4.4.2) showed that some autlames p orientating framework of acceptable
knowledge. However, according to Johnson and G&94) it is naive to presume that the
underlying scientific ideas in science are univema‘unproblematic’. Such inconsistencies
suggested that deriving a comprehensive list dbblé propositional statements would not be
simple. Accordingly, | first drew up criteria faccepting these statements, which were guided

by the literature on propositional knowledge.
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From the literature | identified several potentf@oblems with propositional knowledge.
Firstly, according to Mintez and Novak (2000) prspional knowledge within a field of study
should form a coherent whole, showiegnsistencyby reconciling internal contradictions.
These authors also contend that propositional kedgé should be agreed within the academic
community of a discipline. However, Eybe and Schn(®®01) caution that putting forward a
“system of knowledge statements” (p 220) may ifext there is a single view of acceptable
chemistry, rather than the system simply giving freeme of reference against which the
researchers will compare the students’ ideas. alfeady discussed (see Sections 2.3.1 and
3.2.1) the nature of science means that sciertiditceptions are not fixed; they are human
constructs and modern meaning for terms may dfffan the original (Hall, 1930; Schmidt,
1991; Taber, 2002). Consequently, | anticipatetlame set of propositional knowledge but
several, each within the context of a particulastdrical model. Furthermore, each model
should havetransparencyin that the propositions could be justified withime conceptual

framework of the appropriate scientific paradigm.

A further problem was raised by Stains and Talanq@é07) concerning the relationship
between ‘accepted’ understanding and that whicbtpi@ers actually use. In particular, their
interviews with university lecturers revealed aosyy association and corresponding lack of
differentiation between some pairs of concepts. é&@mple, some staff associated the label
compound with @ or N, because they were both molecular species, alth@eigntists
generally accept oxygen and nitrogen as elemeRtsthermore, Bowen (2005) differentiates
between “ready-made-science” or school scienceepted as unproblematic and “science-in-
the-making” as practised by scientists, which isssye but needs to be defensible.
Consequently, lack of agreement among scientistgitaparticular propositional knowledge
may present further complications.  Nonetheleksret should be someonsensusso that
meanings are resonant with or shared by expertstéi#li& Novak, 2000), rather than being my

own understanding.

A third possible problem is that expert chemistsy mgiect conceptions which are deemed
acceptable among school pupils, considering theroniplete or even incorrect. For instance,
Taber (2002) notes that abbreviated definitionsadten introduced to novices because they
may only use a concept in limited contexts, bus thduld leave students unaware that their
conception is not generally applicable. Moreo¥aywkes (1994) maintains that students tend

to retain what they learn first, so an introductqualitative description should lead correctly
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into the quantitative models that students will@mder later. However, as Nelson (2003) and
Bucat (2004) argue, it makes no sense to plungevecen chemist into a formal definition as
agreed by the International Union of Pure and Apbptidnemists (IUPAC). Nelson then makes
practical suggestions ofpfagmatic definitions” which are as simple yet precise aschald
make them. In a similar manner, de Vos and Verdd#96) prepared a summary of the
particle nature of matter in the form of proposiabstatements. They made no attempt to win
the approval of expert scientists for this summaggause it was used to evaluate introductory
school textbooks. Instead, the summary was agteethe valid by science education
researchers. This was the researchers’ commuhjtyaatitioners. Accordingly, | would seek

something suitable for students, without being wronthe view of expert chemists.

Mintez and Novak (2000) also emphasjz@simonywhich is evident when an individual
understands a topic, so propositional knowledgaulshaot include superfluous information
such as extraneous explanations or unnecessarpditiops in their conceptual structure.
However, a fourth problem lies in Shulman’s (198611 warning: “the representation of
knowledge in the form of propositions has bothgidct advantage and a significant liability.”
Because propositions strip away the superfluousy #ire economical but at the same time
decontextualized. Furthermore, being discretestants, they are hard to remember, especially
as lists. Propositional statements are the ‘baned, which teachers and textbook authors need
to transform into learning experiences. Accordingbme way of integrating the statements

would be needed.

The challenge in this study was therefore to oetlacid-base models in sets of discrete
propositional statements against which student emians might be compared, which could
still be integrated into a whole. The statemehtsufd represent the different historical models
authentically, yet be understandable and appra@priatthe school context. They should
certainly be acceptable to a community of praciiis, in this case chemistry education expert
opinion. Notwithstanding de Vos and Verdonk's rgagons mentioned above, ideally they
should also be acceptable to expert chemists. |dCsuch a coherent set of statements of
acceptable knowledge reflecting the contexts dedéht historical models be compiled? This
led to the fifth and final research questi®ues the set of propositional knowledge statements
derived through analysis of student difficultiefleet appropriate knowledge for teaching and
learning acid-base models?In order to answer this question, two sub-questiomse

formulated:
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5a. How well do the propositional statements reflectriculum models for acid-base
chemistry?
5b.  What are the implications of the propositional kiedge for teaching and learning acid-

base chemistry?

Accordingly, based on arguments given above, caitgiven in Table 4.5 were developed for

propositional statements relating to each acid-lbasgculum model (see Section 2.1.3).

Table 4.5 Criteria for acceptable propositional stteements

How it will be evaluated.

Aspect Propositional statements should... . .
Propositional statements will be....
1 Pragmatism Be age appropriate Determined byliffieulties concerned
Compared with curriculum statements
2 Parsimony Avoid superfluous propositions and Phrased in terms of general principles,
examples. with specific applications given as
examples to indicate prototypes and
boundaries of concepts.
3 Consistency Be coherent within each model. Intedras concept maps for each
model.
4 Transparency Maintain the integrity of the haodecfor Able to define the context and limitations
historical models. of each model.
5 Consensus Be acceptable to chemists. Checkedsagabilications in chemistry

education and chemistry and evaluated by
expert chemists.

Propositional knowledge derived from mapping stadkfiiculties would be evaluated against
criteria representing five aspects of acceptahldesit understanding. By this means | would
determine how well they met the ideal as shownhae tinal column, rather than give a
dichotomous acceptance or rejection. The firsteddn of pragmatismwas introduced to
ensure that statements angpropriate for students rather than experts. Wewehere was a
problem because the age groups in this analysie net restricted (see Section 3.5) — which
age students should | consider? A solution, allgwime to accommodate many ages of
students, would be to let the difficulties themsslvguide the particular propositional
knowledge statements, rather than starting theareleby specifying propositional knowledge,
as recommended by Treagust (1988, 1995). For exadifficulties with an operational model
would indicate statements at an operational le¥ehacroscopic observations, appropriate for
younger students. Conversely, difficulties withcatating pH of an extremely dilute solution,
which would probably be encountered at tertiaryelewould be addressed by propositional
statements pertinent at that level. However,ddr@ss Research sub- question 5a, it was still
necessary to evaluate whether these propositidaténsents represented the whole or only

limited aspects of the acid-base topic as taughhigh schools. Accordingly the set of
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propositional statements would be compared witeethypical curricula (Ross & Munby, 1991;
Nakhleh & Krajcik, 1994; Independent ExaminationaBdy 1997). The first two publications
give extensive propositional knowledge to repres@nd-base topics as taught in high schools,
the first as a concept map and the second as af ggbpositional statements. The third
publication outlines a South African curriculum tias been superseded, but it was retained in
this analysis because the current South Africah-Bhool outcomes based curriculum does not

feature acid-base chemistry as a distinct topi@ébenent of Education, 2003).

Next, according to Mintzes and Novak (200@grsimony requires that the propositional
knowledge focuses on the core principles of acgkbeghemistry and that each application or
example is there for a reason. For example Het986) recommends that concept analysis
requires specific examples and non-examples t@anelithe extent and limitations of a concept
as shown by Criterion 2. Criterion 3 involves mi@ consistency— the propositional
knowledge defining a field of study should formaherent whole. A concept map comprises a
number of propositions, each linking at least twamaepts. It is a useful way to ensure
propositional knowledge is integrated without cadictions (Novak, 1996). Furthermore,
concepts represented as nodes with attendant ptiopeswill provide a context for the
propositions.Transparencymeans thathe propositions for a given model can be defended
within the scientific paradigm concerned. Thisgohgm needs to be defined and its limitations
made clear as in Criterion 4. Finally, to sati€fyterion 5,Consensusr agreement within the
community of chemists can be established througst thecking propositional statements
against original chemistry and chemistry educapablications which distinguish the models

concerned, then expert chemists can evaluate tpogitional statements.

To ensure that propositional knowledge would méet driteria given in Table 4.5, certain
checks were instituted which ran concurrently witbveloping the list of propositional

statements. Figure 4.4 below shows the procedseslaxting, comparing and synthesising in
diagrammatic form, with more detail than was pdssii Figure 4.1; the next sections explain it

further.
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SELECTING
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\ 4 Corrections

Propositional statements
Final List

Figure 4.3 Flow Diagram to show derivation of propeitional statements

4.6.2  Selecting the propositional knowledge statements

As mentioned in the previous section | allowed tiifficulties to determine suitable

propositional knowledge rather than starting witlixad idea of what to include. At the outset,
mapping between difficulties and propositional esta¢nts identified some of the required
propositional knowledge. This process was foundeoreciprocal and iterative. In many
instances, mapping a student difficulty back andhféo propositional knowledge led to both
clarifying and increasing the set of acceptablgypsitional knowledge statements. A starting
point was any propositional knowledge given as dpestientifically acceptable in the

publications from which the data on student diffies were extracted. For example Nakhleh
and Krajcik (1994) gave their synopsis of textbgmlesentations concerning the general
principles of the Brgnsted acid-base model, sepdraiccording to four representational
systems, which they term: macroscopic, microscopyenbolic and algebraic. As already
stated, not all authors were as clear as this, somde gave no orientating framework of
acceptable knowledge. Where possible this infdonatvas extracted in one or more of the

following five forms:
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» Lists of separate propositions (only Nakhleh & jKitg 1994)
e Paragraph(s) describing general acid-base chenpistrgiples (e.g. Schmidt, 1995)
* Acceptable answers to specific open-ended probgsQ@eertataniet al., 2007)
e Acceptable answers to multiple-choice items.
« Acceptable principles given as part of the texthim discussion section.
To ensure consistency within each of the Arrhering Brgnsted models, | also made lists of
propositional knowledge from the following souréescomparison:
* OQutlines of Arrhenius and Brgnsted Models by Ower€000a) and de Vos & Pilot
(2001).
« Original historical papers, in the original or Esyltranslations (for example Arrhenius,
1903; 1912; Brgnsted, 1926 and Lowry, 1923)
e Historical studies such as Bell (1969) and thoséhanJournal of Chemical Education
such as Kolb (1978).
* IUPAC definitions for modern expert knowledge (Malght & Wilkinson, 1997).
This propositional knowledge was typed verbatino iatMicrosoft Word document, as separate
statements from reports, along with the correspundeference to its source. Since many
authors reported students as having much less ptuateunderstanding of bases than acids, |
kept statements about bases separate from thoaeifisrso they would have equal prominence.
As a result, definitions of acids and bases aregiatn simultaneously as in Nakhleh and
Krajcik (1994). In order to categorise the stateteeeach item of propositional knowledge was
also prefixed with key words such as ‘Base, Arrhghior ‘strength, Brgnsted’” which were
based on the 13 broad topic headings that hadfoeed workable (see Section 4.5.2). In this
way statements could be easily sorted into categori The consistency of propositional
statements within a topic could then be evaluaged, those which suggested consensus were

adopted.

Textbooks were not consulted at this stage forré@sons outlined in the literature review,
namely, that content analyses around the world lsegvn a preponderance of mixed models
in the acid-base section (see Section 2.5.3). hBysame token, schoolteachers were also not
consulted when deriving propositional statementsaabse Justi and Gilbert (1999) had found
that much of their content knowledge was derivednfischool textbooks. At this stage, | also
did not consult chemistry experts because, as Rdés-etal. (2005) found, due to their tacit

knowledge experts may flip-flop between models withmaking the change overt.
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The outcome of the selecting and categorising haseas a fairly comprehensive list of
possibly overlapping statements (indicating conggnseach with a reference, and sorted into
broad categories according to topics. These werdyrto be mapped to the student difficulties

in the comparison and synthesis phases as desanitieel next section.

4.6.3  Using student difficulties to make missing proposibnal knowledge overt
With both data segments on student difficultiesc{ida 4.5.2) and propositional statements
sorted into the same broad categories, at leastpoogositional statement could now be
allocated to each data segment. The propositistetements chosen were given decimal
numerical codes, indicating some sort of hierarchgoncepts. These were the codes used for
the ‘fine-sort’ described in Section 4.5.3). Tha@cmme of that sorting process was groups of

data on student difficulties corresponding to paittr themes of student conceptions.

On examining the propositional statements alongsiishdar student conceptions, | experienced
a key moment in the development of the researcbeg | found that | could barely restrain
myself from rewriting propositional statements. |YDthe demands of accurate reporting of
research prevented me from altering my origindl lisexamined the intense emotions within
myself and | realised | had moved into ‘teacher eipamagining what the student needed to
know in order to address or pre-empt such a ditfrculn their original from, the propositional
statements could not sufficiently address the eabdithe difficulty — perhaps further examples
were needed, or | should clarify or extend theestant. This is exactly like the cyclical
process | had adopted as a teacher, when eacH yesdte notes, based on difficulties | had
identified, of how | should modify the curriculumaterial for next year’s students. Likewise |
was sure that | could not allow these statementsrt@in as they were; they had to be changed.
So | retained the originals, but immediately adotedlterations alongside them. | realised that,
in this way, | was using my PCK to make overt myrenexpert knowledge to address student
difficulties. This is the tacit knowledge that hlaglen missing and which needed to be engaged

when deriving propositional statements.

The literature records similar processes. A fissaimple is from a series of articles on teaching
the nature of a chemical reaction. In one ofehe®e Vos and Verdonk (1987a) show how a
definition is modified as student responses ardiatly making underlying terminology clearer

with each iteration. For example: “We could courttexse objections by defining identical as
‘not differing from each other in any way excepsipion and motion.” And then later: “We

now declared objects to be identical if they did stftowany difference, except in position or in
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motion” (p 694). These subtle changes were madesponse to student feedback. As second
example of this intuitive process is from Nussba®98). When discussing how to identify
proper instruction strategies, he advocates adiegt ofcognitive analysi®f content. Such a
cognitive analysis goes beyond a meoatent analysisor hierarchy of concepts as advocated
by Herron, 1996. Rather, by using intuition angigb®didactic knowledge, which may include
input from research on student misconceptions, gnitwe analysis relies on good
understanding of subject matter and a natural teryd&o delve into the subject matter so as to
expose the deeper basic assumptions and their moiatémplications. Nussbaum thus sees a
link between student conceptual difficulties antlitively exposing the content which should
be included in instruction. These two examplesegaw intuitive responses to student

difficulties some validity.

The new propositional statements which | had ad@sdthesis) were also coded, and the
decimal system | had adopted proved its worth at ubdivisions could be made and new
ideas incorporated into the hierarchy. An exanipllows to illustrate the process. | started
with the statement: “Acids and bases affect thewobf indicator dyes differently” (Nakhleh &
Krajcik, 1994). This was made into distinct statatsdor acids and bases:

* Indicators have characteristic colours in acidicisons (code 2.1.1.2)

* Indicators have characteristic colours in basiatsmhs (code 3.1.1.2)
Data for difficulty P9 (Section 7.3.1.2) suggesstuaidents thought the colour was inherent in the
acid so a new explicit statement was introduced:

« Indicators are substances added to solutions d§ arid bases (code 6.1.1)
Then difficulty P20.1 (Section 7.4.3.3) indicatddhtt students believed an indicator assisted
with neutralization. This necessitated anothatesbent:

* Indicators are substances that change colour tilcgyH values. (code 6.1.2)
Through this process one statement has been exppaodeur; such resolution of statements
into finer detail was frequently warranted. A reuoendation to keep propositions in the form
of subject — predicate thereby linking only two cepts (Finley & Stewart, 1982; Liu, 2001)
was attempted but proved to make the list pedantiEor example, propositional statement
2.1.1.7 links at least four concepts as shown by tilivisions: Acids / and some metals / react
chemically / to produce hydrogen. Moreover thesbdi/isions made the propositional
knowledge unwieldy and did not facilitate claritgr feducational practitioners. Finally, the
original list of propositional statements that Haekn derived from literature sources in the
selecting phase (see Section 4.6.2) was used ify tlee new expanded statements. In a few

cases, it was necessary to resort to textbooks wgiying these. This verification sometimes
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showed discrepancies between my wording and thaixpérts and my statements, requiring
closer examination of chemical principles, with gsitional statements being subsequent
reworded accordingly. At the end of this stageré was a composite list of propositional
statements which reflected expert knowledge, e&ethich had been implicated in at least one
student difficulty. The composite list could now nterpreted according to a hierarchy of
chemical concepts in an educational context. Thilved evaluation against criteria

developed earlier (Section 4.6.1) which necessitatene further changes, as described next.

4.7 ANALYSING IMPLICATIONS OF PROPOSITIONAL KNOWLEDGE
STATEMENTS

Using a full set of propositional statements imglied in any of the difficulties, this could be

examined in the light of the five chosen criteida propositional knowledge, as given in Table

4.5 (flip-out page 77). In this way | could addré&ssearch sub-question: Jdow well do the

propositional statements reflect curriculum modelsacid-base chemistry?

Three of the criteria could be applied relativéingly, through comparison. In this regard, (see
Section 4.6.1pragmatism(criterion 1) was evaluated through comparisorhwiigh-school
curricula. As a result some more propositions wadded. Thentransparency(criterion 4)
was evaluated in terms of how well the propositidmowledge reflected the paradigm of the
particular models, as shown by the chemistry lites of the time and historical studies as
summarised in the chemistry context (see Sectiop 3Baluatingconsensusto ensure the
propositional knowledge was acceptable to a comtyuoii chemists, involved giving the
complete list of propositional statements to twaeroistry experts; both have a Ph.D. in
chemistry and extensive experience in teachingodiictory undergraduate courses.
Differences of opinion were reconciled through d&sion, and corresponding changes made to
the list of propositional statementdRarsimony(criterion 2) was also partially evaluated by
examining statements with many examples or compleases to decide if all were necessary

for understanding. Parsimony also required othecks, as described below.

Other criteria required further analysis of thepmsitions, by means of concept maps. These
were instituted primarily for the criterion obnsistencycriterion 3), working from the premise
that a statement that could not fit onto a map mighinconsistent with that model. These
concept maps were prepared using the softwhrgpirations 8.1E (available from

Www.imaginginnovations.co.zas suggested by Liu (2001). | had initiallaqhed one map

for each model, but they became unwieldy and sceveplit into different aspects of each
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model, such as examples and properties of chemmaties or the nature of the acid-base
reaction. Consequently the maps fall somewhengd®et a “macromap” summarising a course,
and “micromaps” of 10 to 15 elements (Trowbridg&\&andersee, 1998, p 121). The software
allowed labels for each link between concepts, dickv | initially wrote words. Then as |

checked off the propositional statements one by, brsubstituted a code representing that
proposition. In this way | identified any incortsiscies within the set of statements for a

model.

Making the concept maps was helpful in three furtineexpected ways. Firstly, they were
essential in developing a hierarchy for the projmsal statements. Codes for propositional
statements were obvious once the propositions ineheded in the conceptual hierarchy shown
by a concept map. Secondly, the concept mapsdlent to situations where essentially the
same assertion was shown by two propositionalmaeies. Such a situation showed up when
the same conceptual link required codes for twtestants, so then the two could be reconciled
into a single statement. In this way they helped second way to ensyparsimony(criterion

2). At the end of this process the suitabilitytiod set of propositional statements as curriculum
models had been assessed. The propositional staterare given in Chapters 6, 7 and 8
together with the relevant difficulty descriptionsin addition a composite list of all the
propositions arranged according to a hierarchythadet of concept maps are given in Chapter

9. The evaluation is reported in the same chapter

Finally, so ensure research outcomes could bepirgtsd within an educational context, and so
add value to existing documented PCK, the last rebesub-question (5b) was instituted as:
What are the implications of the propositional kilenige for teaching and learning acid-base
chemistry?Addressing this sub-question involved analysirgylit of propositional statements
alongside the difficulty descriptions and concepaps to identify trends in category of
difficulties found in each topic, as well as shogviwhich topics were likely to be problematic

because of the hierarchy of concepts. This arsmlgsilso shown in Chapter 9.
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4.8 SUMMARY

In summary the methods adopted to analyse the rtudéficulties and so make overt the

corresponding propositional knowledge were cycligdrative and involved many comparative

processes. These can be summarised briefly asvill

«  Criteria were set up for the reports to includesoading to the specific research question. These
covered the chemistry and educational contextsedisas the type of data anticipated

« An extensive search of the literature and rigorsaigening by the criteria was carried out to
identify relevant publications.

* A matrix summary from these publications was maldewsng the scope in educational and
chemistry topics investigated as well as the refeanethod reported. Results are given in
Chapter 5.

« Data segments in various formats showing evideoncdifficulties and relevant propositional
knowledge statements were extracted from theseqgatibhs.

* These were both categorised according to the rahgeemistry topics identified in the studies.

e Criteria for accepting the propositional statemeweye established. These cover aspects of
pragmatism, parsimony, consistency, transparengdycansensus.

« Each data segment for a difficulty was mapped tteast one propositional statement, with a
decimal code.

 The data were sorted according to these codess@rmthta concerning each specific difficulty
become grouped.

« The difficulty was described, sometimes according the propositional statements. The
descriptions are reported in Chapters 6, 7 and 8.

e The classification level (on a four-level framewpfér the difficulty was allocated according to
the quality of the research reported in the origmablications. These are reported with the
corresponding difficulties in Chapters 6, 7 and 8.

* Propositional statements were sometimes increaseldmfied, using researcher’'s PCK, in order
to address the specific difficulty. These are regmbwith the appropriate difficulties in Chapters
6, 7 and 8.

e The propositional statements were checked agaimgtuala, chemistry and chemistry education
publications, included on sets of concept mapsciiedked with expert chemists.

« The compliance of the propositional statements wlite pre-determined set of criteria was
evaluated. This outcome is reported in ChapteR@lationships within and between the set of
propositional statements, concept maps and difficdescriptions were identified to show

implications for teaching and learning.
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CHAPTER 5
RESULTS SHOWING SCOPE AND QUALITY OF RESEARCH ON
ACID-BASE DIFFICULTIES

5.1 INTRODUCTON

This chapter presents results for the first reseauestion:What is the nature of research
published on student difficulties with acid-basesraistry? To answer this question it was
necessary to address three sub-questions as follSetion 5.2 addresses the first sub-question
(1a) Which reports give suitable research data on studemceptual difficulties in acid-base
chemistrydt shows results of the search for, and screenirgyitable research reports on acid-
base difficulties. It includes discussion on thieeiveness of various search strategies and the
type of research reports that were identified asbsle for analysis. Section 5.3 considers the
second sub-question (1®¥)hat is the scope of this researdnescribing the scope of research
already conducted, it will specifically consideruoatries of origin and educational level of the
research cohorts, research aims given in the ipod acid-base topics investigated. Section
5.4 addresses the third sub-question {Mat is the overall quality of this researclt?s a
critigue of published work where it identifies bo#trengths and problems prevalent in
previously reported research, specifically withagpf data collection instruments, design of
specific probes and interpretation of student resps. The summary in Section 5.5 shows the
main findings in terms of the research sub-questiwith recommendations arising from the
analysis concerning effective searching and rebeamthods and reporting. The reports which
were available as primary sources and were judgitabde for analysis are summarised first in
Table 5.1 which is given in a flip-out format tciiitate cross-reference when these findings are

discussed in greater detail later in the chapter.
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Table 5.1 Analysis of research studies used for tigal analysis

8 _ §

5 5 g - & cE 2 62

o 2 S 3 @ o © =3

N S £> €5 So 5 L85 £ 85¢
8 3 3 2 3 3 8E & ®oB © 98=

Author(s) > n om wa X< O [aYS= a ano
Botton 1995 cont ERIC UK 2j N n/a CM A S
Bradley & Mosimege 1998 cont AcSC RSA 3 (Tp) A 53 MC & OE A
Camacho & Good 1987 Cited not giver2u;T; PG, Ex N 23 | A 0
Chiu 2005 Cited Taiwan  €; 2j; 2s N, X 13500 MC2 0 0
Chiu 2007 cont ERIC Google Taiwan €;2j;2s N, X,$13000 MC2 0 0
Croset al. 1986  cont Google France 3 N 100 I,MC,OE A I
Croset al. 1988  cont Google France 3 X, L 145 pp A I
Demeroutiet al 2004 cited Google Greece 2u N 119 MC,MCE A S,G
Demircicglu et al. 2004 cited ERIC Turkey 2u N 150 MC, OE 0 0
Demircigglu etal. 2005  cont Google Turkey 2u L 88 I, MC P |
Dhindsa 2002 Cited Brunei 3 (Tp) N 48 OE 0 |
Drechsler & Schmidt2005a  cont Google Sweden T N 6 I A G
Drechsler & Schmidt2005b Pers Sweden 2u N 7 I A G, S
Erduran 2003 Pers USA 2j N n/a Ob n/a |
Furi6-Maset al. 2007 Cont Spain 2u N, S 86 pp A* |
Hand 1989 Pers Australia 2u L 24 | P |
Hand & Treagust 1988  cited Google  Australia  2u L 60 I, PP 0 0
Kousathanat al. 2005 Google Greece 2u N, S 119 MC, OE A G, S
Lambert 2005 Google USA 2u; 2 N, L 399 pp A 0
Lin & Chiu 2007 cont ERIC AcSC Taiwan 2j N,S,L 38 MC2 A G, S
Lin etal. 2004 Google Taiwan 2j N,S,L 38 MC2 0 0
Linke & Venz 1979 cited Google  Australia  2u N, A 500 MC, OE 0 0

Codes for Search SourcesCont — journal contents search; Cited — previowsigd; Google — Google Scholar; ERMatabase
PsycINFO database; AcSC — Academic Search Conmgiéetdbase; Pers — personal contact

Codes for Research Aims.L — level of understanding for a single cohorti-Nnhature of conceptions; P prevalence of specif
conceptions; S — source of conceptions; A — achievg on conceptual test; X - cross age comparisenjongitudinal study ove
time, with or without intervention

Codes for Educational Level:e — elementary; 2j — junior secondary; 2u — upgeosdary; 3 — undergraduate; 3i or 3iii £at 3¢
year undergraduate; Tp — pre-service teachergg@ichers, PG, post-graduate; Ex — experts

Codes for Data Collection Instrument:A — anecdotal; | — interviews (or Ig for group intews); Ob —observation; student genera
diagram; pp — paper & pencil (no further detailSE — open-ended paper & pencil question; D — studenerated diagram; MC —
multiple choice question; MCE — MCQ + free explaoat MC2 — 2-tier MCQ (MC for both question & expktion); MC3 — 3tier
MCQ (MC for both question & explanation & degreeasinfidence) CM -concept maps (CMg = mapping exercise as group )
otherwise individual)

Codes for Probes0 — not given; A — all given; A* - all given in spfement available on journal website; P — somergive

Codes for Propositional Statements0 — not given; | — inferred from report; G — gerie@entific principles; S — specific to probes;
L —individual statements listed; C — given on agptanap
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Table 5.1 (continued)
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Nakhleh 1994 Cont Cited Google USA 2u N,S 14 I,D P |
Nakhleh & Krajcik 1993 Cont ERIC USA 2u L 14 Ob, | P 0
Nakhleh & Krajcik 1994 Cont ERIC PsycINFO USA 2u L 15 | na L, G
Ogunniyi & 2004 Cont RSA & 2j P 130; 121 pp 0 0
Mikalsen Norway
Quertatanet al 2007 Google Tunisia 2u X 86 pp: OE A G
Overshy 2000b Cited ERIC UK 2j 0 A na G
Pinarbasi 2007 Google Turkey 3(Tp) N 91 pp: OE &I P S
Ross & Munby 1991 Cont ERIC Google Canada 2u N 34 I, MC 0 G, C
Schmidt 1991 Cont ERIC Google Germany 2u N 7500 I, MC A G, S
Schmidt 1995 Cont Google Germany 2u N 160 I, MC2,0OE A S, G
Schmidt & Volke 2003 ContERIC AcSC Germany 2u S 3074 I, MCE A S
Google
Sheppard 2006 Cont USA 2u N 16 I,D A |
Smith & Metz 1996 Cont Google not giver3; PG; Ex N  73; 22; I, D P S
11
Tanet al. 2002 Cont Singapore 2u N 915 I, MCE, MC2 A G, C
Toplis 1998 Cited ERIC UK 2j N 17 I, Ob 0 0
Vidyapati & 1995 Cited India 2u N 75 I, pp A 0
Seetharamappa
Watters & Watters 2006 Eric Google Australia 3i; 3iii X 10; 96 MC3 P S
Ye & Wells 1998 Eric USA 2u L 81 pp A S
Zoller 1996 Cont ERIC Israel 3 N 43 I, pp P 0

Codes for Search SourcesCont — journal contents search; Cited — previoedlgd; Google —-Google Scholar; ERIC databa
PsycINFO database; AcSC — Academic Search Congiéetdbase; Pers — personal contact

Codes for Research AimsL — level of understanding for a single cohort—Nhature of conceptions; Pprevalence of specif
conceptions; S — source of conceptions; A — achievg on conceptual test; X - cross age comparisenjongitudina study ove
time, with or without intervention

Codes for Educational Level:e — elementary; 2j — junior secondary; 2u — uppeosdary; 3 — undergraduate; 3i or 3iii%- dr 3¢
year undergraduate; Tp — pre-service teacherdg@chers, PG, post-graduate; Ex — experts

Codes for Data Collection Instrument: A — anecdotal; | — interviews (or Ig for group intews); Ob —observation; stude
generated diagram; pp — paper & pencil (no furtietails); OE — open-ended paper & pencil quesfibr;studengenerated diagra
MC — multiple-choice question; MCE — MCQ + free mtion; MC2 — 2-tier MCQ (MC for both questionekplanation); MC3 —
3-tier MCQ (MC for both question & explanation &gtee of confidence) CM — concept maps (CMg = mappixercise s grouf
work, otherwise individual)

Codes for Probes0 — not given; A — all given; A* - all given in spfement available on website; P — some given

Codes for Propositional Statementsd — not given; | — inferred from report; G — gene@entific principles; S -specific to probe:
L —individual statements listed; C — given on agptanap
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5.2 SEARCHING AND SCREENING THE REPORTS

This section addresses the first research subigoes¥hich reports give suitable research data
on student conceptual difficulties in acid-basengiseéry? It shows results of searching for
reports and screening those identified by methedsribed in Section 4.4. The effectiveness of

search methods and the type of journal in whichaesh was published are then also analysed.

Comprehensive search strategies identified 101rtepdhich already met criteria of language,
publication dates and publication type (see Table diven in flip-out format on page 58).
Subsequent screening of these reports, using fudfiteria given in Table 4.1, led to the
elimination of 60 reports, to leave 41. A furthmblication was then included as a secondary
source because the original was not availableefait 6 on Table 4.1). This resulted in 42
reports which met all the inclusion criteria andnfr which some form of useful data could be

extracted (see Table 5.2).

Table 5.2 Showing results of the screening process

. . . Relevant Number of
Reason for inclusion or exclusion i
criteria papers
Included from meet criteria of language, publication dates &limaition 7,8,9 101
Initial Search type possibly including student conceptions in acid-base
chemistry
Excluded did not include acid-base concepts 1 3
only physiology or environmental concepts 1
research on other professions 4 1
theory of acid-base models, not student conception 5 11
teaching suggestions, no research 5 20
textbook analysis, no suitable data 6 5
only quantitative data on conceptions 6 8
data was already published elsewhere 6 8
data not suitable as quotations 6 2
Further Included publication unobtainable, cited elsewhere as sesmgnd 6 1
source
Overall number of Papers meeting criteria incluthednalysis all 42

Criterion 1 excluded three reports which did natlide acid-base concepts, and two which
focused only on environmental issues. No repadseain the time-frame of the search which
addressed conceptual difficulties with other acagdd models (criterion 2) such as Lewis acid-
base theory, although this could have been expestddewis’ had not been used as a key-word
in the search.  Neither were there any reporistwlocused only on isolated facts rather than

conceptual knowledge (criterion 3). Criterion #rghated one report because the research was
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not in an educational setting; instead it focuse@anceptions of nurses. Criterion 5 excluded a
number of reports with unsuitable research aimspé¢o specific, five evaluated teaching
programmes giving only quantitative data, another tvere textbook analyses, 11 more gave
outlines of aspects of acid-base models so theyfieth propositional knowledge but did not
include data on student conceptions, and a furiterwere teaching suggestions with no
accompanying research. Seven reports duplicat¢éa dlaeady published elsewhere; for
instance Schmidt (1997) is a reinterpretation dagaublished earlier in Schmidt (1991; 1995)
and Banerjee (1991) reported similar data to th&dhmidt (1995), but added nothing further
to the research. A further two reports which gamsuitable data (in that it was not in the form
of quotations) were also eliminated through criter6. Finally,one report which was not
available in the original was also included acaogdio criterion 6. In summary, comprehensive
searching identified 101 reports which were obtédiaed on scrutiny, 41 reports met all the
necessary criteria, with data from one more hawimde obtained from secondary sources.
These 42 reports then answer Research sub-qudstidihich reports give suitable research
data on student conceptual difficulties in acid-dabemistry?Detailed references for these 42
publications can be found in Appendix 1 (Page 2&)vell as appearing as general references.
The body of work represented by the 42 reportsbesh published over a period of 28 years,
with most of it published since 2000, confirmingecently increased awareness of student
difficulties (see Section 2.4.1).

It is noteworthy that besides research studiesstuaent conceptions; the initial search
identified an appreciable amount (mostly from tlwrdal of Chemical Education) which
clarified acid-base concepts (11 papers) and gaaghtng suggestions for the topic (20 papers).
| found these publications a useful resource fasppsitional knowledge statements (see
Sections 4.6.2). They also reflect a continuddreby various practitioners to lift the quality
of instruction in this topic. However, despite thisalth of information, researchers have been
sufficiently concerned about authors’ treatmenttioé topic to undertake six analyses of
textbooks across the world. This suggests thatoasitof textbooks are not heeding this
guidance along with the body of research into studenceptions (42 papers), just as Gabel
(1999) indicated (see Section 2.4.4).

Perhaps textbook authors had not had access tabkuipublications. Furthermore, in
accordance with advice from Bennettal. (2005a; 2005b) multiple search strategies had been
used to identify suitable publications, which hae tedious and could perhaps be streamlined.

These concerns prompted analysis of ways to ideméearch reports. Results of search
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strategies for the primary sources are given iddiaily in Table 5.1. In addition Table 5.3
summarises data on the effectiveness of differénattegjies in identifying suitable primary
sources of research. It can be seen from thistateonly 19% of the reports were identified
through more than one electronic source. Theretoreariety of strategies were indeed

necessary in order to identify a wide range of repo

Table 5.3 Effectiveness of various means of searstrategies

Source of Reference *Number of reports found Perceage of 41 reports
In 2 or more electronic sources 6 15

ERIC 13 32

PsycINFO 1 2

Google Scholar 20 49

Academic Search Complete 3 7
Academic Search Complete alone 1 2

Contents alone 4 10

Cited alone 2 5

Personal contact alone 2 5

*Some reports appeared on several databases chsagines; consequently the numbers in the tabletltotal 41

Data in Table 5.3 also shows that the most prodeielectronic searches were through Google
Scholar and ERIC with, respectively, 13 and 20hef teports being on these databases, while
PsycINFO was the least helpful, having identifiediycone item (and that one had already been
identified through ERIC). Academic Search Comptiebase was fruitful for only 7% of the
reports, although one item (Bradley & Mosimege, 89®ould have been missed without this
database. A total of eight (or nearly one fifth) tbé items needed more tedious strategies,
specifically journal contents searches, following aitations or using personal contacts. This
indicates that these more onerous methods shotlageneglected. From this analysis of search
results it appears that PsycINFO database addédrther value to the search for research into
student conceptions in acid-base chemistry. Howeigerclear that in order to conduct a
comprehensive review, one cannot rely on only oatlwhse, nor can one rely only on
electronic strategies. The variety of search sgraseneeded to identify research into student
conceptual difficulties in acid-base chemistry @on§ the recommendation by Bennettal.
(2005a; 2005b) to use such diverse methods forsteswtic review. Had this search been
limited to databases, 20% of the reports would hrate been identified. Additionally, apart
from Google Scholar, these sources may not be sibbego teachers outside a university

environment. This shows that searching a varidtyaaademic databases remains a good



92

strategy to identify suitable research but thesdiffigs are not readily available to secondary or

elementary school teachers.

The nature of the journals in which research wasliglted was also analysed (see Table5.4).
This would add further insight into availability odsearch findings for teachers. In addition,
the quality of the publications could give insighto the potential quality of the research

published therein.

Table 5.4 Distribution of reports across journals

Number of

Journal
reports

*International (or European) Journal of Science ¢dion 9
*Journal of Research in Science Teaching
*@Chemistry Education: Research and Practice
*Research in Science Education

*@Journal of Chemical Education

*South African Journal of Chemistry
*@Biochemistry and Molecular Biology Education

#@School Science Review

R O R P oW N W N

#@Australian Journal of Education in Chemistry
#African Journal of Research in Science, Mathemaitits Technology Education 1
#Journal of Baltic Science Education
#@The Chemical Educator

#Science & Education

Chemical Education International
Education Sciences: Theory and Practice
@Journal of Geoscience Education
Science Education International
Conferences: NARST 1998, NASTA 2004

*Appears on Science Citation Index of Institute ofedtific Information (1SI)
# Not on ISI index but editorial policy includesepeeview
@ Includes educational; practitioners in targetieuck

N N = = T =

Data in the table shows that more than half ofréports come from journals which appear on
the Science Citation Index of the Institute of Stfeninformation (marked *) while a further
quarter of the reports were from journals with arpeeview editorial policy published on their
websites (marked #). This suggests that mucheofdbearch should meet international research
quality standards; although these reports may Heeen published before a journal achieved
such status. Furthermore 15 reports came frormgsiwhich include educational practitioners

in their target audience (marked @). This distitou shows that researchers have not only
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been publishing for their peers as Jenkins (200Qyasts. Instead, there has been some move

towards making research outcomes available toipoars as well.

In summary, in answer to research question lansiie searches, using academic databases as
well as non-electronic means, identified 101 reparhich were subsequently obtained. After
scrutiny, 41 reports (mostly published this centuwere found to be suitable for critical
analysis. They were published in journals witla@et audience including both researchers and
educational practitioners, with more than half b& treports appearing in internationally
recognised peer reviewed journals. A secondarycsowas cited by other authors, was also

included.

5.3 THE SCOPE OF RESEARCH DONE

In answering the second research sub-questiongoaing the scope of the research, it may be
simplistic to look merely at numbers of reports |mied, because the quality of the research in
each might vary, as might the sizes of cohortsistlidNevertheless, it helped to understand the
research distribution, variety of educational catgestudied and research aims, as shown
below. Contextual data had been extracted frorh eesearch report as described in Section
4.4.2.

Accordingly, Table 5.5 gives the distribution ofidént cohorts studied in the suitable reports;
some research was comparative between countries.ddta indicates that student conceptions
in acid-base chemistry come from studies in a wéafgge of countries. As a result there should
be a wide variety of educational contexts includethe research which would be required for

Level 4 difficulty descriptions (see Table 4.4, pat®).

Table 5.5 Worldwide distributions of research cohots

Country *Number of reports Country *Number of reports
Germany 3 Taiwan 4
United Kingdom 3 India 2
France 2 Brunei 1
Greece 2 Singapore 1
Sweden 2 Israel 1
Turkey 3 South Africa 2
Norway 1 Tunisia 1
Spain 1 Australia 3
USA 7

Canada 1

*Total numbers greater than 41 because some reipatteled cohorts from more than one country.
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From the table it can be seen that research oemstsith Europe predominates, with research on
Asian students having also been reported frequerit@w reports arose from research in Africa
and nothing suitable was reported from South Amerieeom this it can be seen that, despite
setting a criterion (see Table 4.1) that suitabkearch should be reported in English, research
has fortunately not been limited to Anglophone ddes. Nevertheless concepts among

students in developing countries have been undearehed.

As different acid-base models are taught at diffestages in a student’s career, it was also
important to analyse the distribution of educatidegels among research cohorts. The research
studies were grouped according to levels familaBouth Africa where a child enters Grade 1

when 6 or 7 years old (Table 5.6).

Table 5.6 Educational levels of student cohorts

Educational level *Numbers
of students Explanation of level of reports
Elementary Up to Grade 7, natural science students 2
Junior secondary Grades 8 & 9, natural scienceeatsdvho have not yet chosen a chemistry elective 0 1
Senior secondary Grades 10 to 13, 24
Tertiary Undergraduate or honours programmes imatey (including pre-service teachers) 8

Teachers (including Teaching at any school level
pre-service)

Postgraduate Masters or doctoral students in clgmis 2
Experts University teaching staff 2

* Total is more than 41 because several studiepaosd conceptions across ages and tertiary stuhehisled pre-
service teachers.

From this data it can be seen that research hasdext all levels of education, although not
equally. The most commonly studied age group anéos secondary students. Twenty four
reports on this age group indicates consideraldeareh which could focus on conceptions of
the Arrhenius and Brgnsted acid-base models, dmeditin Section 3.3, for critical analysis.
Possible origins of these conceptions among marieljstudents and their implications among
tertiary students have also received some attentidbonceptions of pre-service teachers have
two impacts. Firstly it indicates problems whichdergraduate programmes need to address.
Furthermore it indicates conceptions which mayrbedmitted to future students (see Section
2.3.4). Hence | have included pre-service teactweice, and it appears these have received
little attention. In brief, high school studentnceptions have received considerable attention

but those arising earlier or the implications addé later have been under-researched.
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Research aims were analysed next, in order to staae the nature of research already carried
out. These are shown individually in Table 5.1 wehie can be seen that some research reports
included more than one aim. In summary, 68% ofréperts aimed to investigate the nature of
student conceptions, with 17% of the total consmprthe source of these conceptions.
Variation of conceptions with time among the saroboet was a stated aim for 24% of the
reports. These longitudinal studies were eitheptgefind after interventions, or immediately
after teaching and then some time later, so corisgleetention of the learning. Comparisons
across ages were covered by 10% of the reporteewAeports also investigated prevalence of
alternative conceptions in a cohort (2%) or achiexat levels of students on conceptual
questions (5%). Quantitative data from such studias largely irrelevant in the current study.
With two thirds of the research reports havingadest aim of investigating the nature of student

conceptions, the body of work was then likely tcalich source of data on the conceptions.

The particular topics in which student conceptibasl been sought are summarised below in
Table 5.7. Most topics included in high schooddgase curricula have been considered by the
body of research. However few studies have inadudalts, heat of reaction, indicators,
conjugate pairs or polyprotic acids. From this wredistribution it can be expected that there
would be sufficient research in some topics to eahiaccurate descriptions of difficulties,

while in others analysis would identify specifisearch gaps.

Table 5.7 Acid-base topics included in research astudent conceptions

Number of reports Number of reports

Acid-base topic on conceptions Acid-base topic on conceptions
Definitions 13 Everyday applications 14
Neutralization 24 Formulae 9
pH 24 Aqueous equilibria 11
Salts 4 Acid-base strength 16
Macroscopic properties 10 Brgnsted acid-base 6

) conjugates
Indicators 5
Heat of reaction 3 Polyprotic acids 5

From all these analyses, in answer to researclysestion 1b, the scope of the research is
dominated by high-school cohorts in countries acnwgich of the world, who speak many
different languages. There is a deficiency of aede on students in developing countries and
among teachers, and elementary or tertiary studditte nature of student conceptions has been
researched for a range of acid-base topics in daoce with this being the most common

research aim.
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5.4 QUALITY OF THE RESEARCH

Evaluating the quality of reported findings is inéret in critical analysis (Wallace & Wray,
2006, see Section 4.5.5). Moreover, claims comoegriine nature of student conceptions need
to be accurate as supported by appropriate res@aroider for practitioners to take suitable
action. For instance if false misconceptions aderitified’ then chosen teaching approaches
could be ineffective (see Section 2.3.2), and tiveoeld be little meaningful contribution to
PCK. Furthermore their use as distractors in iplgitchoice items may mislead students (see
Section 4.5.5.1). This section begins with a desiom of ‘high-quality research’ illustrated by
several reports. Then problems with respect t@rotbports are discussed. These include
problems with choice of research instruments, tlsigh of particular instruments and
interpretation of student responses. Across akethaspects there are also problems with

research being underreported.

5.4.1 High Quality Research
In reviewing the 41 chosen reports | used the feuel framework (see Table 4.4, given in flip-
out format on page 72) to identify publications gfhgave high quality research reports. Only
one author (Schmidt, 1991; 1995) reported resetlyahcould meet the criteria for the student
difficulties in acid-base chemistry to be classifiat Level 4, based on their work alone. |

describe his research process to illustrate wbansider to be a high quality research report.

Informed by suspicions gleaned from the choiceslesits had made in Scottish chemistry
examinations, Schmidt (1991) used a written opetednquestionnaire with 177 German
grammar school students, followed by group intevgido investigate ideas on neutralization
reactions between a weak acid and a strong basem these results, he developed a multiple-
choice instrument comprising corresponding sefmalbes on the same concepts but in different
chemical contexts, which he administered to 750®akstudents. From the responses Schmidt
could describe the conception as: “every neutridimareaction is due to end up in a neutral
solution” (p 469). He established that studeais heen exposed to, and appeared familiar with
terms relating to weak acids and bases and, marebad classmates who could solve the

problems appropriately.

A similar procedure was followed by Schmidt in 1998e first describes Sumfleth’s (1987)
work using a connectivity test where it emerged itiadents “confined the concept of acid-base

pairs to neutralization reactions” (p734). Then describes a pilot study which showed
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“students preferredne of the non-conjugate acid-base pairs, namely'MOH” (p734). He

then explored conceptions of high school studermsisiguopen-ended questions related to
relevant chemical equations for three reaction®mFthis “it seemed that the students did not
merely confuse the terms conjugate and non-corgug@hey attempted to find a matched pair
of ions; one with a single positive charge, anddtieer with a single negative charge” (p735).
Following this preliminary work two multiple-choigéems, also requiring explanations, were
prepared to investigate which pair of ions studemtsuld select. This instrument was
administered to 160 from a selection of 4291 sehigh school students and four group
interviews were undertaken. The final descriptiare reported as: “they confuse non-
conjugate and conjugate acid-base pairs” and “Teggard positively and negatively charged

ions as conjugate acid-base pairs” (p739).

The research sequences used by Schmidt, show eodettription of the student conception
changed: initially relating to a specific reactithen being phrased as a general student heuristic
which more accurately represents student thinkigzhmidt also established neutral ground
driven by students’ frame of reference (Johnson &tG1996) in three ways. Firstly, the
Brgnsted model was known to be part of the cumiicufor these students, secondly students
used terminology related to Brgnsted model evehay arrived at the wrong conclusion, and
finally students from the same class could givaigilsle comments using the model. In these
reports, Schmidt also shows how he interpreted tisagulated from different sources in
different educational and chemical contexts agaanskescription of acceptable chemistry to
arrive at stable descriptions of student diffiedti Accordingly the research met criteria for
Level 4 difficulty descriptions. It is thereforetanishing that at the time of searching (May
2006 to January 2008) Schmidt (1995) did not appadhe ERIC database (see Table 5.1).

Several other projects report rigorous researchidsutarious reasons were of limited use in the
present critical analysis. In the first of the€hju (2005; 2007) describes an extensive project
of surveying student conceptions in many chemistyics among different age groups in
Taiwan. She does not give specific details foddxzEise probes but does, however, carefully
document, with examples, the process by which terorhultiple-choice items (the first choice
and then the explanation for the choice) probesvekrsigned in other topics according to
Treagust’'s (1988; 1995) procedure. This involveeliminary open-ended written items and
interviews, then piloting and validating the instrent. Although the acceptable propositional
knowledge is not given explicitly, the procedure Witich this had been validated through

expert opinion and concept maps is also reportda reports focus on an overall survey for the
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country so much of the fine-textured qualitativéadaad been eliminated, thereby limiting its

usefulness in this review and synthesis.

Some studies showed evidence of high quality resebut with limited contexts. Further
research could build on these to verify the stgbilif the description of a student difficulty
across a greater range of contexts and so enabldé termed Established. | next discuss two
early research studies which show triangulatedarebethat was limited to only one educational
context, in these cases, single cohort of studefitere is a problem with the manner in which

such research results are subsequently cited.

The first project (Ross & Munby, 1991) started watimultiple-choice instrument administered
to a single high school class. Items had been showbe reliable and valid from a pilot study.
This was followed by two rounds of interviews tare conducted with students selected from
the initial group. Data was then triangulated frima three sources to give a more complete
‘picture’ for conceptions among the single studewitort. In the second project, (Nakhleh &
Krajcik, 1993; 1994; Nakhleh, 1994) collected d#teough two sets of interviews, pre- and
post-instruction. These were combined with persmizservation of the class involving
protocol analysis of student verbal commentariesdiscussion that occurred during laboratory
exercises. The interview sequence is describéddtpreviously been piloted, and four experts
had validated the content. Both projects thereimed several means of data collection in
accordance with principles of triangulation. Imews in the latter project were conducted on
neutral ground. This aspect was shown by thevigeer asking the student: “you mentioned
... could neutralize, what does neutralize meagow?” (Nakhleh & Krajcik, 1994, p 1080).
Therefore this project also included data integgren within students’ frame of reference.
Both sets of authors describe corresponding prapoai knowledge, either as a concept map
(Ross & Munby, 1991) or an explicit list (Nakhleh Rrajcik, 1994) and show how they
interpreted student quotations against this. onFone high school class, Nakhleh and Krajcik
(1994) report five clusters of conceptions showshglent difficulties. Ross and Munby’s focus
is more on the method of author generated concapsm Consequently, there is no thrust to
describe frequently occurring conceptions; instetdty describe the conceptions of two
students in detail with general reference to theceptions found in rest of the class. These two
studies show valid and reliable probes, supportedterview quotations interpreted against
scientifically acceptable knowledge which are mdrg® give descriptions of student
conceptions. Moreover, neither pair of authors @saklaims about these results being

applicable beyond the study cohorts.



99

The problem does not lie in these research projdets the uncritical way in which other
authors have subsequently cited their results, natheservation that they came from a single
cohort, or even single students. For example, Basar(2007, p 24) writes “Nakhleh and
Krajcik (1994) established that ...” with simildatements in Lin and Chiu (2007). Likewise,
Dhindsa (2002, p 21) writes about Ross and Muntwek as “It has been known that students
..." Moreover, another problem arises when ins@aaking this work, and building on it to be
able to describe a conception more accuratelyithSchmidt) some authors use these findings
without further investigation as distractors inith@vn multiple-choice probes. In particular,
Demicicglu et al. (2004; 2005) use “All acids have bubbles” (NakhgeKrajcik, 1994) without
reporting further research. Consequently theiradatlds little to clarify the nature of a
conception except that other students also chassetkvords. Other conceptions have been
reported more recently through similarly triangathtquality research among single student
cohorts (e.g. Demerouét al, 2004; Watters & Watters, 2006; Sheppard, 2008i6AJas et

al., 2007) and it remains to be seen how these wiiuisequently cited. It appears that many
later authors treat all reported conceptions amtdished” needing no further investigation into

their nature.

5.4.2  Problems with reported research
There are numerous instances where research has diber poorly designed or poorly
reported, or possibly both. One report (Oversi§Q1b) included in Table 5.1 shows only
anecdotal data with no research backing. Thene igroblem with this as it does not purport to
be anything different. However where authors malkems based on research, numerous
problems can be identified. Firstly, some repaltsnot give contextual information. For
instance, neither Camacho and Good (1987) nor SamthMetz (1996) state the country of
origin of the student cohort. In another instar@mset al (1988) do not indicate whether or
not the cohort was the same cohort reported orras € al. (1986). Moreover, problems may
lie with choice of research instrument, the desifinesearch probes and with interpretation of

responses to these, as are discussed next.
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5.4.2.1 Analysis of types of data collection instruments

In all the 41 selected reports some informatiordata collection methods was reported, which
as can be seen in Table 5.1, included a varietyatd collection instruments. Furthermore, in
their efforts to obtain data from a variety of sms, or to investigate different chemistry
contexts, nearly all the authors report some atteavpards the goal of triangulation (Lincoln &
Guba, 1985; McMillan & Schumacher, 1993), even #ttdid not achieve full triangulation.
Nearly half of the authors (n = 18) used at least tmeans of data collection. For example
Toplis (1998) reported using both interviews andesiations while Zoller, 1996 gives results
from examinations answers and interviews. Someoasitihowever, beyond stating they used a
paper and pencil instrument, gave no further detditheir instruments, so their research could
not be given a fair evaluation (e.g. Hand & Treagd®88; Ogunniyi & Mikalsen, 2004).
Where authors reported only one type of instrumalit,except one (Ye & Wells, 1998)
included some sort of open-ended component or ive-bf answers (MC2, MC3, MCE see
Section 4.5.5.1). This diversity implies that,lime with the principles of triangulation, this
analysis could fruitfully combine different invesitions to give different perspectives on the
same student difficulty; a necessary conditiondoraccurate description of the difficulty, in
accordance with criteria given in Table 4.4 (irp{tiut format on page 72) in order for the
descriptions to be classified on the third levebbove. For example, Botton (1991) (concept
mapping), Nakhleh and Krajcik (1994) (interviewsidaDemirciglu et al (2005) (interviews
followed by paper and pencil items) would possitdynbine well to show conceptions of the

role of acid-base indicators.

Closer analysis of the various data collectionrumaents shows that interviews (I or 1g) were
used to collect data in 21 (51%) studies. Pencil gaqoer instruments were the most popular
choice as reported in 28 (68%) studies; six of Wigive no further details (pp). Eight (20%)
reports included research with open-ended items) (& a further nine (22%) of the
investigations included modified multiple-choicerits; either with free explanations (MCE), or
two-tier multiple-choice items requiring both ansaer and explanation (MC2) or in one
instance three-tier, which also asked for studatggree of confidence in their answers (MC3).
Multiple-choice items in a conventional format of steem with one answer and several
distractors were used in ten studies (24%). Extephe one noted earlier (Ye & Wells, 1998),
it is heartening that where these extremely foclssluments had been used, in all cases they
had been coupled with other less focused prob#gereinterviews or paper and pencil items.
However data from open-ended responses has noyalieen published in the report. In

summary nearly all authors report investigatinglstu conceptions through open-ended means,
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and over two thirds used paper and pencil instraspevhere probes in a multiple-choice format
were preferred. Only half of the projects entailerviews, but unlike Sheppard (2006) and
Furi6-Maset al (2007) who describe interview tasks and questiorry few authors report
details of the protocol adopted in interviews. @sonsequence one cannot tell if these were

conducted within students’ frame of reference.

Methods by which probes were designed have alsd@en well documentedMany authors

describe the procedure by which probes were dedigeey briefly with few details. For

instance, Linke and Venz (1979) simply report tha¢stions had been checked by university
physical science teaching staff. Citsal. (1986; 1988), Ogunniyi and Mikalsen (2004), and
Pinarbasi (2007) also report in such broad terBxen worse, Demircigu et al (2005) assert

that their research probes were developed accotdinfreagust's (1988) method, yet they
describe them as having a correct choice, a commisconception, and three “reasonable and
plausible distracters” (p 43). Furthermore theyadample given is a classical multiple-choice
item. In their report there is no evidence of the-tier items that characterize Treagust’s
procedure, so their claims about the procedure fitiiee substance. Other authors give no
sound reasons for including particular items. His tregard, Bradley and Mosimege (1998)
simply based their questions on local textbooksst pexamination papers, and teacher
experience. These glib claims about researcbepges contrast with carefully documented
details of validity and reliability checks as refgat by Demeroutet al. (2004). As a result of

inadequately documented research procedures, cadaatings need to be used with caution.

In summary, almost all reports show that some fofnrepen-ended instrument was included,
although procedures for establishing validity aaliability of items are not well documented.

This leads to doubts about the nature of partiatéans used in research.

5.4.2.2 Nature of research probes

The nature of research probes was analysed nektrel@vant paper and pencil probes were
available with 20 (49%) of the reports. For somgjgrts these were available as an appendix
(e.g. Bradley & Mosimege, 1998) or as supplememtaterial on the journal website (Furié-
Mas et al 2007. Cthers gave these in part (e.g. Zoller, 1996), Buteports (24%) gave none
of the probes at all (e.g. Dhindsa, 2002). Consetiy it is impossible to evaluate these. Some
research probes are very simple, for example: “Gigefinition of ‘acid™ (Croset al, 1986, p
313) or more complex, involving over 100 words amahy technical chemical and biochemical
terms (Watters & Watters, 2006). Problems areentidn Bradley and Mosimege’s (1998)
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guestionnaire which lacks focus in that some iteest acids macroscopically, while others use
the Brgnsted model, but do not specify this. Sirlyil&ousathanaet al. (2005) report on a
multiple-choice item where the stem asked: “Whi¢hhe following species cannot act as an
amphiproticsubstanc@” but the distractors included,® and the formulae faons HCOQO,
HCO; and HS (my italics). In this regard, the tersubstancerelates to macroscopic
representations (elements, compounds, mixtureappopriate in the Arrhenius or operational
models. By contrast, the terspecieselates to the sub-microscopic world of particdesh as
atoms, molecules and ions, appropriate to Brgnstedel (Loeffler, 1989). Furthermore, a
number of authors (e.g. Andersson, 1990; Selle@0pbave reported that students frequently
ascribe the macroscopic properties of a substanicglividual atoms, molecules or ions. Thus it
should be no surprise that student conceptiongatglihybrid models, when even research
probes are not clear. Moreover, without clear piggts indicating appropriate models, such
questions are unlikely to be within students’ franfieeference as advocated by Johnson & Gott

(1996). Accordingly, findings from the reports buas these cannot be taken on face value.

5.4.2.3 Data interpretation and propositional knowledge

The way in which data is interpreted also contelsuto the validity of the research. Criteria
given in Table 4.4 (in flip-out format on page &jow two aspects that need be appraised in
the author’s interpretation of data; these are dbetext given in probes and the chemistry
context used to interpret responses. Both shoeldwlihin students’ frame of reference
(Johnson & Gott, 1996).

Propositional knowledge statements for the chegnistontext has not been given due
importance in the research reports. Some autlmroteven state which acid-base model was
being investigated (e.g. Linke & Venz, 1979; Denaigtu et al, 2004). By contrast Ouertatani
et al. (2007) make the context of the Arrhenius modetequalear in their title. Propositional
knowledge was completely omitted in 13 reports (RO%-urthermore all but one of these
purported to be investigating the nature or prevadeof student conceptions; yet they gave
absolutely no indication of what they consideredseigntifically acceptable. As described in
Sections 2.4.6 and 4.6.1 the nature of sciencdyttes a single unproblematic fixed body of
acceptable knowledge which makes it necessaryportrgropositions against which student
conceptions will be judged. In other reports s@rapositional knowledge could be inferred
from a theoretical framework of general scientifiinciples (10 reports, 24%, e.g. Erduran,
2003) or discussion of results (9 reports, 22%, Bipschler & Schmidt, 2005a) or some

statements specific to the probes (13 reports, 8o Pinarbast al.,2007). Only one report
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gave a list of individual propositional stateme(tskhleh & Krajcik, 1994) and in this there
was evidence of mixed models. To elaborate, theees claim the list represents “a synopsis
of the Brgnsted-Lowry model of acids and bases dounmost high-school texts” (p 1078).
However they devote a section to macroscopic ptigsesuch as taste, indicator colours, and
titrations, which are not relevant to the modek(Section 3.3.3). Furthermore, they describe
bases as proton acceptors, and describei@1s as being a typical base, yet they give Na®H a
an example of a base. The problem might haveeraris the textbooks from which the
statements were gleaned, rather than the researcNewertheless it highlights the urgent need
for textbook revision according to sound propositioknowledge. Another problem occurred
with scientifically unacceptable statements beingery as propositional knowledge. This
problem occurred with Botton (1990) where a ‘moaeincept map indicates that strong or
weak acid or bases have fixed and characteristicv@ldes, rather than these values being
variable according to the concentration of the g&rx®s in solution. The lack of these two
important components of the research (qualitatiaa és student quotations and propositional
knowledge statements against which to evaluatee}hemuses concern. It can result in some
researchers making claims about ‘misconceptioni little or no evidencéo back their claims
(e.g. Hand & Treagust, 1988; Demirglo et al.,2004; Ouertatanet al, 2007).

5.5 SUMMARY AND CONCLUSIONS

The results presented in this chapter addressesbRisquestion 1 of the study, naméthat

is the nature of the research published on studifitulties with acid-base chemistrylhe

outcomes of this work may be summarised as follows:

« A variety of databases and search engines, asaw@ther hand searches, were necessary to
identify an initial list of 101 reports on concepis in the topic of acid-base chemistry.
Screening these reports according to predetermiriggtia showed that 41 had suitable data
on student conceptual difficulties with acid-baseroistry. Another report was added as a
secondary source. Over half the papers were iint@mational, peer-reviewed journals.

« The topic has been researched in a wide range wftiées, predominantly in Europe and
Asia; while Africa has not featured greatly and $ofitnerica not at all. The dominant age
group represented in the research cohorts is seecmndary school, although all age groups
from elementary to post-graduates have been indlude

» Two-thirds of the research reports set out to expliinvestigate the nature of student
conceptions and a wide variety of acid-base topiee included.

« Little research of a high quality has been repgraadi that from single cohorts has been

subsequently cited without reservation.
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* The need for some sort of open-ended data colleappears to have been acknowledged.

* Both probes and propositional knowledge used iraeh have shown examples of hybrid
models, or even scientifically unacceptable stateme

* Research is frequently reported with insufficiemtall. This concerns data collection
instruments, their validity and reliability, qualiive data in the form of student quotations
and interpretation of these against propositionabwdedge, to arrive at a difficulty

description.

A wide range of research represents the body ok woncerning student conceptions. These
have not only been published in academic researaingls, but in less formal publications

which include teachers in their audience. Nevégse the research community needs to
continue finding ways to reach a target audiencprattitioners and textbook authors so as to
bridge this ‘gap’ between education research figsliand their application in teaching practice
(Anderson, 2007).

The variety of countries from which research hasnbdrawn is encouraging, because in order
to have a Level 4 or Established classification aoffiour-level framework (Table 4.4) the

difficulty needs to be found in multiple contexfBhe challenge of publishing in English has not
inhibited publication of research from non-Engl&beaking countries. Consequently a lack of
research identified from Africa and South Americgisbably not due to research on cohorts
from these continents having been published inrddregguages. It is therefore more likely that
students from these places have simply not beenfdbes of much research on student
conceptual difficulties in acid-base chemistry. wédwer, as many students from countries such
as South Africa do not learn science in their motieemgue, and may experience particular
difficulties in this regard (Moji, 1998; Clerk & Rierford, 2000) this is where an important

research gap exists.

The dominant age-group researched has been sesmmdary school. In this regard, Laugksch
(2002) analysed titles of science education podtgte degrees awarded in South Africa over a
comparable time period and showed a similar distidim of ages of student cohorts —studies
being dominated by research at the secondary#eititerface. Future research could fruitfully
investigate which alternative acid-base conceptiorey have their source in teaching at
elementary and junior secondary school (e.g. se&ake & Verdonk, 1987a; Stavridou &
Solomonidou, 1998; Nelson, 2006). Moreover, therditure review in Chapter 2 found

numerous studies identifying teachers’ contributitin student conceptual difficulties so
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implication of conceptual difficulties at tertialgvel, particularly among pre-service teachers, is

critically important.

There seems little value in attempting a remediasivategy before the nature of what you will
remediate is known. Where researchers glean “mcggions” from the literature, they would
do well to evaluate these claims in terms of thdeulying research on which they are based.
With half of the research reports in this critighaving been published in journals of
international standing, and another quarter in pegewed publications, it was surprising to
find so many showing a low standard of researclortegyy. This overview and critique of
research shows that most of the difficulties alyeaéported would not be classified as
Established if considered alone; this level wasieadd by only one researchers’ work
(Schmidt, 1991, 1995). Other studies contributeéful data, but from limited contexts.
However, in Chapter 2, when providing the motivatfor a more systematic review, | noted
Torgerson’s (2003) comments on the value of marallemstudies. The sum of all the research
will then be considered in the next three chaptetich may enable classification of some
difficulties at a higher level if the accumulatiiresight from several studies permits this. This
task is made more difficult by poorly and underemed research. Accordingly, results from

this chapter will influence interpretation of resgaclaims is in the following three chapters.

In particular, the importance of propositional krnedge has been underestimated by many
researchers. It must be acknowledged that sonm@m@uinferred they had an ideographic rather
than nomothetic viewpoint, in trying to find whaudents thought, rather than how well their
conceptions matched those accepted scientificalg. ( Lin & Chiu, 2007). But other
researchers with a clear aim of evaluating studmaiceptions against those which are
scientifically acceptable, do not even state thel-base model they used for a frame of
reference (e.g. Bradley & Mosimege, 1998; Demitlkip 2005). As a result, some of their
claims about student misconceptions may be misglaca student might simply be using a
different model as his or her frame of referencepther words simply hold an alternative
conception. A further problem of authors descibihybrid or mixed models in the
propositional knowledge expected from students. (dakhleh & Krajcik, 1994; Kousathared

al, 2005) has been identified. These issues wilhdddressed in the next three chapters when
data on individual student difficulties are anatyselongside propositional knowledge

statements.
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The prevalence of deficiencies in existing reseatubws that the abundance of advice already
published with regard to research in science edugadr specifically chemistry education, (e.g.
Sanders, 1993; Good, 1993a; Bunce & Robinson, 188donget al. 2004; Eybe & Schmidt,
2001; Bodner, 2004) has not been heeded. In mespsome guidelines can be emphasised to

enhance the quality of future research (see TaBl)e 5

Table 5.8 Guidelines for investigating the nature fostudent difficulties

1 Data should be collected through a variety ofhmes in order to satisfy the requirement of tridation.

Research should start with exploratory studiesguspen-ended data sources. Similarly where stespec
emergent descriptions exist. This allows one ptdebuild on another, avoiding ad-hoc isolatedi&ts.

3 Details of research instrument(s) should be phblti, including questionnaires and interview profsc With
electronic publishing, such information can be madelic as online supplements (e.g. Furio-Méaal, 2007).

4 Multiple-choice items are only suitable when atablished description exists. These would thendedul for
studies such as prevalence. They do not helpaw #fie nature of the difficulty, unless tied tdesist a second
tier of explanation. Where published researctseduas the base for distractors, it is importafdd& at the
quality of the research behind the knowledge claanmts their generalizability; these should not bedus
uncritically.

5 Both research probes and interpretation shouklpédce within the students’ frame of referencenbfguous
words and mixed model terminology in probes canldindentification of difficulties.

6 Propositional knowledge to indicate the reseagttimame of reference when interpreting studerdgsponses is
essential.

7 Propositional knowledge needs to be verifiedvimdusing mixed models.
8 Conclusions should be given with enough qualiéatiata to show how they arose.
9 Details of student cohorts and dates of the reBeare necessary.

There is nothing new in the guidelines in Table, 58t they are focused specifically on
investigating and reporting the nature of studefficdlties. Therefore they are more specific
than the advice given in the publications citedvaboThese are based on criteria given in Table
4.4 to guide classification of descriptions and ¢hidque in this chapter. The short list given

here may serve to remind future researchers irfigics
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CHAPTER 6
SYNTHESIS OF STUDENT DIFFICULTIES AND PROPOSITIONAL
KNOWLEDGE REGARDING SPECIES IN ACID-BASE CHEMISTRY

6.1 INTRODUCTION

The research reported in this chapter concernsarRds&uestion 2, namelWhat difficulties

do students experience with species in acid-bassmigtry? To answer this question, |
addressed the following three sub-questions:

2a. What descriptions of difficulties with acid-basgpecies can be synthesised from the existing
research data?

2b. How stable are these difficulty descriptionsoae different contexts?

2c. What statements of propositional knowledge are eddd address the difficulties with
species in acid-base chemistry?

This chapter will focus only on the category of ceptual difficulties relating to the species
which can be classified as acid, base, amphoteeigiral or salt. Each difficulty description
arose through analysis of the data segments olt&iom the research documents meeting the
criteria defined in Table 4.1. In this analysigtal segments were mapped to propositional
statements, in order to formulate a descriptiothefdifficulty which was then classified on a
four-level framework, according to the methods dbsd in Section 4.5. This chapter presents
four sub-categories of difficulties: namely, thagkich concern models of acid-base species,

general acid-base definitions, everyday acid-baaeples and salts and neutral solutions.

To facilitate clarity of the analysis in this chaptan overview of the pertinent results is
presented upfront in Table 6.1. This table sumzearihe relevant student difficulties with a
classification of each difficulty on the four-levieamework. Each difficulty is followed by the
propositional statements that map to the difficwiyich each have a decimal code relating to
the hierarchy of concepts shown in concept mapsgiater in Chapter 9. Each sub-category of
difficulty is then discussed, showing the evidepcesented in published studies which led to
the difficulty descriptions and the correspondingpmsitional knowledge statements. Some
descriptions could be synthesized almost directynfthe published reports, and in these cases

the relevant analysis is described very briefly.
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Table 6.1 Student difficulties with acid-base spees with coded propositional statements

Difficulty Difficulty
Number Difficulty Descriptions (in bold) linked to Propositional statements, with Codes  Classification
S1.1 Acid definitions are limited to operational definitions. 4

Operational and theoretical definitions are botbessary for scientific understanding. (1.1)
Operational definitions indicate how a physical mfitg might be recognised or measured. (1.1.1)
Theoretical definitions show relationships betwetrer concepts. (1.1.2)

Acidic and basic substances have characteristiggpties. (1.2)

Acidic substances give acidic aqueous solution§) (2

Acidic solutions have a pH of less than 7 (2.1.1.1

Weakly acidic solutions taste sour. (2.1.1.3)

Acidic solutions react chemically with carbonat¢®.1.1.6.2)nterim see P19 in Chapter 7

S1.2 Base definitions are limited to operational definitons. 3+
(1.1.1) (1.1.2) (1.2) from S1.1
Basic substances give basic aqueous solutionsletim, see S4
Basic solutions have a pH greater than 7 (3.1.1.1)
S1.3 lonic compounds have no ions in solution 2
lonic solids dissociate into cations and anionsmwihey dissolve in water. (8.2.5.1)
In reality, few salts dissociate completely in waté3.2.5.1.1)
S2.1 Acids are substances not particles. 4
Different theoretical models conceive acids as sutzes or as particles. (1.1.3.3)
Bransted acids are molecules or ions that can ekeasoton (hydrogen ion) (2.3.11hjerim see S6
S2.2 Bases are substances not particles. 2
(1.1.3.3) from S2.1
Bragnsted bases are molecules or ions that can aagepton (hydrogen ion) (3.3.1.thterim, see S6
S2.3 Examples of acids are limited to the Arrhenius model 2
Bragnsted acids include all Arrhenius acids (2.3.2.1)
Brensted acids include timeoleculeH,O andion NH," (2.3.2.2)Interim, see S6
Arrhenius acids do not include water (2.2.2.2.1.1)
S2.4 Examples of bases are limited to the Arrhenius model 4
Arrhenius bases are limited to substances congi@id groups (3.2.2.0)
Arrhenius bases include NaOH (3.2.2.1.1)
Arrhenius bases do not include Brgnsted bases (2)&dch as water (3.2.2.2.1)
Brgnsted bases include thmleculeH,0, NH; andionsOH, HCOO, CH;COQO, CN, and g
(3.3.2.1) Interim, see R6 in Chapter 8
Bragnsted bases do not include Arrhenius bases (3)3@ch as NaOH (3.3.2.2.1)
S2.5 Neutralization is limited to and always occurs betwen compounds having H and OH in the 3
formula
Neutralization is a process whereby acidic anddsgbstances react chemically to produce new
substances (7.1) including water, if in aqueoustgm. (7.1.2.2)
CO, and SQ are acidic gases found in the atmosphere (2.1.2.2)
Arrhenius bases do not include alcohols. (3.2.2.2.2
S3 One model can explain all acid-base phenomena. n/a

Definitions vary according to different models (B)L
Different models are useful in different contextsl(3.1)

n/a: Itis not appropriate to classify the diffitly only in the acid-base context.
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Difficulty Difficulty
Number Difficulty Descriptions (in bold) linked to Propositional statements, with Codes  Classification
S4 Acid and base definitions are not distinguished 2

Arrhenius acids are substances that release hyafoge in agueous solution. (2.2.1)
Arrhenius bases are substances that release hgdrimxis in aqueous solution. (3.2.1)
Brgnsted model: acids are molecules or ions thatelaase a proton (hydrogen ion). (2.3.1.1)
Bragnsted model: bases are molecules or ions thaaapt a proton (hydrogen ion). (3.3.1.1)
Neutral substances are neither acidic nor basid.) (

Basic substances (or alkalis) give basic (or alklsolutions. (3.1)

S5 Alkali is another word for base. 2
Arrhenius bases are substances that release hgdrimxis in aqueous solutions (3.2.1)
Alkali is an alternative term for Arrhenius bas8<2(1.1)
Arrhenius bases do not include Brgnsted bases (2)&dch as water (3.2.2.2.1)
Brgnsted bases are molecules or ions that can aegepton (hydrogen ion) (3.3.1.Ihterim, see S6
Bregnsted bases include thmleculeH,0, NH; andionsOH, HCOUO, CH;COOU, CN, and g
(3.3.2.1) Interim, see R6 in Chapter 8
Brgnsted bases do not include Arrhenius bases (2)3.2
S6 Amphoteric species are neither acid nor base. 3
Amphoteric species are those that can behave kaih acid and a base (4.1)
Amphoteric properties depend upon the context iithvthe species is investigated (4.1.1)
In aqueous solutions, amphoteric hydroxides cam feither hydrogen or hydroxide ions. (4.1.2)
Amphoteric substances include Al(QH)nd Zn(OH) (4.2.1)
Arrhenius acids include HCI (2.2.2.1Ihterim, see R7 in Chapter 8
Arrhenius bases include NaOH, Al(OHnd Zn(OH) (3.2.2.1.1)
Molecules or ions are classified as Brgnsted aclienvthey release a proton (hydrogen ion) to a base.
(2.3.1.1)
Molecules or ions are classified as Brgnsted bakes whey accept a proton (hydrogen ion) from an
acid (3.3.1.1)
Brensted acids: examples include the wateteculeH,O and théon NH," (2.3.2.2)Interim, see S6
Brognsted bases: examples include the watdeculeH,O, and theéons: OH, HCOO (3.3.2.1)Interim,
see R6 in Chapter 8
S7 Acidic and basic substances are not relevant in enalay life. 4
Foods often contain acidic substances (2.1.2.1}, Fea, milk contain acids (2.1.2.1.1)
CO, and SQ are acidic gases found in the atmosphere (2.1.2.2)
Basic materials are found in cleaning materials scbven cleaner, household ammonia, household
bleach; and washing soda, l®; (3.1.2.1)Interim, see P3 in Chapter 7
Basic substances found in the laboratory includehmgtroxides such as limewater , Ca(@t3.1.2.4)
Basic substances used in cooking include ‘bicarthaking soda’, NaHC©(3.1.2.3)
NaCl forms a neutral aqueous solution (5.1.2)
S7.1 Antacids are substances that do not react with acid 3
Antacids are basic substances (3.1.2.2) used asliime that prevents or corrects excess aciditigén
stomach (3.1.2.2.1)
S8  Neutrality is not understood. 1
Neutral substances are neither acidic nor baslg i{gterim, see P4 in Chapter 7
Neutral solutions have a pH of 7. (5.1.1)
S9 Salts are not a class of compound 1
NaCl forms a neutral aqueous solution (5.1.2)
The salt produced in neutralization reactions ddpem the particular acid and base involved.
(7.1.2.1.1)
Acetic (ethanoic) acid and sodium hydroxide wilbguce sodium acetate (ethanoate). (7.1.2.1.3)
S10 Neutral solutions have neither H(or H;0") nor OH™ions 4

A neutral solution is one where TH= [OH] (Arrhenius model) (5.2) or [§D] = [OH] (Bransted
model) (5.3)
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6.2 DIFFICULTIES WITH ACID-BASE MODELS

Different historical acid-base models were outlinied Section 3.3. This section shows
difficulties which students encounter concernindfedences between acid-base concepts
according to three historical models (operatiodathenius and Brgnsted) and the contexts

where each model is appropriate.

6.2.1  Difficulty in accommodating more than an operationa model
This difficulty can be described as three sub-difies with common propositional knowledge

or educational implications, as discussed below.

6.2.1.1 Difficulty S1: Acid-base definitions are limited toperational definitions.

Students’ tendency to limit themselves to practegberience when defining acids and bases
has been shown in four studies. In these stusliedents typically described acids and bases in
terms of their taste (Drechsler & Schmidt, 2005bplis, 1998), the pH of solutions (Cresal,
1986), or in terms of their characteristic readigHand & Treagust, 1988), as in the quotation:
“An acid is something which eats material away dick can burn you”. While the operational
model is a valid way of recognising acidic and basibstances, Creg al. (1986) considered
such a limited conception to be a problem. This wapecially so when it persisted after a
year’s university tuition in chemistry during whictudents had been exposed to theoretical
models (Cro®t al.,1988). Moreover, in the aforementioned studiedestts also tended to not
distinguishsolutionsfrom thesubstance®r from theionsin solution. For example Drechsler
and Schmidt (2005b) report on a student who identifthe ammonium ion as sour”. All these
aspects map to the propositional statements betmstly from historical sources, which focus
on differentiating substances from their solutions.

« Acidic and basic substances have characteristjpepties. (1.2)

« Acidic substances give acidic aqueous solutionsh@rius, 1887). (2.1)

¢ Acidic solutions have a pH of less than 7 (LideQ20 (2.1.1.1)

* Weakly acidic solutions taste sour (Idhe, 197@.1.4.3)

e Acidic solutions react chemically with carbonatgs1.1.6.2)

e Basic substances give basic aqueous solutionbdAius, 1887) (3.1)

e Basic solutions have a pH greater than 7. (Lide22F3.1.1.1)

The propositional knowledge shown above, which esmtly missing for the students in the
studies as mentioned above, has a common threadhwhiturn suggests a description of the

difficulty: Acids and bases are defined according to the ptogeerof acidic and basic
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solutions. This difficulty description was then examinedtire light of Galili and Lehavi's

(2006) work on definitions in relation to understary the nature of science. The conceptions

reported above suggest that students had focusegearational definitions whereas the authors

above had seemingly expected more theoreticalitlefia. Accordingly, the difficulty can map

to further propositional knowledge:

» Operational and theoretical definitions are botbessary for scientific understanding (1.1)

e Operational definitions indicate how a physical mfitg might be recognized or measured.
(1.1.2)

* Theoretical definitions show relationships betweencepts (1.1.2)

Consequently, through a second iteration of mapgegpropositional statements back to the

difficulty, its description can be honed to: Defiahs of acids and bases are limited to

operational definitions. However, in order to eefl the differing number of contexts

investigated (in this case fewer for bases), tHécdity has been separated into two sub-

difficulty descriptions, as follow:

Difficulty S1.1: Definitions of acids are limited bperational definitiond_evel 4

Difficulty S1.2: Definitions of bases are limitaddperational definitionsLevel 3+

Another way in which the difficulty manifests itbis described below.

6.2.1.2 Sub-difficulty S1.3 lonic compounds have no ionssolution

Furio-Mas, et al. (2007) reported that students apply the followiegresentation by heart
without thought of dissociation: acid + basesalt + water. This contention is borne out by an
earlier study where tertiary students were askecreate their own particle representations of
certain chemical processes. From this researchthSamd Metz (1996) report that some
students’ drawings did not show dissociation ofidospecies, instead they represented the
dissolved NaOH as molecules. If students do nee lsamental model of solutions containing
ions, it will be difficult for them to apply the Arenius model of ions in solution so they will be
limited to using an operational model. The difftguas described by Smith and Metz (1996)
comes from one data source and has not been denifiether contexts and so is classified as
Emergent or Level 2. These students may lack kedgé of ionic bonding and need a mental
model of dissociation, but in the acid-base contiya difficulty maps to the following
propositional statement which are suggested by SanithMetz’ work:

« lonic solids dissociate into cations and anionsmwiiey dissolve in water. (8.2.5.1)

This might be too simplistic for tertiary studentd)o should also understand,

* Inreality, few salts dissociate completely in watéHawkes, 1996a) (8.2.5.1.1)
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Even when students have progressed beyond thisullijf to a theoretical conception of acids

and bases, there may be further difficulties asvehoy the cluster described next.

6.2.2 Difficulties with the Brgnsted model
Five sub-difficulties, all with similar implicatianin terms of students understanding and

propositional knowledge are discussed in this eacti

6.2.2.1 Difficulty S2: Acids and bases are substances naitjzles

Student conceptions of acids and bases may hawanegd to the theoretical Arrhenius model
of substances in aqueous solution, but in somescsisglents do not yet accommodate the
Brgnsted model of particles as proton donors oeptees, despite having studied the later
model at senior secondary or tertiary level. Famnegle Kousathanet al. (2005) reported that
students who were asked to chose an option thatnét a Brgnsted-Lowry acid” from a
selection of four species still justified their atw by reference instead to the Arrhenius model.
Similar ideas are reported from Creisal. (1986). More specifically, the student diffigubf
distinguishing the essential attributes of the Btgd model (that it concerns particles such as
molecules or ions rather than substances, see 8&803.1) was identified among students
(Sumfleth, 198y and teachers (Drechsler & Schmidt, 2005a). Ebkiential attribute of the
model is indicated in the propositional knowledtgesnents given below.

» Different theoretical models conceive acids anegbas substances or as particles (1.1.3.3)
« Brgnsted acids are molecules or ions that canselagroton (hydrogen ion) (2.3.1.1)

* Brgnsted bases are molecules or ions that cantee@epton (hydrogen ion). (3.3.1.1)

As in the previous difficulty, less research hasrbeeported on the student conception for bases
(only Drechsler & Schmidt, 2005b) than for acidéccordingly, the difficulties have been
separated so that classifications levels can itelites disparity, as follow:

Difficulty S2.1: Acids are substances not partitlesel 4

Difficulty S2.2: Bases are substances not particiegel 2

The Difficulty S2 can also show itself in other vgayvhich are discussed as sub-difficulties in

the following two sections.



113

6.2.2.2 Sub-difficulties of S2: Examples of acids and basase limited to the Arrhenius
model

Some students think that only compounds with OHugsoare bases and in this way limit
themselves to Arrhenius bases. Similarly they dismot recognise Brgnsted acids that are not
also Arrhenius acids. Table 6.2 below shows a saryraf the relevant research for this sub-
difficulty. In this research, some probes wereropaded (Cro®t al, 1986), others asked
students to classify examples as acids, bases urahespecies (Furio-Magt al, 2007;
Ouertataniet al, 2007) or probes were in a multiple-choice foralaing the lines ofiWhich of

the following is not a Brgnsted acid or Brgnstedd{& ousathanat al.,2005).

Table 6.2 The formulae for species not recognised &rgnsted bases or acids by students

Formula Educational level of Country of Cohort Authors
investigated students
Bases NH Senior secondary Greece Kousathanal. (2005)
NH3 Senior secondary Spain Furié-Metsal (2007)
NH; Senior secondary Tunisia Quertatahal. (2007)
CN- Senior secondary Greece Kousathenal. (2005)
s Senior secondary Tunisia Ouertatanal. (2007)
CH,COO Tertiary France Crost al.(1986)
CH,COO Senior secondary Tunisia Quertatahal. (2007)
HCOO Senior secondary Greece Kousathenal. (2005)
Acid NH," Senior secondary Greece Kousathenal. (2005)

The research summarised in the table was condaatetg many cohorts of senior students in
a variety of countries to give a coherent picturéhe student difficulty which can be described
directly from the data as given in the section he@bove. The research has covered a wide
variety of Brgnsted base species, including botleowes such as ammonia, NHnd ions
such as CN Furthermore similar conclusions regarding basegeported from other research
(Schmidt & Volke, 2003; Drechsler & Schmidt, 2005Hpwever, only one Brgnsted acid was
included (ammonium ion, Nfy and this research concerned only one student rcoho
Consequently, for the purpose of classification thiiculty is separated into two sub-
difficulties, as follows:

Sub-difficulty S2.3 Examples of acids are limitethie Arrhenius modelLevel 2

Sub-difficulty S2.4 Examples of bases are limitetthé Arrhenius modelevel 4

The research described above shows that studeveslinzited knowledge of Brgnsted bases,
and also need examples of Brgnsted acids that @ralso Arrhenius acids. Research by
Drechsler and Schmidt (2005b) suggests that thiesticonception could be directly caused by

limited examples introduced during instruction. dedress the problem, teachers need to be
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aware that propositional knowledge should includeagety of examples to indicate both the
extent of the Brgnsted model and where it diffeosifthe Arrhenius model. | attempted to take
cognisance of these aspects in the three propusitsbatements below.

* Arrhenius bases are limited to substances contai@id groups. (3.2.2.0)

e Bregnsted bases includeoleculeNHs, andionsHCOO, CH,COO, CN and $~ (3.3.2.1)

« Brgnsted acids include then NH," (2.3.2.2)

Discussion of individual substances which posei@addr problems for students follows. These
substances represent specific contexts for Diffiesil S2 and accordingly, they are not

considered to be separate difficulties.

6.2.2.3 Specific contexts of Difficulty S2

Familiarity with water makes it especially diffi¢dbr students to accommodate into the more
abstract Brgnsted model. Analysis of examinatioarth answers showed that students avoided
options where water was described as a base, aevithected as a proton acceptor (Drechsler
& Schmidt, 2005a) which is confirmed by Kousathataal. (2005). The quotation: “l can't
imagine drinking an acid but you drink water” (Dinster & Schmidt, 2005b) suggests that
students have the substance water in mind, rakizer water molecules. Schmidt and Volke
(2003) report similarly concerning water as a ba€ensequently education practitioners need
to be especially careful to clarify that the Braasiodel refers to water molecules, as shown

by the propositional knowledge given below.

The second substance presenting particular difficis sodium hydroxide, a prototypic

Arrhenius base. In this regard, Drechsler and Sd¢h(8005b) quote a student who claimed to

be using the Brgnsted model but said: “HCI is tbid and NaOH is the base”. For both these

substances, students were superimposing their elimitonception of acids or bases as

substances onto the Brgnsted model. Teacherstéatimbok authors) need to be particularly

aware of the difficulties encountered with theséssances. Accordingly, the propositional

statements below are modified from those givenigzarlThey now address the specific contexts

of the difficulty and clarify the boundaries of theodels as recommended by Herron (1996),

through a range of both examples and non-examples.

e Arrhenius acids do not include water (2.2.2.2.1.1)

« Brgnsted acids include tmeoleculeH,O andion NH," (2.3.2.2)

e Arrhenius bases include sodium hydroxide, NaOH2.231.1)

* Brgnsted bases include th®leculesH,O, NH;, andions OH, HCOO, CH,COO, CN”
and $(3.3.2.1)
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* Brgnsted base: examples do not include Arrhenigge$¢8.3.2.2) such as NaOH (3.3.2.2.1)
The next section shows how limited conception ofdacand bases impacts on student

conceptions of their reactions.

6.2.2.4 Sub-Difficulty S2.5: Neutralization is limited toand always occurs between
compounds having H and OH in the formula

From the Difficulty S2, it follows that students uld have a limited conception of species

involved in acid-base reactions, as shown by thedsfficulty described above. Evidence for

this sub-difficulty, reported by Furio-Mast al. (2007), is summarised in Table 6.3 below.

Ouertatangt al. (2007) also reported similar observations.

Table 6.3 Some of the reaction equations investigat by Furio-Mas et al.(2007)

Reaction equation investigated Classification Incidence Acceptable classification
by students
1 SiG + Ca0O™ CaSiQ Not 11 Neutralization in Operational model or
neutralization Lewis model (Theoretical framework)
2 HCI+ CHOH—™ CHCl + HO Neutralization 91 Nucleophilic substitution (Mowis &
Boyd, 1966)
3  NHz;+ CH;OH— CH;NH, + HO Neutralization 97 Nucleophilic substitution (Mison &
Boyd, 1966)

The first reaction between silicon dioxide and itadt oxide shown by equation 1 in the table
above could fit the operational model for a nonesmpus system or even a Lewis acid-base
reaction (see Section 3.3.4), but was not recodrnésesuch by some students. The reaction
between hydrogen chloride and methanol (equatiang@)that between ammonia and methanol
(equation 3) were both overwhelmingly identifiedresutralization, which the authors consider
incorrect. Morrison & Boyd (1966) confirm that theactions shown as (2) and (3) above are
nucleophilic substitution of alcohols rather thagutmalization. Consequently, it appears that
not only do students limit their idea of neutrafiaa reactions to species with H atoms and OH
groups but also they consider all reactions shawthis format as neutralization, that is, an
acid-base reaction. Accordingly, the descriptionthe difficulty: Neutralization is shown by
reactants with H and OH in the formuléeclassified at Level 3 because it has been idedtifie
through two investigations using a variety of opeded methods and different chemical
contexts. The corresponding propositional knowéedgows that the operational model can
accommodate non-aqueous systems. Students neetegpate the propositional knowledge
below, which includes a modified statement 3.1t@.dccount for calcium oxide.

« Neutralization is a process whereby acidic subss@and basic substances react chemically

to produce new substances (7.1) including watén, aqueous solution. (7.1.2.2)
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* CO, and SQare acidic gases found in the atmosphere. (2)1.2.2

» Basic substances found in the laboratory includé¢aimexides or hydroxides such as
limewater Ca(OH) (3.1.2.4)

« Acidic substances and basic oxides or hydroxidastrehemically but produce no gases
except water vapour. (2.1.1.6.1)

» Arrhenius bases do not include alcohols. (3.222.2.

6.2.3  Difficulty S3: One model can explain all acid-basphenomena.

Much has been published concerning students diffiagn accommodating multiple models,
which are suitable for use in different contexts @xample Glynn, 1991; Justi & Gilbert, 1999;
2002b). This has also been shown in the specditext of acid-base chemistry with the
following quote from a senior secondary studertwiould have been better to learn Brgnsted
from the beginning. It gets messy to change moahkn you have already learned it one way”
(Drechsler & Schmidt, 2005b). Based on such states) these authors conclude: “Students
did not realise that several models are availablkexplain acid-base reactions”. In this regard,
criterion 3 given in table 4.3 requires that proposal statements define the context and
limitations of each model. Accordingly, propositad statements should make explicit the need
for different models (which were outlined in Seati®.3) as given below.

« Definitions vary according to different models..1(B)

« Different models are useful in different contex($.1.3.1)

The propositional statements suggest the followiesgcription of the difficultyOne model can
explain all acid-base phenomenas mentioned above, this is part of a larger [gnwhin which
students have difficulty accommodating the neednhoitiple models into their schema and
understanding the nature of models. This difficidtfound in wider contexts than acids and so

it is inappropriate to classify it only in the cert of acid-base chemistry.
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6.3 DIFFICULTIES WITH GENERAL DEFINITIONS

This section concerns student difficulties withtidiguishing definitions of acid and base, and
with other definitions in the topic.

6.3.1  Difficulty S4: Acid and base definitions are not dstinguished

Some students, even in senior secondary classesshiange the definitions for acids and bases,

as reported in numerous studies below (see Tad)e 6.

Table 6.4 Summary of research on interchanged acidase definitions

Reported student conception Educational level afesits  Incidence Author(s)

Acid-base definitions interchanged Senior secondary 7% Linke & Venz (1979)

Same definition given for both acid & Senior secondary 4% Linke & Venz (1979)

base

Acid-base definitions interchanged Senior secondary Not available  Vidyapati &
Seetharamappa (1995)

OH ions are found in acids Senior secondary high Not Ross & Munby (1991)

achiever applicable

Acids can be alkaline or neutral Junior secondary ot &vailable  Toplis (1996)

Acid is an acceptor of hydrogen ions. Senior sdaon 10% Ouertatargt al. (2007)

Acid is a donor of hydroxide ions. Senior secondary 10% Ouertatanét al. (2007)

Base is an acceptor of hydroxide ions. Senior semgnd 20% Ouertatarat al. (2007)

The relatively small prevalences (4% and 7%) regabldy Linke and Venz (197@pove could
suggest that these might simply be mistakes, whieheasily corrected, rather than genuine
conceptual difficulties (Abimbola, 1988). Howevéhe higher incidences reported by
Ouertatanet al. (2007), particularly with the definition of a bagedicates otherwise. So this is
evidently not a trivial difficulty, and it needsrfber investigation. Towards this end, questions
such as the follow need addressing: “What linkstdiolents need in order to conceptualize these
definitions?”; “Why are they unable to form linksettveen the definitions and other
knowledge?”; and, “What aspect of the definitioms students confusing — the hydrogen and
hydroxide ions, or the wordscceptoranddonor, or perhaps superimposing the acceptor / donor
aspects of the Brgnsted model onto the Arrheniugei?d There could even be confusion with
the Lewis model if students have heard of acidslestron pair acceptors and bases as electron
pair donors. The description of the difficulty sanig from the author’'s descriptions is still
exceptionally vague, not indicating its essencallat As a result | can only classify it is as
Emergent — Level 2 — despite its having been repon five educational contexts. Further
research should probe which conceptual links assimg for these students but, in the interim,
propositional knowledge should include at leastdénitions for both acid and base according

to both theoretical models, as follow:
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» Arrhenius acids are substances that release hyarogse in aqueous solution. (2.2.1)

e Arrhenius bases are substances that release hgidriaxis in aqueous solution. (3.2.1)

* Brgnsted model: acids are molecules or ions thatretease a proton (hydrogen ion).
(2.3.1.1)

* Brgnsted model: bases are molecules or ions thatacaept a proton (hydrogen ion).
(3.3.1.1)

The student conception given by Toplis (1996) rezgiimapping to further propositional

statements (3.1 now moadified to include alkaliggttboncern operational knowledge of both

neutral and alkaline solutions.

* Neutral substances are neither acidic nor basid.) (

* Basic substances (or alkalis) give basic (or atieglsolutions. (3.1)

6.3.2  Difficulty S5: Alkali is another word for base

Two research studies show a conception indicatirag students transfer a concept from the

Arrhenius model inappropriately onto the Brgnsteablel. A student interviewed in Schmidt

and Volke's (2003) study responded: “Water as dalials difficult to conceive” and Toplis

(1998) reported similarly. The difficulty desciigm given above arises directly from this data.

The term alkali applies in the chemistry contextsobstances and so has no place in the

Brgnsted model (see Section 3.3.3). Consequethty, difficulty maps in one step to the

following propositional statements, which go beyandrely defining a base according to the

two theoretical models, in an attempt to show thenfolaries between two conceptions of bases.

« Arrhenius model: bases are substances that relgalexide ions in agueous solution.
(3.2.1)

» Alkali is an alternative term for Arrhenius bas€8.2.1.1)

e Arrhenius bases do not include Brgnsted base®(3)&uch as water. (3.2.2.2.1)

* Brgnsted bases are molecules or ions that cantee@epton (hydrogen ior3.3.1.1)

* Bregnsted bases include thmleculesH,O, NH; andions OH, HCOO, CH,COQO, CN,
and $(3.3.2.1)

« Brgnsted bases do not include Arrhenius base(3)3.

Few research details are given by Toplis and Schamd Volke did not report pursuing the

difficulty beyond interviews with a few student€onsequently the difficultyalkali is another

word for basecan be classified only as Level 2, or Emergenthe®authors have not built on

this work and so further research is needed tdy#rat the description is stable across other
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contexts. Furthermore, the research reported ndifficulty does not indicate whether the
teachers concerned used mixed models and so c#usatlfficulty or whether the students
themselves were unable to differentiate two motiedy had been taught. Accordingly, while
this propositional knowledge may not be sufficiémtaddress the difficulty, it represents a

minimum of scientifically correct propositions thae necessary.

6.3.3  Difficulty S6: Amphoteric species are neither acichor base.

The student difficulty with amphoteric species gbeyond merely not knowing the concept
label or definition (Bradley & Mosimege, 1998) owotnrecognising aluminium or zinc
hydroxides as possible proton donors (Furio-Méisal., 2007). Kousathanat al. (2005)
showed that two multiple-choice items with smalffatiences elicited different student
responses. The first question asked which spexekl not act as an amphiprotic (that is
amphoteric) substance and the second asked whéadespcould not act as both an acid and a
base in the Brgnsted model. In both cases thear($#COO) and the distractors ¢&, HCO;,”

and HS) were the same. Although for both items studeatamed to prefer to give no answer
rather than choose any of the options, performaraemuch better with the term amphiprotic,
70% against 49%. The authors speculate that ssitied created a new class of substances, so
that substances are classified as acids, basespirogeric substances; in other words the three
are mutually exclusive. This conception can bepedgdo the propositional knowledge given in
the IUPAC ‘Gold book’ (McNaught & Wilkinson, 1997amely:

* Amphoteric species are those that can behave kath acid and a base. (4.1)

« Amphoteric properties depend upon the context iithwthe species is investigated. (4.1.1)

The evidence of student difficulties from Kousathagt al. (2005) together with the
corresponding propositional knowledge suggestsdiuatents do not understand another critical
aspect of the Brgnsted model; specifically, thatdsa@and bases are so classified in relative
rather than absolute terms, according to the cordéxhe reaction (see Section 3.3.3). In
response, the Brgnsted definitions already giverprapositional statements for Difficulties
S2.1, S2.2, S4 and S5 were modified to emphasisas$pect, and emphasising that there must
be a suitable acceptor for, or donor of the prqiogsent. Furthermore, bearing in mind the
students’ mutually exclusive conception it was jdigmore appropriate to give lists of
examples of Brgnsted acids and bases, which ingladme items common to both, rather than
a separate list of amphoteric species which mighséen as separate from acids and bases.
Consequently, two types of propositional knowledgere involved in this difficulty; firstly

explicit definitions of acid and bases and secondlts of examples for acids and bases
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expanded so as to include the examples introducedhé research on this difficulty.

Accordingly, the difficulty mapped to the followirgyopositional statements.

* Examples of amphoteric substances include Al Zn(OH) (4.2.1)

« In aqueous solution, amphoteric hydroxides can feither hydrogen or hydroxide ions.
(4.1.2)

« Molecules or ions are classified as Brgnsted awidsn they release a proton (hydrogen
ion) to a base. (2.3.1.1)

* Molecules or ions are classified as Brgnsted babes they accept a proton (hydrogen ion)
from an acid. (3.3.1.1)

e AI(OH); and Zn(OH) may act as acids in certain reactions. (2.3.2.2)

* Arrhenius bases: examples include NaOH, Al(©&f)d Zn(OH) (3.2.2.1.1)

« Bregnsted acids: examples include tm®lecule H,O andions NH,", HCO;” and HS
(2.3.2.2)

e Brgnsted bases: examples include mh@eculeH,O andions OH’, CH;COO, HCOQ,
CN’, S, HCO;, HS (3.3.2.1)

Reversing these propositional statements suggest$otiowing description of the difficulty:

Species can be classified as acids or bases or at@ptr However, when mapped back to the

difficulty data, it was clear that this descriptidid not show the mutually exclusive nature of

the conception identified by Kousathagtaal. (2005). Accordingly, the description was further

modified ta Amphoteric species are neither acid nor basehe classification is at Level 3

because it has only been studied in only a limitagt, one educational context. Further research

should use open-ended methods to verify whethatests do see these three categories as

mutually exclusive.

As a teaching exercise, it would be useful for etid to fill in examples of acids and bases onto
a diagram such as in Figure 6.1 given below. Sqmeeiss may only be able to act as acids
(e.g. HCI or NH"), some might only be able to act as bases (e.g>@6d HCOO), while

others could fall into the common classificationl dre termed amphoteric.

acids amphoteric bases
species

Figure 6.1 The relationship between species classil as acid, base or amphoteric
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6.4 DIFFICULTIES WITH EVERYDAY ACID-BASE EXAMPLES
The macroscopic tangible experience of chemistnpoisas simple as it appears. The evidence
discussed in this section shows that students lk#fieulties even with the most directly

experienced operational acid-base model.

6.4.1 Difficulty S7: Acidic and basic substances are naelevant in everyday life.

Students’ knowledge of everyday examples of a@adit basic substances has been investigated
across all ages of secondary school students (@ele 6.5 below). The data shows that basic
substances encountered commonly in a school labigréguch as limewater) are sometimes
incorrectly classified as acidic, and even sentadents are unaware that €@nd SQ are

acidic gases (with high incidences) and that mawg$tuffs are acidic.

Table 6.5 Student conceptions of everyday acid-basgamples

Substance or material  Classified by  Instead of Incidence  Educational level Reported by
students as of students
Limewater, acids basic N/A Junior secondary  Toplis (1998)

[metal] hydroxide &
bicarbonate

CO, neutral acidic 27 &41%  Senior secondary  Ouerisgtal.
(2007)
SO, not acidic acidic 73% Senior secondary  Furié-Mtal.
(2007)
Foods (including fruit), basic acidic N/A Senior secondary  Ross & Munby
tea and coffee (1991)
Milk basic acidic N/A Senior secondary  Ross & Munby
(1991)
Nakhleh & Krajcik
(1994)
NaCl & bases Neutral & N/A Senior secondary  Nakhleh & Krajcik
baking powder mixture of (1994)
acidic and
basic solids

N/A: the incidence of the conception was not agtiie in the research project

One research publication in the table above wasusorg (Ross & Munby, 1991). These
authors report (p 15) that a studenbrtrectly classified ammonia and bleach as acidic” (my
italics) but later (p 21) they state that the sameception represents@sconceptionAlthough
ammonia is not accepted as an Arrhenius base @i ta point where the model breaks down,
see Section 3.3.2.2. of the Theoretical Framewaiik)a good example of a Brgnsted base (e.g.
Kousathanaet al, 2005). Furthermore, Brady and Holum (1993, [2)88ote that typical
household ‘liquid bleach’ has a pH of 11 (so itlsarly basic) in order to favour the formation
of the stable OC{aq) ion. | can only presume that the initial sgsl claim was erroneously

reported and the student hiadorrectly identified these two substances as acidic. ReSees
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have also noted that students show less knowldulygt dases than about acids (e.g. Nakhleh &

Krajcik, 1994) and this is shown in the limited ganof examples which students give for bases

(Ross & Munby, 1991; Crost al, 1986; Ouertatarét al, 2007). To address the paucity of

everyday examples (particularly for basic mateyialsd the erroneous examples, a range of

these is included in the following propositionalokiedge, which students need in their

conceptual structure.

* Foods often contain acidic substances (2.1.2.1)

e Fruit, tea and milk contain acids (2.1.2.1.1)

e CO,and SQ are acidic substances found in the atmospher&.2(2)

* Basic substances are found in cleaning materials as oven cleaner, household ammonia
and household bleach. (3.1.2.1)

e Basic substances found in the laboratory includeahieydroxides such as limewater,
Ca(OH) (3.1.2.4)

* Basic substances used in cooking include ‘bicarlbaking soda’, NaHC@(3.1.2.3)

« NacCl forms a neutralgueoussolution (5.1.2)

The evidence in the table above indicates thatesiisddo not have or do not integrate empirical
knowledge of acid-base behaviour. Furié-Mdsal (2007) claim this means they have little
understanding of the importance of acids and baseseryday life, whether at home or in the
laboratory. In this regard, Cres al. (1986) note: “the link between everyday life aatentific
ideas has not been properly established”. Both6éHJés et al. (2007) and Pinarbagt al
(2007) interpret Crot al’s (1986) work as showing that students “do nobnrmxt their
knowledge with everyday phenomena”. The difficuldescription arises from these
interpretations, together with the propositionatements above, and is given asidic and
basic substances are not relevant in everyday [fiee evidence for the conception comes from

multiple contexts and so the difficulty is classifiat Level 4, Established.

6.4.2 Sub-difficulty S7.1 Antacids are substances that doot react with acids

The specific everyday example of bases in antaadicmes has been investigated in two
independent research projects which identify theesdifficulty with the term antacid (Ross &
Munby, 1991; Vidyapati & Seetharamappa, 1995). Tiféculty description given above
comes almost exactly from these sources withothdéuranalysis. The classification of Level 3
or as Partially Established arises from the thme&ces of data used to verify the conceptual
link on an individual student’s profile (Ross & Moyy 1991) with confirmation in another

educational context from two rounds of interviewsl @ questionnaire given to a large group of
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students (Vidyapati & Seetharamappa, 1995). Tifieuty needs to be confirmed in other
contexts but | do not anticipate the descriptioanging substantially from that given above.
The difficulty could be founded in students’ lack experience and consequent superficial
reasoning with language. With similar aged stusleintaught the chemistry of acids and bases
in an everyday context through an investigatiowdmpare the efficacy of different brands of
antacids. This involved studying the reactionshef active ingredients with hydrochloric acid
and using titrations to provide quantitative dafd.the start of the unit, | was astonished to find
that few of the students knew what | meant by atacad; few of them had experienced
indigestion, or had needed to use these remediEsllowing from the research findings above
and my teaching experience, and while focusingptapositional knowledge on chemistry
rather than human physiology, | suggest the proiposil statements below. They are based on
a simple dictionary explanation (Oxford, 2002) @ndpositional statements from Vidyapati and
Seetharamappa (1995).

« Antacids are basic substances (3.1.2.2) used aigimethat prevents or corrects acidity in

the stomach. (3.1.2.2.1)

6.5 DIFFICULTIES WITH NEUTRAL SOLUTIONS AND SALTS

The species involved in acid-base chemistry incluateonly acids and bases, but also salts and
neutral substances. In an operational model saéisformed in acid-base reactions, while
neutral species do not display acidic or basic @ntigs. In this section, two categories of
difficulties with respect to these two chemicalssles are discussed. These are difficulties
firstly with the macroscopic operational recogmitiof the classes and secondly explanations at

sub-microscopic level for the behaviour of neus@ltions and salts.

6.5.1 Macroscopic aspects of neutral solutions and salts

6.5.1.1 Difficulty S8: Neutrality is not understood.

A difficulty with the concept of neutral substandasthe acid-base context has been reported
with unanticipated data from two studies. Theseaafdd' Grade chemistry student who could
not name a single substance with pH of 7 (Ross &ibu1991) and a junior secondary student
who states: “acids can be alkaline or neutral” (8p@998). These two instances are enough to
suspect a Level 1 difficulty, which at this stagenconly be described very vaguely as:
neutrality is not understoodAn important consequence of not having a firm ustéding of
neutrality in the context of acids and bases isifbin a study falling outside the criteria for this
review (See Table 4.1 in Chapter 4). From this ystWlilkes and Batts (1996) report the

conceptions of professional nurses such as “neigtraH 5.5”. With the importance of acid-
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base balance in human physiology, this belief cdalde tragic consequence$he following
propositional knowledge statements correspondisadifficulty:
* Neutral substances and solutions are neither acadibasic (5.1)

* Neutral solutions have a pH of 7. (5.1.1)

6.5.1.2 Difficulty S9 Salts are not a class of compounds

Two research reports indicate students do not resegsalts as a class of compounds. Firstly,

as mentioned earlier (Table 6.5 in Section 6.4able salt, NaCl, was given as an example of a

base (Nakhleh & Krajcik, 1994). Secondly, Lin andilC2007) report on a student who

thought that table salt was produced when any aeisl mixed with sodium hydroxide, even

acetic acid. Both these reports indicate thatitita arose unexpectedly during the research, and

the difficulty description as given above is verggue. Consequently, it is classified as

suspected, or Level 1. Further research would descavhether such ideas are idiosyncratic or

more pervasive among students. In the interim,udgest the following propositional

knowledge is pertinent:

« NacCl forms a neutral aqueous solution. (5.1.2)

e« The salt produced in neutralization reactions ddpeon the particular acid and base
involved. (7.1.1.2.1)

* Acetic (ethanoic) acid and sodium hydroxide willoguce sodium acetate (ethanoate).
(7.1.2.1.3)

6.5.2  Sub-microscopic aspects of neutral solutions
6.5.2.1 Difficulty S10: Neutral solutions have neither H(or H;O") nor OH ions.
According to some students, water does not contais. Concerning this conception, one
extensive research project (Schmidt, 1991, see de&i4.1) has established the difficulty
described above at Level 4 and also given thevidtig propositional knowledge:

+ A neutral solution is one where TH = [OH] (Arrhenius model) (5.2)

or [H;O"] = [OH] (Brensted model) (5.3)

Two other projects (Dhindsa, 2007; Lin & Chiu, 2D@we further evidence of the conception,
but add nothing further to the description. Thisident conception has a number of
consequences for (mis)understanding aqueous etpilim could hinder student understanding

of pH and hydrolysis of anions and cations.
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6.6 INAPPROPRIATELY REPORTED DIFFICULTIES
Some researchers have reported as misconceptiadensideas which are possibly acceptable
within a framework of an alternative acid-base nhodeDiscussion of four reported

misconceptions follows.

In the first case, an apparent anomaly arises fhanpropositional knowledge statements given
in Section 6.5.1.1 as mapped from Difficulty S8. isThcceptable knowledge contrasts with
Dhindsa’s (2002) description of almost identicatdd asmisconceptiondecause he limited

acceptable responses to formal definitions of adititr in terms of ionic concentrations.

However, Oversby (2000a) indicates that while siachality adds to the operational model, it
does not replace it. Furthermore, an operatioradahis still widely used in a macroscopic
context by both novice and experts but Dhindsa agmily gives no credence to the more
concrete model. What is more, he does not show pihatservice teachers in the study
interpreted the questions as requiring a particinlane of reference (in this case theoretical).
From this argument, the descriptions that Dhindgdaliphed as ‘misconceptions’ can therefore
be considered acceptable propositional knowledgecerming an operational model of

neutrality.

The next three reported misconceptions need toteepreted according to the Brgnsted model.
They are discussed in light of equations numbehede in Figure 3.1 (see flip-out page 47)
The second instance for an anomalously reportedegtion comes from Hand and Treagust
(1988) who reported that student understandingumasceptable if it included definitions such
as: ‘A base is something that makes up an "acitiowever, the Brgnsted (1926) reaction
scheme (Equation 3.8) clearly shows that an adits sif a proton and becomes a base; so it

would be fair to conclude that a base was makinthagcid.

The next third and fourth anomalous cases both coom Linke and Venz (1979). For the
third anomaly consider the reported ‘misconceptitéah acid is a substance which reacts with
water to form a base Considering Equation 3.9 representing the ganBrgnsted acid-base
reaction and the particular example in Equatiorl 3thhese show that agjdHA, undoubtedly
reacts with a water molecule to form bgs&™. Consequently, the conception is perfectly
acceptable within the Brgnsted model. The fourtbnaalous ‘misconception’ is described by
Linke & Venz as: a base is a substance which reacts with water tm fan acid. Similarly,
applying Equation 3.12, it can be seen that Hddls, reacts with water and forms agitNH,"

which means the fourth conception could also beptedle according to the Brgnsted model.
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Furthermore, Linke and Venz (1979) reported reddyivhigh incidences of 36% and 33%,
respectively, for the two conceptions so they anikely to be merely idiosyncratic, but more

likely the result of teaching.

As described in the Methods chapter (see Sectiab.4)5Johnson and Gott (1996) emphasise
the importance of interpreting responses within #tedents’ frame of reference, not the
researcher’s. In all three of the research puldtina above, neither the student interpretation
nor the authors’ frame of reference is clear. A®sult, it is inappropriate to describe these
claims as student misconceptions. This problenh wwiternative models being reported as
difficulties reinforces the necessity for publisipithe appropriate propositional knowledge

against which student conceptions would be judged.

6.7 SUMMARY AND CONCLUSIONS

The analysis of the research reports with dataeroireg student difficulties with the species

involved in acid-base chemistry has led to theofelihg outcomes.

« Ten difficulties with acid-base species have belemtified through the critical analysis in
this chapter. Of these ten, three showed subediffes indicating specific aspects of the
main difficulty.

« There were three difficulties relating to acid-bas®dels, three concerned general
difficulties with definitions, one involved practicexamples of acids and bases and three
were concerned with salts and neutral solutions.

» Four instances of students’ use of alternative-bask models were shown to have been
inappropriately identified as misconceptions.

* For the 17 difficulties and sub-difficulties, orfiye had Established descriptions (Level 4),
four were Level 3, five were Level 2, and two wdrevel 1. It was considered
inappropriate to classify one of the difficulties ihoccurs much more widely than in acid-
base chemistry.

* The research cohorts were mainly in senior secgratdrools.

* The difficulties mapped to 53 individual propositad statements, of these 11 were
implicated in more than one difficulty.

* Nearly every propositional statement was generbyethe author, and verified from other
sources.

e It was necessary to change some propositionainstates incrementally as more difficulties

became evident, particularly regards definitiond examples.
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The implications of the critical analysis are dis®ed only briefly here as this important topic

receives more extensive coverage in Chapters 4@nd

As Wilson (1998) found, novices and weaker studearid to organise their knowledge around
categories of matter such as acid or base. Thmsees are not necessarily young students as
the majority of research cohorts reported on is ttliapter were in senior secondary classes.
Consequently practitioners need to be aware ofetkiensive range of difficulties which
students may experience with core acid-base concdpte difficulties analysed in this chapter
show three themes, namely practical links, and eptiens of ions and models. These are

discussed briefly next.

According to the first theme, students apparentyndt link everyday and laboratory practical
experience with acid-base conceptions. This @mvshby difficulties concerning everyday
applications of acids and bases (S7) and the ctmoépeutrality (S8) and salts (S9) which can
all be addressed through empirical observations. Setond theme of difficulties concerns ions
present in agueous solutions. In this regard, @fiiculty S1.3 and Difficulty S10 both show

students’ inability to imagine ions in these saus.

The third theme of models suggests that studertsinigppropriately with acid-base models by
three strategies. Firstly, they may not accomrtedaw models, instead limiting themselves
to the one learned first (S1 and S2), as alreadgdnby Hawkes (1992). On the other hand,
they might neglect models learned earlier and duesthy they were not taught the ‘final’ one
from the start (S3). Finally, students might ceeathybrid model, appropriating aspects of each
model under a single conception. This aspectfitdities with models is not as immediately
apparent, so was not discussed in the sub-categodyfficulties with models (Section 6.2).
However, S4 shows students mix (and muddle) acsd-bdefinitions according to several
models and S5 shows they superimpose the alkatieptrfrom the Arrhenius model onto the
Brgnsted model. In essence, all three strategipfyithat a single model should be applicable
across all contexts. This difficulty with the nawf models, and hence the nature of science,
has been shown in other contexts besides aciddyesaistry (e.g. Justi, 2000). Appropriate
tuition in the different acid-base models requitieat teachers and curriculum developers be
aware of the differences between the models andreakh propositional knowledge clear for
their students. As Carr (1984) emphasises, studergd clear ‘signposts’ to show where one
model is more applicable than another. Furthermavben researchers deem student

conceptions to be misconceptions when these caulalysrepresent other acceptable models of
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acid-base chemistry (see Section 6.6), they amadékes falling into the trap of “one model
fits all” and so misrepresenting the nature ofesce. Thus, in order to specify which model
authors use as a frame of reference, they shoalbpuard propositional knowledge statements

for comparison. However this was seldom the case.

Very few of the propositional statements in thisgter came directly from the research reports
on student conceptions. Instead, most of thene werived by the present author from original
chemistry sources in response to the mapping oteqmnal difficulties. Furthermore they
sometimes changed with further iterations of congparto difficulties. Two instances of this
incremental development, shown by the interim statgs in Table 6.1, are evident: the
definitions and the examples. Although the ddfinig of Bransted acids and bases given here
may still be considered ‘language-dense’ they argeriheless more accessible than the IUPAC
definition (McNaught & Wilkinson, 1997) which Buca®004) considers unsuitable for

secondary school students.

The quality and extent of the research into diffierdifficulties with acid-base species varies
considerably. Only one difficulty (S10) had a dgston established through a sustained single
research project. However, the critical analydiscombined outcomes from independent
projects has shown that five other difficultiessab-difficulties have also been comprehensively
researched and now have accurate descriptions \&l I4e (see S1.1, S2.1, S2.4 and S7).
Consequently for these difficulties, the reseammmunity needs to heed calls by Gabel (1993)
and Graysoret al. (2001) to move beyond identifying the misconcamiothey undoubtedly

exist.

Where research has not yet led to a stable descript a difficulty, or has not yet established
that it occurs across multiple contexts, furtherestigation into its nature is needed. To be
specific, three groups of difficulties need morglexation. Firstly, in the instances of students’
limited conception of bases (S1.2) and evident usioh between Arrhenius and Brgnsted
models for bases (S2.2 and S5) the research cortyme®ds to know whether students do not
incorporate the new model for bases at all or wdrethey derive their own hybrid model.
Secondly, the difficulty concerning muddled acig®adefinitions (S4) has been found in
numerous educational contexts but there is litildght into the students’ reasoning. Finally,
very little has been reported on student diffi@dtivith ions and ionic compounds such as salts
(S1.3, S9 and S10) whereas Johnson (2002) argaesndny unacceptable conceptions start

with difficulties concerning ions. Perhaps nobdwhs yet designed probes to investigate the
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suspected and emergent difficulties. In all ofsthecases, researchers need to anticipate
students’ free responses in their interview orrimsent design; probes should not be too

focused.

This analysis has shown that the combined evidémee independent research projects can
give considerable insight into the nature of a studlifficulty. However, if researchers build

upon the existing research using appropriate rekestrategies, many more of the student
difficulties with acid-base species can be esthbtiswith accurate descriptions, and so feed into
appropriate teaching strategies. Ideas of whattitotes acids, bases and neutrality form the
core of acid-base chemistry, on which students Haaie conceptions of acid-base properties.

Difficulties with acid-base properties and processee analysed in the next chapter.
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CHAPTER 7
SYNTHESIS OF STUDENT DIFFICULTIES AND PROPOSITIONAL
KNOWLEDGE REGARDING ACID-BASE PROPERTIES

7.1 INTRODUCTION

Following the difficulties with acid-base speciaggented in Chapter 6, this chapter continues

the critical analysis and synthesis. Here it fesusn difficulties with reactiorthat occur when

acids and bases display characteristic properiiéss is in accordance with Wilson (1998) who

found that mature chemists tend to organise thmiceptions around reactions and processes

rather than other more concrete classification$ siscacid-base species. Accordingly, in this

chapter, | address Research Question 3 whichh#at difficulties do students experience with

acid-base properties?As for Research Question 2, (see Chapter 6), tesddd similar sub-

questions:

3a. What descriptions of difficulties with acid-basegerties can be synthesised from the
existing research data?

3b. How stable are these difficulty descriptions asrd#ferent contexts?

3c. What statements of propositional knowledge are eg¢dd address the difficulties with

acid-base properties?

In the same format as used in the previous chapaédile 7.1 gives an overall summary of the
difficulties. This includes descriptions of eacifffidulty followed by the propositional
statements to which the difficulty mapped (and rtleeirresponding codes), together with the
classification level of the difficulty. These dégptions and propositions were derived by the
mapping and honing process method (see Sectiorend.8.6). The difficulties in this chapter
fall into four sub-categories of acid-base chemjstmamely those concerning physical
properties, chemical characteristics, neutralizatnd finally other acid-base reactions. The
discussion of these difficulty sub-categories, Wwhicllows Table 7.1, differs from that in the
previous chapter because, having no control owecdluirse content in which student difficulties
were identified (see Section 3.5), a large numieimdividual difficulties were identified.
Consequently, in the interests of brevity and toidmonotony for the reader, some of the
analyses are not shown in detail. This was irtstitwhere a difficulty description could be
synthesised from the combined data in a single, stéjich also led in a single step to the
propositional knowledge. On the other hand, whbee evidence for individual difficulties
needed more than one mapping between the desariptid propositional knowledge, the

critical analysis and reasoning are shown in gredgail.
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Table 7.1 Student difficulties and propositional kowledge regarding acid-base reactions

Difficulty Difficulty
number Difficulty Descriptions (In Bold) linked to Propositional Statements (coded) Classification
P1 All acids, pure or in solution, are corrosive or ca “burn”. 4

Properties in concentrated solutions may diffenfithose in dilute solutions. (1.2.0.1)
Some acids can be corrosive and appear to ‘bum’asid eyes. (2.1.1.4)
Citric acid is irritating to eyes and skin. (2.1.8.4)

P2

Acids are poisonous or toxic. 4
Foods often contain acidic substances. (2.1.2.1)

P3

Bases are dangerous 3+

Basic substances are found in cleaning materials asioven cleaner, household ammonia,
household bleach; washing soda,8@; and soap (3.1.2.1)

Alkali is an alternative term for Arrhenius bas8<2(1.1)

P4

P4.1

P4.2

Acids and bases have dichotomous properties 3
Acids and bases have complementary properties0(2)2
As solutions become more acidic the pH decreas8sL{9
As solutions become more basic the pH increas82(9.

All substances are either acid or base. 1
Neutral substances are neither acid nor base (5.1)

Bases are not dangerous. 4

Bases such as NaOH, KOH and ammonia (3.1.1.4.1heaorrosive (or caustic) and appear to
‘burn’ skin or eyes. (3.1.1.4)

Sodium and potassium hydroxides have common naaestic soda and caustic potash
(3.1.1.4.1.1)

Oven cleaner and drain cleaner contain basic sutestssuch as NaOH. (3.1.2.1.1)

P5.1
P5.2
P5.3

Only acidic substances have taste. 1
Acidic taste is called bitter.

Acid solutions taste sweet.

Weakly acidic solutions taste sour. (2.1.1.3), @¢ethons. (2.1.1.3.1) 1
Weakly basic substances taste bitter (3.1.1.3)pas soap (3.1.1.3.1)

P6

Acids are recognized by strong smells 3
Acidic substances may smell ‘sharp’ (2.1.1.5.1) axay make you feel like choking (2.1.1.5.1.1)
Ammonia has a strong pungent smell (3.1.1.5.19lo@s urine. (3.1.1.5.1.1)

P7

Bases do not have a characteristic feel. 1
Weakly basic solutions feel soapy (3.1.1.4.2)

P8

Acidic or basic solutions do not have characteristi properties 3+++
Indicators have characteristic colours in acidid (2.2) or basic solutions. (3.1.1.2)

Acidic solutions have a pH less than 7. (2.1.1.1)

Basic solutions have a pH greater than 7. (3.1.1.1)

P9

Acids and bases have their own characteristic colosi 3+

Indicators are substances that change colour @ircgrH values (6.1.2) and can be added to
solutions of acids and bases (6.1.1)

Indicators have characteristic colours in acidid (22) and basic solutions. (3.1.1.2)

P10

P10.1

pH applies only to acidity. 4
pH is an indirect practical scale (9.2.1) of agidihd alkalinity. (9.2.2)

pH is an alternative method of representing hydndga concentration, [H. (9.4.1.1)

Salt solutions do not have a pH. 2
pH can be found for any aqueous solution, includialgs. (9.1)

NaCl forms a neutral aqueous solution (5.1.2)
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Difficulty Difficulty
number Difficulty Descriptions (In Bold) linked to Propositional Statements (coded) Classification
P11 Acids contain bubbles 3+
P11.1 All acid-base reactions produce gases 1

When acids react with some metals, hydrogen isymed (2.1.1.7) Interim see P19
When acids react with carbonates, carbon dioxigeaduced. (2.1.1.6.2) Interim see P19

When acids react with basic oxides or hydroxidesgases are produced except water vapour.
(2.1.1.6.1) Interim see P19

P12.1 Higher pH shows greater acidity. 4
P12.2 Lower pH's shows greater alkalinity or basic nature. 2
P12.3 Acidic pH is less than 7, but higher pH shows great acidity. 3

pH is an indirect practical scale (9.2.1) of agidihd alkalinity. (9.2.2)

Acidic solutions have a pH less than 7 (2.1.1.1)

As solutions become more acidic, the pH decrea@e8.1)

Neutral solutions have a pH of 7. (5.1.1)

Basic solutions have a pH greater than 7 (3.1.1.1)

As solutions become more basic the pH increas82(9.

pH is an alternative method of representing hydndga concentration, [H. (9.4.1.1)
As [H+] increases, the pH decreases. (9.4.2.1)

As [OHT] increases the pH will increase. (9.4.2.2)

A neutral solution is one where TH= [OH].(5.2)

Hydrogen ion concentration and hydroxide ion cotregion are related by K (9.6.2.1)
K., is an equilibrium constant (9.6.2.1.2), given Ky:= [H"].[OH]. (9.6.2.1.1) at 2%
Ky = 1.0x 1014 (9.6.3.1)

P13 An indicator can test whether an acid is strong oweak. 1
Arrhenius acid-base strength is measured by thdumtivity of their solutions (8.2.3)
Indicators are substances that change colour tircgrH values. (6.1.2)

P14 All indicators change colour at the same pH value 1
The pH range over which indicators change coloeh&racteristic for each indicator. (6.1.2.1)

P15 Neutralization reactions between alkalis and acidproduce insoluble salts 2
During neutralization reactions, cations from tlasdoand anions from the acid form a salt. (7.2.2)
The solubility of salts depends on the particutasiinvolved. (7.2.2.1)

P16 Every neutralization reaction produces a neutral saltion 4

Titrations use neutralization reactions betweenwvadgnt amounts of acids and bases (7.1.3),
which in principle, react completely. (7.1.3.1)

Neutralization reactions result in a solution timay be acidic, basic or neutral. (7.2.3)

When equivalent amounts of a strong acid and aallggstrong base react, the resulting solution
will be neutral. (7.2.3.1)

When equivalent amounts of acid and base of unesfreaigth react, the resulting solution will not
be neutral. (7.2.3.2)

Neutralization reactions between equivalent amoafitgeak acids and strong bases result in basic
solutions. (7.2.3.2.2)

Brgnsted neutralization in water is the reactiomveen HO" and OH ions (7.3.3.1.1) which may
be represented as:;& + OH = H,0 + H,O (10.3.2.1)

If neutralization reactions involves weak acid as® molecules there will be at least two
competing equilibria (7.3.3.1.3)

As a base, acetate ion, Ads stronger than its conjugate HAc is an acid3.@1)

A stronger conjugate base in water will competeHgD® ions (7.3.3.1.3.1)

as shown by: KD(aq) + Ac(aq)= H,O(l) + HAc(aq) (10.3.4.2)

P17 No heat is evolved during neutralization reactionsPR, Heat is absorbed during 2
neutralization reactions

The acid-base neutralization reaction will causenaperature rise (7.1.4)




133

Difficulty Difficulty
number Difficulty Descriptions (In Bold) linked to Propositional Statements (coded) Classification
P18 Strong acids perform better than weak acids. 2

Acid or base strength depends on the chemical @afuthe acid or base. (8.1)

All neutralization reactions produce the same béataction. (7.2.4.1)

The different heat of reaction measured for weadtsais due to the extent of dissociation of
molecules (7.2.4.2)

For acid-base titrations indicators are chosemabthe end-point of a titration is also the
equivalence point. (7.1.3.2) In principle, equérdlamounts react completely (7.1.3.1)

For monoprotic acids, the rate of reaction for akvacid (or base) will be less than from an

equally concentrated strong acid (or base) (7.al8)pough the amount of product produced will be
the same (7.1.6)

P19 Neutralization is mixing, not a chemical reaction. n/a

Neutralization is a process whereby acidic anddmgbstances react chemically to produce new
substances (7.1), which include a salt (7.1.21d;ia aqueous solutions, water is formed.
(7.1.2.2)

Acids and basic oxides or hydroxides react chetyitait produce no gases except water vapour
(2.1.1.6.1)

Acids and carbonates react chemically to also preaarbon dioxide (2.1.1.6.2)
Acids and some metals react chemically to produgataand hydrogen (2.1.1.7)

P20 Acid - base reactions are additive n/a
Neutralization is a double decomposition (or metaib) reaction. (7.1.1)

P20.1 Indicators are necessary for or assist with neutraation. 4
Indicators are used in very small amounts, abalrofs per 100 ml. (6.1.1.2)
Indicators are substances that change colour tircgrH values (6.1.2)

20.2  Acid-base neutralization is neutralization of oppogely charged ions. 4
Electric charge is irrelevant to the acid-base fiomc (10.2.0.1)

Arrhenius neutralization is the reaction betweedrbgen ions and hydroxide ions (7.2) to produce
water (7.2.1)

During neutralization, cations from the base andrafrom the acid form a salt. (7.2.2)

Brgnsted neutralization in water is a reaction betwie;O" and OH ions (7.3.3.1.1) which may
be represented as:;& + OH = H,0 + H,O (10.3.2.1)

P21 Acids are stronger than bases. 3++
Acid or base strength depends on the chemical eafiuthe acid or base (8.1)
Strong Arrhenius acids and bases are fully dissedien solution. (8.2.2.1)
Strong Brgnsted acids are good proton donors. (81&drim, see P24
Strong Bregnsted bases are good proton acceptd3s2)(8.

P21.1 The product of neutralization is acidic 3
Neutralization reactions result in solutions thatyrbe acidic, basic or neutral. (7.2.3)

When equivalent amounts of a strong acid and aalggtrong base react, the resulting solution
will be neutral. (7.2.3.1)

P22 Acids and bases consume each other 1
For acid-base titrations, in principle equivalemoaints react completely (7.1.3.1)
Bragnsted reactions are, in principle, reversible3.gj

Brgnsted neutralization in water is a reaction betwie;O" and OH ions (7.3.3.1.1) which occurs
to a large extent, but not completely (7.3.3.1.2)

Bragnsted acid and base react to form Brgnsted basacioh (7.3)

P23 Conjugate acid-base pairs are both strong or both eak. 2

Strength of acid-base conjugates is complementatsonger acids give rise to weaker conjugate
bases and vice versa. (8.3.3)
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Difficulty Difficulty
number Difficulty Descriptions (In Bold) linked to Propositional Statements (coded) Classification
P24 The Arrhenius model is for strong acids and the Brgsted model is for weak acids. 2

Strong Arrhenius acids or bases are fully dissediat solution (8.2.2.1)
Weak Arrhenius acids are partially dissociatedoilution (8.2.2.2)
Stronger Brgnsted acids are better proton donorswtieaker Brgnsted acids. (8.3.1)

P25.1 All salts have neutral aqueous solutions. 2
P25.2 Sodium chloride does not have a neutral aqueous sitibn.

Salts may have neutral or non-neutral solutionk. 7. 2
Salts where ions are weaker Brgnsted acids or baaesvater will have neutral solutions.
(7.3.3.3.2.1) such as NaCl (5.1.2)
Salts where ions are stronger Brgnsted acids thser wél have acidic solutions. (7.3.3.3.2.2)
Salts where ions are stronger Brgnsted bases thten will have basic solutions (7.3.3.3.2.3)
such as sodium ethanoate (5.1.3.1)

P26 There is no acid-base reaction between water and thens from a salt. 3+

lonic compounds dissociate into cations and anidmen they dissolve in water (8.2.5.1)

If ions are stronger Brgnsted acids or bases théer whey will react with water molecules.
(8.3.5)

Hydrolysis of anions or cations changes thgQH and [OH] (8.3.5.2)
Bragnsted acid-base reactions include hydrolysis3.373)
Hydrolysis is a chemical reaction between an iomofecule and water (7.3.3.3.1)

7.2 DIFFICULTIES WITH PHYSICAL PROPERTIES OF ACIDS AND BASES

This section considers student conceptual diffiesiithat have been identified concerning the
macroscopic, physical characteristics of acidic Aadic substances. The difficulties can be
categorised according to alleged dangers of acidsbases, a dichotomous conception of their

properties and their individual sensory properties.

7.2.1  Conceptions of the danger of acids and bases
Numerous authors highlight a widespread conceptiah acids are dangerous, sometimes in
contrast to the conception of bases. For instarfta (2007) reports that about a quarter of
elementary school students in Taiwan thought atisoluwas harmful if it was an acid.
Additionally, Ogunniyi and Mikalsen (2004) founch# notion that acids are dangerous while
bases and neutral substances are not” among Souitafand Norwegian students. On
examination, these generalizations could be seghratto distinct conceptions, which are

outlined below.

7.2.1.1 Difficulty P1: All acids, pure or in solution, areorrosive or can “burn”.

Several independent studies, among secondary studento Grade 10, report conceptions
which all suggest the corrosive ability of acidmwions (Hand & Treagust, 1988; Nakhleh,
1994; Ross & Munby, 1991; Toplis, 1998; OgunniyiMikalsen, 2004; Lin & Chiu, 2007).

The data support the difficulty descriptiofll acids, pure or in solution, are corrosive orrca
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“burn”. With a stable description across multiple research stuiedifferent contexts, the

difficulty can be classified at Level 4. From thesearch in the reports given above, students

seem to over generalise, as not all acids are siwero Moreover, students appear to make no

distinction between pure acids and solutions ofehe Neither do they distinguish between

concentrated and dilute solutions. Consequently thfficulty maps to the following

propositional knowledge:

« Some acids can be corrosive and appear to burrskineand eyes. (2.1.1.4) (Young,
2003b),

« Citric acid is irritating to eyes and skin. (2.4.B.1) (Young, 2003b).

* Properties in concentrated solutions may diffenfitbose in dilute solutions. (1.2.0.1)

This difficulty may be related to Difficulty S1 comming the lack of distinction which students

make between acids and their solutions (see Segtibh.1).

7.2.1.2 Difficulty P2: Acids are poisonous or toxic

Coupled with the previous difficulty, students htlevels, from junior secondary to tertiary and
even teachers, are fearful about ingesting acigdistances (Crost al, 1986; Ross & Munby,
1991; Toplis, 1998; Demirciu et al, 2004; Ogunniyi & Mikalsen, 2004; Drechsler &
Schmidt, 2005b; Chiu, 2007). The common esselfidbed descriptions isAll acids are
poisonous or toxic.Being found in multiple contexts through indepemidtriangulated studies,

| classified this difficulty at Level 4. It appeathat students are unaware that many foodstuffs
are acidic, which relates to Difficulty S7 conceiaveryday examples of acidic and basic
substances (see Section 6.4.1). In particuladestis may be interested to find phosphoric acid
in the list of ingredients in Coca Cola or thatytheould need to ingest half a kilogram of citric
acid (used in sour sweets) for it to be fatal (Ygu2003b). Moreover, if students believe acids
are corrosive (Difficulty P1 in the previous seabiat is not surprising that they will not ingest
them. The corresponding propositional knowledgdclwhhas already been given in the
previous chapter is:

« Foods often contain acidic substances. (2.1.2.1)

7.2.1.3 Are difficulties P1 and P2 distinct difficulties?

Is it worth separating the difficulties P1 and P2 oeuld they be one difficulty: ‘acids are
dangerous’? If the implications of the studentsogdng are different then according to the
method outlined in Section 4.5 they should be é@aeparately. | first consider the implication
of acids being ‘poisonous’. The word ‘acid’, cainm the 1% century, came from the Latin

word acidusmeaning sour or tart. Consequently, the charattessidic taste is inherent in the
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operational model. Furthermore, an importantigppbn of acid chemistry is in food science.
What is more, this conception misleads students thinking that only acids are poisonous.
Moreover, while many acidic substances are poisgnhis is not necessarily due to their acidic
nature. Secondly, what are the implications alident belief that acids are corrosive? Perhaps
students might think that only acids are corroshence they might misclassify some caustic
bases as acids. In summary, acids are indeed adarsgdout student difficulties with their
corrosive and poisonous properties each have diffezducational consequences, and so they

should be treated as separate difficulties.

7.2.1.4 Difficulty P3: Bases are dangerous

Some junior secondary and elementary studentsassss las dangerous, along with acids. From
the limited data (Toplis, 1998; Chiu, 2007), thesat@tion is not yet entirely clear. Further
research is needed to verify whether studentandigish the two aspects as they did with acids.
Consequently, the classification of the difficulsyonly Level 3+.This difficulty maps to the
following two propositional knowledge statementseth already appeared in the previous
Chapter (see Difficulties S5 and S7):

» Alkali is an alternative term for Arrhenius bas€8.2.1.1)

* Basic substances are found in cleaning materials as oven cleaner, household ammonia,

household bleach; washing sodaG@;, and soap. (3.1.2.1)

7.2.2  The acid-base dichotomy
7.2.2.1 Difficulty P4: Acids and bases have dichotomou®perties
In addition to a conception that bases are harmigishleh and Krajcik (1994) identified acid-
base dichotomy as a major theme of student cormreptivhich they substantiate with student
quotations such as: “if acids are coloured, baseglaar” and: “if acids taste bitter, bases taste
sweet”. Without further analysis | can describe th#ficulty as: Acids and bases have
dichotomous propertiesFrom one comprehensive study the difficulty lsssified at Level 3.
The difficulty description is based at present acmscopic observations; it may also pertain to
student sub-microscopic understanding of acid-sgseems, however no research in this regard
arose in the search of publications (see resul&ah In the interim, the difficulty maps to a
complementary, as opposed to inverse, relationbkiween acidic and basic properties as
shown by the following propositional knowledge:
* Acids and bases have complementary propertie2.0(2)
e As solutions become more acidic the pH decreage8.1)

* As solutions become more basic the pH increase8.2{
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Difficulty P4 is not trivial, as it could inhibitirther conceptual development. In this regard, in
Section 6.5.1.2 it was argued that students resthi=idea of a substance or species being able
to act as both acid and base; that is, being arapbdDifficulty S9). The conception may be
explained by a dichotomous view of acid-base suiosts, which would preclude a substance
falling into both classifications. Further open-eddesearch on Difficulty S9 may show that it
is a sub-difficulty of P4. Other implications dfet Difficulty P4 are given as sub-difficulties

below.

7.2.2.2 Sub-difficulty P4.1: All substances are either acid base.

Arising from the dichotomous view above, studengssify every substance as acid or base.
The description of the difficulty, given above,liased on my own interpretation of the data
from Nakhleh and Krajcik (1994) and consequentbaiinot be classified as more than Level 1,
or Suspected.

* Neutral substances and solutions are neither acaibasic. (5.1)

7.2.2.3 Sub-difficulty P4.2: Bases are not dangerous.

Published research shows students believe baseshitarmless (Ross & Munby, 1991; Nakhleh

& Krajcik, 1994; Toplis, 1998; Ogunniyi & Mikalsei2004). This contrasts so clearly with the

common perception of acids as corrosive or poissntat | believe it arises from the

dichotomous conception. The descriptions in théliphed research map to the following

scientific knowledge related to everyday exampleas safety aspects.

e Oven cleaner and drain cleaner contain basic sutetssuch as NaOH. (3.1.2.1.1)

e Bases, such as NaOH and KOH and ammonia (Youn®a(3.1.1.4.1), can be corrosive
(or caustic) and appear to ‘burn’ skin and eyé&s1.1.4)

» Sodium and potassium have common names causti@sodeaustic potash. (3.1.1.4.1.1)

The propositional statements given above, in tuggssts the sub-difficulty descriptioBases

are not dangerousThis conception has been found in triangulated istudovering four

different cohorts around the world, sodn classify it at Level 4, or Established.
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7.2.3  Difficulties concerning sensory properties of acidi or basic solutions
Three student difficulties (one with sub-difficel$) concerning physical properties of acids and
bases can be described directly from the origieskearch. The research, from which the
descriptions were derived, concerning taste (P5)samell (P6) of acids and feel (P7) of bases,
is summarised below (Table 7.2). For each difficuhe propositional knowledge statements

to which it could be mapped are given below thelence.

Table 7.2 Summary of research on acid-base sensgroperties

Difficulty Difficulty  Classification Reason for Educational level of

number description level classification students Author(s)

P5.1 Only acidic substances 1  Unanticipated data Senior secondary Nakhleh & Krajcik
have taste. Pre-service teachers (1994)

Dhindsa (2002)

P5.2 Acidic taste is called 2 Little research reported, Senior secondary  Ross & Munby (1991)
bitter. could be a language difficultysenior secondary ~ Nakhleh & Krajcik
(Clerk & Rutherford, 2000) Pre-service teachers (1994)
Bradley & Mosimege

(1998)
P5.3 Acid solutions taste 1 Unvalidated MCQ distractor Pre-service teachers adBBy & Mosimege
sweet. (1998)

«  Weakly acidic solutions taste sour. (2.1.1.3), a$ethons. (2.1.1.3.1)
*  Weakly basic substances taste bitter (3.1.1.3Jpas soap (3.1.1.3.1)

P6  Acids are recognized 3 Two studies combinedto  Senior secondary  Ross & Munby (1991)
by strong smells give the same picture Senior secondary  Nakhleh & Krajcik
(1994)
e Acidic substances may smell ‘sharp’ (2.1.1.5.1) avay make you feel like choking (2.1.1.5.1.1)
*« Ammonia has a strong pungent smell (3.1.1.5.1)loa@s urine. (3.1.1.5.1.1)

P7 Basesdonothavea 1 Unvalidated MCQ distractor Pre-service teachers dBya& Mosimege
characteristic feel. (1998)

¢ Weakly basic solutions feel soapy (3.1.1.4.2)

e Corresponding propositional statements shown bedett

Difficulty P6 has the highest classification becawtata from two reports gave a coherent
‘picture’, while the other difficulties all have Wo classifications due to the lack of reported
research data to substantiate coherent difficultgcdptions. In particular, Bradley and

Mosimege (1998) gave no indication of any researttwhich they based distractors used in
two multiple-choice items, resulting in little iigit being gained into the nature of the relevant
difficulties (P5.3 and P7).
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7.3 DIFFICULTIES WITH ACID-BASE CHEMICAL CHARACTERISTIC S

In the previous chapter, Difficulty S1 describeddstuts’ use of an operational model of
properties to define acids and bases (see Secttoh®. Even more fundamentally, research
shows that either students have trouble even résiagnor applying characteristic chemical
properties to classify substances as acid or baséhey do not interpret the observations

appropriately. These two aspects are discusstn ifollowing subsections.

7.3.1 Difficulties with characterising properties of acid-base substances
The idea of chemical properties characterisingsaaiad bases as classes of substances is the
core of an operational model (see Section 3.3.4is $ection shows that some students do not
understand fundamental ideas inherent in chemitdsification, or they might give an

inappropriate meaning to observations of the progser

7.3.1.1 Difficulty P8: Acidic or basic solutions do not havcharacteristic properties.

Research has shown that elementary and junior dacprstudents, and some elementary

teachers, do not know how to differentiate the iaaid basic solutions (Ogunniyi & Mikalsen,

2004; Chiu, 2005). Furthermore, students, evenld" Grade, do not use characteristic

chemical properties such as indicators (Furio-M#éal, 2007) or they suggest inappropriate

characteristics (such as toxicity, corrosive apitit strong flavours) to determine a solution’s

acidity or basicity (Hand & Treagust, 1988; Lin &i@, 2007). The difficulty maps to the

following propositional knowledge concerning essdnthemical properties of such solutions

(Hand, 1989):

e Acidic solutions have a pH lessthan 7. (2.1.1.1)

e Basic solutions have a pH greater than 7. (3.1.1.1

* Indicators have characteristic colours in acididutons (2.1.1.2) and basic solutions
(3.1.1.2)

The research described above was reported as lbarefangulated, and all give a coherent

picture of the conception as described above. Wewehe description still remains vague and

needs sharpening. Consequently, the difficultgsifecation can only remain at Level 3+++.

Further research should probe two aspects: whetheents are unaware of the characteristic

acidic or basic properties or more fundamentalliether they do not realise these properties

can be used for classification purposes. The megetdifficulties add to the latter contention.



140

7.3.1.2 Difficulty P9: Acids and bases have their own chataristic colours

The notion of colour as a property of the acid aséitself, rather than due to an indicator dye

has been reported from two studies, concerningjusecondary students (Botton, 1995) and

senior secondary students (Nakhleh & Krajcik, 1994he difficulty maps directly to the

following propositional knowledge:

* Indicators are substances that change colour &ircgH values (6.1.2) and can be added to
solutions of acids and bases. (6.1.1)

« Indicators have characteristic colours in acididutions (2.1.1.2) and basic solutions.
(3.1.1.2)

Reversing the statements leads to the difficultycdption given above. The classification of

the difficulty description as Level 3+ follows frothis research in two contexts. A practically

based teaching program has been reported as cetgpledrrecting this misconception

(Demircigglu et al, 2005).

7.3.1.3 Difficulty P10: pH applies only to acidity

Student belief that pH only applies to acidity,tég@l of both acidity and basicity has been
reported by five research groups involving workhagtenior students (see Table 7.3 below).
The levels of prevalence are often over 10%, intligaa problem that needs addressing as it

will inhibit student understanding of pH as a cleéedstic of acidic, basic and neutral solutions.

Table 7.3 Research into student conception of pHhtiitation to acids

Incidence Educational level Author(s)

Not applicable Senior secondary Ross & Munby (1991)
19% Senior secondary Sheppard (2006)

17% to 13% Tertiary Crost al (1986; 1988)
Not applicable Tertiary Zoller (1996)

6% Pre-service teachers Dhindsa (2002)

The consistency of these research reports leatlsettioned descriptiorpH applies only to

acidity, and allows the difficulty to be classified at Levkel However, a humber of chemistry
education experts have at times also describedrmplysas a measure of acidity (e.g. Hawkes,
1994; Oversby, 2000a). While undoubtedly theseeggknow that pH also applies to basic or
alkaline solutions nevertheless students appeaeed this tacit knowledge to be made explicit,

as in the following propositional knowledge condegna qualitative meaning for pH:
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e pHis an indirect practical scale (9.2.1) of agichind alkalinity. (9.2.2) (S6renson, 1909;
Hawkes, 1994)

For more advanced students, the following propmsiti statements will contribute a richer

understanding of pH.

« pH is an alternative method of representing hydnoge concentration, [H (9.4.1.1)
(Dhindsa, 2002).

The difficulty has also a corollary given as thédwing sub-difficulty.

7.3.1.4 Difficulty P10.1: Salt solutions do not have a pH

The conception P10.1 has been thinly reported, litile substantiating qualitative evidence
(Bradley & Mosimege, 1998; Demirgitu et al, 2005). Consequently, the provisional
difficulty description given above is classified asvel 2, or Emergent. It maps to the
propositional knowledge below:

e pH can be found for any agueous solution, includialgs (9.1) (Hawkes, 1994).

« NacCl forms a neutral aqueous solution (5.1.2)

The difficulty is likely to follow from the reasomg in Difficulty P10, accordingly it is
considered as a sub-difficulty. Further explonatagsearch should seek to answer questions
such as: Is this conception something to do witkutral’ not registering as pH and does it
pertain to all salt solutions? Or is the diffiqufierhaps a result of students reasoning that only

acids having pH, in which case do students thirdgebalso have no pH?

7.3.1.5 Difficulty P11: Acids contain bubbles

Two research projects have identified a studentception that acids themselves contain
bubbles (Nakhleh & Krajcik, 1994; Erduran, 2003)ldrom these, without further analysis the
difficulty can be described as shown above. Endgraesults complement the triangulated
study by Nakhleh and Krajcik (1994) and so the eption has been found in two contexts,
which means the difficulty description can now blassified as Level 3+, or Partially
Established. Talanquer (2006, p 813) offers an explanation fier difficulty. In his analysis,
students sometimes think “some qualities seeno .extst independently of the entities that
possess them”. Within this framework, the bubbleseathere all along; they were just hidden.
Accordingly, students do not understand the bubdebeing a result of an acid reaction. This
framework of reasoning will also explain the follioyy sub-difficulty. Both P11 and P11.1 map

to the same propositional knowledge statements;iwduie given in the next section below.
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7.3.1.6 Difficulty P11.1: All acid reactions produce gases.

Perhaps having seen bubbles produced in the redmtivveen a carbonate or some metals and

an acid, students may believe that all acid reastjwroduce bubbles. To be specific, research

evidence shows the erroneous belief that a gagvemkiced in the reaction between acid and

metal hydroxide (Ross & Munby, 1991) or acid andahexide (Taret al.,2002). | can only

describe Difficulty P11.1 at Level 1, as there lhaen little controlled research on this aspect.

The following propositional knowledge applies tdtb®11 and P11.1.

« When acids react with some metals hydrogen is mediu(2.1.1.7)

« When acids react with carbonates, carbon dioxigedduced. (2.1.1.6.2)

* When acids react with basic oxides or hydroxides,gases are produced except water
vapour. (2.1.1.6.1)

7.3.2  Difficulties interpreting empirical observations to identify acids and bases
Even if students already understand the notion ladraxcteristic acid-base properties, the
following three difficulties show that they do nioterpret evidence of pH or indicator colour

change appropriately.

7.3.2.1 Difficulty P12: Higher pH shows greater acidity +ower pH shows greater
alkalinity
Three closely aligned sub-difficulties with pH gmeesented under this difficulty; there is not yet
enough evidence to say how or even if, they atetinn students’ minds. In the first case,
there is the notion that higher pH is related teaggr acidity as shown in the Grade 12 student
quotation: “Oh, a strong acid would be more acid&aning probably it has a higher pH” (Ross
& Munby, 1991). Similar ideas were reported amangor secondary students (Toplis, 1996),
senior secondary (Linke & Venz, 1979; Lambert, 20D6ertatanet al, 2007) and pre-service
teachers (Bradley & Mosimege, 1998; Dhindsa (200Erom the results of all these research
projects, the conceptions as described below aigdemty However, the notion for basic
solutions has been less extensively reported (oimke & Venz, 1979; Toplis, 1996) than that
for acidic solutions. Consequently there still adéns a question of whether students in fact
reverse the whole pH scale. Accordingly, | havpasated the conception into the two
descriptions given below, to reflect the dispaitityhe depth of research:
Difficulty P12.1: Higher pH shows greater acidityevel 4, and

Difficulty P12.2: Lower pH’s shows greater alkatinor basic nature; Level 3



143

| suggest that novice students need to integrateettplicit propositional knowledge that
follows:

e pHis anindirect practical scale (9.2.1) of agidihd alkalinity. (9.2.2)

e Acidic solutions have a pH of less than 7. (21).1.

e As solutions become more basic, the pH increasaw/kels, 1994). (9.3.2)

* Basic solutions have a pH of greater than 7. 131].

e As solutions become more acidic, the pH decreddaakes, 1994). (9.3.1)

« Neutral solutions have a pH of 7 (Dhindsa, 2002).(5

Both these sub-difficulties could simply be mistakghat is simply ‘forgetting’) which are
easily corrected (Abimbola, 1988). However, thstfdifficulty was identified among senior
students so it is likely to be deep-seated, perfajmwving from the belief that pH only applies
to acids (see Section 7.3.1.3) along with the Iséarimore A, therefore more B’ reported by
Stavy and Tirosh (2000). This reasoning might deeeply ingrained that when students learn
that pH also applies to bases, they simply revénsereasoning for bases. The next sub-

difficulty indicates a transition stage before gestific conception is achieved.

7.3.2.2 Difficulty P12.3: Acidic pH is less than 7, but higer pH shows greater acidity

Bradley and Mosimege (1998) reported responses ultiphe-choice item from pre-service
teachers. These authors asked students to chomseost acidic solution from those with a pH
of 3,4, 6, 7or 9. Instead of the correct optidr3, or perhaps the highest option, 9, indicating
Difficulty P12.1, about 10% of the students chdse aptions of 6 or 7. The students appear to
still believe that a higher pH shows greater agidihile also knowing the scientific principle
that (at 28C) acidic solutions have pH less than 7. Accorgintpis difficulty can map to the
same propositional knowledge already used for @ifty P12. Similar conceptions are
reported by Dhindsa (2002), also from pre-servieachers, that is older students, lending
weight to my conjecture that this is a transitianliminal (Perkins, 1999) stage for students.
Both Grayson (1996) and Hammer (2000) view suclsiagtion as a resource for learning,
rather than a concept to be substituted. Thereforis frustrating that neither Bradley and
Mosimege (1998) nor Dhindsa (2002) explores thi§iddity P12.3 any further, leaving it with

a low classification of Level 2, or Emergent. histregard, some questions remain unanswered,
for example, do these students conceive the pHasicbsolutions scientifically or as for
Difficulty P12.2? Further research should continoeise open-ended techniques to probe the

nature of the sub-difficulty.
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7.3.2.3 Difficulty P13: An indicator can test whether an &tis strong or weak.
Bradley and Mosimege (1998) report a student diffjcdescribed as above, concerning the
role of indicators. Being unanticipated data fagke quotation) in response to an open-ended
question | class the description as Suspected wvell’e  While historically indicators were
used to rank the strength of acids and bases beaditbeir different colour transition points
(Szabadvéary, 1964), this role has become obsoleith wlectrolytic measurements.
Accordingly, the difficulty maps to the following@positional knowledge.

e Indicators are substances that change colour t@ilcgrH values. (6.1.2)

e Arrhenius acid or base strength is measured byctmuctivity of their solutions

(8.2.3)

7.3.2.4 Difficulty P14: All indicators change colour at theame pH value
Some students thought that any indicator was eggeict change colour when the pH was 7,
while others insisted this colour change would happen until the solution became acidic,
although no further details are given (Sheppard6R0Uhis difficulty description could explain
why 70% of the students in Bradley and Mosimeg&%98) study (see Difficulty P13 above)
were unable to predict which indicator to use ftvations with different combinations of acid-
base strength. Being based on my own interpretafiethe data, | only classify the difficulty as
Level 1, or Suspected. It maps to the propositiknawledge below:

» The pH range over which indicators change cologharacteristic for each indicator.

(Szabadvary, 1964). (6.1.2.1)

7.4 DIFFICULTIES WITH ASPECTS OF NEUTRALIZATION REACTIO NS

In the matter of neutralization reactions betweeitlsaand bases, as in the previous section,
students do not make appropriate links betweenrgrapobservations and theoretical concepts.
The difficulties in this section concern macroscopbservations as well as interpretations of

these observations.

7.4.1 Difficulties with macroscopic aspects of neutraliation reactions
The difficulties described in this sub-section eeflinappropriate empirical observations of a
product of neutralization reactions, the neutrafity otherwise) of the end-point and heat of

reaction
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7.4.1.1 Difficulty P15 Neutralization reactions between alks and acids produce insoluble
salts

The conception above has been reported by éfaal. (2002) but not pursued further. As a

result, the difficulty is classified as Level 2, Bmergent. At this stage, not knowing the cause

of the conception, the difficulty maps to very gexd@ropositional knowledge, given as:

« During neutralization reactions, cations from tlasdoand anions from the acid form a salt.
(7.2.2)

* The solubility of salts depends on the particutausiinvolved. (7.2.2.1)

7.4.1.2 Difficulty P16: Every neutralization reaction prodtes a neutral solution
The description of the misconception published “&Bvery neutralization reaction yields a
neutral solution” comes from comprehensive resedadtribed is sufficient detail to show that
the misconception exists in different chemical eats, and among several different student
cohorts (Schmidt, 1991; 1995). Consequently jgassible for a single comprehensive research
study to ‘move’ a description of a student conaaptight through the classification framework
up to Level 4. This research was evaluated asgbefirhigh quality (see Section 5.4.1) as it
started appropriately with free-response intervieady later becoming more focused, and
furthermore it involved large numbers of studemtsf different educational cohorts. Schmidt
(1991) attributes the conception to the word ‘naigation’ becoming firmly entrenched before
students are introduced to weak acids and basdsait was termed a “hidden persuader”. In
this regard, the propositional knowledge given akiNeh and Krajcik (1994) is of concern.
They state that: “Acids react with bases to foreak; this is called a neutralization reaction. In
aqueous solutions, water is often formed”. Thersdgroblem with these statements but then
they continue: “this occurs at pH 7”. Their resdacontext included both weak and strong
acids, so the pH of the end point would not alwagge been 7. Such propositional knowledge
iIs misleading. | sought appropriate propositigtatements in the macroscopic domain (as
given below) because students are likely to en@umeutralization reactions before they are
familiar with ions.
« Titrations use neutralization reactions betweenivadent amounts of acids and bases
(7.1.3), which in principle, react completely. (B1)
« Neutralization reaction results in a solution thraty be acidic, basic or neutral. (Schmidt,
1991) (7.2.3)
* When equivalent amounts of a strong acid and aallgstrong base react, the resulting
solution will be neutral (Schmidt, 1995). (7.2.3.1)
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* When equivalent amounts of an acid and base ofuatestfrength react, the resulting
solution will not be neutral (Schmidt, 1995). (3.2)

« Neutralization reactions between equivalent amouahtseak acids and strong bases result
in basic solutions. (Drechsler & Schmidt, 2005)2(3.2.2)

In describing his work, Schmidt gives propositiokalowledge in more abstract terms of

hydrogen and hydroxide ions suitable for more adedrstudents. Accordingly, the statements

given below, which are based on Nakhleh and Krgjt894) and Schmidt (1997) reflect these

more sophisticated ideas.

» Brgnsted neutralization in water is the reactiotween HO" and OH ions (7.3.3.1)
represented by 40*(aq) + OH(aq)= 2 H,0O(l) (10.3.2.1)

» If neutralization reactions involves weak acid as®é molecules, there will be at least two
competing equilibria (7.3.3.3.1)

* As a base, acetate ion, Ats stronger than its conjugate HAc is an a@d.3.1)

« A strong conjugate base will compete for;(H ions (7.3.3.3.1.1) as given by:
HsO"(aq) + Ac(ag)= H,O(l) + HAc(aq) (10.3.4.2)

7.4.1.3 Difficulty P17 No heat is evolved (OR Heat is allsed) during neutralization
reactions
Results from two research groups indicate difficudtmong senior secondary and tertiary

students with the observation that heat is reledseidg an acid-base reaction (see Table 7.4).

Table 7.4 Research concerning heat of reaction fa@cid-base reaction

Assertion Percentage of Educational level Authors
students in agreement of students
with assertion

There is a temperature change when a 41 T'year university  Crost al. (1986)
solution of a base is added to an acid

There is a temperature change when a 47 After lyear at Croset al (1988)
solution of a base is added to an acid university

In the acid-base reaction there is 29 Senior secondary  Vidyapati &
evolution of heat Seetharamappa (1995)
In the acid-base reaction there is 15 Senior secondary  Vidyapati &
absorption of heat Seetharamappa (1995)

All three publications mentioned above report oghly focused research probes in a true/false
format. Furthermore, not one report gives qualaevidence to substantiate the authors’
descriptions. In particular, Cres$ al. (1986) do not show how the student response (sefao

the statement about temperature change (thatrisase or decrease) can be interpreted to show

that students believed “no heat was evolved” (thanly temperature increase). By contrast,
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the two possibilities (evolved and absorbed) amonted by Vidyapati and Seetharamappa
(1995). Correspondingly, the difficulty descriptigiven above allows for either alternative.
Due to the narrowness of the research probes @&ndugstionable interpretation by Cretsal.
there needs to be more investigation into this eption and the difficulty can only be given a
low classification of Level 2 or Emergent. In theerim, the propositional statement below
indicates the knowledge which | have introducedstodents though practical work with
relatively concentrated solutions of 1 mol:@m

« The acid-base neutralization reaction will causenaperature rise. (7.1.4)

7.4.2  Difficulty interpreting observations of neutralization reactions
7.4.2.1 Difficulty P18: Strong acids perform better than \ak acids.
Several studies concerning conceptions of diffeempects of the reaction of weak and strong
acids suggest a student notion that strong acitgedorm weak acids. In particular, various
authors have claimed that students believe thagnvdompared with weak acids, strong acids
will react faster, or require more of the otherctaat, or produce more product or release more
heat during the reaction (see Table 7.5 which ¥elo There were no studies on the

corresponding conception for bases.

Table 7.5 Research information on conceptions of germance of strong and weak acids

Reported conception Educational  Research information Authors
level of published
students
The difference between a strong acid and a weak Grade 10 No details of interview Hand &
acid is that strong acids eat material away faster protocol or quotations Treagust (1988)
than a weak acid.
A weak acid cannot perform in any way as well as/&fter 1 year No details of interview Croset
strong acid. university protocol, unsubstantiated al.(1988)
interpretation
More hydrogen gas is displaced from a strong acidsrade 12 Interview protocol given Ross & Munby
Student quotation given  (1991)
Strength of acid or base is “how powerful or Grade 10 Interview protocol given Sheppard
reactive the substance was” but no quotations (2006)
The strong electrolyte requires more moles for its Grade 12 Matched pair of MCQ’'s  Demeroutiet al
neutralization ...because we have a strong acid and with open-ended (2004)
a strong base. justification of choice

given but no quotations

The summary in Table 7.5 shows that the researshoian thinly reported, for instance only
Ross and Munby (1991) give student quotations fgch'a strong acid...reacts more greatly
with other substances than a weak acid” to subatartheir claims. Moreover, Creg al.
(1986) do not report investigating other aspectshef reaction besides heat of reaction (see
Difficulty P17 above), and show no further eviderfoe the broad generalisation about all

aspects of the reaction which they give. Howetlegir description is borne out by the other
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research and suggests the commonalty across ttiesereports, so | used it for the description

given above. Classification of the difficulty remains at a loevel of 2, or Emergent, because

of the thinly reported research. Further researcbldc illuminate what aspects of the
performance of weak acids students have in mingdhather they are confusing the concepts of
rate of reaction and amount of products (Banerfg¥1). Provisionally, the conceptions
reported above map onto propositional knowledgé witommon theme of clarifying that weak
acids are not different to strong acids in termarabunt of product or energy released.

« Acid or base strength depends on the chemical eafuthe acid or base (8.1).

e All neutralization reactions produce the same liaeaction (based on Arrhenius, 1912).
(7.2.4.1)

* The different heat of reaction measured for weadtsais due to the extent of dissociation of
molecules (based on Arrhenius, 1912). (7.2.4.2)

« For monoprotic acids, the rate of reaction for akvacid (or base) will be less than from an
equally concentrated strong acid (or base) (7.al#)pugh the amount of product produced
will be the same (7.1.6)

» For acid-base titrations indicators are choserhabthe end-point of a titration is also the

equivalence point. (7.1.3.2) In principle, equerglamounts react completely (7.1.3.1)

7.4.3  Difficulties with the nature of reactions in acid-base chemistry
The conceptions discussed in this section represtadent difficulties in explaining the nature
of a chemical reaction. Some of the difficultiesflect conceptions about fundamental
principles in chemistry and for this reason, itnappropriate to classify them only in the acid-

base context.

7.4.3.1 Difficulty P19: Neutralization is mixing, not a chaical reaction.

The conception described above had been shown dyypahd (2006) where 37.5% of the Grade
10 students held the idea that a neutralizatiosticga was a physical mixing rather than a
chemical reaction due to interaction between dagic These students could neither name the
new product nor give any equations; furthermoreytimade particulate drawings showing
unreacted chemical species. Nakhleh and Krajc#93) report a similar conception. The
evidence in the two reports above, for the acicelamtext, comes from students towards the
end of high school but Talanquer (2008) reportspiesistence of such naive understanding of
chemical reactions even after a semester of uniyershemistry. Consequently, the
propositional statements concerning chemical reastithat were given earlier for P11 (see

Section 7.3.1.5 e.g.: “When acidic substances redtht carbonates, carbon dioxide is
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produced”) have been subtly rephrased, as giveawhdo indicate that a mutual reaction

between two substances produces the new subst@®eause the difficulty is not unique to

acid-base chemistry, it is inappropriate to clasig difficulty only in that context.

* Neutralization is a process whereby acids and basast chemically to produce new
substances. (7.1)

e Acids and carbonates react chemically to produdesocedioxide. (2.1.1.6.2)

» Acids and some metals react chemically to produsataand hydrogen. (2.1.1.7)

* Acids and basic oxides react chemically, but predmo gases except water vapour.
(2.1.1.6.1)

7.4.3.2 Difficulty P20: Acid-base reactions are additive

Sheppard (2006) reports a conception in which sstwdents “described the formation of new
products by the addition of an acid species tos Ispecies”. Moreover, students’ drawings of
sub-microscopic representations frequently showase bparticles simply attached to acid
particles. Nakhleh and Krajcik (1993) identifieadndar conceptions from student interviews.
Furthermore, in the light of Talanquer's (2008)ea<h, the difficulty is probably closely
aligned to students using an additive, rather tharemergent framework. In such a case,
students conceive the properties of the reactartte the sum of the properties of the reactants,
rather than new emergent properties. Accordintlg, difficulty is not classified only in the
acid-base context here. The following propositickmowledge from Nakhleh & Krajcik (1993)
is nevertheless useful:

* Neutralization is a double decomposition (or medais$) reaction. (7.1.1)

The following discussion shows two sub-difficultidsat arise from the difficulty which are

particular to acid-base chemistry.

7.4.3.3 Sub-Difficulty P20.1: Indicators are necessary for assist with neutralization

Within an additive framework for chemical reacti®gtadents will not accept the production of
new substances with new properties, as might bectlet by means of indicators. Instead they
assign another role to indicators, which is thatthssist with neutralization. This conception
has been shown among junior secondary studentso(Bat995), senior secondary students
(Nakhleh & Krajcik, 1994) and pre-service teachéBsadley & Mosimege, 1998)The
consistency behind the three reports and corrobosatrom Demirciglu et al (2005) together
allow me to classify the difficulty at Level 4, gas now Established. These students may have
been taught that an indicator is a weak acid oe lfgcNaught & Wilkinson, 1997), which in

molecular or ionic form shows a different colourgBadvary, 1964). If this is the case, students
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also need to know that, in practice, negligible ams of indicators are used. In this regard,
Demircigglu et al. (2005) report that the incidence of the diffiguiteduced from 34 to 14%
through conceptual conflict strategies and prac#agarcises. Based on the argument above, |
include the following specific propositional statemtx
* Indicators are substances which change colourrtgicgH values. (6.1.2)
« Indicators are added in very small amounts, abodtops per 100 ml (Vogel, 1961).
(6.1.1.2)

7.4.3.4 Sub-difficulty P20.2: Acid-base neutralization is eatralization of oppositely
charged ions.
When investigating student conceptions of conjugaid-base pairs, Schmidt (1995) found a
common idea that neutralization involves positivel aegative ionic charges neutralizing each
other, as for example in the student quotation: ;Nkas protons in excess and HS®@as
electrons in excess, that means it lacks protondSQ~ and NH' seem to belong together, as
if they somehow neutralized each other.” From 1897 interpretation of the set of data,
Schmidt argues: “Apparently they looked for postiv and negatively charged ions ...
assuming that they could somehow neutralize eabbrdt The research presented here is
sufficient in itself to classify the difficulty dedption at Level 4 as it has been established in
multiple chemical contexts through research amoagyndlifferent students groups in Germany.
Schmidt’'s description is consistent with later egsl into the same conception (Lént al.,
2004; Drechsler & Schmidt, 2005b; Lin & Chiu, 200Furi6-Maset al., 2007). Brgnsted
(1923) appears to have already anticipated sudffieutty, as he clarifies: “Electric charge is
irrelevant to the acid-base function.” Student®reafore, need to integrate the following
propositional knowledge (see also Schmidt, 199XKkhMdn & Krajcik, 1994; Ouertatargt al,
2007):
* Electric charge is irrelevant to the acid-base fiomc (10.2.0.1)
* Arrhenius neutralization is the reaction betweedrbgen ions and hydroxide ions (7.2) to
produce water. (7.2.1)
< During neutralization reactions, cations from tlasdoand anions from the acid form a salt.
(7.2.2)
« Brgnsted neutralization in waterz® and OH ions tend to neutralize each other (7.3.3.1)
which may be represented asH + OH = H,0O + H,0. (10.3.2.1)
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7.4.3.5 Difficulty P21: Acids are stronger than bases
Research shows that students believe bases amentligaveaker than acids, as shown by the
following quotation from a Grade 11 student: “Bases not strong” (Nakhleh & Krajcik,
1994). Very similar evidence is also reported msfRand Munby (1991), Toplis (1998) and
Sheppard (2006). All this evidence shows thatesttslare sometimes unaware that both acids
and bases can be strong. Consequently, withatiefiuanalysis, the description of the difficulty
given above can be classified at Level 3++ or Rbrtiestablished in more than one context.
The conception maps directly to the following prsitional knowledge:
« Acid or base strength depends on the chemical eatuthe acid or base. (8.1) (Furio-Mas
et al.,2007)
e Strong Arrhenius acids and bases are fully dissediam solution. (8.2.2.1) (Ouertatast
al., 2007)
» Strong Brgnsted acids are good proton donors.1(8(Garr, 1984)
e Strong Brgnsted bases are good proton acceptad@2)8Carr, 1984)

A possible source of the difficulty is studentsthibtomous view of acids and bases (See P4 in
Section 7.2.2) and accordingly the difficulty ist igiven a separate classification. Alternatively,
the source may lie within the teaching curriculutmene the operational model defines an acid
in terms of its ability to release hydrogen fronrtigallar metals; while a base is almost an
adjunct with no character of its own — it is simphymething that an acid tends to neutralize. In
this regardSolomonidou and Stavridou (2000) have shown thatestts think that substances
have ‘relative’ properties and that the strongdrssance would act on the weaker, without itself
being affected. In the context of acids and baskeglents may think that acids act on bases,

rather than a reaction being a mutual interactisrshown in the sub-difficulty below.

7.4.3.6 Sub-difficulty P21.1: The product of neutralizatiois acidic

As reported by Sheppard (2006)™@rade students (12.5% incidence) considered aasds
inherently more powerful than bases, leading alwysn acidic product of neutralization
reactions. The context he used was a titration éetvthe strong acid HCI and the strong base
NaOH where the product would be neutral. The diffy maps to the following propositional
knowledge:

* Neutralization reaction results in a solution timaty be acidic, basic or neutral. (7.2.3)

* When equivalent amounts of a strong acid and aallgstrong base react, the resulting

solution will be neutral (7.2.3.1).
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With evidence from only one controlled study, thé-glifficulty is described at Level 3. It
needs to be confirmed in other chemical contexdghaps varying the relative strengths of acid

and base.

7.4.3.7 Difficulty P22: Acid-base reactions proceed to colmsfion
Two reports show the following similar student cepitons:
“The base took over the acid” (Erduran, 2003).

“In all neutralization reactions, acid and base consume each other completely”
(Demircioglu et al., 2005).

Is this in fact a problematic conception? Neutetlan had originally meant that acid and base
consumed each other so that neither acidic not lpasperty remained (Kauffman, 1988) and
this remains acceptable today within an operationatlel (Drechsler & Schmidt, 2005b), as
used for titrations (de Vos & Pilot, 2001). Withodern knowledge of reversible reactions,
Schmidt (1997) clarifies that because somieaHd OH ions remain, “Acid and base do not
consume each other completely; they react to at greent.” Moreover, in the Brgnsted
reaction scheme (Equation 3.9 in Figure 3.1, pafe“dcids and bases never disappear. An
acid reacts with a base forming another acid arsg’béDrechsler & Schmidt, 2005a)The
following propositional knowledge reflects the amgent above:

« For acid-base titrations, in principle, equivalantounts react completely (7.1.3.1)

* Brgnsted acid and base react to form Brgnsteddrabacid (7.3)

* Brgnsted reactions are in principle reversible3.¢).

Furthermore, a statement given for a previousdiffy (P20.2) is modified:

« Brgnsted neutralization in water;® and OH ions tend to neutralize each other to a large

extent, but not completely (7.3.3.1)

By reversing the propositional statements, theialiffy description as given above can be

derived. However, there are certain problems wlith two research reports on which this

description is based. In the first report, Erduf2003) makes no claims about the unanticipated
student quotation representing a typical concepaond in the second Demirgla et al (2005)

do not substantiate their claim with qualitativaadaConsequently, the difficulty can only be

classified as Level 1, or Suspected. Future reBazeeds to find out whether students carry

the assumptions from an operational model throagdquilibrium systems.
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7.5 DIFFICULTIES WITH OTHER ACID-BASE REACTIONS

7.5.1 Difficulties with acid-base strength
7.5.1.1 Difficulty P23: Conjugate acid-base pairs are bostrong or both weak.
While reporting on a study of students’ ability smlve problem concerning chemical
equilibrium, Camacho and Good (1989) give a quomatf| think the weak acid produces the
weak base.” This statement maps to the proposltloraviedge:
» Strength of acid-base conjugates is complementéironger acids give rise to weaker

conjugate bases and vice versa. (8.3.3) (Kolb, 1988.3)

The difficulty can be described as in the headingva. Having arisen from only one source of
data in one investigation, the difficulty is cldisi as Level 2, Emergent. A report on student
difficulties with buffer systems (published moreeatly than the dates used to screen reports
for the current analysis, see Table 4.1) confitiest tertiary students misunderstand the

reciprocal acid-base nature of the conjugate @aigi(l & Sutherland, 2008).

7.5.1.2 Difficulty P24: The Arrhenius model is for strong@ds and the Brgnsted model is
for weak acids

When asking students multiple-choice items conogriihe common ion effect, Demeroeti

al. (2004) found that 13% of the Greek students sdechose the pair GBOOH/HCI as a
non-example of a common ion system. The authoigeth this was “because they used the
Arrhenius model for strong acids and the Brgnstedsly model for weak acids.” However, no
qualitative data was given to justify the claim,is@s classified at Level 2 or Emergent. The
definitions for strength of acids in both modelsrevalready given under Difficulty P21 (see
Section 7.4.3.5). These are now modified to shuat both models contrast weak and strong

acids.

e Strong Arrhenius acids or bases are fully dissediat solution (8.2.2.1)
* Weak Arrhenius acids or bases are partially disgediin solution (8.2.2.2)

» Stronger Brgnsted acids are better proton donarsweaker Brgnsted acids (8.3.1).

7.5.1.3 A saltis not a product — inappropriately reported a misconception

Ross and Munby (1991) report as problematic an pleamf a student who was unable to
identify one of the products of neutralization assalt. This is similar to Bradley and

Mosimege’s (1998) assertion that students wereriacbif they did not choose the multiple-

choice response: “Bases react with acids to forits"salt appears that for this concept both
pairs of authors only had an operational model indmnwhereas many other items in Bradley

and Mosimege’s questionnaire frequently solicitedwledge of the theoretical Arrhenius and
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Brgnsted models rather than the operational modeébnsequently, students would have been
correct if they had applied the Arrhenius or Bredsiodels, neither of which focuses on the
formation of a salt. However neither report stateertly which model was expected in this
case, and neither shows evidence of solicitingsthdents’ frame of reference. Consequently,

this is inappropriately reported as a misconception

7.5.2  Difficulties with hydrolysis
When salt dissolves in water, the resulting sofutitay be non-neutral if either anion or cation
undergoes hydrolysis. Difficulties recorded witlistobservation and with explanations of it in

sub-microscopic terms are described next.

7.5.2.1 Difficulty P25 concerning macroscopic aspects ofdmglysis

Difficulties with predicting observations of neutta (or otherwise) of salt solutions are shown
by the student quotation: “Salt is neutral ...becatse only a salt. If it was acidic or basic,
then we should call [it] acid or base, not salt'n@basi, 2007) and quantitative data on student
estimates of the pH of a solutions of sodium chkeriand sodium ethanoate (Bradley &
Mosimege, 1998). Both reports, however, give é&itails of the research. Consequently the
descriptions are both classified at Level 2. Beeaof the scant research, | have considered
these to be sub-difficulties concerning macroscopgervations of the neutrality (or otherwise)
of aqueous solutions of salts, described as follows

Difficulty P25.1: All salts have neutral aqueous lsions.

Difficulty P25.2: Sodium chloride does not have @utral agueous solution.

Further research may indicate that they are sepdifiiculties, if it shows two distinct patterns
of students’ thinking. The following research qumst could be addressed: “Do students
believe all salts have neutral solutions or onlgnsf them?”and “On what basis do students
make these predictions?” In the interim, | proptiest practical exercises are used to introduce
and develop the following propositional knowledgestudents:

e Salts may have neutral or non-neutral solutionk. 8.

* NacCl forms a neutral aqueous solution. (5.1.2)

¢ Sodium ethanoate will have basic solution (5.1.3.1)

Research by Lin and Chiu (2007, p 793) showed suame students relied on statements
concerning the strength of acid and base from whishlt was derived as an end in themselves
to predict acid or base character of solutionsatifs The authors termed this student model, the

“pithy formula model”’. The problem highlights thmportance of such knowledge being
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taught in a meaningful way, otherwise students maynorize little more than a mnemonic. A
meaningful explanation and prediction of hydrolysifects demands understanding the system

of ions in water and so necessitates propositiomaivledge such as follows:

» Salts where ions are weaker Brgnsted acids oslihae water will have neutral solutions
(7.3.3.3.2.1)

e Salts where ions are stronger Brgnsted acids thaterwwill have acidic solutions.
(7.3.3.3.2.2)

» Salts where ions are stronger bases than watehavit basic solutions (7.3.3.3.2.3)

7.5.2.2 Difficulty P26: There is no acid-base reaction baten water and the ions from a
salt.
Two research reports give evidence of senior seargrgetudent poor conceptual understanding

of hydrolysis of ions at sub-microscopic level (3edble 7.6 below).

Table 7.6 Summary of research on sub-microscopic derstanding of hydrolysis

Reported conceptions Incidence  Acceptable concegpti Authors
The whole salt undergoes hydrolysis. 45% The ions undergo hydrolysis. Furi6é-Maset al.

(2007)
Students do not appear to know the cause oNot given  Hydrolysis is due to proton transfer Furié-Maset al.
hydrolysis. between HO molecules and cations (2007)

or anions

Aqueous solution of NECI would contain 27%to  Greater concentration of8*, so  Schmidt (1991)
equal concentrations of;8" and OHions 28% solution is acidic
and would consequently be neutral
Aqueous solution of sodium acetate 25%to  Greater concentration of Okbns, Schmidt (1991)
(ethanoate) would have equal concentration 28% so solution is basic.

of H;O" and OHions and would
consequently be neutral

From this research it is evident that some studbéate a poor understanding of what is

hydrolysed, how it is hydrolysed, the consequemtdéle hydrolysis on the ions in solution and

hence the acid-base nature of the resultant solutibhe difficulties in Table 7.6 map to the

following propositional knowledge:

* lonic compounds dissociate into cations and anidmsn they dissolve in water. (8.2.5.1)

e If ions are stronger Brgnsted acids or bases ttarwthey will react with water molecules.
(8.3.5)

* Hydrolysis is a chemical reaction between an iomolecule and water (7.3.3.3.1)

* Brgnsted acid-base reactions include hydrolysis3.3.3)

« Hydrolysis of anions or cations change theQH and [OH] (8.3.5.2)
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It is difficult to encapsulate this difficulty iretms of the original research findings, but the
propositional statements reveal the missing idem m@faction between ions are water, leading to
the description as given above. The difficulty baen shown in different German and Spanish
cohorts, but the description given here needs tcopdéirmed, it is classified at Level 3+, being
only partially established. Schmidt's data al$mves that there was a close relationship
between this conception and that for predictingtradity (or otherwise) of the titrations

between corresponding acids and bases, descriligiffiaslty P16 in Section 7.4.1.2.

7.6 SUMMARY AND DISCUSSION

From the analysis and synthesis in this chapterféHewing research findings concerning

student difficulties with acid-base properties agactions are evident:

e This chapter has identified twenty six individudffidulties (eight of which included sub-
difficulties) concerning student conceptions ofdalsase properties and reactions.

* The difficulties mapped to a total of 105 propasitl statements, of which 11% had been
introduced in the previous chapter.

« Eighteen of the difficulties involved macroscopg&pacts of propositional knowledge. Of
these, five difficulties implicated concepts whishould also be understood on sub-
microscopic or symbolic levels.

* The difficulties involving macroscopic understargliof acids and bases were identified
among students at all educational levels — froniojusecondary to tertiary — as well as
pre-service and in-service teachers.

« A further eight difficulties mapped to proportionkhowledge which was entirely
theoretical, involving the nature of models or soioroscopic and/or symbolic
understanding. These difficulties were identifiathong senior secondary or tertiary
students.

« Of the 26 difficulties and eight sub-difficultiegstribed, eight are classified at Level 4, ten
each at Levels 3 and 2, with nine still only at &et. There were two difficulties where a
classification was inappropriate.

As in the previous chapter, the critical analysesf@grmed in this aspect of the study has

implications for teaching and learning. It alsowk some challenges for future research. These

are briefly discussed here as this important topéeives more extensive coverage in the final

two chapters (9 and 10).
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As in the previous chapter, the majority (nearl96j®f the difficulties identified in this chapter
confirm a lack of integration of empirical macropa observations into student conceptual
frameworks. This is shown by 19 difficulties: P1 R48 and P25. The evidence of such
widespread difficulties, sometimes among seniodestts, suggests that chemistry education is
becoming too theoretical and decontextualised. &&vantage of teaching macroscopic
observations through a study of acidic, basic amdgtral household products could be to put
chemistry in context, thereby relating it to eveydlife and fostering more realistic
understanding of safety issues (see P1 to P4). hdramore, Furi6-Ma®t al (2005) found
little evidence of textbooks incorporating macrgscacid-base behaviour as an introduction to
theoretical models, although “this is the problémattthe Arrhenius and Brgnsted theories must
solve” (p 1353). It is therefore likely that studg€ntheoretical ideas have not been well
grounded in empirical evidence. For example, tk@amation of hydrolysis should be driven
by observations of trends in neutral and non-négwhutions of salts. Both Difficulties P25
and P26 show this is not so, and students areifgpfiacts and explanations in isolation.
Furthermore difficulties with salts, (P15 and P25)ldobe due to an overemphasis on the

theoretical Brgnsted model, wherein salts as ptsdefneutralization reactions are irrelevant.

Two categories of difficulties revealed in this ptex indicate problems with more fundamental
chemistry than acids and bases. To be specifasses of substances characterized by
properties (P8 to P11) and the nature of the niatmn reaction (P19 to P22) can be seen as
threshold concepts (Meyer & Land, 2006; Perkins §12®06a; 2006b), in that they underpin,
and are essential pre-requisites for learning hid¢gweel concepts. According to these authors
threshold concepts are transformative and integratnabling a student to understand the
subject discipline in a new and possibly irrevdesilvay. Moreover, they are frequently
troublesome. In particular, the notion of cherhichange has been well documented as
problematic (Johnson, 2002). However, accordingjand et al (2006), mastering threshold
concepts takes time and repeated engagement wittotitept from several perspectives. In this
regard, de Vos and Verdonk’s articles (1985a; 198886; 1987a) show a sequence of
conceptual conflict strategies appropriate forsigvig the idea of chemical change in a variety
of contexts. It follows that the context of acidse chemistry could also provide similar
potentially transformative points, which curriculyslanners can exploit in order to enhance
understanding of the nature of chemical change thiBoend, acid-base substances can be used
to learn classification through characteristic mies, such as in the sequence used by
Solomonidou and Stavridou (2000) and the new saobstaproduced and the energy changes

could be used to show chemical change.
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More difficulties had been identified in this chapthan in the previous chapter. However, only
about a quarter of difficulties have been thorowghtsearched to give an established
description at Level 4 which is a smaller propartthan was found in Chapter 6. Therefore, it
appears that not only do students have more difiésuwith acid-base properties than with the
actual species, but also researchers have notdyaimenuch insight into these difficulties.
Research practitioners should, once again, take abdifficulties where further research is
needed. For example, there is very little knowousbhow students conceive the function of
indicators (P13 and P14) or about the conceptiahdhid and base consume each other (P22).
Both these difficulties are merely suspected bweheonsiderable impact on future learning.
Difficulties with emerging descriptions include thmncept students have about heat of
neutralization. In this regard, the research fo¥ Blonly vague because we do not know
whether they are unaware of any energy changesyhether they think heat is absorbed.
Numerous other difficulties have Level 3 descriptio These partially established difficulties
need further studies, either to clarify or confiescriptions in other contexts. In particular, the
difficulty which students have identifying acidingbasic characteristics (P8) has been reported
frequently, yet still has an extremely vague dggiom. It remains to be seen whether the
research community rises to the challenge of ingatihg these more abstract ideas of acid-

base properties and processes, to achieve moré 4 elfficulty descriptions.

For the eight difficulties with Level 4 descript®nfurther research merely showing the
existence of this conception in yet another stugbemulation is now largely redundant. We
know the conception, we know it exists; we needhange the focus of research, perhaps to a
study like Chiu's (2007) to show prevalence acragss. In this chapter Level 4 difficulty
descriptions arose in two ways. Firstly, singlstained research projects could lead to Level 4
difficulty descriptions (P16 and P20.2) or, ashia previous chapter, the remainder of the Level
4 descriptions were derived through critical aniglysf results combined from individual
research projects. In some cases the aggregateordf on a difficulty has already been
recognised. For example see Pinarbasi (2007) vths work concerning the dangers (or lack
thereof) generally attributed to acids and baselmwever a valuable aspect of this critical
analysis is its highlighting the combined evideteading to other previously unrecognised
Level 4 descriptions seldom mentioned in literatweviews, such as Difficulty P20.1
concerning the idea of indicators assisting withtradization. The critical analysis of research
on difficulties continues in the next chapter whiérgill concern even more abstract concepts in

acid-base chemistry.
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CHAPTER 8
SYNTHESIS OF STUDENT DIFFICULTIES AND PROPOSITIONAL
KNOWLEDGE REGARDING TERMINOLOGY AND SYMBOLISM
IN ACID-BASE CHEMISTRY

8.1 INTRODUCTION

This chapter is the third and final chapter presgnthe synthesis of descriptions of student

difficulties from the literature. The chapter cmless the Research Question 4 nameWhat

difficulties do students experience with terminglagd symbolisrm acid-base chemistry?To

answer this question, it was necessary to addnes®liowing sub-questions:

4a. What descriptions of difficulties with acid-basem&ology and symbolism can be
synthesised from the existing research data?

4b. How stable are these difficulty descriptions acrdiferent contexts?

4c. What statements of propositional knowledge are eg¢dd address the difficulties with

acid-base terminology and symbolism?

Once again a table summarising the main resultgvien first. In Table 8.1 each difficulty

description (derived by the method in Section 4.8hits classification level (see criteria in
Table 4.4, Section 4.5.5.2) is followed by the mrsiponal knowledge to which it was mapped
(see Section 4.6). The table is followed by thecassion of individual difficulties which fall

into three sub-categories. On the surface, it mppear that some of the difficulties with
technical terms and symbolic representations ird-base chemistry overlap difficulties
presented in the previous two chapters but it Wwél shown that they represent distinct
difficulties with different sources. To amplifyhe first results section presents difficulties
where concept labels are the cause. The secondrsetresults shows difficulties arising from
chemistry symbolism while the final sub-category difficulties concerns symbolic

representations involved with qualitative aspectsaoid-base chemistry. The three sub-
categories of difficulties are therefore linked lbging due to problems with symbolic
representation, which may be linguistic, chemicainathematical. As in the previous chapter,
in order to avoid tedious repetition for the readeihere a difficulty description and

propositional knowledge arose from a single mappimdy a brief analysis is given.
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Table 8.1 Student difficulties with acid-base reprsentations with propositional statements

Difficulty Difficulty
Number Difficulty Descriptions (In Bold) linked to Propositional Statements (coded)  Classification
R1 Acid strength is acid concentration 2
Strong Arrhenius acids or bases are fully dissedian water(8.2.2.1)
Stronger Brgnsted acids are better proton donorswtieaker Brgnsted acids. (8.3.1)
A more concentrated solution contains more solutéhfe same amount of solution. (1.2.0.1.1)
R1.1  Acid strength is shown by more hydrogen in a chema formula 1
Compounds in which a molecule or formula unit redsamore than oneHon by dissociation or
ionization will increase the [Hl (or [Hs0"]) in solution accordingly. (8.2.2.1.2)
R2 Strong acids have strong bonds 3+++
An Arrhenius acid HA will dissociate as: H& H* + A (10.2.1.1)
Kais an equilibrium constant showing how well ardadissociates (Arrhenius model) (8.2.4)
Ka for an Arrhenius acid HA is given b, JH{A% (8.2.4.1)
A low value for K; indicates minimal tendency for a molecular acidigsociate/ ionize
(8.2.4.1.1.2)
Arrhenius acids or bases that are fully dissociatezblution exist mostly as ions. (8.2.2.1.1)
Arrhenius acids and bases that are partially diatedt in solution exist mostly as molecules with a
few ions. (8.2.2.2.1)
Strong Arrhenius acids are strong electrolytes.8812
Weak Arrhenius acids are weak electrolytes. (822.3.
R3 Acid-base conjugate pairs are reactant pairs. 4
In the general Bragnsted reaction scheme:,acidtase= base + acid (10.3)
Conjugate pairs are reactant /product pairs: ;4xEade and basgacid, (10.3.1)
Formulae for acid-base conjugate pairs differ dnyha proton, H(10.3.1.1)
R4 lonization and dissociation are not distinguished. 2
Arrhenius acids and bases dissociate into iongireeus solution (8.2.1.1)
lonic compounds are composed of ions (cations aiahg) (8.2.5)
lonic compounds dissociate into cations and anidmen they dissolve in water (8.2.5.1)
Bragnsted acid-base reactions include ionizatio3.372)
The formation of one or more ions from neutral males is ionization. (7.3.3.2.2)
lons are formed when Brgnsted molecular acids asdsodissolve in polar molecular solvents,
such as water (7.3.3.2.3)
R5 Dissociation is decomposition 1
Dissociation is the separation of the constitueftn ion pair. (8.2.1)
Decomposition is the breakdown of a single molecefdity (8.2.1.2.1)
R6 All formulae with hydrogen indicate acids. 4
R6.1  Bases have formulae with no hydrogen. n/a
Arrhenius bases include NaOH, Al(OHnd Zn(OH) (3.2.2.1.1)
Brognsted bases: examples include ti@eculesH,O, NHs;, PH; amines andons OH, HCOQ,
CO,%, HCO;, HSQy, SO, HS, CN-and $7(3.3.2.1)
Amines are organic bases with a functional groupl8lch as CENH, (3.3.2.1.1.1)
R7 All formulae with an OH group indicate bases. 4

Alcohols have a functional group —OH (5.2.2) foample: CHOH and CHCH,OH (5.2.2.1)
Arrhenius bases: examples do not include alcoli®l8.2.2.2)

Arrhenius acids: examples include HCLR®D, (sometimes given as H=P(Oj)and carboxylic
acids. (2.2.2.1.1)

Carboxylic acids are organic compounds with a fumai group —COOH (2.2.2.1.2), for example:
CH3;COOH and HCOOH (2.2.2.1.2.1)

n/a: Itis not appropriate to classify the diffity only in the acid-base context.
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Difficulty Qifficu!ty
number Difficulty Descriptions (In Bold) linked to Propositional Statements (coded) Classification
R8 When an acid molecule dissociates it divides in two 2

An Arrhenius diprotic acid dissociates in two s&{#0.2.1.2) given by the equations:
H,SO, — HSQO; + H' (10.2.1.2.1) and HSO+= SQ7 + H' (10.2.1.2.2) giving the
overall equation as: 430, = SO + 2H' (10.2.1.2.3)

A Brgnsted diprotic acid ionizes in two stages (13).8iven by the equations:
H,SO, + H,O — HSO, + H;0" (10.3.3.1) and HSO+ H,0 = SQ* + H;O"
(10.3.3.2)

R9 The equation showing formulae for substances is saible to explain neutralization reactions 2
An equation with formulae describes the substatiegsare reactant and product (10.1)
The formula equation for neutralization has therfoacid + base™ salt + water (10.1.1)
Equations with ionic reactants and/or products @&rpthe reaction (10.2)
Arrhenius model: neutralization may be represeatetf + OH — H,O (10.2.1)

R10 The general Brgnsted reaction scheme shows neutraditzon. 3+
The Brgnsted general reaction scheme applies to ndéfgrent types of reactions (7.3.3)
including neutralization (7.3.3.1)

In the Brgnsted model, neutralization may be reprteseas: HO' + OH &= H,0 + H0
(10.3.2.1)

R11 Difficulty R11: pH = — log,o[H "] suggests pH is directly proportional to [H] 4
pH is an alternative method of representing hydndga concentration, [H. (9.4.1.1)
Approximate pH can be calculated from pH = —}fig*] (9.4.3)

R12.1 pH is a measure of acid strength. 3
R12.2 pH is a measure of base strength. 2

Solutions with pH 1 to 3 are described as stroagigic. (9.3.1.1)

Solutions with pH 4 to 6 are described as weakigliac(9.3.1.2)

Neutral solutions have a pH of 7. (5.1.1)

Solutions with pH 8 to 10 are described as wealdglme. (9.3.2.1)

Solutions with pH greater than 13 are describestrasgly alkaline. (9.3.2.2)

pH of a solution depends on the concentratiori$ f§idd [OH] (9.4.2)

R13 Difficulty R13: The function pH = — log;[H "] has upper and lower limits 3++
pH usually applies to dilute solutions. (9.4.3.4)
When [H] = 1.0 mol.dnpH is 0. (9.4.3.2.1)
When [OH] = 1.0 mol.dri® pH is 14. (9.4.3.2.2)

R14 pH has discrete integer values. 3+
pH measured with a pH meter gives continuous val{@2.3)
pH calculations with ionic concentrations are aateito* 0.1. (9.4.3.3.1.1)
pH calculations with ionic activities are accurttet 0.02. (9.4.3.3.1.2)

R15.1 pH = —log [H'] means using [H] only due to a strong acid 4
R15.2 pH = —log [H'] means using [H] only due to a strong base 3
pH calculations using pH = —log [Hneed systematic considerations of all the equalitaking
place. (9.7.1)

Water is present in aqueous solutions. (9.1.1)

Arrhenius model: Water dissociates aOR= H" + OH (9.6.1.1.)

Bragnsted model: Water ionizes as,ZH= H;O" + OH (9.6.1.2)

There are always Hor H;O") and OH from dissociation (or ionization) of water (9.7L)1.

When acid or base concentration is very low (leas tL0® mol.dm?), the acid/ base contributes
insignificantly to the [H] (or [H;O])/ [OH] ions from the dissociation (or ionization) of
water, and the latter has a greater effect on the(p.7.2.3)
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Difficulty D.ifficu!ty
number Difficulty Descriptions (In Bold) linked to Propositional Statements (coded) Classification
R16 Diprotic acids can be treated as monoprotic acids. 2
pH calculations using pH = —log [Hneed systematic considerations of all the equiitaking
place. (9.7.1)

An Arrhenius diprotic acid dissociates in two s&{#0.2.1.2) given by the equations:
H,SO, — HSQ, + H' (10.2.1.2.1) and HSO= SQ? + H' (10.2.1.2.2) giving the
overall equation as: 430, = SO + 2H' (10.2.1.2.3)

A Brgnsted diprotic acid ionizes in two stages (13).8iven by the equations:
H,SO, + H,O — HSO, + HO' (10.3.3.1) and HSO+ H,0 &= SO+ H0"
(10.3.3.2)

Compounds in which a molecule or formula unit redsasmore than oneHon by dissociation or
ionization will increase the [H (or [H;0']) in solution accordingly. (8.2.2.1.2)

R17 Neutral and pH = 7are equivalent at all temperaturs. 3+
The ion-product constant for water, Ks equilibrium constant. (9.6.2.1.2)
given by K, = [H].[OH] or [Hs0"].[OH (9.6.2.1.1)
Ky = 1.0X 10 mol.dm?, (9.6.3.1) only at &. (9.6.3.1.1)
Increasing temperature will increasg 9.6.3)
As [H'] increases the pH decreases.(9.4.2.1)
pH will decrease with increasing temperature. (9.5.
We usually quote pH at the standard temperatug&ig. (9.5.2)

For a neutral solution, [fi=[OHT] = JK,, (9.6.2.2)
Neutral solutions have a pH of 7 (5.1.1)

8.2 DIFFICULTIES WITH TECHNICAL LANGUAGE IN ACID-BASE
CHEMISTRY
This section presents five instances where studmntceptual difficulties arise from

unfamiliarity with chemists’ special terminology &m acid-base context.

8.2.1 Difficulties with the term ‘strength’
8.2.1.1 Difficulty R1: Acid strength is acid concentration
Consistent descriptions of student confusion betwaeid strength and concentrationof a
solution have been reported from studies with jusiecondary students (Botton, 1995) and
senior secondary students (Hand, 1989; Denglgi@t al, 2005; Ouertatanet al., 2007).
Botton (1995) contends that the difficulty liesdonfusion with layman language suggesting
that students have not progressed beyond an ewergdaning (as a stronger taste of more
concentrated cool drink) for acid strength. Thisitention is borne out by the other three
reports above which indicate that further expostareraditional reception learning seems
effective in correcting this conception. Througltls instruction, students are inducted into the
correct scientific meaning of acid strength in aiety of contexts, according to the following
propositional knowledge statements:

e Strong Arrhenius acids are fully dissociated irutioh. (8.2.2.1) (Ouertatast al, 2007)
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» Stronger Brgnsted acids are better proton donarsweaker Brgnsted acids. (8.3.1)

« A more concentrated solution contains more solate the same amount of solution.
(2.2.0.1.1)

Few qualitative details substantiating the claime gublished in any of the reports, and as a

result the difficulty is classified at Level 2 omergent. For both the main Difficulty R1 and

the sub-difficulties which follow, there appearstie no research on a similar conception of

strong bases.

8.2.1.2 Sub-difficulty R1.1: Acid strength is shown by morkydrogen in a chemical

formula

A possible corollary to the confusion between gitknand concentration arises with the

chemical formulae for acids and bases, wisérengis inappropriately associated withore In

particular, Lin and Chiu (2007) report the conceptihat the number of H atoms or OH groups
in chemical formula is a criterion for determiniagid-base strength of solutions, as in the
student quotation: “it [sulfuric acid] has two H..i@nizes H, that is hydrogen ion, | think

sulphuric (sic) acid ionizes more." With the scdptails reported, the classification is only

Level 2, or Emergent. If students believe thatcemration means the same as acid strength,

then it is possible to reason that a greater ionitcentration arises from an acid with formula

such as EBQ, than from HCI and hence the former is a strongéd. a Further open ended
research is needed. In the interim, the corredpgnoropositional knowledge should include
the following:

« Compounds in which a molecule or formula unit reésa more than one Hon by
dissociation or ionization will increase the ‘[H(or [H;O']) in solution accordingly.
(8.2.2.1.2)

8.2.1.3 Difficulty R2: Strong acids have strong bonds

A difficulty of confusingstrong acidswith strong bondsas been shown among undergraduate

and post-graduate students, as well as faculty, #afSmith and Metz (1996). This research

involved interviews concerning multiple-choice apts depicting sub-microscopic
representations of ions and/or molecules for hywec acid, HCI, (a strong acid) and
hydrofluoric acid, HF, (a weak acid). These authaport on undergraduate students who
thought that strong acids such as HCI “won’t sefgdrand are “hard to dissociate”. Concerning

HF, they also report: “Many students believe thateak acid is easily pulled apart due to weak

bonds or weak attractions between the charged egieci The authors describe the student

conception as “A strong acid has a strong bond@’he conclusion arising from two sources of

data (the students’ choice of diagram and the viger quotations) concerning two contrasting



164

chemical contexts, HCI and HF, indicates a consistéficulty. Similar corroborating evidence
for the conception of strong acids has been regoemong senior secondary students
(Ouertataniet al., 2007; Furio-Maset al., 2007; Ross & Munby, 1991) which allows the
difficulty to be classified at Level 3+++, Partialistablished in more than one context. In this
difficulty, students appear to not differentiatevibeen bond strength and acid strength. Here
students have not accommodated a further meaningtfength and simply superimpose the

bond strength conception onto acid strength.

Acid strength is shown quantitatively by the digation constant K However, a definition is
only one aspect of conceptual knowledge (White &&ane, 1992; Herron, 1996) and in this
regard, many novices have a poor taxonomic undwetistg of the constants such ag K,, Ky
etc, sometimes not even recognizing them as algbequilibrium constants (Camacho & Good,
1989). Therefore, limiting propositional knowledp definitions of strong and weak acids, as
under Difficulty P21 (Section 7.4.3.5) or for th&ssbciation constant Kwill not sufficiently
address the difficulty. In this regard, studentsoaneed to understand the significance of
different values of the dissociation constani, iK terms of acid strength and the types of
particles found in solutions of weak or strong acidFurthermore, Furi6-Mast al (2005)
emphasise the macroscopic evidence for acid-bassngsh in terms of the electrical
conductivity of their solutions. These aspects addressed with the following propositional
statements:
« An Arrhenius acid HA, will dissociate as: H& H* + A (10.2.1.1)
e K, is an equilibrium constant showing how well andadissociates (Arrhenius model)
(8.2.4)

« Kjfor an Arrhenius acid HA is given bya:% (8.2.4.1)

* Alow value for K, indicates a minimal tendency for a molecular aegidissociate/ ionize in
water (Furio-Mas et al., 2007). (8.2.4.1.1.2)

e Arrhenius acids or bases that are fully dissociatesblution exist mostly as ions (8.2.2.1.1)

» Arrhenius acids or bases that are partially disgediin solution exist mostly as molecules
with a few ions (8.2.2.2.1)

» Strong Arrhenius acids are strong electrolytes.8312

« Weak Arrhenius acids are weak electrolytes (8.2.3.2
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8.2.2  Difficulty with acid-base pairs
8.2.2.1 Difficulty R3: acid-base conjugate pairs are reaciapairs
Research has shown that students do not recogoizgigate acid-base pairs aseactant-
product pairs; instead they believe them to be both re#sta In his research into this
conception Schmidt (1995) built on earlier work (Sletn, 1987) and through a triangulated
study he showed the consistency (over several datroontexts and among many different
student cohorts) of a conception, which he desdréee given above. This extensive research
establishes the conception and allows classifinatibthe difficulty as Level 4. Schmidt
(1995) suggests that textbooks need to includeugison which distinguishes conjugate pairs
from reactant pairs, because the term “acid-ba$#& pan apply to both, accordingly such
propositional knowledge (Schmidt, 1995; 1997) nagedse made clear as follows:
« Inthe general Brgnsted general reaction schen: abase= base + aci¢ (10.3)
» Conjugate pairs are reactant/product pairs:;Amade and basgacid, (10.3.1)
« Formulae for acid-base conjugate pairs differ lpyaton, H (10.3.1.1)

8.2.3  Difficulties with ionization, dissociation and decenposition
8.2.3.1 Difficulty: R4: lonization and dissociation are notlistinguished
Grade 12 student conceptions investigated by Khasaket al. (2005) through two multiple-
choice items revealed two difficulties concernimgnization and dissociation. The first
difficulty indicates that students knew the different processeurring when molecular and
ionic substances dissolved, but muddled the respedoncept labels of ionization and
dissociation. This is a linguistic rather than ogptual difficulty (Clerk & Rutherford, 2000;
Taber, 2001c) which is perpetuated in chemistryingi(see Sections 3.3.2.3 and 3.3.3.4) and
will not be considered further here. The conceptlifficulty reported by Kousathanet al.
(2005) is that students confused the processeslissiociation and ionization that occur

respectively when ionic and molecular compoundsaii in water.

In this reported research, concerning ionic comgsurselection of the multiple-choice
distractor: “lons are created during the dissohlutid ionic compounds” by over 10% of the
Grade 12 students indicated that they did not wstdled that a solid ionic compound already
contains ions, which water can release from ackatstructure. These students appear to have
understood ionization in the context of moleculampounds but inappropriately transferred it
to ionic compounds, and so not seen the need tnéxtheir conceptual understanding to

include a new concepnization Besides knowledge of ionic bonding (which fallgside the
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scope of the current analysis) the appropriate geitipnal knowledge is based on the correct
option in the multiple-choice item as follows (Katisanzet al, 2005).

* lonic solids are composed of ions (cations andra)i¢8.2.5)

« lonic solids dissociate into cations and anionsmwihey dissolve in water. (8.2.5.1)

As Cokelezet al. (2008) have found, students are easily misledduatons which they think
depict NaOH as a molecule like HCI, such as: NaHf Na'(aq) + OH (aq). Cokelezt al.
indicate that the process could be more clearlyessmted as: N@H (s) — Na'(aq) + OH
(aq). Consequently, the difficulty with dissootatiand ionization may be found to originate
from difficulties with the chemical symbolism, bturther research is needed to verify this
conjecture.

Kousathaneet al (2005) also show students confusion about madeatdmpounds. Almost
20% of the students chose the distractor: “ionsreleased during the dissolution of molecular
compounds”. In a similar vein, Chiu (2005) repottsat secondary students in Taiwan
“considered that the molecule always dissolved $olation in ionic state”, but gives no further
details. Both studies show that students are wsic@nception of dissociation for the molecular
compounds instead of ionization, showing they haseseen a need to absorb a new concept
with new terminology for ionization. Again, apprade propositional knowledge as given
below is based on that from Kousathambal (2005):

* lons are formed when molecular Brgnsted acids @edalissolve in polar molecular

solvents, such as water. (7.3.3.2.3)

As explained in Sections 3.3.2.3 and 3.3.3.4, aonobf ‘dissociation’ for both ionic and
molecular compounds was chosen for the Arrheniudeinowhereas ionization was chosen for
the Brgnsted model, so it is also necessary tgegjrnthe appropriateness of the terms within
each model, as indicated by propositional knowleglgen below:

* Arrhenius acids and bases dissociate into iongure@us solution. (8.2.1.1)

e Brgnsted acid-base reactions include ionizatios3.872)

* The formation of one or more ions from neutral noales is ionization. (7.3.3.2.2)

Until more is known about the nature of the difftgu that is about whether it is due to
confusion between the two models or poor undergtgnof the difference between ionic and
molecular compounds (Furié-M&s al, 2007) or perhaps the chemical symbolism mentione
above, there is only a vague description of thécdity: lonization and dissociation are not
distinguishedand so it must be given a low classification —éle® or Emergent.  Further

research making use of free-response probes isedeedHowever, Southway (pers.com)
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suggests that emphasis at high school should lihat is in solution, rather than the model for

the process by which it got there.

8.2.3.2 Difficulty R5: Dissociation is decomposition

From a national study in Taiwan, Chiu (2007) repdte conception: “[A] weak electrolyte
exists as a molecule or ions in water because ¢akvelectrolyte can just partially decompose”
which was identified among 13% of junior secondang 34% of senior secondary students. |
was unable to interpret this statement in the cardéthe study because supporting data was
not published in English. Consequently, | am Heaicwhether this is a language difficulty of
simply mis-labelling dissociation as decompositieror a conceptual difficulty of actually
thinking dissociation was decomposition into diflet compounds. Furthermore, the problem
might have arisen in translating the research lrtglish. Therefore, at this stage the difficulty
is classified asevel 1 or Suspected. The propositional knowlefigm IUPAC (McNaught &
Wilkinson, 1997) clarifies the two processes:

« Dissociation is the separation of the constitueftn ion pair. (8.2.1)

» Decomposition is the breakdown of a single moleceitdity (8.2.1.2.1)

8.2.3.3 Summary of difficulties with acid-base terminology

In this section two categories of difficulties haseen identified with respect to chemists’ acid-
base terminology. In the first case students aprpresume that an old concept label (along
with its meaning) is the same as that for a newcept) and hence they do not accommodate the
new scientific concept. This is evident in thefidiflties concerning acid strength (R1 and R2)
and conjugate pairs (R3). The second categorydied difficulties where two labels are used
interchangeably for one muddled undifferentiatedception such as Difficulties R4 and R5
concerning dissociation, ionization and decompasiti For effective communication, students

need to be inducted into chemists’ special ternoigpl

8.3 DIFFICULTIES WITH CHEMICAL FORMULAE AND EQUATIONS

This section will discuss two sub-categories officlilties. The first sub-section includes
difficulties that students experience with regan@ formulae for acidic, basic and neutral
substances. The second subsection shows theultific students have concerning formulae

and equations representing acid-base reactions.
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8.3.1 Difficulties with formulae for acids and bases

8.3.1.1 Difficulty R6: All formulae with hydrogen indicateacids

A considerable number of students in senior seagndad even tertiary education treat
formulae very superficially (see Table 8.2 below)he same difficulty has been reported in a
wide variety of chemical contexts, all concernirgsés with hydrogen in the formula. The
formulae investigated include that for phosphinéls,P(a typical Lewis base and a weak
Brgnsted base), ammonia, NKa typical Brgnsted base), methylamine, ;RH, (a weak
Brgnsted base) and even sodium hydroxide, NaOhprdeotypic Arrhenius base). All were
identified to be acids by the students as in thiewdang typical quotation concerning BH'it

contains hydrogens and, therefore, can providg.[Hh aqueous solution" (Zoller, 1996).

Table 8.2 Summary of research concerning formulaancorrectly classified as acids

Formula Percentage students classifying Educational level Country of Author(s)
investigated compound as an acid of students cohort
PH; not applicable Tertiary Israel Zoller (1996)
NH; 42 Senior secondary Spain Furio-Mesal
(2007)
NH3 55 Senior secondary Tunisia Ouertatiral.
(2007)
CH3NH, 55 Senior secondary Spain Furio-Masl
(2007)
NaOH 24 Senior secondary Spain Furio-Masal
(2007)
NaOH 10-15 Senior secondary Tunisia Ouertataail.
(2007)

The evidence for this difficulty in Table 8.2 shois widespread occurrence among students
from different language groups in many parts of wald, and its high incidence cannot be
ignored, for example up to 55% of senior seconddglents thought ammonia was an acid.
From this evidence and without further analysis, difficulty can be described agll formulae
with hydrogen indicate acid3.he difficulty description is applicable through #dle chemical
and educational contexts in the table, so it carclassified as Level 4 or Established. The
student difficulty maps to propositional statemefislow, of which the first two were
introduced in Chapter 6 and are modified to inclagamples investigated above:
e Arrhenius bases include NaOH, Al(Of8nd Zn(OH) (3.2.2.1.1)
* Brgnsted bases: examples include the molecul€s NH;, PH;, amines and ions OH
HCOO, CO*, HCOy, HSQ, SO, HS, CN and $(3.3.2.1)

e Amines are organic bases with a functional grouplduch as CENH, (3.3.2.1.1.1)
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8.3.1.2 Sub-Difficulty R6.1 Bases have formulae with no hyden

A corollary to Difficulty R6 concerns the notionathbases have no hydrogen. Nakhleh and
Krajcik (1994) report a single student quote aboages having formulae with no hydrogen.
With no further controlled research into the natof¢he difficulty, it is classified as a Level 1
or Suspected difficulty. This difficulty could lukie to confused thinking about Brgnsted bases
as proton acceptors and, therefore, maps to the samof examples given as propositional

statement 3.3.2.1 for R6 above. For this reasasnot treated as a separate difficulty.

8.3.1.3 Difficulty R7: All formulae with an OH group indicde bases.

In the context of bases, students display the samperficial student reasoning as they did with
respect to acids. The reasoning is typified by fibllowing student quotation concerning
CH3OH: “an ionic substance and so the Qhlthe formula is a hydroxide ion” (Furio-Mds
al., 2007). As with the previous difficulty, evidentesupport of this difficulty comes from a
wide variety of sources in educational contextslewide, mostly concerning senior secondary

students (see Table 8.3 below).

Table 8.3 Summary of research concerning formulaancorrectly classified as bases

Formula Percentage students Educational level of Country Author(s)
investigated classifying compound students of cohort
as a base
O=P(OH) not applicable Tertiary Israel Zoller (1996)
CH;CH,OH 26 - 33 Senior secondary Tunisia Ouertataal. (2007)
CH5CH,OH 27 & 29 respectively Junior & Senior Taiwan Chiu (2007)
secondary
CH;OH 61 Senior secondary Spain Furié-Masl (2007)
CH;COOH 2 Senior secondary Greece Kousattedrad. (2005)
CH;COOH 27 Senior secondary Spain Furio-Masl (2007)

Compounds investigated were phosphoric acid (usgaten with the formula BPO,, but here

represented as O=P(O§)ethanol, CHCH,OH, and methanol, C}®H, (alcohols, not bases)
and ethanoic (commonly called acetic) acid which &aypical carboxylic acid group COOH.
As with the previous difficulty, the evidence neets further analysis to derive the difficulty

description given above.

While the cause for this difficulty may lie with derlying knowledge of bonding (Furio-Més

al., 2007), the propositional knowledge statemertews, arising from the chemical examples

above, are relevant in the acid-base context .

e Arrhenius acids: examples include HCI;RD, (sometimes given as O=P(QM)and
carboxylic acids (2.2.2.1.1)
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» Carboxylic acids are organic compounds with a fienel group —COOH (2.2.2.1.2) for
example: CHCOOH, and HCOOH. (2.2.2.1.2.1)

e Arrhenius bases: examples do not include alcol¥kZ.2.2)

e Alcohols have the functional group —OH (5.2.2) fatample: CHOH and CHCH,OH
(5.2.2.1)

Based on the many different chemistry contexts stgated, as well as the consistency in
student responses, | could classify the difficasyEstablished or at Level 4. With fairly high
incidences of the difficulty, as with R6, it canri ignored when teaching. Moreover, all the
evidence together, suggests further questions. elery frustratingly, no further information is
available to explain for instance why junior secamydstudents in Taiwan outperform their
senior secondary counterparts. Neither do we kwbwether the much lower incidence of the
difficulty in the Greek cohort (2%) was a resulteoparticular teaching strategy or whether the
Spanish students had yet not been taught aboutgdib acids. The evidence does, however,

suggest some answers below to questions arisingditber prior research.

Ye and Wells (1998) had also investigated studenteptions of chemical formulae through
multiple-choice questions. For the stem: “The folas for the most common organic bases end
in...” they found that many students chose the dittraCOOH from the other options: CI
NH,, and HO. The authors speculate that students linkedvtird ‘organic’ to the only choice
that involved a carbon atom but did not show artp da substantiate this interpretation. In the
light of the research shown above, it is more jikel have been an association of the OH group
with bases, rather than the carbon atom which edtithe students. The rather glib
interpretation from Ye and Wells illustrates thekaf insight gained through multiple-choice

instruments if distractors are not based on pdpen-ended research.

8.3.1.4 Discussion of difficulties with formulae for acidand bases

The descriptions for difficulties R6 and R7 bottpear to be linked by simplistic reasoning

leading some researchers (e.g. Zoller, 1996; LinCKiu, 2007) to describe them as one
difficulty. Should they in fact be considered aw difficulty? As described in the Methods

chapter (Section 4.5) difficulties are considerepasate if they have different causes, different
educational implications or if they need to be added through different teaching strategies.

An analysis of the two difficulty descriptions imet light of this reasoning follows next.



171

From the theoretical framework (see Section 3.3)tl@r three historical models considered
here, all acids contain hydrogen, and all Arrherdogls are also Brgnsted acids, but not vice
versa. By contrast, Brgnsted bases and Arrheoiusgderational model) bases are mutually
exclusive classifications. This means that arh@nius base cannot be a Brgnsted base, and
neither can a Brgnsted base be an Arrhenius Hadeus follows that a student with Difficulty

R6 who uses the heuristi&ll formulae with hydrogen indicate acigsll not necessarily have a
misplaced idea of what constitutes an acid in anthe models, although they treat formulae
superficially. However, the conception R¥I formulae with OH indicate basesuggests not
only a simplistic way of looking at formulae, butiacumscribed conception of a base, allowing
only the Arrhenius model. Thus, it is proposed fRé and R7 should be seen as two separate

difficulties.

Students could fruitfully add examples to the catass illustrated in Figure 8.1 which follows.
This diagram shows that all of the Arrhenius agdsh as HCI, 580, and HPQO, are also
Brognsted acids, whereas bases which are commoathotiire Arrhenius and Brgnsted models
are seldom included in high school curricula (seti®e 3.3.3.4). Furthermore there are some

examples of that fall into acids and bases, thesamphoteric species.

mensted Acids \
HsO" NH,* _
HSO Bragnsted Bases
CH;COOH HCOy
OH NH; CH;COO

HS

Arrhenius Acids

( J

Arrhenius Bases

H3PCs
k j NaOH Zn(OH)

Figure 8.1 Classification of examples of acids arzthses

HCI H,SO,

8.3.2  Difficulties with formulae and equations in acid-bae reactions

Nearly every research project considered so farusasl a chemical context of monoprotic
acids, typically HCI. From a project which includeonceptions of polyprotic acids, simple
chemical formulae for substances proved to be adiraple for students (Nakhleh & Krajcik,
1993). In this regard, Grade 12 students weraafte@ble to write balanced formulae equations
to represent the neutralization of phosphoric adif?O,, by the base NaOH. To illustrate, one
student gave the formula for sodium phosphate &&\Nastead of NgPQ,. This is a difficulty
with underlying chemistry of valency and ionic ofparather than being particular to acids and
bases. Consequently, it is beyond the scope ofctineent synthesis. A difficulty that is

particular to acid-base chemistry follows.
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8.3.2.1 Difficulty R8: When an acid molecule dissociatesdivides in two.

Furi6-Maset al. (2007) investigated difficulties with dissociatioha diprotic acid through free-

response questions, concerning the “complete iissociation of HSQO,.” Here, the authors do

not publish their acceptable answers but the pdatigpairs which they reported as incorrect

include: H + SQ~, and H" + SQ*. From these examples, Furio-Metsal. (2007) describe

the student mental model &/hen a molecule dissociates it divides in tWwiese authors have

not made their frame of reference clear (one or stages or ionization to account for HSO

(see propositional knowledge below). Furthermdreytappear to accept only the dissociation

model for creating ions. Consequently, the intedifficulty description cannot be framed with

certainty — it requires further, carefully reportedearch — so | classify it as Level 2, Emergent.

Additional research needs less focused questicatsdb not restrict the students’ scientific

models, in order to discover whether the difficultydue to the word ‘dissociation’ which is

relevant only to the Arrhenius model, or some ottaarse. In the interim, the difficulty maps to

propositional knowledge including both theoreticaidels.

« An Arrhenius diprotic acid dissociates in two st&{£0.2.1.2) given by the equations:

+ H,SO,— HSQ, + H'  (10.2.1.2.1) and HSO= SO + H' (10.2.1.2.2), giving the
overall equation as: 430, = SQZ + 2H' (10.2.1.2.3)

e Adiprotic Brgnsted acid ionizes in two stages 81%). given by the equations:

* H,SO, + H,O — HSO + H,O" (10.3.3.1) and HSO+ HO = SQ* + H;0"
(10.3.3.2)

8.3.2.2 Difficulty R9: The equation showing formulae for dastances is suitable to explain
neutralization reactions.

Drechsler and Schmidt (2005a) report an analysisam$éwers to school-leaving public
examination multiple-choice questions where theyntb that instead of a net ionic equation,
“students preferred reaction equations that nartieagd water as a product of an acid-base
reaction”. Although not problematic among youngéardents, such conceptions which limit
acid-base neutralization reactions to an operatimoael do not accommodate theoretical acid-
base models, as could reasonably be expected wir s®tondary students. Further research
shows similar findings among students in GradearikD11 (Ouertatar@t al.,2007) and Grade
12 (Furi6-Maset al, 2007), where the students apparently did ndingdigish between the
functions of the two types of equations, and preférthe apparently simpler one giving
substances. Without further analysis, the difficidan be described aghe equation showing

formulae for substances is suitable to explain radzgtion reactions | only classify the
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difficulty at Level 2 because, despite evidencerfrthree independent studies, there is little in

the research to explain why students focus onlyhenone type of equation. As to possible

causes, Ouertatast al. (2007)give no backing for their suggestion that studemy not have

sufficient understanding of ionic reactions. A @t possible cause is suggested by the

seemingly indiscriminate use in advanced schodbtmks of the two types of equations, with

no explanation for a particular choice, as showrOpgrsby (2000a). The difference between

an equation taescribea reaction in terms of reactants and productsomedioexplainwhy the

reaction is classed as neutralization represeet®s$sential difference between an operational

model and theoretical models. Consequently | prvérd the following propositional

knowledge as appropriate for this difficulty:

« An equation with formulae describes the substatiwsare reactants and products (10.1)

» The formula equation for neutralization reactioas khe form: acid + base® salt + water
(10.1.1)

» Equations with ionic reactants and/or products @rpthe reaction (10.2)

« Arrhenius model: neutralization is representedist OH = H,O (10.2.1)

In this difficulty students appear to ignore a fateodel, a different way they misunderstand

models is shown in the next difficulty.

8.3.2.3 Difficulty R10: The general Brgnsted reaction schemshows neutralization.

The idea that students may superimpose parts ohoidebase model onto another, imagining
that they model the same aspect is suggested indparts. The student conceptions are best
explained in terms of numbered equations reprasgritie acid-base reaction, as shown in
Figure 3.1 from the Theoretical Framework (see-dlipt page 47). Firstly, Hand and Treagust
(1988) report as a misconception found among Gl&dstudents in Australia: “Neutralisation
is the breakdown of an acid or something changiomfan acid”. Such a student could have
Brgnsted's reaction scheme in mind — thinking gwatation 3.8 depicted an acid breaking down
and that this was neutralization. Then Ross andbivy1991) report a connection found on a
student’s concept map: a base is the product diraleation. Such a student could imagine
that either of equations 3.8 and 3.9 concerningBilested model showed neutralization. Use
of either of these equations suggests that studamtssuperimposing the general reaction
scheme of the Brgnsted model onto a neutralizataotion; that is, they are using the model
inappropriately. These students should have rapplied equations in the form 3.1, 3.4 or 3.10

to aqueous neutralization. There is evidence ppat my speculations, as follows.
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Drechsler and Schmidt (2005b) give qualitative deden interviews showing that students did
believe that the operational equation (1) and anBeal representation (4) both contained the
same information. Indeed, both do have acid + baseactants, which could confuse students,
especially if they do not distinguish the acid-basedels. For example, a student was
confronted with the two equations:
HCl + NaOH— NaCl+ HO and acidt base= base + acig

The student indicated the products and concludsalt and water are formed... there should be
an acid and a base as well...perhaps you canfid@&diCl as an acid...” From the same report,
another student used NaOH instead of the iond@3Hhe proton acceptor. To accommodate this
notion the student tried to write an equation withH,O as the product. Drechsler and
Schmidt categorize this difficulty as being duestadents not understanding the appropriate
contexts for each model, which is not a clear dgon. Instead, a clearer description could be
obtained by mapping the difficulty to correspondprgpositional knowledge statements, which
in this case were:
« The Brgnsted general reaction scheme applies ty diffarent types of reaction. (7.3.3)
« Bregnsted model, neutralization reactions can beesgmted as: 40" + OH = H,0 + H,0

(10.3.2.1)
Reversing these propositional statements then leadlse difficulty description: fie general
Bragnsted reaction scheme shows neutralizaffdris difficulty, suspected in two other contexts,
is thus partially established through a furtheartgulated study (Drechsler & Schmidt, 2005b).
Accordingly, it is classified at Level 3+. The didffilty is likely to be found among other student
populations because Furié-Mas al (2005) found evidence for this difficulty in 1786 the
textbooks they analysed and 55% of teachers theyewed indicated it was acceptable to
explain neutralization using the Brgnsted modédi.follows that formal instruction could be the
source of the difficulty. Further confirmationatso needed through studies in other chemical

contexts.

8.3.2.4 Summary of difficulties with chemical symbolism

Difficulties with chemical symbolism show two categes of difficulties. Firstly students treat
formulae in a simplistic way (R6, R7 and R8). Tlemnd category shows students do not
understand the role of particular equations inedéht acid-base models. Both these categories
indicate little understanding of the underlying weieal structure giving rise to acid or base
properties and the formation of appropriate memiadlels to explain the behaviour. This is also

implicated in the difficulties discussed in the he&ction.
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8.4 DIFFICULTIES WITH SYMBOLIC AND MATHEMATICAL
REPRESENTATIONS IN pH CALCULATIONS

The final sub-category of student difficulties cenmts mathematical and symbolic
representations, which are here limited to thoseeming pH. This restriction arose because
no research into difficulties with other quantiwatiacid-base topics arose in the initial search of
publications. While a recently published report ®ygill and Sutherland (2008) concerns
conceptions regarding buffer systems, this fellso@ the date criterion for the screening
process described in Section 4.4.1. Three gadingt aspects of pH have been investigated,
specifically: its relationship to concentratiors gupposed limits and finally pH arising from

multiple equilibria.

8.4.1 Difficulties concerning pH and concentration
8.4.1.1 Difficulty R11: pH = — log[H ‘] suggests pH is directly proportional to [H
The conception that pH is directly related to coniion, as shown by the student quotation:
“The most concentrated acid has the strongest @idé(tatanit al, 2007) has also been shown
by numerous other researchers (Camacho & Good, ;188Ber, 1996; Dhindsa, 2002;
Sheppard, 2006) leading to the description abovEhe consistency of the difficulty across
different contexts identified through different easch instruments allows its classification at
Level 4 or Established. Sheppard (2006) indicatest “few students understood the
logarithmic nature of pH”. Students’ naive literiaterpretation of statements should be a
concern for both educators and researchers. s$nréigiard, propositional knowledge that could
be misleading is given by both Nakhleh and KrajdiR94) and Sheppard (2006) as: “pH is a
measure of [this Hion] concentration”. Dhindsa (2002) puts ford/arclearer meaning which
| have used for the propositional knowledge belamd | have added the mathematical
expression, as given in many textbooks.
« pH is an alternative method of representing hydndga concentration, [H. (9.4.1.1)

« Approximate pH can be calculated from pH = —{fig’] (9.4.3)

8.4.1.2 Difficulty R12: pH is a measure of acid or base sigth.

Four reports show that students make strong liek&den the strength of acids (or bases) and a
particular fixed pH. This is evident from theirmmept maps which show links such as (words
in italics are the concept labels given to the estis): Acids can bestrong like hydrochloric
acid, which ispH 1, Acidscan beweaklike citric acid, which ispH 4, Sodium hydroxidés a
base which is pH 14 (Botton (1995) Similar conceptions have been reported from senior
secondary students (Ross & Munby, 1991) and undéugites (Smith & Metz, 1996). Sheppard
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(2006) elaborates that when Grade 10 studentsidedqoH as a measure of the ‘strength’ of an
acid or base, they used ‘strength’ to mean: “howexéul or reactive a substance was” which
suggest they associated pH with the tendency oaad or base to be a proton donor or
acceptor Following a discussion of some of this researcmBmutiet al (2004) and Oversby
(2000b) clarify the difference between a weak gcildaracterized by partial dissociation or
ionization) and a weakly acidic solution (as meaduby a pH of 4, 5 or 6). (Oversby’'s
suggestion of using the word ‘potent’ to distindgui strong acid has yet to receive general
acceptance.)As a result of this argument it is a misconceptiormssume that a particular pH
characterizes acid-base strength. Students whesodmay be unaware that pH will vary
according to concentration, so a strong acid ma laapH close to 7 if it is in a dilute solution.
Qualitative aspects of a concept such as pH shmlhught in a way that forms a sound base
for later studies of quantitative aspects (Hawk&84). In this matter, Oversby (2000b) gives
a qualitative interpretation of the pH scale, atppropriate level for junior secondary students
who have not yet formally encountered acid-basength or ionic concentration, [H or pH
calculations as summarised in the propositionahtedge below.

e Solutions with pH 1 to 3 are described as stroagigic. (9.3.1.1)

» Solutions with pH 4 to 6 are described as weakigiac(9.3.1.2)

e Solutions with pH 7 are neutral. (5.1.1)

e Solutions with pH 8 to 10 are described as wealkglme. (9.3.2.1)

¢ Solutions with pH 11 to 13 are described as stroatialine. (9.3.2.2)

« pH of a solution depends on the concentratiori$ §Hd [OH]. (9.4.2)

The research described above shows the existerite abnception in four contexts but there
are some problems. While Sheppard (2006) reports @mprehensive study of the difficulty,
only limited confirmation (that is single instancet the conception) comes from Ross and
Munby (1991) and Smith and Metz (1996). Furtheenoonly Botton (1995) reports
investigating the student conception of strong balset in a model concept map he includes the
difficulty described above as ancceptable proposition.  Consequently, the difficulty
description needs to be separated to show differkassifications for difficulty descriptions
concerning acids and bases, as follows:

Difficulty R12.1 pH is a measure of acid strengfbevel 3)

Difficulty R12.2 pH is a measure of base strenitbvel 2)

The implications of the difficulty for student camtual development in the quantitative aspects
of pH are important and so further research woddibeful. Such research needs to find out

whether students make a direct link between stheagtl pH, or if the conception follows from
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the idea that strength indicates concentrationfi@ity R1 in Section 8.2.1.1). Appropriate

remedial strategies will depend on the source efifficulty.

8.4.2  Difficulties concerning limits to pH
8.4.2.1 Difficulty R13: The function pH = — logo[H *] has upper and lower limits
The idea that there are upper and lower limitshio gH function has been reported by three
researchers (see Table 8.4 below). FurthermorersBye(2002b) observed a student’s
confusion when the range was given inappropriaasiit to 14, with neutral as 7 in the middle,

because the student had calculated that 7.5 wasayidetween 1 and 14.

Table 8.4 Student conceptions of limits for pH

Lower limits Upper limits Educational level of Author
students
1 14 Tertiary Zoller (1996)
Oor0.0lor1l 9,130r14 Pre-service teachers nd¥a (2002)
1 14 Teacher QOvershy (2000b)

When introducing the concept of pH, Sérenson (19@®&¢d that it would usually be a positive
number, but in exceptional cases wheré] [tWas greater than 1 mol.dirit would have a
negative value. In this regard, Oversby (2000ajifoks that the practical limits are from -2 to
16. Consequently, the limits that students pupldnvalues are inappropriate, both theoretically
and in practice. They indicate little understagdaf the mathematical relationship shown by
the symbols defining pH. This leads to the follogvpropositional statements for the difficulty,
as suggested by Dhindsa (2002):

e pH usually applies to dilute solutions. (9.4.3.4)

e When [H] = 1.0 mol.dn? pH is 0. (9.4.3.2.1)

«  When [OH] = 1.0 mol.dn® pH is 14. (9.4.3.2.2)

Based on the common aspects across the reporterels| can describe the difficulty dbe

pH scale has upper and lower limitdaving been identified in several contexts, | chssify
the description at Level 3++. Further research may show whether students contevimits

as theoretical or practical, what specific limigy tend to use, and perhaps where they see the

midpoint of the scale.
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8.4.2.2 Difficulty R14: pH has discrete integer values

As reported by Dhindsa (2002), “Students have diffy in viewing continuity between
numbers of pH”. These students gave the highesewail pH for an acid as 6 (2% prevalence)
and the lowest value for a base as 8 (19% preva)enide gives typical student reasoning as:
“pH 7 is neutral, therefore, an acid has to havdesdd than or equal to 6”. From this research,
which used a written questionnaire and individurélviews with two cohorts of pre-service
teachers in Brunei, | can classify the student eption as partially established in more than one

context, i.e. Level 3+.

Further insight into the difficulty comes from raseh by Demeroutet al (2004) which shows
student responses (with justification of their desi), to pairs of complementary multiple-
choice items. When asked about the pH of & 1®l.dm® solution of HCI, a few students
responded with “7” instead of the authors’ prefdmresponse: “just under 7" However, | cannot
interpret this statement as evidence for the bdhiaf pH is not continuous between numbers
because | do not know the student frame of refereaied the multiple-choice format precluded
other responses that were less than 7. Moreoker,ncidence was small (2%). | have,
however, used this research to rephrase the deésaorgf the difficulty more explicitly than that
given by Dhindsa; it becomepH has discrete integer valuedt remains to be confirmed

whether this description will be stable in furtitentexts.

Concerning integer values, Oversby (2000a) notes ftheakly acidic’ is often taught as
applying to pH values of 4, 5 or 6 rather than ageaof values. The modern operational
definition gives pH in terms of electrolytic measonents, such as with a pH meter (Hawkes,
1994; McNaught & Wilkinson, 1997) in which casdsta continuous variable. Although pH
calculated by —log [H may differ in the first decimal place from the aserement, this is near
enough for most approximations, especially for tdilsolution (Hawkes, 1994). Calculations
using activity, instead of concentration are moteusate — having an uncertainty af 0.02
(McNaught & Wilkinson, 1997). This propositionatdwledge could be presented for students
as follows:

e pH measured with a pH meter gives continuous val®2.3)

* pH calculations with concentrations are accurate t0.1. (9.4.3.3.1.1)

* pH calculations with activities are accuratetd0.02. (9.4.3.3.1.2)
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8.4.3  Difficulties concerning the effect of equilibrium gstems on pH
Difficulties with chemical equilibrium have beentemrsively researched in general chemistry
(see Gabel & Bunce, 1994). In this section, thliffeculties specific to acid-base equilibria are

discussed.

8.4.3.1 Difficulty R15: pH = —log [H'] means using [H] only due to acid or base.
Three independent triangulated research studies Bawwn that students use the formula:
pH = —log [H] in a simplistic algorithmic fashion, using onlyetacid concentration to calculate
the pH of very dilute acidic solutions. Pinarba2D@7) reports the following interview
quotations, which show a student ignoring the iatahip between acidity and pH in favour of
an algorithm:

Student A: ...according to pH = -log [H+], the pH [of 10® M HCI] will be 8.

Interviewer: But, this is an acid solution, isn’t it?

Student A Yeah...but the equation says that its pH is 8

Student B: If we added a large amount of water into this [10'5 M HCI] solution, we

can make the pH of 8.

Similar reports to this quotation are summarisedTable 8.5 below. In all these studies
students are shown to be applying the formula keutate pH for both acidic (pH 8 and 10) and
basic solutions (where students appear to useQ@k.pin the case of very dilute solutions such
as these, calculations should also take into adciwnself ionization of water (Skoag al.,
1996). The pH values calculated by Skabal’'s method are given in the fifth column of the
table. These are all extremely close to 7, anceovar are slightly below 7, for acidic solutions

or just above 7 for basic solutions.

Table 8.5 Summary of research into student concepns of pH for very dilute solutions

- Q
Qo
=8 S £ % 2.
. «© = b= =
Concentration of @ & - S 8 < 3 §% o
acid/base in 252 3} g2 T3 3 >3
agueous solution ¢ © © = *®© * O wea Authors
10® mol.dm® HCI 8 12% Justbelow7  6.98 Grade 12  Demeroutit al (2004)
Kousathanat al.
(2005)
108 mol.dm?® HCl 8 70% Not given 6.98 Pre-service Pinarbasi (2007)
teachers
10*° mol.dm?® HCl 10 Not given 7 7.00 Tertiary ~ Watters & Watters
(2006)
108 mol.dm?® 8 6% Justabove 7 7.02 Grade 12  Demeroutit al (2004)
NaOH. Kousathanat al.
(2005)

# from authors
*By the present author using the method of Skebgl. (1996)
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All the studies investigated the conceptions ofa@estudents who should have known about the

existence of hydrogen (or hydronium) ions and hyi® ions in water. The substantial

proportion of students in Pinarbasi’'s study suggelis was possibly not so. Watters and

Watters (2006) argue that their students favourathematical manipulations because of their

fragmented conceptual understanding. In other sy@tlidents did not appear to integrate some

essential propositional knowledge, which is givefot.

« pH calculations using pH = —log [Hneed systematic considerations of all the equdlib
taking place (Kousathar al.,2005). (9.7.1)

e Water is present in aqueous solutions (Demesdil.,2004). (9.1.1)

« There are always Hor H;O") and OH from water dissociation (or ionization). (9.7).1

» Arrhenius model: Water dissociates gOk= H" + OH (9.6.1.1)

« Brgnsted model: Water ionizes as:,@H= H;O" + OH (9.6.1.2)

Ignoring the solvent may be part of a wider diffigu(Boo & Watson, 2001; Cokaleet al.,

2008), but the ‘missing’ propositional knowledgeoab suggests the difficulty as described

below. The description is also limited to strongdaand bases because there appears to be no

research on this conception in the context of waeikls or bases. With three triangulated

studies giving consistent results, this difficutgn be considered as Established and classified at

Level 4 in the chemical context of strong acids.owdver, with only one study on the

corresponding conception for bases (albeit commsiie, Demeroutiet al (2004) and

Kousathanaet al. (2005) report on the same data) the difficulty cdgsion needs to be

separated to show different classification levels donceptions of acidic and basic solutions.

Accordingly, the difficulty descriptions are asltls:

Difficulty R15.1: pH = —log [H] means using [F] only due to a strong acid (Level 4)
Difficulty R15.2: pH = —log [H] means using [H] only due to strong base (Level 3)

The difficulty descriptions in their turn, now swegy further propositions to guide students as to

when to take the self-ionization of water into aawand when to ignore it. The method of

Skooget al. (1996) for calculations (assuming 100% dissocmtb acid or base) gives rise to

the guidelines below. The research evidence shbatsstudents were unaware of the first

statement below, while the second and third arneded for completeness.

« When acid or base concentration is very low (Iéss1t10° mol.dm?), the acid or base
contributes insignificantly to the 'Hor H;O") / OH from the dissociation (or ionization) of

water, which has greater effect on the pH. (9.7.2.3
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* When acid or base concentration is greater thahmol.dni®, the dissociation of water
contributes insignificantly to the 'Hor H;O") / OH from the acid / base in solution and
may be ignored in pH calculations. (9.7.2.1)

« When acid or base concentration is close to'mél.dni®, the dissociation of water
contributes significantly to the 'Hor H;O") / OH from the acid / base in solution, and both
should be included in pH calculations. (9.7.2.2)

8.4.3.2 Difficulty R16: Formulae for diprotic acids can b&aeated as monoprotic acids
Demeroutiet al. (2004) report that in the context of pH calculaipa number of Grade 12
students in Greece had “no clear understandinghefway that diprotic acids act”. The
difficulty has only a low classification of Level, Emergent, for two reasons. Firstly, the
difficulty has a vague description as given abowd secondly it was only investigated in one
student cohort, and these had not actually studiedilibria involving polyprotic acids.

Nevertheless, useful propositional knowledge migtiude the following statements:

e pH calculations using pH = —log [H+] need systematinsiderations of all the equilibria
taking place (Kousathana et al., 2005). (9.7.1)

e A diprotic Arrhenius acid dissociates in two stagd®€.3.3) given by the equations:
H,SO, — HSQ + H (10.2.1.2.1) and HSO = SO + H' (10.2.1.2.2)
giving the overall equation as»80, = SO + 2H (10.2.1.2.3)

* A diprotic Brgnsted acid ionizes in two stages 818). given by the equations:
H,SO, + H,0 = HSQ, + H;0" (10.3.3.1) and HSO+ H,0 = SQ + H,0" (10.3.3.2)

« Compounds in which a molecule or formula unit reésa more than one Hon by
dissociation or ionization will increase the ‘[H(or [HsO']) in solution accordingly.
(8.2.2.1.2)

8.4.3.3 Difficulty R17: Neutral and pH = 7 are equivalerat all temperatures

In modern terms, the neutrality of a solution defseon equal hydrogen and hydroxide ion
concentrations. The pH of such as solution wowdd7bat 28C, but it would decrease with
increasing temperature. The temperature dependdmde is due to the degree of ionization of
water increasing with increasing temperature, theiacreasing the concentration of hydrogen

ions which in turn decreases the pH (Dhindsa, 266@,Section 3.3.6).
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Two independent research projects have report semjflar results from investigating pre-
service teachers’ difficulties with the conceptiohthe temperature dependence of pH (see
Table 8.6 below).

Table 8.6 Summary of some research into conception$ temperature effect on pH

Student conception of neutrality Incidence Authors
Neutral solution has apH =7 75% Dhindsa (2002)
pH other than 7 means water is contaminated. 2% Dhindsa (2002)
Neutral solution has apH =7 63% Pinarbasi (2007)

Both authors above show corroborating evidence fbata neutral solution, students accepted
no other pH except 7. A few students (2%) belietesl could only happen if the solution was

contaminated (Dhindsa, 2002). Alternatively studethought a pH of 7 was the cause rather
than the result of neutrality, as shown by theasttfrom an interview given below (Pinarbasi,

2007).

Student: | know that pure water is neither basic nor acidic, it is neutral. To be
neutral, the pH should be 7... yeah | said, if water has a pH of 7, it is
neutral.

Interviewer: OK, What would you say about the pH of pure water at different
temperatures?

Student: ...must be the same. Itis7...

Interviewer: ...should water have different degrees of dissociation at different
temperatures?

Student: | don't think so. At any temperature, water would dissociate so that
the concentrations of H" and OH’ will be the same, 107 M.

Interviewer: Why do you think this is so?

Student: Because, in order for water to be neutral, its pH must be 7.

The description of the difficulty given in the héaglis suggested by the way these students
inextricably link the two aspectdlleutral and pH = 7 as being equivalent irrespective of
temperature These two independent projects each complemehtamoborate the data from
the other, which allows a classification of thefidiflty description at Level 3+ because it is
partially established and has been shown in mae tne context. Subsequent research may
lead to a more exact description, or perhaps tisengore than one difficulty concerning ionic
concentrations. Further research should be caougdimong students who have been taught
about the temperature dependence @fald pH, to verify whether the connection between

these two concepts have been integrated into sisigeopositional hierarchy. These concepts
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had been adequately covered in typical textbook#flevel and first year university according

to Dhindsa (2002) and he recommends that the stamdadition of 28C be stressed, even in

the junior grades. By contrast Pinarbasi givegxample from a university level textbook that

ignores the standard conditions for pH, and he dibké greater emphasis on the ionic product,

Kw, is simply a particular example of an equilibriwmnstant. The propositional knowledge

given below, which students appear to miss, isdasethat given by Dhindsa (2002), Pinarbasi

(2007) and an analytical chemistry text book by $jetoal (1996).

e The ion-product constant for water,,Kis an equilibrium constant. (9.6.2.1.2) given by
Kw = [H].[OH] or [H;0'].[OH7] (9.6.2.1.1)

e K, =1.0x10" mol.dm? (9.6.3.1) only at Z&. (9.6.3.1.1)

e Increasing temperature will increasg (9.6.3)

« As [H]increases the pH decreases.(9.4.2.1)

« pH will decrease with increasing temperature. (9.5.

» We usually quote pH at the standard temperatugsd. (9.5.2)
« For a neutral solution, [fi= [OH] = /K, (9.6.2.2)

* Neutral solutions have a pH of 7 (5.1.1)

It is also worth noting that in practice, distilled deionized water is seldom neutral. Instead, it
usually has a pH of 5.6 from being in contact wattmospheric carbon dioxide (Rayner-
Canham, 1994).

8.5 SUMMARY AND DISCUSSION

The results presented in this chapter arose frose&teh Question 4 namelyWhat difficulties

do students experience with terminology and symimoh acid-base chemistry?To answer

this question, it was necessary to address theviolg sub-questions:

daWhat descriptions of difficulties with acid-basermieology and symbolism can be
synthesised from the existing research data?

4b.How stable are these difficulty descriptions acrdsterent contexts?

4c.What statements of propositional knowledge are eg¢d address the difficulties with acid-
base terminology and symbolism?

In terms of these sub-questions, the main resdardings in this chapter are:
« Seventeen difficulties can be described concerniegresentations in acid-base

chemistry, of which three involved sub-difficulties
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» Of these difficulties, five each concern acid-basarminology and symbolic
representations, with the remaining seven involdifficulties with quantitative aspects
of pH.

« The difficulties described in this chapter wereid#éntified among senior secondary or
tertiary students.

« The stability of the difficulty descriptions variedTo be specific, only four difficulties
(and one sub-difficulty) were established with aéled description; five difficulties (and
two sub-difficulties) were partially establishedlLavel 3; five difficulties (and one sub-
difficulty) were only classified as emergent or eé® and one difficulty (and two sub-
difficulties) were merely suspected at Level 1.

« Difficulties with bases have been less extensivesearched than those with acids.

e The 17 difficulties map to over 80 separate prapwsil statements, of which 85% were
introduced for the first time when they mappeditGadilties in this chapter.

« The average of nearly five propositions per diffigus greater than in the previous two
chapters.

As in the previous chapters, the implications afsth findings are discussed briefly here and

more extensively in the following two chapters (@1d.0).

Some of the difficulties with representations usedacid-base chemistry identified in this

chapter among senior secondary or tertiary studdhte/ these senior students retain simplistic
or incorrect notions from their junior years, whititen impede learning more complex or
gquantitative aspects of a concept. For example Bdicerning temperature dependence of pH,
probably originates in earlier teaching when suetaits were ignored. Incorrect associations
between pH and concentration and acid strength R41 and R12 have been identified among
teachers and instructional material. Thereforehsdifficulties have didactic origins, and

textbook authors and teachers in junior classed ttebe aware of these problems.

The seven difficulties identified here concerningaqtitative aspects of pH belie Watters and
Watters’ (2006) claim that very little had been lmhied on the topic. But their finding
concerning the complexity of the topic is verifiéy the large number of propositional
statements to which each difficulty is mapped. t Nioly is pH a counter intuitive concept,
being an inverse relationship (Stavy & Tirosh, 200t the mathematics is challenging. In
this regard, Potgietaat al, (2008) found that university students could ceteptly manipulate

a logarithmic equation given in either purely alget or a typical chemistry format, but very

few were able to interpret either form graphicallshich suggests the students were unable to
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visualise the meaning of the mathematical symboligmrthermore difficulties R15 and R16
require advanced students to model several chemigalibria occurring simultaneously, which
is a task requiring considerable working memoryddaly, 1986). However, the number of
propositional statements should not be taken oe fadue as indicating the complexity or

simplicity of a concept as is shown below.

Some of the difficulties in the sub-category conagg chemical symbolism appear to map to
fewer propositional statements than for instandécdities with terminology. For example
Difficulty R10 (concerning chemical symbolism) majasonly three propositional statements
whereas Difficulty R2 (concerning terminology) mdp<ight propositions. This contrasts with
Marais and Jordaan’s (2000) assertion that symlmtiguage is the highest level of abstraction.
Accordingly, if concepts involving symbolic represa&tions are the most complex they could be
expected to be represented by the greatest nunfi@opositional statements. However the
results here indicate otherwise. Therefore thepgsitional knowledge given here is most
probably incomplete and in this way it representl dhe minimum which students need to
master. What is more, difficulties with chemicah#yolism have been extensively reported in
other chemical contexts (e.g. Yarroch, 1985; Njc@003; Treagust & Mamiala, 2003)
indicating they are not specific to acid-base clstmpi Difficulties with a more fundamental
origin could be expected to involve propositionabWwledge beyond acid-base concepts and

include general chemistry.

This chapter has exposed a large number of diffesilvith more abstract aspects of acid-base
chemistry. Each of these difficulties has beenpedpto fairly extensive sets of propositional
knowledge. The implications for teaching and leagnof the complete set of propositional
knowledge from this chapter, together with thatnfréghe previous two chapters, will be

considered in the next chapter.
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CHAPTER 9
THE SUITABILITY OF THE DERIVED PROPOSITIONAL KNOWLE DGE
FOR TEACHING AND LEARNING ACID-BASE MODELS

9.1 INTRODUCTION

In the previous three chapters, critical analys&lenuse of propositional knowledge to hone

descriptions of student difficulties (see methodSection 4.5) and in so doing, illuminated

propositional knowledge in considerable detail (Seetion 4.6). The focus changes in this

chapter, as the whole set of propositional statésnerfirst evaluated and then analysed, which

entails, in part, developing a conceptual hierarcAycomposite list of propositional statements

and hierarchical concept maps were built up simelbasly (see Section 4.7). The hierarchy is

then used to cast light back onto the difficultiBy. this analysis, an answer is sought for the

fith and final research questiomo the set of propositional knowledge statementsveid

through analysis of student difficulties reflecpagpriate knowledge for teaching and learning

acid-base modelsThis entailed answering two research sub-questions:

5a. How well do the propositional statements reflectriculum models for acid-base
chemistry?

5b. What are the implications of the propositional kitedge for teaching and learning acid-
base chemistry?

Table 9.1 (pages 188 to 193) gives a compositefliatl the propositional statements which are

then followed by eleven concept maps (Figures 99.14). Both the table and the figures are

given here in a flip-out format, so the reader reagily refer to them as they are discussed.

The propositional statements in Table 9.1 are gedras a hierarchy of chemical concepts.
Decimal codes for each propositional statementatdig the hierarchy (e.g. 3.4.2.1) are given
in the left hand column and this is the same pribpos! statement code used in Chapters 6, 7
or 8. The hierarchy begins with propositional esta¢nts concerning general ideas about models
(codes 1), then continues with species classedaids éodes 2), bases (codes 3), amphoteric
(codes 4), neutral or salts (codes 5). For eachiepethere are both definitions and examples
appropriate to each model (operational, Arrhennas Brgnsted). The propositional statements
then cover indicators (codes 6), acid-base reactamtording to the three models (codes 7),
acid-base strength (codes 8) according to the Amiseand Brgnsted models, followed by pH
(codes 9) and finally equations (codes 10). In tmy the table covers all three models together
but a practitioner can extract those propositiaiating to a particular model relatively easily.

The second column of the table shows the figure bmu(s) for the concept map(s) which
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include each proposition. The codes for the diffies (e.g. S1, P5 or R10) from which the
propositional statements were mapped are showmeimight hand column of the table. A few

propositions show no difficulty code, for reasortgch will be given in Section 9.2.1.

Each of the eleven concept maps depicts one themeid-base chemistry, starting with the
overall relationships between acid-base modelsu(Eigd.1). This is followed by maps
concerning acid-base species and acid-base resdiwoneach of the three models, namely
operational (Figures 9.2 and 9.3) Arrhenius (Figwe!l and 9.5) and Brgnsted (Figures 9.6 and
9.7). Then acid base strength is shown accordinbetdatter two models (Figures 9.8 and 9.9).
Lastly there are two concept maps for pH (Figurd® &nd 9.11), showing firstly qualitative
and then quantitative aspects of the concept. Higrarchical organisation of the concepts as
shown by their decimal codes in Table 9.1 was nebadlenging than | had anticipated and in
this regard the process of concept mapping wagmenesly helpful. | first made the maps with
words, then allocated codes to them, then foundthveinethere were already propositional
statements which fitted the links or not, and whethey should be included on more than one

map as will be discussed in Section 9.3.2.2.

All the concept maps have a similar format, witldacon the left hand side and equivalent
concepts for bases on the right. Where a conaegt §trength) applies to both, it is usually
aligned centrally, unless space constraints didatiotv this (for example indicators on Figure
9.3). Concepts in rectangular boxes appear orertian one map (cross-links, see Section
9.3.2.2) with the remaining concepts depicted ial®v Concepts boxes usually have white
backgrounds, as shaded backgrounds have beenea@sr concepts at critical nodes (see
Section 9.3.2.1). Propositional links between epts are described if these have not been
shown as problematic. For brevity, links that wienplicated in student difficulties are shown
with only the decimal code for the propositionahtstent, together with code(s) for the
difficulties. For example on Figure 9.2 the linkth code 2.1.1.1 indicates the propositional
statement 2.1.1.1 given in Table 9.1 Asidic solutions have a pH less thanand this
proposition was mapped from difficulties S1, P8, Pa@ BR20. Consequently, propositions in
Table 9.1 should be consulted along with the conagms. The links between concepts usually
have uni-directional arrows to show which way thepwsition should be interpreted. An
equivalent relationship is shown with no arrows.r &ample on Figure 9.10 there is a link on
the bottom left showing thaa pH of -2 is the practical minimum valuhis has no arrow
because it has the same sense if read upwartiegaactical minimum value for pH is.-But

below this is the unidirectional link indicatintde practical minimum is seldom achieved.
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Code for Concept Difficulties
Statement Map Propositional Statement Implicated
General ideas
11 9.1 Operational and theoretical definitionslaoth necessary for scientific understanding. S1
111 9.19.2  Operational definitions indicate rephysical quantity might be recognised or measuredS1
1.1.2 9.1 Theoretical definitions show relationshigtween concepts S1
1.1.3 9.1 Definitions vary according to differentdels S3
1131 9.1 Different models are useful in différeantexts. S3
1.1.33 9.1 Different theoretical models conceigi@lgand bases as substances or as patrticles S2
Operational model — general
1.2 9.2 Acidic and basic substances have charstiteproperties S1
1.2.0.1 9.2 9.8 Properties in concentrated saistioay differ from those in dilute solutions P1
1.2.0.11 9.2 A more concentrated solution containge solute for the same amount of solution. R1
1.2.0.2 9.2 Acids and bases have complementaryepiep. P4
Operational model acids — properties
2.1 9.2 Acidic substances give acidic agueous isoisit S1
2111 9.2 Acidic solutions have a pH less than 7. S1 P8 P12
P20
2.11.2 9.2 Indicators have characteristic colducidic solutions P8 P9
2113 9.2 Weakly acidic solutions taste sour S1P5
21131 9.2 Lemons taste sour. P5
2114 9.2 Acids can be corrosive and appearum'skin and eyes. P1
21141 9.2 Hydrochloric acid is usually corresiv
21142 9.2 Weakly acidic solutions may be milciyrosive and irritate eyes and skin
211431 9.2 Citric acid is irritating to eyesdaskin. P1
21151 9.2 Acidic substances may smell ‘sharp’ P6
211511 9.2 ‘Sharp’ smelling gases may makefgel like choking. P6
21161 9.3 Acids and basic oxides or hydroxides react cheityitait produce no gases except water P11 P19
vapour.
2.1.1.6.2 9.3 Acids and carbonates react chemitabyso produce carbon dioxide. S1 P11 P19
2117 9.3 Acids and some metals react chemitalyoduce hydrogen. P11 P19
Operational model acids — examples
2121 9.2 Foods often contain acidic substances S7 P2
21211 9.2 Fruit, tea and milk contain acids S7
2.1.2.2 9.2 C@and SQare acidic gases found in the atmosphere. S2 57
Arrhenius acids — definition
221 9.1 9.4 Arrhenius acids are substances that release hywioge in aqueous solution. S4
9.5 9.8
Arrhenius acids — examples
22211 9.4 Arrhenius acids: examples include HCLID,, or PO, (sometimes given as O=P(QH) S6 R7
and carboxylic acids
22212 9.4 Carboxylic acids are organic compsumith a functional group —COOH R7
222121 9.4 Carboxylic acids include £¥©OH or HCOOH R7
22221 9.4 Some Brgnsted acids are not Arrhextias
222211 9.4 Arrhenius acids: examples do ndude water. S2
Bransted acids —- definitions
2311 9.6 Bransted model: particles (such as molecules a)iare classified as acids when they ~ S2 S4 S6
donate a hydrogen ion,"Ho a base
2.3.1.2 9.7 When a Brgnsted acid loses a protoecibmes the conjugate base
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Code for Concept Difficulties

Statement Map Propositional Statement Implicated
Brgnsted acids — examples

2321 9.4 9.6 Brgnsted acids: examples incliid&idenius acids S2

2.3.2.2 9.6 Brgnsted acids: examples include thenmaolecule KO and ions: HSorHCO; and NH'.  S2 S6
Operational model bases — properties

3.1 9.2 Basic substances (or alkalis) give basialf@line) solutions. S4

3.11.1 9.2 Basic solutions have a pH greater than S1 P8 P12

3.1.12 9.2 Indicators have characteristic colauisasic solutions P8 P9

3.1.1.3 9.2 Weakly basic solutions taste bitter P5

3.1.13.1 9.2 Soap tastes bitter P5

3.114 9.2 Bases can be corrosive (or caustichpppéar to ‘burn’ skin and eyes. P4

3.1.1.4.1. 9.2 Sodium hydroxide, potassium hydmxidd ammonia can be caustic or corrosive. P4

3.1.14.1.1. 9.2 Sodium hydroxide and potassium hydroxide have tinencon name caustic soda and cauddié
potash

3.1.1.4.2 9.2 Weakly basic solutions may feel soapy P7

3.1.15.1 9.2 Ammonia has a strong pungent smell P6

3.1.151.1 9.2 Urine smells of ammonia. P6
Operational model bases — examples

3.1.21 9.2 Basic substances are found in cleaning materials as oven cleaner, household ammoni&7 P3
household bleach; washing soda {81@;) and soap

3.1.211 9.2 Oven cleaner and drain cleaner aobtsic substances such as NaOH P4

3.1.2.2 9.2 Antacids are basic substances. S7

3.1.2.21 9.2 Antacid: a medicine that preventsoorects acidity in the stomach. S7

3.1.23 9.2 Basic substances used in cooking iechodium bicarbonate S7

3.1.24 9.2 Basic substances found in the labgratatude metal hydroxides such as limewater S7
Arrhenius bases — definitions

3.21 9.4 9.5 9.8rrhenius bases are substances that release hgldrimxis in aqueous solution. S4 S5

3.21.1 9.4 Alkali is an alternative term for Arrties bases S5 P3
Arrhenius bases — examples

3.2.2.0 9.4 Arrhenius bases: examples are limdeibstances containing OH groups. S2

3.22.11 9.4 Arrhenius bases: examples includeHyak)(OH);, Zn(OH) and ‘NH,OH’ S2 S6 R6

3.2.2.2 9.4 Arrhenius bases examples do not indirdasted bases S5

3.22.21 9.4 Arrhenius bases examples do notdeclater and Nk S5

3.2.2.22 9.4 Arrhenius bases: examples do natdiechlcohols S2 R7
Brgnsted bases — definitions

3.3.1.1 9.6 Bragnsted model: particles (such as molecules @)iare classified as bases when they S2 S4 S5
accept a proton (hydrogen ion) from an acid S6
Bransted bases — examples

3.3.21 9.6 Brgnsted bases: examples include the molecui@s NHs, amines and the ions QFCO>~ S2 S5 S6
or SQ* or S, HCO; or HSQ or HS' R6

3.3.2.1.11 9.6 Amines are organic bases with atiomal group —NH such as CkNH, R6

3.3.2.2 9.4 9.6 Bransted bases: examples do doidi@ Arrhenius bases S2 S5 R6

33221 9.6 Bransted bases: examples do notdadlaOH S2 S5
Amphoteric species

4.1 9.2 9.4 9.6 Amphoteric species are thosecdrabehave both as an acid and a base S6

41.1 9.6 Amphoteric properties depend upon théesim which the species is investigated. S6

4.1.2 9.4 In aqueous solution, amphoteric hydraxichn form either hydrogen or hydroxide ions. S6

4.2.1 9.4 Amphoteric substances examples incluf@#) or Zn(OH) S6
Operational model — neutral

5.1 9.2 Neutral substances or solutions have neitidic nor basic characteristics. S4 S8 P4

5.1.1 9.29.10 9.11 Neutral solutions have a pR.of S8 P12 R1R17
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Code for Concept Difficulties
Statement Map Propositional Statement Implicated
Operational model — Salts
5.1.2 9.2 9.39.9 NacClforms a neutral aqueousisol. S7 S9 P10 P25
5.1.3 9.3 Salts may have neutral or non-neutraltisis P25
5.1.3.1 9.3 9.9 Sodium ethanoate has a basid@olut P25
Arrhenius model — Neutral
5.2 9.11 A neutral solution is one whereTH [OH] S10 P12
5.2.2 9.4 Alcohols have the functional group —OH R7
5221 9.4 Alcohols include GBH and CHCH,OH R7
Brgnsted model — Neutral
5.3 9.9 A neutral solution is one where;(H] = [OH] S10
Indicators
6.1.1 9.3 Indicators are substances added to eptutif acids and bases P9
6.1.1.2 9.3 Indicators are added in very small amtgyiabout 8 drops per 100 ml. P20
6.1.2 9.3 Indicators are substances that changercat certain pH values P9 P13 P20
6.1.2.1 9.3 pH range over which indicators charaeur is characteristic for each indicator. P14

ACID-BASE REACTION
Operational model — reaction

7.1 9.3 Neutralization is a process whereby acidic anddmsdbstances react chemically to producg2 P19
new substances.

7.11 9.3 Neutralization is a double decomposifmmmetathesis) reaction. P20

7121 9.3 Neutralization reactions producesta sal P19

71211 9.3 The salt produced in neutralization reactions ddp@m the particular acid and base P15
involved.

7.1.2.13 9.3 Acetic (ethanoic) acid and sodiumrbxidie will produce sodium acetate (ethanoate). P15

7.1.2.2 9.3 In agueous solutions, neutralizatiactiens produces water S2 P19

7.1.3 9.3 Titrations use neutralization reactioesveen equivalent amounts of acids and bases. P16

7.13.1 9.3 For acid-base titrations, in princiglgyivalent amounts react completely. P16 P18

P22

7.13.2 9.3 For titrations indicators are chosen so that tliewint of a titration is also the equivalencé®18
point.

7.14 9.3 The acid-base neutralization reactiohasilise a temperature increase P17

Arrhenius model — reaction

7.2 9.5 Neutralization is the reaction between bgdn ions and hydroxide ions P20

7.21 9.5 Neutralization reactions produces waig®d, P20

7.2.2 9.5 During neutralization reactions, the cation frora Hase and the anion from the acid form 815 P20
salt.

7221 9.3 The solubility of salts depends onpheicular ions involved. P15

7.2.3 9.5 Neutralization reactions result in a 8oiuthat may be neutral, acidic, or basic. P16 P21

7.23.1 9.5 When equivalent amounts of a strong acid and aallytgtrong base react, the resulting P16 P21
solution will be neutral.

7.2.3.2 9.5 When equivalent amounts of acid and base of unesfreaigth react, the resulting solution P16
will not be neutral.

7.23.2.1 9.5 Neutralization reactions between equivalent amoahssrong acids and weak bases result in
acidic solutions.

7.2.3.2.2 9.5 Neutralization reactions between equivalent amoaftgeak acids and strong bases resultAt6
basic solutions.

7.2.4.1 9.5 All neutralization reactions produce same heat of reaction. P18

7.24.2 9.5 The different heat of reaction measured for weattssis due to the extent of dissociation of P18

molecules.
7.25 9.8 For monoprotic acids, the rate of reaction for akvacid (or base) will be less than from an P18

equally concentrated strong acid (or base).
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Code for Concept Difficulties
Statement Map Propositional Statement Implicated
7.2.6 9.8 For monoprotic acids, the amount of product preduitom the same amounts of a weak and R18

strong acid will be the same.

Brgnsted model — reaction

7.3 9.7 Brgnsted acid and base react to form Bedrisise and acid P22
731 9.7 Brgnsted acid-base reactions includeagpreous systems.
7.31.1 9.7 Non-aqueous examples: ammonia and ggdrchloride
7.3.2 9.7 Brgnsted reactions are, in principleersible P22
7.3.3 9.7 The Brgnsted general reaction scheméeappl many different types of reactions R10
7331 9.7 Brgnsted acid-base reactions incledéralization R10
7.33.1.1 9.7 Brgnsted neutralization in water lisaction between 0" and OH ions P16 P20
P22
7.3.3.1.2 9.7 Neutralization occurs to a large @it not completely P22
7.3.3.1.3 9.7 If neutralization reactions involve weak acid osbanolecules there will at least two P16
competing equilibria
7.3.3.1.31 9.7 A stronger conjugate base in wailecompete for HO* ions P16
7.3.3.1.3.2 9.7 A stronger conjugate acid in wat#rcompete for OHions
7332 9.7 Bransted acid-base reactions includieation. R4
7.3.3.2.2 9.7 The formation of one or more ionsnfreeutral molecules is ionization. R4
7.3.3.2.3 9.7 lons are formed when molecular acids or bases ldiesso polar molecular solvents, such as wa R4
7.3.3.3 9.7 Hydrolysis is a Brgnsted acid-baseti@ac P26
7.3.3.3.1 9.7 Hydrolysis is a chemical reactiommfon or molecule with water P26
7.3.3.3.2.1 9.9 Salts where ions are weaker Brdrestiels or bases than water will have neutral swiat P25
7.3.3.3.2.2 9.9 Salts where ions are stronger Bedrecids than water will have acidic solutions. 5P2
733323 9.9 Salts where ions are stronger Bedrisases than water will have basic solutions P25

Acid-base strength
8.1 9.8 Acid or base strength depends on the clamature of the acid or base P21 P18
8.2.1 9.8 Dissociation is the separation of thestiarents of an ion pair. R5
Arrhenius acid-base strength

8.2.1.1 9.5 9.8 Arrhenius acids and bases dis®oicie ions in aqueous solution. R4

8.2.1.2 9.8 Dissociation is not decomposition

8.2.1.2.1 9.8 Decomposition is the breakdown dhgle molecular entity R5

8.2.2 9.8 Dissociation may occur fully or partially

8.2.2.1 9.8 Strong Arrhenius acids or bases algdigsociated in solution P21 P24 R1

8.2.2.1.1 9.8 Arrhenius acids or bases that ahg digsociated in solution exist mostly as ions. R2

8.2.2.1.2 9.8 Compounds in which a molecule or formula unit reé=amore than one'libn by dissociation R1 R16
or ionization will increase the [ (or [HsO"]) in solution accordingly. (8.2.2.1.2)

8.2.2.2 9.8 Weak Arrhenius acids or bases aregfigrtiissociated in solution P24

8.2.2.2.1 9.8 Arrhenius acids and bases that are partially diaget in solution exist mostly as molecules R2
with a few ions.

8.2.3 9.8 Arrhenius acid or base strength is meaisoly the conductivity of their solutions. P13

8.2.3.1 9.8 Strong Arrhenius acids are strong elbtes R2

8.2.3.2 9.8 Weak Arrhenius acids are weak eledgsly R2

8.24 9.8 K is an equilibrium constant showing how well ardatissociates (Arrhenius model) R2

_H1AT]

8.24.1 9.8 Kfor an acid HA is given by ’ [HA] (Arrhenius model) R2

8.24.1.1.1 9.8 Ka > 1, shows a strong acid withenions than molecules in solution.

8.24.1.1.2 9.8 A low value for Ka indicates minirtendency for a molecular acid to ionize. R2

8.2.5 9.8 lonic solids are composed of ions (catimd anions) R4

8.25.1 9.8 lonic compounds dissociate into catamsanions when they dissolve in water. R4 S1 P26
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Code for Concept Difficulties
Statement Map Propositional Statement Implicated
8.25.1.1 9.8 In reality, few salts dissociate clatgy in water S1
8.2.6.1 9.8 Lower concentration of ions resulta slower reaction rate
8.2.6.1.1 9.8 A greater concentration of ions iltsan will result in a greater reaction rate

Bransted acid-base strength
8.3.1 9.9 Stronger Brgnsted acids are better piooors than weaker Brgnsted acids. P21 R1 P24
8.3.2 9.9 Stronger Brgnsted bases are better paotmeptors than weaker Brgnsted bases. P21
8.3.3 9.9 Strength9.8 of acid-base conjugates is complemgnironger acids give rise to weaker P23

conjugate bases and vice versa.
8.3.3.1 9.9 As a base, acetate ion, ikestronger than its conjugate HAc is an acid. P16
8.34 9.9 Ka is an equilibrium constant showing sl an acid ionizes (Brgnsted model)
8.3.4.1 9.9 - H,O0"LIAT]

Ka for an acid HA is given by: ’ [HA] (Brgnsted model)
8.35 9.9 If ions are stronger Bragnsted acids eebdhan water, they will react with water molesule P26
8.3.5.2 9.9 Hydrolysis of anion or cation causebange in [HO'] and [OH] P26

pH
9.1 9.10 pH can be found for any aqueous solutimiyding salts. P10
9.11 9.11 Water is present in aqueous solutions. R15
9.21 9.10 pH is an indirect practical scale. P10 P12
9.2.2 9.10 pH is a scale of acidity and alkalinity. P10 P12
9.2.3 9.10 pH measured with a pH meter gives cootis values. R14
9.3.1 9.10 As solutions become more acidic, thelpeteases. P4 P12
9.3.1.1 9.10 Solutions with pH less than 3 are rilesd as strongly acidic. R12
9.3.1.2 9.10 Solutions with pH 4 to 6 are descriagdveakly acidic. R12
9.3.2 9.10 As solutions become more basic, thengkeases. P4 P12
9.3.2.1 9.10 Solutions with pH 8 to 10 are descriags weakly alkaline. R12
9.3.2.2 9.10 Solutions with pH greater than 13dm®cribed as strongly alkaline. R12
9.4.1.1 9.10 pH is an alternative method of reprisg hydrogen ion concentration, TH R11 P10

P12

9.4.2 9.11 pH of a solution depends on the conagatrs [H] and [OH] R12
9.4.2.1 9.11 As [H increases the pH decreases. P12 R17
9.4.2.2 9.11 As [OH increases the pH increases. P12
9.4.3 9.11 Approximate pH can be calculated fronepHlogH"], R11
9.43.1 9.11 [H+] = 1® mol.dm?®
94321 9.11 When [#i= 1.0 mol.dn® pH is 0. R13
9.4.3.2.2 9.11 When [OH= 1.0 mol.dr? pH is 14. R13
943311 911 pH calculations with ionic concentrations are aateito* 0.1. R14
943312 911 pH calculations with ionic activities are accuratet 0.02. R14
9.4.3.4 9.11 pH usually applies to dilute solutions R13
9.5.1 9.10 9.11 pH will decrease with increas&mperature. R17
9.5.2 9.11 We usually measure pH at the standarderature of 25C. R17
9.6.1.1 9.5 Arrhenius model: Water dissociates 3% H' + OH R15
9.6.1.2 9.11 Bragnsted model: Water ionizes asC¥+F H;O* + OH R15
9.6.2.1 9.11 Hydrogen ion concentration and hydtexon concentration are related by K P12
9.6.2.1.1 9.11 K= [H"].[OH] or [H;0"].[OH] P12 R17
9.6.2.1.2 9.11 The ion-product constant for watg,is an equilibrium constant. P12 R17
9.6.2.2 9.11 For a neutral solution, [Hi= [OHT] = \/ﬁ R17
9.6.3 9.11 Increasing temperature will increasgs K R17
9.6.3.1 9.11 Kw=1.0% 10" P12 R17
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Code for Concept Difficulties
Statement Map Propositional Statement Implicated
9.6.3.1.1 9.11 Kw = 1.0 10 mol.dm?®, only at 25°C. R17
9.7.1 9.11 pH calculations using pH = —lgfH"] need systematic considerations of all the equdlib R15 R16
taking place.
9.7.1.1 9.11 There are alway$ for H;O") and OH from dissociation (or ionization) of water. R15
9.7.2.1 9.11 When acid / base concentration is greater thahn6l.dm?, the dissociation (or ionization)
of water contributes insignificantly to the kbr H;O") / OH ions from the acid / base in
solution, and may be ignored in pH calculations.
9.7.2.2 9.11 When acid / base concentration is aboufrfl.dm?, the dissociation (or ionization) of
water contributes significantly to the ior H;O") / OH ions from the acid / base) in
solution, and both should be included in pH caltoifes.
9.7.2.3 9.11 When acid / base concentration is very low (leas tho® mol.dni®), the acid / base R15
contributes insignificantly to the Hor H;O") / OH ions from the dissociation (or ionization)
of water, and the latter has a greater effect emptt.
9.7.3 9.11 Diprotic acids dissociate/ionize in two stages,rogén/hydronium ions are produced in each
stage. There are at least two equilibria to carsid
EQUATIONS
Equations — operational model
10.1 9.3 An equation with formulae describes tHestances which are reactants and products. R9
10.1.1 9.3 The formula equation for neutralizatieactions has the form acid + bas®2 salt + water ~ R9
Equations — theoretical models
10.2 9.7 Equations with ionic reactants and / odpcts explain the reactions S2 R9
10.2.0.1 9.7 Electric charge is irrelevant to thieldase function P20
Equations — Arrhenius model
10.2.1 9599 Arrhenius model: neutralization tiems may be represented as: HOH= H,O R9
10.2.1.1 9.8 An Arrhenius acid HA will dissociate as: F&= H* + A R2
10.2.1.2 9.8 An Arrhenius diprotic acid dissocidtesvo stages given by the equations R16
10.2.1.2.1 9.8 9.11 480, ™ HSQ +H' R16
10.2.1.2.2 9.8 9.11 HSO= SQ* +H' R16
10.2.1.2.3 9.11 Giving the overall equation as;30, = SQ2 + 2H' R16
Equations — Brgnsted model
10.3 9.7 In the general Bransted reaction schenig; & base== base + aci¢ (10.3) R3
10.3.1 9.7 Conjugate pairs are reactant /producs:pacid/base and basgacid, (10.3.1) R3
10.3.1.1 9.7 Formulae for acid-base conjugate piififier by a proton, H R3
10.3.0.1.2 9.7 acit™ conjugate base +'H
10.3.0.1.3 9.7 base +F conjugate acid
10.3.2 9.7 Non-aqueous example: HCI +3¥F NH," + CI
10.3.2.1 9.7 Brgnsted model, neutralization reactions can beesemted as: 40" + OH== H,0 + P16 P20 R10
H,O
10.3.3 9.7 A diprotic Brgnsted acid ionizes in tstages given by the equations: R16
10.3.3.1 9.7 50O, + H,O — HSQ, + H;0" R16
10.3.3.2 9.7 HS® + HO &= SQ* + H;0" R16
10.3.4.1 9.9 Acetate ions reaction with water may be shown as:
H,O(l) + Ac(aq)= OH(aq) + HAc(aq)
10.3.4.2 9.7 Acetate ions reaction with hydronium ions as shoym P16

Hs;O'(aq) + Ac(ag)= H,O(l) + HAc(aq)
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9.2 EVALUATION OF PROPOSITIONAL KNOWLEDGE STATEMENTS

To address research sub-question 5a, the complistitef propositional statements was
compared to criteria given in Section 4.6.1 soagutige whether they reflect a curriculum
which is simple enough for school students withmarmpromising the historical models.  For
the readers’ convenience, the criteria and the iwayhich they would be evaluated were given
in a flip-out form as Table 4.5 on page 77. The ftriteria involved pragmatism, parsimony,

consistency, transparency and consensual acceptance

9.2.1 Evaluation for pragmatism

The first criterion concerns the appropriatenessthef set of propositional knowledge as
pragmatic curriculum models. In other words, weéney suitable for teaching students?
Examining the propositions in Table 9.1 shows tiegrly all (90%) were derived in response to
at least one student difficulty. It can reasonably assumed that chemistry education
researchers would study conceptions in topics whare within students’ cognitive
development. In other words they would not exmdeimentary students to know about proton
transfer. Furthermore Section 5.4 shows that masgarchers claim to have evaluated the face
validity of research probes with suitable expertéccordingly, | can argue that 88% of
propositions were appropriate for students of weriages as covered in the original studies. The
remaining propositional statements, not directlyivebel from student difficulties, were included
for three reasons. Firstly, some propositions veeided for symmetry of statements concerning
both acids and bases (e.g. 7.3.3.1.3.2 complem&Bt8.1.3.1). In other cases, they were
needed to provide links between propositions ddrivem difficulties (e.g. 8.2.2 was added to
link 8.2.2.1 and 8.2.2.2). Thirdly, further prgittons were needed for completeness, including
aspects of certain concepts besides those thgtreadnted difficulties (e.g. 9.7.2.1. and 9.7.2.2
complement 9.7.2.3). Therefore none of the estiitements were added to embrace topics not
already included, nor were they added to show fifedail in a topic. Therefore the remaining
12% (and hence all) of the propositional statemeetiect knowledge included and deemed
appropriate for various ages in an acid-base audwnic. But does it reflect a complete

curriculum? This aspect will be evaluated next.

Comparison of the propositional statements in T&blewith three high school curricula (see
Section 4.6.1) this indicated that all the coreddmse topics were included, but that some
aspects could be missing. The missing aspectsharen in Table 9.2 and a discussion of these

aspects follows.
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Table 9.2 Showing typical high school topics not atuded in Table 9.1

Topic missing from Table 9.1 Curriculum publication
1  HNGO;as an example of acids Nakhleh & Krajcik (1994)
2 Meaning of chemical formulae Nakhleh & Krajcilog4)
3 Calculations of concentration Nakhleh & Krajcilop4)
4 The cause of acid rain and acid soil Ross & Muiiop1)
5  Hydrochloric acid in human stomachs Ross & Murit88(Q)
6  Calculations involving acid dissociation constants Nakhleh & Krajcik (1994)
7  Indicator colour change explained by Le Chatedierinciple Independent Examination Board (1997).
8  pH graphs in acid-base titrations Nakhleh & Kitajd 994)
9  Metal and non-metal oxides as sources of baskaads Ross & Munby (1991)
10 Definition of polyprotic acids Nakhleh & Krajc{d994)

The first topic in Table 9.2 nitric acid (HNDwas deliberately omitted from the list of
propositional knowledge for the following pedag@diceasons. Even when dilute, HN®
involved with both acid-base and redox reactions r@search shows that students can confuse
these two types of reactions (Schmidt & Volke, 200@onsequently | chose to limit examples
of acids to those behaving typically as acids rathan oxidising agents. Topics 2 to 5 were
excluded due to the scope of the current projes &ection 4.4.1.) In this regard, Topics 2 and
3 involve underlying chemical principles, beyondddease, and Topics 4 and 5 concerned
environmental and physiological aspects. Topits & were omitted due to the lack of suitable
research into difficulties with the topics. Thetiad search of publications (see Section 5.3)
revealed no research concerning Topics 6 or 7.s Thinot to say that students do not
experience difficulties with this aspects, but eatthat these topics have not yet been targeted in
studies on student difficulties. The search reag@aome research concerning difficulties with
graphs of pH in acid-base titrations (Topic 8) tha published data (Nakhleh & Krajcik, 1993;
Sheppard, 2006) did not meet the criteria for datad in this study (see Section 4.4.1).
Finally, propositions concerning Topics 9 and 1@ftghand non-metal oxides and polyprotic
acids) were subsequently incorporated when drathiegelevant concept maps (see Figures 9.2
and 9.4). This analysis shows that the propositiet@tements in Table 9.1 encompass all
essential aspects of a typical high school cuniicul There are some peripheral topics omitted.

In this way they are pragmatic, as they includeestents simple enough for school students.
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9.2.2  Evaluation for parsimony

Parsimony infers that propositions will include ytihat which is necessary for understanding
the topic while avoiding superfluous informatioifhe propositions concerning definitions and

examples had grown incrementally as more diffiegltivere described; perhaps some of this
detail was unnecessary. Furthermore the wholefsgtopositions was extensive and perhaps

some information was duplicated. These aspectexamined for parsimony.

9.2.2.1 Examination of Brgnsted definitions
The Brgnsted definitions given below have becomeenmmmplex, and possibly too wordy,
during the course of the analysis.
« Molecules or ions are classified as Brgnsted aglten they donate a proton (hydrogen ion)
to a base (2.3.1.1)
* Molecules or ions are classified as Brgnsted babes they accept a proton (hydrogen ion)
from an acid (3.3.1.1.)
Definitions need to show the aspects of a condegt are both individually necessary and
jointly sufficient to label an instance as beingestample or non-example of the concept. These
aspects have been termed by Herron (1996) asatidtitibutes. In the case of Brgnsted acids or
bases, there are three critical aspects:
0] The acids and bases are species rather than stéxstan
(ii) The classification is not absolute but accordingh¢taviour in the context of a
particular reaction; and finally,
(i) For the reaction to take place there must be ptds®h an acid to donate protons
and base to receive them.
The definitions given above include all criticapasts but give nothing more than the critical
aspects. Moreover all these aspects presentudiiéis for students (S2, S4, S5, S6 and R6). By
contrast, the oft quoted “acids are proton donbeses are proton acceptors” (e.g. Schmidt,
1995; Brady & Holum, 1993) is little more than algaithm or mnemonic; that is, ‘ritual
knowledge’ (Perkins, 1999). It certainly does sbbw students the critical aspects of the
Brgnsted conception of acids and bases. In tlsis, cmplifying does not clarify. The detail is

necessary.

9.2.2.2 Evaluation of the acid-base examples
Next the sets of acid-base examples and non-exargplen in the propositions were examined.
In particular proposition number 3.3.2.1 gives kdraples of Brgnsted bases, which were all

included in response to identified difficulties, thilne overall number might be excessive.
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Consequently, the acid or base examples implidatetudent difficulties (5 Arrhenius acids, 5
other Brgnsted acids, 4 Arrhenius bases and 11sBrdibases) could be trimmed down to a set
of teaching examples as shown in Table 9.3 belble table also gives the reason for inclusion

of each example.

Table 9.3 Examples of acids and bases with reasdies their inclusion

Acid Examples Reason Base Examples Reason
HCI Prototypic Arrhenius and Brgnsted NaOH or KOH Prototypic Arrhenius base, not
acid, molecule, monoprotic Bragnsted base
HCOOH or Carboxylic acid (Arrhenius and Al(OH); or Amphoteric Arrhenius bases
CH;COOH Brgnsted), not a base despite the OAN(OH),
group
H,SO, or Polyprotic Arrhenius and Brgnsted| S*-, CO,> or Bragnsted base, anion, conjugate acid
HsPO, acid, can be represented with OH | SO;* is amphoteric
group, conjugate base is amphotetic
H;O" Bransted acid involved in aqueous OH~ Prototypic Brgnsted base, not
neutralization reactions Arrhenius base, anion
H,O Brgnsted acid, molecule, not H,O Brgnsted Base, not Arrhenius base,
Arrhenius acid, amphoteric, amphoteric, molecule,
gives specific difficulties gives specific difficulties
HS ,HCO; or  Brgnsted acid, anion, amphoteric HEICO; or Bragnsted base, anion, amphoteric
HSO,~ HSO,
‘NH,OH’ Postulated as Arrhenius base, not
needed in Brgnsted model
NH," Brgnsted acid, cation NH Prototypic Brgnsted base, not
Arrhenius base, molecule

The table shows that a minimum of 15 examples amttexamples are needed to address
specific difficulties identified in the previousrde chapters. However, Brgnsted acids and
bases should be taught along with their conjugéges Difficulty R3, Section 8.2.2.1) which
would add to the list. For a curriculum, a prastier may select from these examples those
which are suitable for the students, and whichsiliate the necessary range of variable
attributes (Herron, 1996) as shown in the tabfethé Brgnsted model variable aspects include:
acid or base species may be molecules (e.g. HGhions (e.g. HY, acids may also be cations
(e.g. NH") and bases may or may not have OH groups (e.g.aBH $). Furthermore, non-
examples are important in order to show the linatabf a concept. Therefore,@ is given as

a non-example of both Arrhenius acids and base#e WaOH is given as a non-example of a
Brgnsted base to reflect the distinction betweerdat® The hypothetical ‘N}OH’ is
introduced to show how the Arrhenius model accormatedithe basic properties of ammonia in
a protective belt while the Brgnsted model acconatesi NH at its core. Other sets of
examples were similarly examined, and Table 9..wshpropositions giving the final lists of

examples which are necessary to illustrate aspéetsoncept.
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9.2.2.3 Evaluation of the set of propositions

Having verified the propositions contained no stlpeus detail, the concept maps (Figures 9.1
to 9.11) were used to identify propositions whiclplitated conceptual links. For example the
propositional statement “Neutral solutions have F @ 7" was used in the context of
understanding neutrality (S8) with code 5.1.1, blg#oain the context of the pH scale
(difficulties P12, R11, R12 and R17) with the cd@ld.1. As the two statements were on
different pages of the list of propositional stagets, the duplication was not immediately
obvious until | attempted to allocate codes ondbecept map. The two were then reconciled
into a single statement (5.1.1) mapping to all difficulties. Two other duplications were
treated similarly. Through re-examination of prsitions concerning definitions and examples
as well as the whole set of propositional statesentconcept maps, superfluous information

has been eliminated to meet the criterion of payaym

9.2.3  Evaluation for consistency

Consistency implies coherency within each modethwio hybrid models (see Section 2.1.3)
which might compromise its hard core. In this vihg integrity of each model was to be
ensured. When the propositional statements weegriated as links on concept maps, each
map except Figure 9.1 reflected a single modethat it was limited to representations and
examples particular to the model concerned. Fdaimte, the Arrhenius acid-base strength
concept map (Figure 9.8) incorporates dissociatidrereas this term does not appear on maps
concerning the Brgnsted model, where it would bapjpmopriate. Furthermore, each
propositional statement was allocated to a pagrcatodel in Table 9.1 and this table also
shows that each statement could be allocated teaat one map. Inconsistencies between
these two ways of representing propositions weesl ts identify anomalies and subsequently
resolve them. One such potential inconsistencyeaiothe propositional statements concerning
hydrolysis of salts, derived in response to DiffigdP25 (see Section 7.5.2.1). To elaborate, the
propositional statements in Table 9.1 were inifigllaced under the Brgnsted model because it
provides a direct explanation for non-neutral saltitions which is simpler than that according
to the Arrhenius model (see Sections 3.3.2.2 aB@.3). However, at that stage, | had phrased
the statements according to the Arrhenius modeltheag involved predicting the acid/base
nature of a solution of salts. When | attempteéhtmrporate the propositions into Figure 9.9
(Brgnsted model for acid-base strength) the inebeiscy became apparent. So revisions were

made as shown in Table 9.4 which follows.
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Table 9.4 Revision of propositional statements tatfthe Brgnsted model

Code Original Statement Revised Statement — Brgresdl model

5.1.3 Salts may have neutral or non-neutral saistio Re-coded to salts (5.1.3)
(7.3.3.3.2)

5.1.2 NaCl forms a neutral aqueous solution Eliminated, duplicates 5.1.2 NaCl forms a neutral
(7.3.3.3.2.3) aqueous solution

5131 Sodium ethanoate has a basic solution Re-coded to salts (5.1.3.1)
(7.3.3.3.2.3.1)

7.3.3.3.2.1 Salts from strong acids and strongdadiehave Revised: Salts where ions are weaker Brgnsted
neutral aqueous solutions. acids or bases than water will have neutral

solutions

7.3.3.3.2.2 Salts from strong acids and weak bagelsave  Revised: Salts where ions are stronger Brgnsted
acidic aqueous solutions acids than water will have acidic solutions

7.3.3.3.2.3 Salts from weak acids and strong badkelsave  Revised: Salts where ions are stronger Brgnsted
basic aqueous solutions. bases than water will have basic solutions

The first three propositions in the table were odad so they now fall under macroscopic
properties of salts in Table 9.1. Duplication cemming NaCl was then obvious so that
statement was eliminated in the interests of pamym(see Section 9.2.2). When trying to
incorporate the original statements onto any ofcitiecept maps for the Brgnsted model, it was
clear there were no appropriate links, becausé@tlasted model does not focus on particular
substances (acid and base) which tended to beafizett to give the salts, as in the last three
original propositions 7.3.3.2.1 etc above. As sulte the propositions were then rephrased as
shown in the last column of the table. The subtieimportant difference between the species
that is considered weak or strong according tawltemodels is especially evident in statement
7.3.3.3.2.1. To amplify, in the Arrhenius modéle toriginal acid or base from which the salt
was produced is strong whereas Brgnsted acids aseklare the ions of which the salt is now
composed. This illustrates how important it isée the propositional statements in relation to
each other as on a concept map. Once all the gitap could be incorporated appropriately
into at least one concept map for the relevant adberence within each model was achieved

and hybrid models were avoided. Accordingly, thtedon of consistency can be met.

9.2.4  Evaluation for transparency

To have transparency, it was necessary that theopitional statements make the hard core of
each mode clear, that is define its context anddiions. The context of the operational model
is shown by the acid-base definitions and the prtsdof neutralization reactions being a salt
and water (propositions 1.1.1; 1.2; 3.1; 7.1.2.1,Z2), as well as its household applications
and use in titrations. Furthermore the approprigeations with formulae for substances are
emphasised (10.1; 10.1.1). With no mention of i@msmolecules in the propositional

statements, the macroscopic limitation is eviderithe aqueous context of the Arrhenius model
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is given in the acid and base definitions as wellhe product of neutralization reactions (2.2.1;
3.2.1, 10.2.1; 10.2.1.1) and its particular repnééon of neutralization reactions (10.2.1). For
the Brgnsted model, there are propositions shovtsngider application beyond neutralization
reactions (7.3.3.2 and 7.3.3.3) and further statesn@ot implicated in difficulties) were added
to show its relevance beyond aqueous solutionsl(7a@d 7.3.1.1). In addition there are
numerous equations in the characteristic ionic &r(h0.3). Moreover, the comprehensive list
of examples and non-examples already given in TalBe(see Section 9.2.2) shows the
different limits of the two theoretical models. Byese means, the hard core of each model was

made transparent.

9.2.5 Evaluation for acceptability by consensus

Finally it is necessary to verify the acceptabiliiythe propositions in Table 9.1 to experts, in
this case, chemists. The analysis of difficultire€hapters 6, 7 and 8 showed that propositional
statements were constantly compared to publicatipnexperts in chemistry and chemistry
education. For instance see S7 concerning theamte of acids and bases (Section 6.4.1) and
R14 concerning pH of very dilute solutions (Sectt#.2.2). This meant that the propositions
were constantly checked against expert opinion amamalies resolved as with P16 (Section
7.4.1.2). Consequently | was confident that tise df propositional statements would find
acceptance with two expert chemists at the UnisecdiKwaZulu-Natal. They both accepted
the list with a few changes which were easily acomuaiated. However they did not treat the
task in a cursory fashion; instead there were 28ngents, indicting the care taken in examining
the list. The majority of the comments concerngabgraphic corrections, some corrected
grammar, but eight concerned chemical principl@se latter points were either accepted or
resolved through discussion. Changes included vergd®H; as an example of a base (“maybe
not a good example — it is not readily protonategitting NHOH “into quotation marks to
indicate its hypothetical nature”. One importahiaigge was in the statements concerning
Brgnsted acid-base strength of conjugates, whegether we reworded the propositional
statements 8.3.3; 8.3.3.1 and 8.3.5. Accordindlgrd was consensus among expert chemists
concerning the propositional statements given exairi this dissertation and as a composite list
in Table 9.1.

9.2.6  Summary of evaluation of propositional statements
In short, evaluation of the propositional staterseint Table 9.1 against the criteria given in
Table 4.3 shows that through the method of mapgiandent difficulties, it has been possible to

derive propositional knowledge statements reflgctonagmatic curriculum models that are
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pragmatic; in other words simple enough for stuslestage of development, while still being
acceptable to experts, and maintaining the integritthe models. The set of propositions
indicates the minimum knowledge necessary for wstdading an operational model and the
Arrhenius and Brgnsted theoretical models. Themoisntention that this list be given in this
format to students. Their meaning lies in the psijon, not in the exact words. Moreover,
they are decontextualised, and so need to be gmelimto learning experiences for students.
What is more, they do not reflect a complete scloawiiculum. Nevertheless they represent
propositional knowledge which has been implicated studies on student conceptual

difficulties. As such they bear closer examination.

9.3 IMPLICATIONS FOR TEACHING AND LEARNING

9.3.1 Implications of the propositional knowledge statemets

Some of the 218 separate propositional statemewes ¢gn Table 9.1 are more complex than
others. In other words some may involve only ommcept while others include more.
Furthermore, the depth of research differs fordifiéculties listed by code in Table 9.1 in that
only some have been established at Level 4, whilers have been described at lower levels.
Consequently quantitative data on the propositiosi@tements shows only approximate
patterns. Nevertheless some trends are evidemteoung in the relationship of individual

difficulties or categories of difficulties to progiional knowledge (see Table 9.5 below).

Table 9.5 Numbers of propositional statements accding to category of difficulties

Propositional statements Categories of Difficulty Number
Total all 218
Without difficulty Not applicable 23
Problematic all 195
Mapped from only one difficulty in any category all 145
Mapped from two or more difficulties in the saméegmry SorPorR 24
Mapped from two or more difficulties in differerditegories total 26
Overlapped categories S&P 12
Overlapped categories S&R

Overlapped categories P&R

Overlapped all three categories S&P&R

Difficulty Categories: S (species) P(properties &gqasses) R(representations)

Table 9.5 shows that the majority (89%) of the pafonal statements were implicated in
difficulties. This stands to reason as they weearly all derived in response to student
difficulties. Those which have not been implicaiedstudent difficulties (only 11%) were

added for reasons given in Section 9.2.1, and havdifficulty codes allocated in Table 9.1.
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However, this does not infer that these additi@maiceptual links are problem-free, because it
is possible that they have simply not yet beenetadduring research into student conceptions,
as was the case with some of the topics in Talle $urthermore, the set of propositional
knowledge in Table 9.1 does represent a large gfaat typical high school curriculum (see
Section 9.2.1). Accordingly, the high percentagjproblematic propositions (those implicated
in conceptual difficulties) does reveal that neaWery aspect of acid-base chemistry has been

shown to present difficulties for students at satage in their academic career.

From the table above it can also be seen that aidbe problematic propositions (74%) were
mapped directly from only one difficulty. This sheva highly specific mapping between
propositions and difficulties. This suggest thmatriost cases, a particular problematic link (be it
missing or inappropriate) in a student concepticay fead to a specific difficulty, although
there might be several potential sources of eaffltudty. Initially | anticipated a many-to-
many mapping (see Section 4.5i8%tead the results shows that in most cases therenany-

to-one mapping between propositions and difficaltees illustrated in Figure 9.12 below.

Py P Ps Py Ps Ps
KEY
P, to Rspropositions
D, D, D, D, to D difficulties

Figure 9.12 Showing the many-to-one mapping betwegmopositions and difficulties

Figure 9.12 shows that propositiontas been implicated in difficulty,D The difficulty might

be avoided or corrected if appropriate instrucfiseuses on developing the conceptual link P
The diagram then shows that if a student has appnopriate or missing conceptual link
indicated by any one of propositiong & B, the student is likely to exhibit only difficult,,
whereas problems with propositional linkgtB By could give rise to difficulty @ However
the diagram also shows that if a student showsgcdiff D, or D; there might be, respectively,
two or thregpossible problematic conceptual links causing tifficdity. Consequently to find
the source of a difficulty in a particular studesgyeral potentially problematic links need to be
investigated. This could be achieved through gmmmite distractors for diagnostic multiple
choice items which each target only one of the gsidfwns and so alert practitioners to the
specific link causing the difficulty for a partieul student.  Finding even one such link to be

problematic will indicate the presence of the diity.
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Looking more globally at the data in Table 9.5ah@lso be seen that 87% of the problematic
propositions mapped from only one category of dftiy; that is difficulties concerning one of
acid-base species (S), properties and processes (Epresentations (R). A very small number
of propositions mapped to difficulties overlappitvgp or more categories. In this regard, the
most common overlap was between categories S and fr(instance propositional statement
2.1.1.3 which mapped to difficulties S1 and P5). ly@wo propositions mapped to difficulties
overlapping all three categories. These were mitipa 5.1.1 indicating that neutral solutions
have a pH of 7 and proposition 8.2.5.1 describiggatiation into anions & cations. The small
percentage of overlap strengthens the appropristéeiné the initial category choices for
difficulties, which were originally based on thetioo that the acid-base reaction concerned
more abstract ideas than the acid-base speciesqiyil998), and so would lead to a different
type of difficulties. Although, | had anticipatéht representational difficulties would pervade
the whole of the acid-base topic (see Section 2.th&)data in Table 9.1 shows this is not so. It
appears from Table 9.5 that propositional knowleddevant to representational difficulties is
almost separate to the other propositional knowded@his means that students need to access
an almost separate knowledge base in order to stashel the way in which acid-base species
and reactions are represented. Consequently,s¢stastudents represent the reaction,
practitioners should concentrate on developingstiecific links implicated in representational
difficulties. In other words, it is not so muchet content structure determining the type of

difficulty as the type of knowledge required withimat structure.

In short, this section indicates that problematinaeptual links indicate specific difficulties or

categories of difficulties. The categories of idiffties implicate different aspects of conceptual
knowledge which are more related to cognitive dgwelent than to conceptual structure of the
topic. This idea is then developed further in tlextnsection which shows the interrelations

between student difficulties and the content stmgfas shown on concept maps).

9.3.2 Implications of the concept maps for acid-base mode

The concept maps (Figures 9.1 to 9.11) were caortstiin order to evaluate the propositional

statements according to the criterion of consistefgee Section 9.2.3), and they were also
useful in ensuring parsimony (see Section 9.2.2n this section, the relationships within the

concept maps are analysed in order to show thgiligations for teaching acids and bases. A
multi-map format was adopted for the concept mape Section 9.2.3) but this contrasts with a
linear or strictly hierarchical conceptual struetwf a topic as supported by Herron (1996).

However, this format is in accordance with a cudden incorporating multiple models which
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suggests an overlap of concepts (Taber, 2006) vizpmorphic curriculum structure, whereby
the same concept has several roots, or pointstof randet al, 2006). In the case of these
concept maps, the multiple points of entry represeoss-links, which are common across
concept maps (see Section 9.4.1.2). The conceps$ maFigures 9.1 to 9.11 are my personal
representations of conceptual links in acid-basemisiry, and | do not suggest they are the
only way this knowledge could be represented. Adiogly, the analysis which follows, in

terms of critical nodes and cross-links has linote but nevertheless it shows some

noteworthy consequences.

9.3.2.1 Analysis of critical nodes on concept maps

The importance of certain concepts and hence theegt map on which they appear can be
shown through analysis of critical nodes. Theserardes representing concepts with at least
threeincomingconceptual links and as such they should inditaedepth or richness which is
“essential to an appropriate, scientific understamdof acid-base chemistry” (Nakhleh &
Krajcik, 1994, p 1084). Table 9.6 below summaritee critical nodes found on the relevant
concept maps, together with the difficulties asstel with propositions leadirigto the nodes

on that map. On the concept maps the critical s@de shown with shaded backgrounds so that
the reader may find them easily. The simplesthef ¢oncept maps (Figure 9.1) shows the
relationships between acid-base models. It inwle least number of concepts and has no
critical nodes. On this map links to the Lewisdalsase model were introduced because, even
though the Lewis model is not included in the catneroject, it will be encountered later by

tertiary students. Accordingly, the concept magxesgorovision for such future links.

The concept maps representing the Operational neldel this model requires considerable
integration of conceptual knowledge. Figure 9.2esents one of the most integrated maps, as
shown by eight concepts at critical nodes. Theseacdic [substance] (5 incoming linkspH

(4 incoming links), andbasic[substancelgharacteristic properties, indicator colouaste, fruit
andcorrosive— on both left and right of the map — (each witin&ming links). From Figure
9.3 it can be seen that further important concégtintegrating the operational model include
reaction completeand gas. The concepts mentioned reflect the core of anatjperal model
which classifies substances as acidic or basiernmg of macroscopic properties such as pH,
indicator colours or, historically, through phydigaoperties such as taste, as found in fruits,
and reflects their caustic effect in common nanEse model treats reactions, which sometimes
produce gases, as proceeding to completion. Tdreseoncepts at critical nodes. Accordingly,

they are concepts whereby knowledge should beyriakdégrated. However, from Table 9.6 it
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can be seen that every one of these concepts leasitmplicated in more than one student
difficulty; in particular pH and indicator colourrea each associated with four difficulties.
Consequently students are likely to have inappab@ror compromised conceptions of these
essential formative aspects. The operational masléhe relationship between species and their
properties is not trivial, despite usually beingght early in students’ careers. Accordingly
teachers need to be aware that students are yntikeinderstand more advanced concepts if

these problems are not first addressed.

Table 9.6 Critical nodes identified in concept maps

Figure  Central topic of map Concept at critical node Numbe of Difficulties
number incoming associated with links
links into the node on that
figure
9.2 Operational model species acidic 6 S1
basic 4 S4
characteristic properties 3 S1 P4
pH 4 S1 P8 P12 P20
indicator colour 3 S1P5P8P9
taste S1P5
fruit 3 S7
corrosive (LHS & RHS) 3+3 P1&P4
9.3 Operational model reaction reaction complete 3 P16 P18 P22
gas 3 P11 P19
9.4 Arrhenius model species OH group 3 S2 R7
9.6 Brgnsted model species Brgnsted acid Noneifiddnt
Brgnsted base 3 None identified
anion (LHS & RHS) 4+7 None identified
cation (LHS) 3 None identified
molecule (LHS & RHS) 5+3 None identified
H,O molecule 3 S2 S5 S6 R6
9.7 Bragnsted model reaction conjugate base R3
conjugate acid 3 R3
non-conjugates 4 None identified
hydrolysis 3 P26
H;O" + Ac = H,0 + HAC 3 P16
NH; + H,O = NH," + OH 4 None identified
HCl + HLO= CI + H,O" 4 None identified
9.8 Arrhenius model Strength ions R1 R2 R16
9.9 Brgnsted model Strength water None identified
basic 4 P25 P26
9.10 pH gqualitative concepts ™H 3 P12
9.11 pH quantitative concepts LBI= H"+ OH 3 R15
equilibria 3 R15 R16
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The concept maps for the Brgnsted model includesethwith second highest number of
concepts at critical nodes. In this model acidebesactions (Figure 9.7) has seven which
indicate that propositional knowledge concerningiigited acid-base reactions are integrated
through key concepts aicid-base conjugate pairand non-conjugates, hydrolysiwith two
classic examples abnization Unlike the case of Figure 9.2, there are onlgehdifficulties
associated with this whole group of concepts. ggast this disparity is more likely to be due to
research not having targeted these concepts rdthierthese concepts being without difficulty.
Further concepts appearing as critical nodes osratbncept maps for the Brgnsted model
include six on Figure 9.@rgnsted acidBrgnsted basanolecule and anion (both concepts on
left and right) cation (all showing no identified difficulties) anH,O molecule(4 associated
difficulties) and two on Figure 9.9vater and basic (2 associated difficulties) Practitioners
would do well to centre instruction of the Bragnstewdel on these concepts, rather than

neutralization which is not at a critical nodejtdas not a key concept in the model.

When studying the concept maps concerning the Amdsemodel (Figures 9.4, 9.5 and 9.8)
further critical nodes appear in both Figures % d 8.8, with none on Figure 9.5. From those
with critical nodes, it can be seen ti@itl group (Figure 9.4) andons (Figure 9.8) are central
concepts in the Arrhenius model. Propositional Kedge concerning pH may also be
integrated through the concepts at critical noded’o(Figure 9.10) anequilibria andH,O =

H" + OH (Figure 9.11). All four of these concepts argoaatied with difficulties.

This analysis of concept maps has confirmed eaclems concerning two of the concepts at
critical nodes, namelgas or, by inference, bubbles (Nakhleh & Krajcik, 19®%h Figure 9.3
and ions (Nakhleh & Krajcik, 1994; Johnstone, 2002) on F&®.8. In summary, using
concept maps to show two aspects, namely the ardtips within the acid-base topic and the
difficulties associated with conceptual relatiopshihas two immediate benefits. In the first
place, it identifies concepts which are importaot iaving richly integrated understanding of
the topic and it also shows where student diffiegltare associated with these concepts. The
latter will obstruct achieving the first. This gter insight can be used to design appropriate

teaching interventions, according to the categbthe difficulties.
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9.3.2.2 Analysis of cross-links between concept maps

As with critical nodes, cross-links are also poimibere knowledge can be conceptually
integrated. They differ from critical nodes (whiicitegrate propositions around one concept) in
that they integrate concepts across topics. Tloeydclink different sections of one concept
map (e.g. éyes & skifhon Figure 9.2) or they may involve concepts whigipear on more than
one map (e.g. “neutral” on Figures 9.2, 9.3 andt®.9.11). Where these links exist in student
conceptions, they are “important indicators of ustinding” (Nakhleh & Krajcik, 1994, p
1083). When constructing the concept maps, | ihitighose the conceptrid, baseandpH to

be the cross-links which appear on several concggs. However many more cross-links
arose for concepts as all the propositions wererparated. Such cross-linked concepts have
been shown on the relevant concept maps as retdargiiapes (rather than the normal oval).
The proportion of concepts on each map which aveselinked, in that they appear on two or
more concept maps, are summarised below (see Bahle Furthermore, information from
Table 9.1 has been extracted to indicate which gmitipns may be found on more than one

concept map (also see Table 9.7 below).

Table 9.7 Prevalence of cross-linked concepts andopositions

Figure number for concept map

m ¥ 1w © ~ o o J

9.1
9.2
9.11

Propositional Percentage of concepts cross-linked 61 36 41 41 73 53 18 51 48 29 52
statement

code Propositional statement

1.1.1 Operational definitions indicate how a physical x X - - - - - - - - -
guantity might be recognised or measured.

1.2.0.1 Properties in concentrated solutions may differ - X - - - - - X - - -
from those in dilute solutions

2.2.1 Arrhenius acids are substances that release X - - X X - - X - - -
hydrogen ions in aqueous solution.

2.3.2.1 Bransted acids: examples include all Arrhenius - - - X - X - - - - -
acids

3.2.1 Arrhenius bases are substances that release | - - - X X - - X - - -
hydroxide ions in aqueous solution.

3.3.2.2 Bransted bases: examples do not include - - - X - X - - - - -
Arrhenius bases

4.1 Amphoteric species are those that can behave - X X - X - - - - -
both as an acid and a base

5.1.1 Neutral solutions have a pH of 7. - X - - - - - - - X X

51.2 NaCl forms a neutral aqueous solution . - X X - - - - - X - -

5.13.1 Sodium ethanoate has a basic solution - - X - - - - - X - -

8.2.1.1 Arrhenius acids and bases dissociate into ions in - - - X - - X - - -
agueous solution.

9.5.1 pH will decrease with increasing temperature. = - - - - - - - - - X X

10.2.1 Arrhenius model: neutralization reactions may be - - - X - - - X - -
represented as:'H OH == H,0

10.2.1.2.1 H;SOQ, = HSQ + H' - - - - - - - X - - X

10.2.1.2.2 HSQf &= SQ* +H' v
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As defined earlier, topics which help the most tbegrate knowledge or require the most
integrated knowledge are indicated by a high priogorof cross-linked concepts as well as
propositions which appear on many different mapsoking down the columns of Table 9.7

shows that some topics have fewer cross links tbédners. For example, with only two

propositions cross-linked, an overview of acid-bemelels (Figure 9.1) will not necessarily inhibit
learning specific acid-base models. Instead, Iegrdifferent acid-base models provides multiple
points of entry (as shown by the 61% of concepas #ne cross-linked) into the historical modes

and notions about the nature of science (as itteamorphic curriculum).

The Arrhenius model, by contrast, shows intensivking to other acid-base topics. To amplify,
acid-base species (Figure 9.4) and Arrhenius aasdIstrength (Figure 9.8) each have five cross-
linked propositions, while the map for Arrheniuddalbase reactions (Figure 9.5) has the most
cross-linked propositions of all the maps. FurthamarFigure 9.5 has an anomalously high (73%)
proportion of cross-lined concepts. This sugg#sas the Arrhenius model provides important
opportunities for integrating chemical knowledgen@erning acid-base concepts. This contrasts
with the view of Hawkes (1992) who advocates natléng the Arrhenius model in order to avoid
confusion between models. This problem might Hesef if care is taken to show the different

contexts, strengths and limitations of each model.

In a school context the Brgnsted model stands alalogse, as there are few cross-links to other
models. In particular Figure 9.7 depicting Brgdsteid-base reactions has no propositions cross-
linked to other maps, and only 18% of the concepésincluded on other concept maps. This
means for example that students can probably utashetspH (Figures 9.10 and 9.11) without
understanding how Brgnsted acid-base reactionmadelled. However, it also suggests another
reason for student difficulties with the Brgnsteddal (besides the high number of critical
concepts discussed above) is its inaccessibility tduvery few links to prior knowledge. Table
9.7 indicates that appropriate points of entry dda¢ through propositions which appear as cross-

links in other maps.

Propositions that appear on several concept mapsh@wn in Table 9.7) indicate points where
prior knowledge might be accessed when introducieny topics. For instance the propositional
statement for the Arrhenius acid definition (2.2Z&h be found on four different maps, indicating
it is a necessary part of understanding acid speai@d-base reactions and acid-base strength in
the model, but also showing how this model linkotoers. Propositions concerning Arrhenius
acids (2.2.1.1and 2.3.2.1) and bases (3.2.1 an@.3)3how how these link to or differ from

Brognsted acids and bases. The amphoteric definf##.1) is a useful link for acid-base species
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across all three models while ideas concerningrakiyt (5.1.1 and 5.1.2) are a good link from
operational and Brgnsted models to ideas about pHhere are also ten propositions which are

each found on two maps.

To sum up, analysis of cross-links between conogggis shows which topics are well integrated
with other topics, and which have few points ofesscto prior knowledge. It also shows which
propositions could be useful for providing thesedi. The fifteen propositions shown as cross-
links between maps represent points where knowlstigelld be conceptually integrated, but as
indicated in Table 9.1, every one of these crasssliwas implicated in student difficulties. A

wider analysis of difficulties shown across the ecgpt maps follows.

9.3.2.3 The distribution of difficulty categories on the ocept maps

There are noteworthy patterns in the categoriestwdent difficulties particular to each map.
Three categories were used for the difficultieCimapters 6, 7 and 8, namely those concerning
acid-base species (S difficulties), acid-base pt@®e and processes (P difficulties), or
representations encountered in acid-base chenfiRtdjfficulties). For each of the concept maps
Table 9.8 (below) summarises the categories oficdiffes associated with the propositions.
Propositions implicated in two or more categoridsdifficulties — termed an overlap — are
indicated by SR, SPR etc. The numbers in Tabled#f@r slightly from those in Table 9.5
because some propositions appeared on more thacoowgept map, as discussed in the previous

section.

Table 9.8 Numbers of propositions implicated in edtcategory of difficulty

Figure Main topic of concept map

Total troublesome
propositons S P R

Category or Overlapped Categories % with

SP SR PR SPRoverlap

9.1 Overall models 7 T 0 0 0 0 0 0 0
9.2 Operational model acid-base species 36 9 *7 18 0 0 1 25
9.3 Operational model reaction 24 0 *9 2 3 0 0 0 31
9.4 Arrhenius model species 20 *100 4 2 1 3 0 30
9.5 Arrhenius model reaction 14 2 %9 3 0 0 0 0 0
9.6 Brgnsted model species 10 7 1 0 2 0 0 0 20
9.7 Brgnsted model reaction 23 10 *12 O 0 1 0 4
9.8 Arrhenius model strength 24 3 5 *14 0 0 1 1 8
9.9 Brgnsted model strength 12 *9 1 1 0 1 0 15
9.10 pH qualitative 11 0 *» *5 0 0 1 0 9
9.11 pH quantitative 24 0 1 *8 1 0 3 1 21

Difficulty categories: S — species, P — propertied processes, R — representations,
Overlapped difficulty categories: SP — speciesfmodesses, SR — both species and representations,

PR — both processes and representations, SPRf-spltces, processes and representations
*shows the most frequently occurring category andbncept map
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Figure 9.1 is the only map where all difficultieslifinto one category, in this case acid-base
species. All the other concept maps involved ntba@ one category of difficulty. However, for
some there was still one dominant category ofdiffy. For instance when learning about the
Bronsted model for acid-base species (Figure Stdents experience mostly species (S)
difficulties and Chapter 6 indicated that such idiffties were primarily due to students not
accommodating definitions according to differentdeis. Similarly, most difficulties encountered
with the operational model of acid-base reactidtigure 9.3) or the Brgnsted model for acid-base
strength (Figure 9.9) are with acid-base proce@ewhile difficulties with quantitative aspects of
pH (Figure 9.11) are most frequently with repreaons (R). Accordingly, teaching strategies
which target these aspects may address many dfiffirulties encountered in the topic. Other
concept maps show a wider distribution of categodrd educational practitioners need to take
note of which types of difficulty (S, P or R) i&dily to cause a given problematic link, so they can
address it appropriately. In particular, diffites with qualitative aspects of pH (Figure 9.10J an
Brgnsted acid-base reactions (Figure 9.7) concithereacid-base properties or representations.
When learning about Arrhenius acid-base reactiigufe 9.5) and strength (Figure 9.8) students
may encounter difficulties in all three categoriedzrom this summary, for many acid-base topics

educators can anticipate certain categories atdlffes and plan accordingly.

In topics where propositional links are frequendlgsociated with difficulties in overlapping
categories the problem is further compounded, [s=caeveral strategies may be needed to
address one problematic conceptual link, as isc&ypof the multi-faceted nature of learning
(Schonborn & Anderson, 2008a). Referring back te #malysis of all the troublesome
propositions, Table 9.5 (see Section 9.3.1) shotketl where propositions were implicated in
more than one difficulty, the difficulties were wadly limited to one category, with only 13%
implicated in two or more categories. Therefore fitequency of overlaps shown in Figures 9.2
(25%), 9.4 (30%), 9.6(20%) and 9.8 (21%) are anouawy high. One must ask why? What is

special about the topics in these concept maps?

The conceptual structure around acid-base spebirgssthat an operational model (Figure 9.2)
and Arrhenius model (Figure 9.4) inextricably litdoth examples and their properties, in
accordance with a conceptual disciplinary structaseadvocated by Herron (1996). However
within the topic, the associated student diffi@gtiwere spread over both species (S) and
properties or processes (P), with few represemiatifR) difficulties. In this regard, Solomonidou
and Stavridou (2000) found student understandintyired frominert substanceharacterised by
its uses, to the idea giropertiesand finally to substances with perceptible propertiesfore

students could understanihat new substances were produced througlemical change
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Furthermore, few junior secondary students had hezhcthe last stage (Johnson, 2002).
Accordingly, students may not understand the idem dassification of substances, by any means
including uses (S difficulty) or they might not werdtand the idea of properties or a chemical
reaction (P difficulty). Thus it can be arguedttiiae type of difficulties encountered in an
operational model of acid-base species are morehpsygical (i.e. due to cognitive development)
than conceptual. Where more than one categoryifb€ulty is associated with a particular
proposition, all possible sources need to be censtl For example, students may not understand
the reactions of the species which give rise tar theoperties, possibly because they do not
understand the nature of a chemical reaction. ridtévely, they may not understand that these
properties help scientists to recognise substamsegxamples of acid-base species (both P
difficulties). Or perhaps more fundamentally tiedents do not understand the idea of a class of
substances with characteristic properties (an &diff). For instance young students might not
recognise cleaning agents as examples of basidasges because they do not know how to
characterise bases according to properties ratheruses. Of further concern is that many of the
links associated with both S and P categories fitdifies relate to cross-links to critical concgpt
as discussed above. The operational model of lzgd- species and their properties is an
important formative topic in students’ conceptua@velopment, but practitioners should not
presume that it is simple. This critical analyb&s shown it is highly complex. It can be
speculated that in the Brgnsted model (Figure 9.8)alarly anomalously high proportion of

overlapped difficulties (SP) arise from the samerse.

Difficulties with qualitative aspects of pH can @lhave mixed sources; practitioners need to be
aware that difficulty with a particular link mayelin the concepts concerning acid-base reaction
processes (P difficulties) or the way in which ciearepresent these processes (R difficulties).
Awareness that there are two or more categoriegiffi€ulties prevalent with such important

connections within acid-base topics should becoaneqgd practitioners’ PCK.

The analysis of the distribution of categories dfficlilties across acid-base topics (as
distinguished by the concept maps) has shown thatome topics one category of difficulty
predominates, and without further detail a pramtiéir could target knowledge in that category, and
hope to address most common difficulties. In otbeics, difficulties could fall into two or more
categories and if practitioners do not addressatgories, students may not master the relevant
concepts. Practitioner PCK can be enhanced thramgreness of the most likely categories of
difficulties usually found in a topic, especiallyhere they concern critical concepts or concepts
that provide cross-links between topics, as inptewious section. Accordingly, the concept maps

and set of propositional knowledge statements areusaful resource for practitioners.
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94 SUMMARY AND DISCUSSION

This chapter sought to show whether the set of gmitipnal knowledge statements derived

through analysis of student difficulties reflectegpropriate knowledge for teaching and

learning acid-base models? In this regard the chapter has given an overviewthef
propositional knowledge which has been implicatedstudent difficulties. Furthermore the
concept maps have been able to show not only tegrition of the propositional statements
but also their relationship to difficulties. Theim outcomes of this chapter are as follows:

« The propositional statements derived to addrestestudifficulties encompass the core but
not all of a typical high school curriculum in adidse chemistry.

e The propositional statements reflect knowledge s®smy to understand three acid-base
models in that they meet criteria of age-suitapilibrevity, coherence within models,
transparency of the hard-core of each model andpaability to experts. They are thus
suitable as a teaching resource.

« Of the propositional statements nearly 90% havenbewlicated in student difficulties.
74% of problematic propositions relate to spediiificulties, and 88% to a single category
of difficulty.

e Within a particular topic, students sometimes entaumainly one category of difficulty,
although more commonly more than one category féitdity will need to be addressed in
a topic.

« Difficulties are more usefully categorized accoglito type of knowledge (concerning
species, reaction processes or representatiohgy thian content structure. Teaching needs
to target specific propositions within these categgo

e Concept maps identify concepts which are imporantichly integrated understanding of
the topic, as well as those with few links to primowledge. Understanding the models
within this topic requires highly specific yet wéfitegrated knowledge. All the critical

concepts and cross-linked propositions have bepfidated in student difficulties.

From these findings, the set of propositional kremgle statements and the concept maps are
suitable resources for practitioners. They defime necessary knowledge as well as indicate
potential difficulties which students may encountein this way they move a review of
conceptions research from merely bibliographicriading “some conceptual and pedagogical
coherence to findings that have been reported udiffigrent methods and very different
contexts” (Erickson, 2000, p287Yhe analysis haslentified the potential sources of cognitive

difficulties and exposed the deeper basic assumptid the topic as advocated by Nussbaum
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(2998):  “I think that we are at a stage in bthte research literature on student conceptions
and the emerging classroom-based literature orestudarning in science where some serious
consolidation of previous results needs to be uaken.” In this way it has contributed to

educational practitioners’ PCK, as follows.

They may be used in the following ways in plannmgat to teach, the sequence of teaching,
the type of knowledge to focus on, and in assessnfénstly when choosing what to teach, the
hard core of each model is separated so that pt@gpascan be introduced in the appropriate
context, without mixing models. Practitioners canti@pate the explicit fine-grained
propositional knowledge necessary for studentset@lbp well integrated conceptions and plan
accordingly. For instance, propositions indicgiprapriate examples to show the breadth and
limits to each model and the critical attributeseimch definition. The sequence of teaching
concepts can be determined from hierarchies inctivecept maps which show direct and
obvious links between concepts but also less dilieks to ensure a rich interrelation of
concepts. Furthermore critical concepts on thecepnmaps show where the topic can be

focused, while cross-links indicate where one tajpic provide points of entry to another.

Nearly every aspect of acid-base chemistry hasngiatestudent difficulties, which in many
instances can be attributed to formal instructiery.( difficulties with mixed models). By
referring to the summary of categories of diffigest practitioners can pre-empt many of these.
For instance if they expect difficulties with repeatations they can take care to make the
meaning of chemical representations clear, whefghgy anticipate difficulties with species,
then they need to focus of classifying characiesst Particular difficulties regarding specific
conceptual links can be foreseen and targeted ghrappropriately planned experiences. For
instance to make associations between macroscopirations and theoretical explanations,

empirical activities need to be planned.

Concept maps can also inform assessment of ineebkatowledge. Assessment exercises can
be developed based on the links within and acisiss.  Alternatively, students may develop
their own concept maps to reflect their own congapframework for a topic. While these will
differ from those in Figures 9.1 to 9.11, practiéos may nevertheless use these figures as a

guide to what is important and appropriate whenuatng students’ concept maps.
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In these ways the set of propositional knowledgsestents and the concept maps, both
indicating corresponding student difficulties ane @nportant resource for teachers’ PCK.
Furthermore they could be used in developing culuim material and textbooks. Finally,

researchers who investigate student conceptionmede use of the propositions when defining
their frame of reference. In particular, the mamyone mapping between propositions and

difficulties will be useful in developing items fobncept inventories.
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CHAPTER 10
CONCLUSIONS AND DISCUSSION

10.1 INTRODUCTION

This chapter will summarise the finding concerngagh research question, considering firstly
validity threats and limitations for the answersdahen showing how these threats were
addressed. Then the implications of the answergged to the questions are discussed. | start
with Research Question 1 (Chapter 5) and end wateRrch Question 5 (Chapter 9). However,

I do not address the remaining research questiontsirn because while each of Research
Questions 2, 3 and 4 considered a different cayegfostudent difficulties, they were essentially
parallel forms of: Wiat difficulties do students experience with acadd chemistryhey
focused respectively on difficulties in the categerof acid-base species (Chapter 6), acid-base
processes and properties (Chapter 7), and finadiyihology and symbolism (Chapter 8). Each
had similar sub-questions, and the same researttiodsewere used for all thre&@herefore in
order to present an overview of the research foyglinesearch Sub-questions 2a, 3a and 4a are
discussed together, a similar format is followedSab-questions 2b, 3b and 4b, and then 2c, 3c
and 4c. Finally the wider implications for theearsch findings for practitioners and researchers

are discussed.

10.2 SCOPE OF THE RESEARCH ALREADY CONDUCTED

10.2.1 Introduction

Chapter 5 addressed the first research questitvat research has been already been conducted
into student difficulties with acid-base chemistryBy means of a wide range of search
strategies, a considerable amount of publishedarelseon student conceptual difficulties could
be identified. From this selection, 42 suitablearts were identified as suitable for the critical
analysis, of which only three-quarters were idé&difthrough electronic searches. The process
of the searching and screening was rigorous andgeaent, with clear criteria being applied for
inclusion and exclusion as recommended by Torgef2003) and Bennetet al (2005a).
Accordingly, it was possible to include all sui@lplublications which were available for critical

analysis concerning the research on student difigsuwith acid-base chemistry.

10.2.2 Main findings
There was a wide scope to the research, whichdedistudies from 18 countries. This was
judged to represent a wide variety of educatiorahtexts, with many language groups.

However, most of these were in Europe with minineglearch on student cohorts in developing
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countries. Furthermore the largest amount of weas carried out among senior secondary
students and there had been few studies on coonepif tertiary or junior secondary students
and almost none with elementary students. Laugk8002) found similar distributions of

research cohorts in studies leading to higher @sgie science education in South Africa.
Nevertheless the three models of acid-base chenaistsen for the analysis are all relevant for

senior secondary students so this body of resdaccised on a relevant age group.

Over half of the reports were from journals app®giin the ISI Science Citation Index and
most of the remaining ones came from publicatiorith va peer-review editorial process.
Nevertheless, the quality of the research varigtsicerably, in terms of both research methods
and depth of reporting. When trying to find exeamplpapers concerning chemistry education
research to illustrate the first aspect, Eybe actuhidt (2001) also found similar problems of
under-reporting, making it difficult to evaluateetimethods used. From the analysis, guidelines
for conducting research into student conceptionddcbe summarised. The range in quality of

research had implications for the way in which dgsions of difficulties were synthesised.

10.3 THE DIFFICULTIES DESCRIBED IN ACID-BASE CHEMISTRY

10.3.1 Introduction

In Chapters 6, 7 and 8 the first research sub-turegtas:What descriptions of difficulties with
acid-base species (or properties or terminology agthbolism) can be synthesised from the
existing research dataThe research carried out in this critical analysis limitations because

it is a secondary interpretation of student respsndHowever, in the analysis, all data from the
reports were considered in the context of the oalgiresearch. The data segments were
extracted verbatim from the original publicatiomslavere left intact until the final descriptions
were derived. Furthermore to avoid misrepresentiteyresearch, the relevant parts of each
report were reread as each difficulty was describedhapter 6, 7 or 8. Where | have made my
own speculations from the published informationhave made this clear and treated the
description as only “suspected” or Level 1 unlesthier data was available. Consequently, the
descriptions appear to be consistent with the maigauthors’ interpretations. Lincoln and Guba
(1985) describe the outcome of qualitative reseaclisome level of understanding can be
achieved” (p 37), and this analysis has achievedtiicome of a greater understanding of the

research into student difficulties in acid-basenciséry.

A further limitation in the critical analysis isg¢Hack of rigor shown in some of the original

research. But validity is also a matter of degegber than absolute (Cohenal, 2000, p 105),
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and the four-level framework was used to indicagdverall quality of the research leading to
each difficulty description. For example Toplis99B) (see Difficulty S5) does not report
sufficient qualitative data to warrant classifyitige difficulty description beyond emergent or
Level 2. The four-level framework was also usefulindicating the generalizability of the
results. Where the difficulty could be describedssentially the same manner across different
contexts, educational and chemical, it was clasbifat Level 4, which implies that it is

Established and likely to be found in other stugepyulations.

10.3.2 Main findings

Through critical analysjsthe contents of 42 publications have been distilfiedvn to 53
difficulties, 14 of which had sub-difficulties. Thlarge body of work belies the assertion by
Wanderseeet al. (1994, p 181) that “the number of student altéweatonceptions for a given
science topic are relatively small”. However thesghors may have anticipated Talanquer
(2002; 2006) who showed that most difficulties remistry can be attributed to a small number
of reasoning strategies. By contrast, Bucat (2@0gdies that chemistry teachers will find topic
specific results from applied research more usefah generic broad principles. As a result
Bucat advocates documenting such specific PCK, ad&an synthesised here through critical
analysis. This synthesis will benefit practitioh@n making the research more accessible than

in a “plethora” of publications as advocated by \Wenseeet al (1994).

Of the difficulties described here, 10 concerneid-base species, 26 were related to acid-base
properties while 17 difficulties involved termingfp or symbolism used to represent acid-base
concepts. No age group is immune to difficultibey have been reported mainly from senior
secondary schools, but even at university, andaisong teachers. Consequently, practitioners
would be naive to presume that older students gem@n beyond these inappropriate ideas, as
found by Salloum and BouJaoude (2008), or to otienate students’ performance, as shown
by Agung and Schwartz (2007). Difficulties syntised through this analysis fall into two main
groups: those due to inadequate practical experiamd those due to models. Accordingly
practitioners need to be aware of the extensivgeanf difficulties which students may
experience with such central ideas. To this end esmommon problems and reasoning

strategies across the categories of difficultydiseussed next.

10.3.2.1 Everyday applications
The practical relevance of acid-base chemistrypesca number of students. In particular they

see little relevance of acid-base chemistry in yl&y applications (Difficulty S7) and they
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have a biased view toward the dangers of such autxss (Difficulties P1 to P4). This latter
idea can be attributed to ideas developed in psinsghool when thelangers of acids are
discussed (Hand & Treagust, 1988). Teachers ietead by these authors commented:
“Maybe we shouldn’'t emphasise the dangers of asmlsmuch.” Along the same lines,
Longfield (2006) describes educating hét Grade students about the need for goggles and
gloves. Instead of making their use a rule inchkmistry investigations, she impresses upon
the class the need for safety precautions becdnes@dusehold vinegar that they will use is
acidic, as demonstrated with pH paper. In this,v&dne makes a notable association between
safety precautions and acids, rather than witbhaimicals. A more realistic understanding can
be achieved through conceptual conflict stratep@sed on empirical observations (Hand &
Treagust, 1988; Demircitu et al, 2005).

With regard the everyday relevance of acid-basen@tey, Furio-Maset al. (2005) implicated
school and university textbooks published in theAlUshd Spain as a problem, because they
presented acid-base chemistry as “socially disattede However, a meta-analysis of research
into the effectiveness of teaching strategies WA showed the highest ranked effect to be
an ‘enhanced context’ strategy that related studeatning to previous experiences or
knowledge (Schroedeat al, 2007). Rivet and Krajcik (2008) attribute suchedfect, not only

to the motivating factor of engaging students’ rest, but also to the context actually
supporting learning. They argue that by providitudents with a cognitive framework of prior
ideas on which to anchor new ideas, the contextlessstudents to organise their knowledge,
make connections and differentiate concepts. Hew#wese results may not apply elsewhere,
as Campbelét al. (2000) reported junior secondary students in Saadishowed poor science-
based reasoning used to solve an everyday probleichvparalleled the reactions learned in
class, despite having been taught in a contextebapproach. This reinforces the need for
conceptual research studies to also broaden thertsobtudied to those in less developed

countries, as discussed in Section 10.2.

10.3.2.2 Theoretical models lack an empirical base

Some student difficulties indicate little integrati of empirical experience with conceptual

knowledge. In particular there are difficultie®idifying physical and chemical properties of

acids and bases (P4 to P9) as well as observingdfigaaction (P17), the non-neutrality of

some end points (P16), hydrolysis effects of §#5) and the pH scale (P10 to P12). Such
difficulties fall into Herron's (1996) classificath of ‘misconceptions’ as beliefs about

phenomena that contradict empirical facts (see @e&ti2). These students appear to have not
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experienced these phenomena or do not remember tRempirical experience is important for
two reasons. In the first place it is an impori@spect of conceptual knowledge — see memories
of events (White & Gunstone, 1992) in Section 2.1Rurthermore theoretical models are
historically based on empirical observations. sTikireinforced by titles of historical chemistry
publications, for instance: “Contribution of theethy of acid and base catalysis. The
mutarotation of glucose.” (Brgnsted & Guggenheii27) and “The electronic theory of
valency - Part IV. The origin of acidity” (Lowryi924).  This remains so today, for both
novices and experts: “Chemistry seems to be condpafea whole variety of modelling
processes for a variety of purposes, but all rdlatdinking macroscopic behaviours with sub-
microscopic explanations” (Oversby 2000a, p 22Because students often lack experiential
links in their conceptions, they rely on simplist&asoning as they meander through confusing
theories. Accordingly students should be abledaniify and give operational definitions for
acids and bases as distinct substances, and wnttbthe need for theoretical models to explain
further observations. However student difficultiemy lie with modern textbooks where
theories are presented with little empirical backgnd. In this regard, Furio-M& al (2005)
found that 82% of the textbooks analysed did nahesmacroscopic context to pose problems
which theories were needed to answer. As long &5d936 some chemists were already
concerned that “physical chemistry ... had caus$enistry to lose its tactile, sensuous base in
the laboratory” (Brock, 1992, p 388). Similarlypdern universitystudents appear to have lost
touch with everyday experience; they seldom givalleable and ductile’ as properties of
metals, yet these are some of the very propertat theories of chemical bonding seek to
explain (Laing, 1999). Macroscopic observationgehaot lost their relevance, despite the

introduction of theoretical models.

10.3.2.3 Student difficulties with models

Models for acids and bases create many difficulteesstudents. The critical analysis has
shown four ways that students deal with the varimoslels in acid-base chemistry. Firstly, as
already noted by Hawkes (1992), they do not accodatgonew models, but simply fall back on
the one learned first. This was evident in the maports of students limiting their definitions
of acids to operational rather than theoreticainitédns (Difficulties S1.1 and S1.2), or in their
retaining Arrhenius conceptions and ignoring Bredstoncepts (S2.3). Difficulties with the
Brgnsted conception of acids are not surprisingerg is little evidence that students aged less
than 17 years work comfortably and fluently withbsuicroscopic chemical conceptions
(Gabel, 1993). The non-particle view of mattepaésvasive. Herron (1975) argues that students

who have not yet reached Piaget’s formal operastage (being able to think beyond concrete
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perceptions) will not be able to “conceive of ardaas a proton donor or electron pair acceptor”
although using an operational definition that inles testing acids with litmus would be within
their grasp. His estimate of 50% of students @mecollege chemistry not yet being at this
stage is verified by Bradlegt al. (1998) who found that only 66% of the Grade 12istis
surveyed in South Africa were “particle thinkerslh particular in Nakhleh (1994) found that
senior secondary students tended to use a nomylaté model when depicting their
conception of an acid ‘under a microscope’. TherBted model may be too abstract for the

cognitive development of many students and thaauom.

The students’ second strategy manifests when tbegider earlier models as irrelevant, using
only the latest one taught. This is shown in Diffty S3, where students apply the Brgnsted
model to neutralization reactions between substnebereas an operational model would be
more appropriate. Carr (1984) emphasises thaestacheed clear ‘signposts’ to show where
one model is more applicable than another. For ricstaexperts know that an operational
model concerns substances whereas the Brgnstedl madies to particles, but this tacit

knowledge is seldom made explicit for students.

Another tactic students use with multiple modeldascreate a hybrid model, incorporating
aspects of each model into a personal mixture edsgdas was evident in Difficulties S2.4, S4
and S5. In these, students use sodium hydroxitierrghan the hydroxide ion as a Brgnsted
base, they amalgamate definitions from two modeith wonsequent confusion, or they
absorbed the term alkali from the operational andhénius models into the Brgnsted model. In
essence, the three strategies above suggest ukdantt conceive models as ‘one size fits all’,
with a single model applicable across all conteats,shown in Difficulty S3. This problem
occurs more widely than in the acid-base contest,shown by an analysis of student
conceptions in chemistry, from which Talanquer @0€ncluded that ‘commonsense learners’
believe in a one-to-one correspondence betweenlmadd reality. The problem is not limited
to chemistry, and infers that students do not wtdad the nature of science (Justi & Gilbert,
1999). Their research showed that instead of utatedsg the different targets and background
in each model, students simply viewed them as rdiffe“language” or “forms of expression”

for the same concepts.

The critical analysis has revealed yet anothenesiyaused by students. In Difficulty P24
students indicate that they know there were twd-bBeise models but apply them selectively —

Arrhenius for strong acids and Brgnsted for weag&spimnstead of comparing weak and strong
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acids using criteria from one model. Besides Deuteet al (2004), there appears to be no
other reports showing this strategy. Further reteaould show whether this is a liminal or

transition state in their conceptions about mo@eéskins, 1999).

The critical analysis of student difficulties congi@ag models provides confirmatory evidence
for Carr's (1984) statement that student diffistiare “more usually perceived in terms of
confusion about models used in teaching the cortbept as a conflict between preconceptions
and the scientific view”. In a similar vein, Tabg001a) argues that much of theoretical
chemistry is about models rather than a hierardhgoacepts, and that many of the student
difficulties are caused primarily by instruction these models rather than pre-conceptions
before instruction. Appropriate tuition in theffdient acid-base models demands that
practitioners be aware of the differences betwdemitodels in order to make such knowledge

clear for their students.

10.4 THE DEPTH OF RESEARCH IN CATEGORIES OF DIFFICULTIES

10.4.1 Introduction

In each of Chapters 6, 7 and 8 the second Res8aiziguestion addressed whgw stable are
these difficulty descriptions across different esits? To answer this question, the level of
description for each difficulty was evaluated orfoar-level framework (see Table 4.4 in
Section 4.5.5.2). Because the body of researck w acid-base conceptions included a wide
variety of educational and chemical contexts, mainthe difficulties could be described at the
highest level (Level 4 or Established). Table lflelow summarises the number of difficulties
identified in each category according to the footishe difficulty. It gives data only for the
difficulties classified in the acid-base conteXhis means, for example, that difficulties such as
that concerning the nature of the chemical reactidnich is more pervasive than simply acid-
base chemistry, have not been included. Frequextig and base versions of the same
conception were described as sub-difficulties flece the different depth of research on the two
aspects of the same conception (see Difficulty B&2tion 8.4.1.2). Accordingly, all sub-
difficulties are included individually along withfticulties in the table below, making the total
greater than 53, as reported in Section 10.3.2e summary in the table which follows shows
that, overall, difficulty descriptions are almogjually distributed through Levels 4, 3 and 2,
with fewer at Level 1. However, there are two didfies in the distribution of research
conducted; these concern the acid-base topics landcdtegories of difficulties, which are

discussed next.
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Table 10.1 Numbers of Difficulties or Sub-difficulties classifed for each Category.

Category of difficulty acid-

e Classification Level acid base Neutral salt TOTAL

or sub-difficulty base
Acid-base species 4 Established 2 1 1 1 5

3 Partially

Established 2.2 4

2 Emergent 1 2 1 4
total 15 1 Suspected 1 1 2
Acid-base properties 4 Established 4 1 3 8

3 Partially

Established 3 15 o1

2 Emergent 2 1 3 4 10
total 36 1 Suspected 3 1 3 1 8
Acid-base terminology and 4 Established 1 1 3 5
symbols

3 Patrtially

Established 2 1 3 ! /

2 Emergent 3 1 2 6
total 20 1 Suspected 1 1 2

TOTAL 22 12 25 3 9 71

10.4.2 Difficulties which have been under-researched

The analysis in Table 10.1 shows firstly that margre difficulties have been identified which
involve acids alone, than bases alone. In padicuwnly three conceptions of bases have
received enough attention to warrant a Level 4 rj@#en in contrast with seven similarly
classified for acids. A typical example is resbashowing that students confuse the term
‘strength’ used in acid-strength with bond streng@@ifficulty R2 at Level 3+++) with nothing
similar being reported for bases. While it is pbkesithat students simply experience fewer
difficulties with bases, this is unlikely as mangsearchers have noted students’ poorer
conceptions of bases (e.g. Cadsal, 1986; Nakhleh & Krajcik, 1994). Accordingly,appears
that researchers have fallen into the same trapudents, thinking that bases are somehow less

important than acids. Student conceptions of bhges been under-researched.

The second anomaly shown in the table is that néaif the difficulties with acid-base species
have been established at Level 4, whereas lessatlqaarter of those in the other categories of
properties or terminology and symbols have beeartdk this level, and many difficulties in
these categories languish at classification lever 2, being merely suspected or emergent.
These two findings confirm many authors’ assertithva research on student conceptions has
too many dead ends with isolated, ad-hoc studidgs being replicated (Sanders, 1993;
Wanderseet al., 1994; Krnelet al, 1998; Jenkins, 2000; Graysehal,; 2001; Kind, 2004).
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As Graysonet al. (2001) asserted, the preponderance of uncoordinateestigations,
sometimes on single student cohorts, hinders pssgire developing accurate descriptions of
specific student difficulties (Graysaat al, 2001). Instead, individual studies need to bé iar

a continuum and in this regard, Sanders (1993)eaafbr researchers to plan work that
illuminates areas where answers are still lackmather than accumulating trivia. However,
difficulties with low classifications are not nesasly trivial, for instance Difficulty S8
suggests that some students have little concapediindamental concept of neutrality (level 1)
while Difficulty P23 (level 2) concerning the comephentary relationship between strength of
acid-base conjugates has implications for tertsngents understanding buffer systems (Orgill
& Sutherland, 2008). There is evidently still mugbrk still to be done in investigating student
conceptions in order to describe them accuratewever until now, research has been focused
more on species and less of other aspects of asie-themistry. | suggest two possible reasons
for the bias. Firstly little work had been carri@at on tertiary student cohorts (see Sections 5.2
and 10.2.1). By focusing on high school studeesearchers have also focused on central ideas
of acid-base species rather than the more abstspetts of their properties and reactions, or the
way in which these are represented. Alternativelgearchers may have mirrored the cognitive
development of novices, who find it easier to orgartheir knowledge around species, whereas
experts tended to use processes such as chemactibrs as their theme (see Wilson, 1998,
Section 4.3.2.4). In a similar way research intment difficulties tends to be organised around
species rather than properties or more abstraceseptations. Now that research gaps have
been shown, it remains to be seen whether once #@respublicised the research community

will rise to the challenge of addressing the gaps.

10.4.3 Difficulties which have been adequately or over-resarched

As a corollary to the foregoing challenge, the entrcritical analysis has also identified 18
conceptions which can be described at Level 4. $uch descriptions arose through single
sustained research projects (P16 and P20.2) andethaining 16 descriptions arose by
combining evidence from different research projec8&ome of these have been previously
recognised and the work cited by other authorbpatih only as individual studies, rather than
as an aggregate of work with similar implicationgorm this it appears that the value of
synthesis of results from ad-hoc studies has ner becognised. For the 18 conceptions which
have been described at Level 4, the research foeeds to move beyond merely describing or
showing the existence of the conception to andibars, such as cross-age studies or teaching
strategies to avert or remediate the difficulty. this regard, the propositional knowledge

alongside each difficulty will be valuable.
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There are also student conceptions which have beenresearched. To illustrate, consider
Difficulty P16 (Every neutralization reaction pramhs a neutral solution) which was published
with sufficient research from one sustained studglassify it at Level 4 (Schmidt, 1991). Over
the following 16 years eight more publications hagported its existence in student cohorts
(Vidyapati & Seethramappa, 1995; Demeraaital, 2004; Sheppard, 2006; Lin & Chiu, 2007,
Chiu, 2007; Demirciglu et al, 2004; Drechsler & Schmidt, 2005b; Pinarbasi, Z00AIl of
those since 1996 cite Schmidt's work, but in oy tast three listed are the results interpreted
in the light of his work. To illustrate, Drechsland Schmidt (2005b) show another reason
(besides Schmidt's description péutralizationas a ‘hidden persuader’) for the conception.
According to their data, students assumed the isalliecame neutral because the reaction
produced water so that in particukaater seems to be tied to the concept of neutrality. By
contrast, the remaining five publications giveditturther insight into a previously established
conception. In particular, Lin and Chiu (2007) fiduthat students used a ‘character model’ to
predict the acidity, basicity or neutrality of aaction endpoint. This meant that students relied
on key Chinese characters, rather than scientfisaning to arrive at their predictions. For
example, the character for neutralization is simitathat implying mean, middle or neutrality;
consequently, a student can mistakenly predictabelt of any acid-base reaction to be neutral.
This is similar to a ‘hidden persuader’ showingtttize difficulty is not limited to Western
languages, but Lin and Chiu (2007) made no mergfah It can therefore be concluded that
half the later research projects were ad-hoc ssudiith no sense of adding complementary

studies to a body of knowledge.

With a Level 4 description, a difficulty should haween included in review articles.
Considering the number of authors given above wteo Schmidt (1991), the publication was
easily obtained. It is, therefore, astonishing this misconception is not mentioned in either
Garnett et al's (1995) “more comprehensive review of the litarat on alternative
conceptions”, or Kind's (2004) review that aimed “twing together research on students’
misconceptions in ... eleven conceptual areas Uitief acids and bases] in chemistry”,
mention. As Bennettt al (2005b) assert, narrative reviews have been ubg@stive without
comprehensive search methods and explicit inclési@tusion criteria. The current critical

analysis fulfils the latter.
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The manner in which Schmidt's (1991) descriptiontloé difficulty is quoted is not always
consistent. To illustrate, two early reviews orermical misconceptions have cited Schmidt’s
work, as follows:
“Students applied the neutralization concept only for strong acids and bases and believed
that neutralization reactions went to completion.” (Gabel & Bunce, 1994)
“Mixing an acid with a base (without regard to quantities) neutralizes the base resulting in a
neutral solution.” (Horton, 2001)
Gabel and Bunce appear to have extended Schmiditsipiiion but it is still within the context
of his investigation. In this regard, Schmidt (19@rgues that students reasoned by “assuming
that neutralization is an irreversible reactiortlowever, the list of misconceptions edited by
Horton introduces a completely new sense — Schmidtek was clearly in the context of
relative strength of acid and base, not in thelatiee quantities. Caution is needed when
interpreting authors’ knowledge claims. Accordinghis shows another reason for presenting
student misconceptions alongside the scientificatigepted propositions. Not only do the latter
show conceptions educators would like studentsat@ hbut they give the chemical context of

the study.

10.5 PROPOSITIONAL KNOWLEDGE

10.5.1 Introduction

In Chapters 6, 7 and 8 the third Research Sub-qumssiere respectively¥What statements of
propositional knowledge are needed to address ftifiécudties with species in acid-base
chemistry (or with acid-base properties or withdrbiase terminology and symbolism)?

In the initial critique of the quality of the reseh (Research Question 1) it was shown that 30%
of the reports gave absolutely no indication at ddllpropositional knowledge which they
considered scientifically acceptable and few awtlgave an explicit theoretical framework as
recommended by Treagust (1988) (see Section 5.3 Phis was a challenge when mapping
data on student difficulties as | had to decide twdpropriate propositional knowledge was
relevant. To accommodate the problem, my inteatiet of the required propositional
knowledge was informed firstly by data on the diffty itself, and then the chemical context
investigated in original research. To this endelied on my own pedagogical content
knowledge gained through teaching experience indder what propositional knowledge
related to a specific difficulty. Nussbaum (1998)nsiders this intuitive method to be an
acceptable way of undertaking cognitive analysisaftent (see Section 3.2.3.3). Moreover, |
intentionally included more propositional knowledgan might be strictly necessary to address
a particular difficulty. For instance, difficulty S@ncerning amphoteric species mapped to ten

propositional statements. Furthermore, it apptasthe number of propositional knowledge
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statements implicated in a difficulty does not @ase as more stable difficulty descriptions are
achieved. For instance Difficulty R11 (describedeael 4) maps to only two propositional
statements, whereas R4 (Level 2) mapped to sigmstatits. Therefore there was no suggestion
that a higher level of difficulty description shduhfer fewer or more propositional statements.
It is rather the complexity of the concept whichtedmines the number of propositions
implicated. In this way, | implicated propositidtk@owledge statements in each difficulty, but
did not claim that they necessarily targeted thera® of the difficulty. Accordingly, the
propositional knowledge presented in this diss@raand summarised in Table 9.1 represents
the minimum knowledge which students need in otdentegrate concepts appropriately. Its

suitability for teaching and learning is discusge&ection 10.6.

10.5.2 The value of the propositional knowledge statements

The process of reciprocal mapping showed 218 pitpoal statements were implicated in
difficulties which students experience with acidsb®achemistry. In the reciprocal mapping
procedure, the propositional knowledge not onlyiraef the frame of reference (as emphasised
in Section 10.4.3) but in many cases also helpdwbte difficulty descriptions. Because only
about half the statements illuminated in the anslgame from literature published on student
conceptions, it appears that the role of propasiidknowledge in describing conceptions has
been grossly undervalued. Furthermore, by meam®mparison to propositional knowledge,
four reported misconceptions were shown insteahgtances of students’ use of alternative
acid-base models. Without such a framework, these been erroneously classified as
misconceptions. There was further value in thepgsitional knowledge when the set of

statements were analysed in Chapter 9 as showrctin®40.6.

10.5.3 The nature of the propositional knowledge statemest

The propositional knowledge given here is not nawlged it may seem obvious to experts.
Experts know which model to use in each situatitrey know the limitations of and
appropriate representations for of each model, theye fluently between them according to
the demands of the situation (Johnstone, 1982fohirast, novices lack this knowledge and
need it to be made explicit for them. In this megaHodson (1992) indicates the need for
explicit instruction in communicating agreed cont@ms for analysing and interpreting events.
Similarly, Bucat (2004) shows instances of PCK swh ‘unpacking’ the meaning of
equilibrium constant. This is echoed by Treagpisdl. (1996, p 4) who point out the absurdity
of expecting “students to be able to constructremeand mathematical conceptions without any

guidance on the basis of their pre-existing conoaptalone”. In this way all these authors
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affirm a constructivist principle of knowledge bgisocially mediated as when an educator
assists in students understanding pre-existingnsfiee knowledge (see Section 3.2.1).
Accordingly, instruction needs to focus explicitlg problematic propositional links, in order to
avert difficulties (Muthukrishn@t al, 1993), particularly with regard to non-intuitiecencepts
(de Vos & Verdonk, 1996; Schmidt, 1997; OversbyQ@f) as commonly found in theoretical

chemistry.

In order to make meaning of new knowledge, it ixessary to link it to pre-existing
knowledge, which for experts may well be tacit kiexalge. This analysis has shown that tacit
knowledge is especially pertinent with respect dwl-dase models, in particular their context,
limitations and the modes of representation apjaiprfor each model. Some experts’ tacit
knowledge is mirrored in their teaching (Loeffldi989). In particular, Rollniclet al. (2008)
found that expert teachers with good subject métiewledge could articulate the nuances of a
topic, making it more accessible for students. Hmwe experts might not have thought of
making this knowledge overt for students as Orgill Sutherland (2008) relate, concerning
buffer solutions. This tacit knowledge and its mwections need to be made overt for the student
(although how this should be done is not part efdbrrent research). Bucat’'s (2004) example
above is one such instance, or as Atlal. (1984) suggest — the simple statement: ‘everything
is made up of molecules’ needs the added empHasd:nothing else’. In the propositional
knowledge | included similarly ‘obvious’ statemestgch as that suggested by Demerettl
(2004): “Water is present in aqueous solutionsé (Section 9.4.3.1). Teaching needs to make
experts’ tacit knowledge more explicit in order faxilitate novices making meaning of the

topic, as | suggest in Figure 10.1 below.

Tacit knowledge of content expert
e.g. Brgnsted acid-base conjugatgs

/"\
Connections possible Connections possible

— i
[ Old concept e.g. acid and bagse— —— — Connections impossik -——)[ New concept e.g. buffer systeﬂs

‘\ -
Connections possible Connections not appropriate

\A// -
[ Inappropriate concept ]
e

e.g. Arrhenius acid and bas

Figure 10.1 The role of tacit knowledge in making @nnections between concepts

This diagram indicates that experts can make cdinmscbetween old and new concepts due to

their tacit knowledge. The example in the diagstrows that to understand a buffer system
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requires knowledge that the acid and base are Baasid-base conjugates. If this knowledge
is missing, as can happen with novices, these pomaleconnections are impossible resulting in
fragmented understanding, as has been reportedabtied and Watters (2006). It indicates a
limited propositional hierarchy (see Novak & Gowd®84, Section 2.4). However, what is
more probable (in view of humans being ‘sense-ngkas they construct knowledge, see
Section 3.2.1) is that novices attempt to link newwledge to inappropriate concepts, in this
case familiar Arrhenius acids, leading to inappiatprconnections, or propositional hierarchies
(Novak and Gowan, 1984) found recently in the cxneé buffer systems (Orgill & Sutherland,

2008). In particular, there are few cross-linkdwsen the Brgnsted model for acid-base
reactions and other topics (see Section 9.3.2&®lsen learning this model, students may
frequently seek links to inappropriate conceptsnftather models. A particular problem arises
when the instructor and students have differentat®odh mind. To amplify, for experts, the

‘default’ meaning for ‘acid’ is ‘Brgnsted acid’ (Sthwvay, pers. com.) but for novices it could

mean the solution used in the laboratory last we€k. as described in Difficulty R2 (see

Section 8.2.1.3) ‘strong acid’ may, for studentsjoke an idea of strong bonds. Such a
mismatch in the ‘default’ meaning is a potentiaiee of confusion, and consequently novices
are unlikely to integrate the new concept approglfa The instructor needs to either find out
what the students are thinking, or make the pddaianeaning for the word clear; in short, make

tacit knowledge overt.

The incremental development of some of the projposit statements illustrates a cycle of
making more tacit knowledge overt with further @igons of comparison to difficulties. For
example an interim version of statement 2.1.1.6.dsed for Difficulty S1.1 and the final one
for P19 (see Tables 6.1 and 7.1). De Vos and Vé&rdba87a) describe a similar process in
response to student feedback when developing &itgasequence on the nature of chemical
reactions. This illustrates the contribution to P@WKich is made through the reciprocal
mapping of student difficulties as an input intar@ulum design. Reflective practitioners who
respond sensitively to their students may adjuet tkaching each year in a similar manner, but
such experiential insight is often not shared anddB (2004) laments that it is lost when a
teacher retires. Here the subject content has begsckaged in fine detail, recorded and
available for all practitioners — a ready-madectsliof pedagogical content knowledge based on

both teaching experience and research.
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10.6 THE SUITABILITY OF THE PROPOSITIONAL STATEMENTS FOR

TEACHING AND LEARNING
In Chapter 9, the final research question was densd, as followsDo the set of propositional
knowledge statements derived through analysis oflestt difficulties reflect appropriate
knowledge for teaching and learning acid-base m&f®tleln answering this question the set of
propositional statements together with the conosgbs onto which they were integrated were
evaluated with regard to their suitability as czuwlum acid-base models and their usefulness in

teaching and learning.

There are three possible limitations to the praegssf deriving and analysing the set of
propositional knowledge. The first concerning tpersonal choice of what particular
propositional knowledge was implicated in eachidifty was already discussed in Section
10.5. A second possible limitation concerns theiah of category into which each difficulty
fell, that is species, properties or representati@i@@rminology and symbols). In this regard,
reasons for the initial choice of categories wewergyin Section 4.2.4, and the appropriateness
of this categorisation was verified by only aboalf lof the 27% of the propositional statements
which mapped to more than one difficulty being assged with difficulties across more than
one category (see Section 9.3.1). The third &itwh is the concept maps constructed to show
the interrelations between the concepts. These narepersonal representations of the
relationships. However, the task required deegraation with the concepts and the chemistry
literature as shown by an average of 4 to 5 dfafteach map. In these processes, links were
typically added or adjusted, rather than removedccordingly, the concept maps probably
under represent the complexity of the topic rathen over represent it. This infers that there
could be more critical nodes and cross links tinasé identified in Sections 9.3.2.1 and 9.3.2.2.
Accordingly, the main research findings in Chagieneed to be treated as provisional in that
they do not provide all the implications for teaxhiand learning. As the method of mapping
difficulties to propositional knowledge has not baeported, these findings have also not been

reported elsewhere.

As shown in Section 2.1, it is naive to presume pinepositional knowledge is not contentious.
Accordingly, the acceptability of the propositiosthtements themselves was governed by pre-
determined criteria (see Sections 4.6.1 and 9:b2}his end they were checked for internal
consistency of each model by means of the conceyisrand compared with historical and

modern chemistry sources, chemistry educatioraliee, and finally deemed acceptable to two
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expert chemists. There is no claim that the prtiposl statements derived to address student
difficulties are a comprehensive list of all thatudents should know (as in a curriculum
statement). As shown in Section 9.2.1, they daecefthe core but not all of a typical high
school curriculum in acid-base chemistry. Impaditathey show potentially “troublesome
knowledge” (Perkins, 1999). Therefore they arg¢aklé for teaching and learning acid-base
chemistry but will need to be supplemented accagrdinparticular curricular requirements. As
90% of the propositional statements were derivag&ponse to student difficulties, a large part
of the knowledge base for acid-base chemistry itergially problematic. Consequently
understanding these concepts is not simple, de@teappearance in junior primary and even
elementary school curricula. This contrasts wiih teacher surveys discussed in Section 2.5.2
which showed they thought the topic was either omateding or had mainly mathematical
difficulties. It does however explain the feelimgffear and frustration among students reported
by Tarr and Norwell (1985) (see Section 2.5.2).

The specific nature of the mapping between studdfitulties and propositional knowledge
statements (75% of problematic propositions refatgpecific difficulties) indicates that there is
usually a many-to-one mapping. Thus where a pnoslie conceptual link is identified in
students, three quarters of the time this will priedthich difficulty will ensue, and appropriate
remedial action may be taken. It does not unfately work in reverse. Targeting one
problematic link will not necessarily remediate avoid the difficulty as more than one

problematic conceptual link may be involved witke ttifficulty.

The appropriateness of the categories of speciespefies or reaction processes and
representations as terminology or symbols meartsptiaatitioners who do not have sufficient
teaching time to target each specific conceptuéldan instead focus on the type of knowledge
which is most often implicated in a topic, as shawarthe relevant concept maps. For example
if they anticipate mostly representational diffiie$ they might focus explicit teaching on the
subtleties of the representations used. In a aimify, in the topic of chemical equilibrium,
Bucat (2004) highlights the difference betw@emstantmeaningremains the same for a given
systemanda constanimeaning thesame value for any systeriinally the integration between
most topics is evident from the concept maps. hia tegard, Oversby (2000a) has noted that
textbooks seldom relate one chapter (such as bghttinanother (such as acids and bases).
However, the curriculum could also be at fault fvattit expects students to use chemical
formulae in acid-base chemistry before they understhe arrangement of atoms that allow

such species to be proton donors, or easily digsti For example, Nicoll (2003) found many
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undergraduate students thought that formaldehyé@Lhad a structure of a water molecule
with a carbon atom attached. Furthermore the &sshmodel provides few links to prior
knowledge. For this reason, educators need torenguis grounded in macroscopic
observations as discussed in Section 10.3.2.2.ngL&i999) and other chemistry education
writers (see Section 2.3.3.) have noted that modéemistry curricula frequently focus on

theoretical aspects at the expense of more emipivim.

10.7 IMPLICATIONS OF THE RESEARCH
The results of the critical analysis of researchioto student difficulties with acid-base

chemistry have implications for both educationalgtitioners and researchers.

10.7.1 Implications for Practitioner Pedagogical Content Knowledge (PCK)
The pedagogical content knowledge represented tBe thspects: descriptions of students
difficulties, the finely divided propositional knd&dge reflecting expert tacit knowledge and
the concept maps which integrate the two, is auregofor practitioners at all levels, teachers,

curriculum developers, and textbooks authors.

The literature review showed that frequently teashare unaware of student conceptual
difficulties (see Section 2.4.4). Furthermore thaght not be aware that they themselves have
conceptions which are not in accord with accept@dnse (Furid -Mast al., 2005). These
authors have also identified conceptual changeantters as one of the most important trends in
science education research. Hence the listaudest difficulties and propositional knowledge

statements are a useful source for discussion astadgnt teachers.

Teachers may know their subject matter, but tegchiis more complicated. Taber (2001c)
asserts that many chemistry difficulties are caysadarily by prior instruction which Furiét

al. (2002) see as a didactic rather than studencdiffi. The didactic problem also involves
textbooks, and these have been frequently implicatecausing difficulties, particularly with
respect to models (see Section 2.3.4). Effecta@ning requires effective teaching, as
according to Johnsagt al. (2007), students of all abilities tend to achibetter when taught by
the most effective teachers. They define effectiwachers as those making use of well
designed, purposeful and highly engaging instracttbat is artfully implemented with
flexibility according to students’ needs and thgrebeaningful to the students. Furthermore
Arzi and White (2008) also show that experienceathers’ content knowledge has a specific

nature. Firstly it has rich intradomain and intsegplinary links, while at the same time being
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fine-grained, with important detail. Thus it istbawvider and deeper than that of an academic
researcher in the field. These authors also shaWwadteachers’ subject matter knowledge
changes during the course of their careers, beinggly influenced by curriculum materials. It

follows that a prerequisite for improving chemisisarning is to have excellent teachers,
excellent teachers are aware of their studentdsaad difficulties, and have excellent subject-
specific knowledge which needs to be fine-grain@this subject-specific knowledge is largely

gleaned from curriculum materials. In a similarywthe list of propositional statements has
become more and more fine-grained with analysifugher student difficulties. It therefore

represents the cumulative experience of expert emchemistry education research and
teaching experience. It will have the most infleerin raising the standard of teaching and

learning acid-base chemistry if used in curriculmaterials.

The effectiveness of reformed curriculum materralsts in part on the knowledge of student

difficulties and their relationship to accepted gwsitional knowledge. The need to have

models differentiated for teachers is just as gasait is for students. In particular curriculum

materials such as textbooks need to address tloavfioty aspects:

» Using empirical observations; firstly to contexisalacid-base concepts and then to provide
reasons for introducing successive models.

» Signposting the differences between acid-base mpteit is their appropriate contexts and
limitations, partly by means of non-examples ad a®lppropriate examples.

« Avoiding hybrid models, by keeping examples, teigy and symbolism appropriate for
each model.

* Making explicit the tacit knowledge shown in thizadysis.

e Giving bases the prominence they deserve alongsides.

e Showing cross-links to prior knowledge, either he tacid-base topic or across other

chemistry topics, such as bonding and chemicaliegum.

Before any of this can take place, results frons #malysis must be publicised. Too often
researchers address only themselves so that rbseapublished and then ignored (Jenkins,
2000) or lies forgotten in theses (Anderson, pem.r To this end the CARD website

(http://www.card.unp.ac.3as a useful international forum.

10.7.2 Educational implications of threshold concepts
A further use for these two sets of results — threcept maps and the descriptions of difficulties

may be used to indicate which concepts are thrdstmhcepts. Using two such inputs, Park
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and Light (2009) were able to identify two aspemftshe quantum atomic model which were
threshold for understanding it. Threshold consepe those concepts which allow students to
see a field of knowledge in a new way. Usuallyettee student understands the concept, the

advances are irrevocable; it gives them a new \igg@ing.

Land et al (2006) advance the idea of a rhizomorphic culuitustructure, wherein there
several ways of looking at the same concept. Theséade points of entry to a common goal of
understanding threshold concepts. In these autbpision this is more realistic than a strictly
hierarchical structure as supported by Herron (1996 this regard, acid -base chemistry is one
such point of entry whereby students understandirige nature of a chemical reaction in terms
of new products formed, energy changes occurringaimeaction, chemical equilibrium.
Similarly students learning about acid-base prégernay gain entry to the concept of chemical

classification by characteristic properties.

10.7.3 Cognitive development and the Brgnsted model

Drechsler (2007) reported that students clearlyrditlunderstand the Brgnsted model. This
stands to reason as it is a process rather thamesp®model. This analysis has shown a much
larger number of difficulties concerning acid-b@secesses than acid-base species. It is also an
unsurprising observation as it involves acid-bastigles rather than substances. Consequently
students need to engage with chemistry on a subssuopic level (see Section 2.3.3.), but as
Section 10.3.2.3 showed, few are cognitively readydo this even on entering tertiary
education. Furthermore the analysis of difficdtshows that frequently these theoretical ideas
are not shown as explaining macroscopic obsenatioithe Brgnsted model may be too

abstract for the cognitive development of many hEghool students

10.8 IMPLICATIONS FOR FURTHER RESEARCH
10.8.1 Acid-base topics to research

For the research community, the research here meseme unanswered questions. This
synthesis shows that some difficulties with acidédbamodels have been inadequately
researched. Where research has not yet led abke stescription of a difficulty, or established

that it occurs across multiple contexts, furthevestigation into its nature is needed.The
difficulties with Level 3 descriptions may only reeonfirmatory studies in other chemical or
educational contexts to hone the descriptions. s&hwith lower classifications first need

exploratory studies, before probes become morestmtu Broadly, there is no yet enough

known about how many acid conceptions that have #entified which might also relate to
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bases. Because bases are conceived so differenttiiei Arrhenius and Brgnsted models
researching these conceptions will undoubtedly igegreater insight into difficulties which
students experience with the model. By the sarkentdurther research is needed into more
complex conceptions beyond definitions and examglegarticular very little research has
shed light on how and why students represent sabestopic species interacting during acid-
base reaction. The more demanding task of inastig) conceptions of acid-base processes or
representations of these might entail subtle rebeprobes, as for example Schmidt (1991,
1995 & 1997). Such research may also need vipoalbes depicting sub-microscopic
representations of the acid-base systems. Suclalvilata fell outside the criteria (verbal
quotations) used to screen publications for thighs{see Section 4.4.1). However it is notable
that only four publications (that is less than 108bthose accepted into this study (Nakhleh,
1994; Smith & Metz, 1996; Bradley & Mosimege, 1983 eppard, 2006) reported also using
visual probes to gain insight into how studentsualty visualise acid-base processes. Such
probes have been used for other chemistry topics Kozma & Russell, 1997; Treagust &
Mamiala, 2003; Nicoll, 2003; Stains & Talanquer0202008). In particular, Halakova and
Proksa (2007) developed visual items to paralleldbscriptive items in the chemical concept
inventory (Mulford & Robinson, 2002).

With the benefit of now having 18 problematic cqptéens with Level 4 descriptions, these can
feed into other types of research. For examptatesiies by which difficulties can be reversed
or even avoided (as suggested by Schmidt, 1997)|dhbe designed and evaluated.
Furthermore Calylet al (2005) argue for going beyond merely documentmgconceptions
into categorizing and interpreting them into diagfibtreatment or a theory building model of
how to facilitate students’ constructing scientfimowledge from their current conceptions. For
instance Palmer (2005) showed that confrontingradté/e conceptions through the use of a
reputational text was more effective in promotingeceptual change than was a merely didactic

text: would this also be applicable for some ofdbl-base difficulties?

Alternatively the place of the Brgnsted model ia durriculum should be investigated. Is it too
abstract for most school students as Herron (19r§les, and has been suggested by this
research? There is little evidence that studegesl dess than 17 years work comfortably and
fluently with sub-microscopic chemical conceptidg@abel, 1993; Brosnan & Reynolds, 2001)
and a cross-age study would be useful in the coofexcid-base models. Such a study relating
to the particle nature of matter was carried ouergby Brosnan and Reynolds (2001) found out

at what level students were operating through ppsitatements and asking if they “made
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sense” or not to the students. A similar study dallow at what age students were operating
comfortably with each acid-base model, and hencenwtfiese could be most meaningfully

taught.

10.8.2 Concept inventories
The usefulness of concept inventories is beingesingly recognised (Howitt al, 2008).
These ‘banks’ of conceptual multiple-choice questicare useful in evaluating student
understanding pre- and post-instruction (see Se@idrl). There are currently few topics
where a comprehensive and reliable bank of itenssdeen developed. The force concept
inventory (Hestenest al,, 1992) was developed after 10 years researctpimgsics conceptual
difficulties (Graysonet al. 2001) but there are few available in chemistry.(&ulford &
Robinson, 2002; Halakova & Proksa, 2007), and atnmone in biochemistry (Howitt al,
2008). Through such an inventory it is possiblé)ltevaluate (or self-evaluate) teacher content
knowledge (ii) identify potential stumbling blocksr their students; (iii) determine the level of
functioning of students. The distractors used ancept inventory items are often based on
descriptions of common student difficulties and éle# difficulty descriptions are imminently
suitable for this. Furthermore the specific mamyghe mapping between propositions and
difficulties also suggests specific distractorsathtan be used for new items. The many-to-one
mapping found in this study was quite unexpectetifarther research could show whether it is
specific to acid-base chemistry, perhaps due tondne | derived the propositional statements
and categories of difficulties, or whether it isganeral trend that identifying a specific

problematic propositional link can indicate a spedifficulty.

10.8.3 Implications for research methods in conceptions igearch

This critical analysis has highlighted several imipot roles for a set of propositional
knowledge statements in research concerning studegeptions. In the first place it defines a
frame of reference for the study, and will inforhettype of probe used in the research. If
researchers wish to probe whether students unddraspects of a particular model they would
be wise to make this requirement clear to studehésresearchers’ frame of reference needs to
be made overt. In this way researchers would aasiglming that the student knew which
model was ‘acceptable’ to the researchers (fallmgmselves into the one-model-fits-all trap)
and so deeming alternative models to be ‘miscoimegit Furthermore, researchers need to be
especially careful of not, themselves, falling iaterap of hybrid models, and switching terms

such aspeciesandsubstanceorionizationanddissociationbetween models.
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If instead researchers wish to find out which matiel student is most comfortable with (as
suggested in the previous section) propositionaledge statements provide a framework on
which to ‘hang’ student responses to more openiggdd questions. Thus, it is essential to put
the propositions forward for comparison. This noeffof comparison has been used here to
help group data segments on difficulties and tlweshiarpen the descriptions of the difficulties.
In this way it has been possible to illuminate edst some of the propositional knowledge

which is missing or inappropriate and so inhibitszentific understanding.

Propositional knowledge statements serve a thitel winen they help define the context of a
difficulty description when it is published, and swoid it being misrepresented in other
publications (see Section 10.4.2).  Researatsraot assume the propositional knowledge is
not contentious; it is debatable so need to bedtatFurthermore it needs to be referenced from
reliable sources, and checked against chemistriigatibns or expert opinion, or both. It is
most important to have these propositional statésriarconceptions research so that all persons

(researchers, students, readers) are familiarthvitfirame of reference.

Most importantly, the method of searching, scregrand comparative analysis of published
research data on conceptual difficulties with psifienal knowledge has been productive in the
acid-base topic. There is little reason to sugtiestit should not be used elsewhere in a similar
manner. Appropriate reviews could provide the mgsink between conceptual studies and
curriculum or pedagogic reform. There is, howewaecaveat. At the outset | was completely
naive about the volume of data that 42 reports vgeherate, despite advice from Benmtt
al. (2005b), and in retrospect a much sharper fooustife critical analysis than acid-base
chemistry would have been more manageable. A warra@opic such as pH or acid-base

strength alone would have borne enough fruit.
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Abstract

Bronsted & Lowry’s protolysis model of acid-baseentistry necessitates students’ visualization oicion
and molecular species in equilibrium. Students abgperience difficulty when new conceptual models
are superimposed on top of old ones. Studentcdiffes with different acid-base models and
visualization of sub-microscopic particles weredstigated through a meta-analysis of published data
and a two-phase probe of high school students. e difficulties revealed were compared with
propositional statements of scientifically correoncepts. Results showed that students tend dmret
macroscopic view of acid and bases as substaratbesy than particles that can donate or accepbpsot
They also manipulate formulae with little understiaig of the sub microscopic particles involved.nfeo

of these difficulties are now well established.

Introduction

In 1990 Pickering showed that when students arghtaohemical processes with an emphasis on the
particulate nature of matter, and assessed acgtydiheir conceptual knowledge improves dramaltycal
Johnstone (1991) also emphasised that chemistryldshbe taught on three levels; namely
macroscopically, sub-microscopically and symbolical

In the topic of acid — base chemistry, Carr (198@ted that student difficulties are “more usually
perceived in terms of confusion about models usetbaching the concept than as a conflict between
preconceptions and the scientific view.” In aduiti Ringes (1995) found that when chemistry stuslent
are presented with different conceptual modelsdduction and oxidation, they tend to persist wfté
first or become confused between models. In 1982ykes had put forward arguments for teaching
students only one model of acid-base to avoidgbis of confusion. The changing nature of thedayi
acids and bases, in terms of the different hisabricodels that are frequently layered one uporother,
has been presented by both Carr (1984) and de Mb®#ot (2001). A major conceptual change in the
1920’s took acids and bases from substances toiredfin bottles to Bronsted (1926) and Lowry’s
(1923) definitions in terms of molecules or iondlith this, it became essential for students to alize
the sub-microscopic particles in a reaction in otbemake sense of the concepts. Initially studenés
presented with the macroscopic, qualitative, prafgicoperties of acidic substances. This is foddvby
formulae and equations about these substanceswtddl in later years by the theoretical models
developed by Arrhenius and Brénsted & Lowry.

Aim
The aim of this study was to investigate studentwiceptual and visualisation difficulties with two
aspects of acid-base chemistry.

(1) The three different models for acids and bases:ptlaetical-sensory model (substances in
bottles), Arrhenius’ model (substances which diggednto ions in aqueous solution) and the
Bronsted-Lowry model (molecules or ions that acomptionate protons, becoming ions or
molecules in the process).

(2) The three levels at which chemistry can be visedtiz macroscopic, sub-microscopic and
symbolic.



277

To achieve this, a list of scientifically acceptepositional statements of the relevant concepts a
principles of acid — base chemistry at a gradeel2llwas constructed; a meta-analysis of literatore
known difficulties with acid-base models was penfed; and a research study on grade 12 pupils was
carried out to look for evidence of any difficultivith visualisation of the models or the sub-mscapic
particles in the reactions.

Methods

Propositional statements

Scientifically correct propositional statementscohcepts, principles and definitions used in acdeb
chemistry were compiled from various textbooks poblished literature. These statements were used to
clarify and check the validity of the various stotldifficulties reported in the literature and fauim the
research study on grade 12 pupils.

Meta-analysis and classification of published ditfilties

An extensive literature search was performed td fiapers documenting research into student coraleptu
difficulties with the topic of acids and bases. Aetaranalysis of the documented difficulties was
performed according to the method of Cole¢al (2000). This consisted of extracting the evidefar

the different difficulties from each paper, andngsthe propositional statements to clarify and doent
their descriptions. The difficulties were then esifisd on the four-level framework of Graysen al
(2001)according to the amount of information known abeath difficulty. Thus, difficulties identified

in a number of contexts and for which there is ablst description were classified at level 4 or as
“established”, those identified in limited contextith descriptions still open to change were clessiat
level 3 (partially established), those suspectedesgarchers on the basis of teaching experiericedbu
systematically investigated as “suspected” (levelahd those which emerge during data analysis as
“unanticipated” at level.

Research study on grade 12 pupils

In order to elicit further information about studetifficulties with the acid-base models as welltlsir
ability to visualize the processes at a sub-miapgxclevel, a research study was carried out. Wais
conducted in two phases on grade 12 high schodksts. In the first phase, two free-response type
probes, shown in Figure 1, were given on conseewtays to a mixed ability group of 20 to 25 girlson
had recently received instruction in acids and s®as€hey received no feedback between the probes.
Student responses to the probes were analysedthsimgductive method given by Graysetral. (2001);

the categories of difficulties being allowed to egeeas the analysis proceeded. Some categories wer
eventually combined, reclassified or made into atdgories

1. For each of the substances shown above (NaOH, N&HCQ, HBr) write down:
a) How it will react, if at all, when added to wate
b) Explain how you worked out your answer to (a).

2. Use your imagination! Imagine you have a very pdwemicroscope. With this microscope you
can SEE all the particles in a solution. What wloybu SEE when each of the following is added
separately to a beaker of water? (Concentratedstitpacid, concentrated ethanoic acid, ammohia,
potassium hydroxide pellets) [A blank space wawigded for the response.]

Figure 1. Phase 1 probes given to 20 - 25 girtg@ule 12

In the second phase, four months later, the fregarese probes shown in Figure 2 were given to d sma
sample of 11 of the girls, who had participatecphase 1 of the study, while revising for their fina
examination. Further information was sought atbfficulties with visualizing the chemical processe
occurring. In addition, the misuse of terms such dissociation, ionization and hydrolysis was
investigated further through asking for diagramsvall as explanations. Further data was also reede
students’ reasoning with the equilibrium systemwvefak acids and bases in water, so it was decided to
state explicitly which of these were strong or wedkvo copies of diagram (a) of Figure 2 were git@n
students - one for question 1. involving HCI, ahd $econd one for question 2. involving \NH
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1. The gas HCI can be classified as a strong aci& gels, hydrogen chloride is bubbled into
water. Sketch the situation before and after, $hgwhe particles that would be found in the gas
tube and beakers. (Diagram a)

2. NH;can be classified as a moderately weak base.gdfieammonia is bubbled into water.
Sketch the situation before and after, showingotirticles that would be found in the gas tube
and beakers. (Diagram a)

3. The contents of the two beakers, from 1 and 2 (@ggein chloride and ammonia) are mixed.
Sketch the final situation showing the particlest tivould be found in the large beaker.
(Diagram b)

4. A spatula of ammonium chloride crystals is addediater. Sketch the situation showing the
particles that would be found in the beaker. (Paagc)

After each sketch, students were asked, “Explainrérasons for choosing the diagrams you ¢

Please give more than a chemical equation.”

14 52

before after

(@) (b) ()

d.

—

Figure 2. Phase 2 probes given to eleven gradeifiilsgour months after the phase 1

Results And Discussion
Meta-analysis of Published Difficulties

Tables 1 and 2 summarise the information from tletaranalysis of the difficulties already published
the literature. The description of the difficulya statement of students’ alternative conceptilois: is
contrasted with a propositional statement. Onbséhdifficulties relevant to this study are presdriere.

Description of Difficulty Propositional Statement by Authors C* | Reference for Difficulty

Acids and bases areBronsted — Lowry acids and bases are2 | Sumfleth (1987)

substances particles that can donate or accept protons.

Acids have pH <7 Acids are proton donors, bases are prgtod | Croset al (1986 & 1988)

Bases have pH > 7 acceptors. (ie particles, Bronsted — Lowny)

Bases produce Otibns Bases are proton acceptors 4  @iad (1986 & 1988)

Acids contain OHions Acids are proton donors, they must contair8 | Ross & Munby (1991)
hydrogen atoms.

Bases are contained in acids Bases are protontacsep 2 | Hand & Treagust (1989)

C* = Classification on framework of Graysenal, 2001

Table 1. Difficulties and propositional statemepestaining to acid and base definitions

The first difficulty in Table 1. reflects studentsiacroscopic view of acids and bases as substanhbds,

the second give these substances certain pH rangbsse difficulties appear to indicate that these
students have persisted with the macroscopic mdédspite having been subsequently taught the
theoretical, sub-microscopic models before or dyutheir first year at university when Cresal (1986

& 1988) carried out their study. The third difflgushows students have retained the Arrhenius inode
while those who show the last two difficulties appéo have become confused between Arrhenius’
model and the Binsted-Lowry model. Carr (1984) warns against tliiager and cautions that changes
in models be “clearly signposted”.
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Description of Difficulty Propositional Statement by Authors C* | Reference For Difficulty
Neutralisation is a doubleNeutralisation is a proton transfer reaction2 | Nakhleh & Krajeik (1993
decomposition reaction. producing water.
The product of neutralisationWater molecules, 0, are produced during 2 | Nakhleh & Krajeik (1993
is not water, OH(K) or H,O | neutralisation.
formed.
Every neutralization reactionlf weak acids or bases are involved,4 | Schmidt (1991 & 1997)
produces a neutral solution. | reactions between stochiometric amounts
will yield non-neutral solutions
Neutralization gives alf weak acids or bases are involvad,4 | Schmidt (1991)
solution with equal reactions between stochiometric amounts
concentrations of D" and| will yield solutions with excess 40" or
OH ions OH- ions
H,O" and OH react| There will always be some A" and OH| 4 | Schmidt (1995 & 1997)
completely and there are ndons since K = [HsO"].[ OH]
H;O" and OHions remaining
after neutralization.
Aqueous solutions of salts afeThere will always be somesB" and OH| 4 | Schmidt (1991)
neutral and do not containions since K = [H;O"].[ OH]
H;O" and OH
Aqueous solutions of salts afeHydrolysis can occur, depending on the4 | Schmidt (1991)
neutral since [H0'] = [OH] | acid-base strength of anion or cation.

C* = Classification on framework of Graysenal, 2001

Table 2. Difficulties and propositional statemepéstaining to neutralisation and ions

Table 2. shows student difficulties with ionic cepts in acid — base chemistry. Students describing
acid-base reactions as double decomposition dampear to use proton transfer mechanisms in their
reasoning, and are possibly simply manipulatingrobal formulae: as do students who write impossible
formulae such as J@ for the products of the reaction. Schmidt’s Eadave also established reasoning
difficulties based on terminology. Words such asdutralisation” conjure up the notion of a neutral
solution. The term neutralisation is historicadsed on the ability of acids to “consume” bases eaxl
little relevance in the Binsted-Lowry model. Schmidt (1991) studied theiclifties among grammar
school students and suggested that they neglecblygts and chemical equilibrium in their reasoning
strategies, or think of salts as the product otnadigation, and so assume they must be neutrahcHers
should be encouraged to anticipate the possilufithese reasoning difficulties with their students

Research study on grade 12 pupils

The results of the two phase study on grade 12estsdwhich are relevant to acid — base models and
ability to visualize the sub-microscopic chemidiiing place are summarised in Tables 3. In @bps

it was expected that students would show partiaesstereochemical (space filling or ball and stick
models) or a structural formulae (Figure 3). Mtivan one particle would be acceptable in each case.

water molecule ammonia molecule ethanoic amtecule

Figure 3. Possible acceptable types of diagranpadicles in Phase 1 and 2 probes.
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Percentage Incidence

Phase 1 (Figl)

Phase 2 Question

Code Description of Difficulty Probe Number Number (N = 11)
1 2 1 2 3 4
(N=25) (N=20)
Difficulties with visualisation of particles
V1 No attempt made at particulate drawings|or 100 15
o 0 0 0 18

description

\ Particles shown by formulae alone - 15| 55 64 | 64| 64

V3 Particles shown by formulae enclosed by a ring - - 36 27 27 27

V4 Particles shown with coefficient from equatian, - - 9 0 0 0
2HCI

V5 Particles are visualized as part of equations. 001 60 0 0 9 0

Difficulties with formulae and symbols

N1 Single example of each type of particle - 15 9 36 45 45
considered or shown

S1 Number of atoms/ particles is non-stochiometric 28 5 36 9 9

S2 Charge is not conserved in a chemical reaction 0 4 25

Difficulties with acid — base terminology

Tla lonization shown and dissociation described 12 15 9

Tib Dissociation shown and ionization described 12 -

T2a Hydrolysis shown and dissociation described 4 - 9

T2b Dissociation shown and hydrolysis described 12 5

T3 Decomposition shown and dissociation 8 - 36
described

T4 lonization shown and hydrolysis described 20 -

Difficulties with models for acids & bases

Vol 1 A solution is described in terms of the salnse 28 15 73
dissolved

Vol 2 Acid-base reaction is not;8" (or H) + OH 18

Vol 3 Aqueous solutions of salts are neutral sipce 45
there are no kD" or OH ions

BL Substances that contain hydrogen are acids. 2h 9

ArA Acids dissociate in water to form"Hons 20 30

ArB Bases produce Chbns in water 4 -

ArBL1 | Dissociation and ionization showed in same 9
system

Student difficulties in visualizing particles shalvihat these students appear to rely heavily orecutéhr
formulae and symbols, especially with the firsth@rdhat used the word “react”. Every student apgzka

to believe that a chemical equation was a necegsatyof her explanation.
specifically asking for more than a chemical ecpratthese probes prompted some sort of drawing from
the students. Evidently they had difficulty inrtking about particles as atoms or ions; nearlyfithe
students still used a formula with or without agriaround it to indicate a “particle” in these réaics
(difficulties V2, 55-64% and V3, 27-36%). Their dgmlence on equations is evident in difficulty V5
shown by the response, “NEl + HO = HCI + NH; & HClI + HO = CI + H;O™ being
written across a beaker.

Table 3. Description and incidence of grade 12estudifficulties with acid base-concepts

In the second phase, by
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Despite student reliance on molecular formulae, esalifficulties with the stochiometric nhumbers of
atoms (S1, 5% to 28%) or charge balance (S2, 2590%) were evident in the first probe. In the seto
phase this difficulty was only evident in the ication of the weak base ammonia that appeared to be
more difficult (difficulty S1, 36%), as shown byethresponse depicting three ammonium ions and two
hydroxide ions.

Students’ difficulties with terminology, where tleguation given did not match the explanation, were
also revealed here. The terms “ionization”, “dgaton” and “hydrolysis” were commonly used
interchangeably. For example, the ionization oframia was shown correctly as “NH+ HO ->
NH,” + OH”, but explained as “Nkldissociates in water..” (difficulty T1a, 9% to%% A response
typical of the confusion between dissociation aadanposition was, “NkCI + H,O - NH; + HCI”

Since students also studied the thermal decatipo®f ammonium chloride, this appears to have
become confused with dissociation occurring in aggesolutions. This could indicate difficulty with
visualisation of the ionic particles in water.

Student difficulties with the different models facids and bases were also evident. A most sigmitfic
group of student difficulties, classified as VoRland 3, appears to show a reasoning strategy that
explains reactions in terms of the original substadissolved in solutions, as when studying voluimet
analysis, rather than the ionic species in thetsmiu A typical response for difficulty Vol 1 (73%)
showed HCI and Nklionising correctly in the first two questions, tguestion 3, where the contents of
these beakers were mixed, the student revertetH@,+ NH; > NH,CI” - no water was shown at all.
Similarly, this neglect of the reaction between foydum and hydroxide ions (Vol 2) is also shown by
18% of the students.

In the first phase some students were unsure abarhples of acids and bases (difficulty BL, 24%),
Ross & Munby (1991) also reported this. The amimomolecule was thought to have acidic properties
as shown by, “Ni + HO > HO" + NH,” or “NH; is the conjugate acid of NH. In addition,
sodium hydroxide was seen by students to be a protmor: “NaOH with HO & NaO + HO'
NaOH is a strongish acid and therefore it will Ipéeato lose a hydrogen ion easily.” Blind apptica of

the Bonsted-Lowry definition to any compound containingdtogen, without understanding the bonds
involved could be the source of this. Teachersirieebe aware of this possibility when introducthg
theoretical models.

There were also many difficulties showing confustmtween models for acids and bases. Difficulty
ArA, Arrhenius’ model of dissociation, was used 2826 to 30% students to explain the behaviour of an
acid with water, for example, “HBE> H" + Br”. Arrhenius’ theory also describes bases as pringu
OH ions in water and this definition evidently petsias shown by the student with difficulty ArB who
fell somewhere between Arrhenius’ and Bronsted &ihyds theories when writing, “Nais an acid and
NaOH is its conjugate base.” Carr cautioned agaimspossibility of model confusion in 1984.

The difficulties revealed in this study are nowtjadly established — they have been found in atéohi
context and the descriptions could be open to ahakgrther investigations in other contexts aedee.

CONCLUSIONS
The meta-analysis of documented difficulties resetilat in acid-base chemistry students do have
difficulties with the three levels suggested byrkihne (1991). The macroscopic view of substances
persists and students resist moving from this meal@nother requiring sub-microscopic understanding
of particles. Formulae and symbols appear to beipnéated with little understanding of the theareti
model. Superficial reasoning strategies, relying iotuitive but obsolete meanings of words, are
prevalent. There is also evidence that they beamné&used between two models or retain the onehtaug
earlier as Carr (1984) and Ringes (1995) foundic&imany of these student difficulties are esthblisat
level 4, teachers need to be aware of these wiaemiplg their teaching strategies.
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The students probed in this project showed litde of a reasoning strategy that visualized ions and
molecules in chemical reactions. It is probabkt they have not accommodated the Bronsted -Lowry
model for acids and bases. They appear to stllaupractical, sensory model with associated médecu
symbolism. They do not appear to transfer primsplearned in chemical equilibrium, bonding and
structural formulae into acid-base chemistry. Rertresearch will be needed to investigate thisasp
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Abstract

Propositional knowledge statements of scientificattcepted conceptions have been advocated
by various authors as comparative controls in thentification of students’ alternative
conceptions in science. However, to our knowledpe, process by which propositional
statements are formulated and used to hone anagealescription of such student difficulties,
and vice versa, has not been described. The atim&tudy was to investigate this approach
as applied to the topic of the Brgnsted-Lowry manfedcid-base chemistry. Formulation of a
set of propositional statements representing tewtically accurate model involved collating
statements from current literature and historicabligations, classifying them according to
chemical representation systems, namely: macroscapicroscopic and symbolic, then
expanding, rearranging and clarifying them accaydindevised criteria. Simultaneously, these
statements were reciprocally matched to correspgndiescriptions of student difficulties
gleaned from previously published studies, and rbsults showed that this process was
important in the formulation and clarification ofoth propositional statements and the
descriptions of corresponding alternative studeanceptions. Furthermore, propositional
statements prepared in this way could form a fotioddor curriculum and textbook design and
help prevent or remediate difficulties due to hglbriodels in students.

INTRODUCTION

Student difficulties in acid-base chemistry havepapntly received little attention in the
literature. Unlike the particulate nature of mated electrochemistry, which each generated
more than 20 descriptions of student alternativeceptions, a recent research review presented
only five misconceptions in acid-base chemistryrk®g 2001). Garnett, Garnett and Hackling
(1995) emphasised the need for more research iadigebase topic and suggested “a list of
conceptual and propositional knowledge statementsould provide a sound starting point.”
These statements, used as comparative controlsaofepted scientific understanding” have
often received less attention in research papeas thave the descriptions of students’
alternative conceptions. Tension between expédntfic views and the need to present
concepts simply enough for younger students imp@ieaie compromise (de Vos & Verdonk,
1996). However, Justi and Gilbert (1999) warnedirag} teaching students “hybrid models”
and showed their prevalence in textbooks. Suchbaidiynodel has often been presented under
the guise of the Brgnsted-Lowry acid-base modelr(d&884; de Vos & Pilot, 2001).

Research Aims

This research project addressed the following rekeguestions:
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1. What propositional knowledge corresponding to thdous representations of the
Brgnsted-Lowry model is expected of high-schooldetis and what process
should we use to formulate statements of such keuhyd?

2. Can the formulated propositional statements be tsédne and clarify the nature
of the student difficulties, and vice versa, andtytrocess could achieve this?

To achieve these aims we first outlined the catéor a set of propositional knowledge
statements. Then we developed a set of propositistetements describing the
Bransted-Lowry acid-base model that met theseriaiteAlongside this, descriptions of
student misconceptions was extracted from publidiveture and examined in terms
of the statements. Cross-checking between the liste was necessary as they
illuminated each other. Descriptions describing hature of student difficulties were
then synthesised.
Research Methods

Formulation of Propositional Knowledge Statements

We devised the following criteria to judge the skpropositional statements formulated in this
study. These should:
1. Present the expressed model in its specific conteking its limitations obvious.
2. Be as close to expert knowledge as is practicadritbg in mind the stage of the
students’ understanding.
3. Hauve sufficient detail to enable students to explhe required phenomena.

We focused on the Brgnsted-Lowry model that is comgnfound in high school texts. Our
starting point was a synopsis of textbook presemtatof the model published by Nakhleh and
Krajcik (1994). It separated the statements adogrtb chemical representational systems,
namely: macroscopic, microscopic, symbolic and lalgie. We needed to make subtle,
although significant, changes to the wording oftheriginal statements so they would meet our
criteria. To ensure consistency within the Braddtewry model, we compared the original set
of statements to the Brgnsted-Lowry context oudirtey de Vos & Pilot (2001). Any
disagreements were resolved by consulting origpegpers (Brgnsted, 1926; Brgnsted &
Guggenheim, 1927; Lowry, 1923), historical stud{@®ell, 1969) and the IUPAC (1997)
definitions for modern expert knowledge. In orderensure the list was appropriate for South
African students, we compared it with the learningcomes for Grade 12 examinations (IEB,
1997) and supplemented it where necessary.

Synthesis of Descriptions of Student Difficulties

References to published studies on student diffesulin acid-base chemistry were
found through online electronic indexes. Informatmn individual student difficulties
was extracted from each article. Once correspondimgpositional statements
(sometimes more than one) were matched with eackest difficulty, groups of similar
statements of these difficulties emerged quicklyWhen compared with the
propositional statements, a concise descriptiothefparticular student difficulties in
each category could be synthesised. On some oosastudy of the student difficulty
led to clarification of the set of propositionaat&ments. It was a two-way or reciprocal
process.
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RESULTS AND DISCUSSION
Formulation of propositional knowledge statements
Tables 1, 2 and 3 show the list of statements ftated in this study. For simplicity, the
explanation of indicators’ colour change (IEB, 19%hd the “Algebraic System”, involving
calculations and pH graphs (Nakhleh & Krajcik, 199%ve not been reported.

Table 1.  Propositional Knowledge Statements for Brgnsteaviy@acid—base model:
Macroscopic representation (Properties of subséshc

1) Characteristics of acidic substances.

a) They change the colour of appropriately chosercatdis, e.g. litmus — blue to pink;
bromothymol blue — blue to yellow; phenolphthaleipink to colourless; methyl
orange — yellow to red.

b) They taste sour/ sharp like lemons or sour milk.

¢) In aqueous solutions of the same concentratioongtacids are better conductors of
electricity than weak acids.

2) Examples

a) Acids are found in many foods, e.g. vinegar (ethi@raxetic acid), citrus fruit (citric
acid), milk (lactic acid) apples & pears (malicdjci

b) Common laboratory acids include hydrochloric aeithanoic/ acetic acid, nitric acid
and sulfuric acid. These are usually used in aggisolution.

3) Characteristics of basic substances.

a) They change the colour of appropriately chosercatdrs, e.g. litmus — pink to blue,
bromothymol blue — yellow to blue, phenolphthaleaolourless to pink and methyl
orange — red to yellow.

b) They sometime taste bitter like soap.

c) They feel soapy in aqueous solutions.

d) In aqueous solutions of the same concentratioongtbases are better conductors of
electricity than weak bases.

4) Examples

a) Bases are commonly found in the household, e.dnbaoda, oven cleaners and
soaps.

b) Basic substances commonly found in a laboratotydgcammonia, potassium
hydroxide, calcium hydroxide and sodium carbondteese may be used in aqueous
solutions.

5) A soluble metal hydroxide is called an alkali.

6) Acidic substances in dilute agueous solutions r@estally exothermically) with:
a) Basic substances, losing their acidic propertiesugh neutralisation. For example,
with:
() A metal oxide to form a salt and water.
(i) A metal hydroxide to form a salt and water.
(i) A metal carbonate to produce a salt, water ancbcadinxide.
b) Active metals to form a salt and hydrogen.

7) Amphoteric substances have both acidic and basjmepties.

8) Concentrated acidic and basic substances undeggoouis and dangerous chemical
reactions. These may be highly exothermic, dehiydy@r oxidising.

9) Atitration is a laboratory procedure in which maasl volumes of a solution of one
substance are added to a definite amount of a destdystance in solution, until the
reaction between them is complete. The end péittiteoreaction is usually judged by the
colour change of a suitable indicator.
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10) The pH scale relates to both acidity and basiditggmeous solutions.
a) Acidic solutions have a pH < 7. Lowest valuatidate the most acidic solutions.
b) Basic solutions have a pH > 7. Highest valuescitgi the most basic solutions.
¢) Neutral solutions have a pH of 7.

Table 2 Propositional Statements for Brgnsted -Lowndabase model:
Microscopic representation (Characteristics of Bewlate Species)

11) An acid is a particulate species capable of dogatiproton (a hydrogen ion) to a base; e.g.
hydrogen chloride molecule, ammonium ion, waterauole, hydronium ion.

12) A base is a particulate species capable of acaeptproton (hydrogen ion) from an acid;
e.g. chloride ion, hydrogen carbonate ion, ammarséecule, water molecule, hydroxide
ion.

13) Proton transfer (protolysis) can only take
place when both acid and base are present|] acid1l + base 2 or_ basel + acid 2
The products are the respective conjugate
base and acid as shown alongside.

14) In the same solvent:

a) Stronger acids release protons to bases moreyehdi do weaker acids, which tend
to form equilibrium systems.

b) Stronger bases accept protons from acids morelyehdn do weaker bases, which
tend to form equilibrium systems.

15) Amphiprotic/amphoteric species can act either &b @cbase, depending on the relative
strength of the other reactant.

16) Water is amphoteric and ionises itself to a smetme.

17) pH is a measure of the hydrogen ion concentratianiagueous solution.

a) A low pH indicates a high hydrogen ion concentmatio
b) A high pH indicates a low hydrogen ion concentratio

18) Electrical conductivity of acidic or basic solut®is due to the presence of ions.

19) A salt is a chemical compound consisting of anrag$g of cations and anions (IUPAC,
1997).

(U

Table 3. Propositional Knowledge Statements for the Brgndtedry acid—base model:
Symbolic Representations

20) Chemical formulae convey information about the nardf atoms that make up a molecule
or ion.
21) Every acid formula has a hydrogen atom that careleased as a proton. Polyprotic acids
contain more than one releasable hydrogen atommplercule.
22) Acid formulae can represent:
a) The substance, e.g. HCI(g), S&EDOH(l), (COOH)(s)
b) A solution of the substance, e.gS(aq), HNQ(aq),
c) Particulate species, e.g. molecules HGD }br ions HC@, NH,"
23) Bases have formulae with a proton acceptor grdupese can represent:
a) Basic substance, e.g.: M{#), NaOH(s), Mg(OHys), and NgCOx(s).
b) A solution of the substance, e.g. KOH(aq), Ca(t)) and KCOs(aq).
c) Particulate species, e.g. molecule®HNH; or ions OH
24) The solvated proton can be represented as, forgramwater, H(aq) or HO" or
H;O*(aq).
25) Conjugate acid-base pairs have formulae that diffesne proton, e.g. NHand NH.
26) Water is partly ionised and [kaq)].[OH(aq)] is a constant at a given temperature.
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27) pH of dilute solutions can be calculated from thwrfula: pH = -log[H"].
28) The end point of a titration occurs when stoichitmoeamounts of acid and base are
present. The solution will only be neutral if aeidd base are equally strong.

The statements in Tables 1 to 3 were formulatedrdongy to a specific process. Screening the
original synopsis of propositional knowledge stadats (Nakhleh & Krajcik, 1994) according
to the defined criteria led to the expansion, @agement and clarification of the original
statements, as follows.

Expansion of the List of Propositional Statements

We expanded the original 18 published statemenakltiléh & Krajcik, 1994) to 28 by adding
new statements and separating others into two ae.mdhis was necessary for two main
reasons: to incorporate the requirements for Sotitica students and for greater clarity. As
student difficulties were studied, we found it rnesay to make each corresponding
propositional statement more explicit. We speeuthat one reason for students’ alternative
conceptions could be a lack of such tacit knowledge

Statements added for South African students incltltisse about electrical conductivity
(Statements 1c, 3c and 18), amphoteric substamcetha amphiprotic nature of some acids and
bases (7 and 15). In response to studies on dtdd@oulties we included statements on the
pH scale (10 and 17), conjugate acid-base pairsafit325), ionisation of water (16 and 26),
definition of a salt (19) and titration end poirf&3). Schmidt's (1995, 1997) extensive work
among German high school students revealed diffe=ulin applying the Brgnsted-Lowry
model to identify acid-base conjugate pairs. Hecdbed their alternative conception as “Acid-
base conjugate pairs consist of positively and tegg charged ions that can somehow
neutralise each other”, and speculated that this duee to German textbooks seldom showing
the difference between the conjugate and non-catgugairs. However, work among South
African students showed similar results (BradleyMbsimege, 1998) and the alternative
conception was evidently more widespread. Thidicdity necessitated our introducing
Propositional Statements 13 and 24 to show thaaxiphowledge needed.

A student difficulty with the neutralization reamti also emerged from studies among German
high school students (Schmidt, 1991, 1997) as ashustralians at high school and university
(Wilson, 1998). Schmidt (1991) put forward theadiat the label “neutralization”, which
arose in a historical context before Brgnsted-Lowrgs a “hidden persuader”. These students
appear to have knowledge only corresponding to B&te 6 and it showed us the importance
of making statements overt as in numbers 13, 14ntli25. This again seems to be a difficulty
arising from students using one representationesystather than linking the three to enrich
their understanding of the topic.

Further additions to the list were made to indidhge extent and limitations of a concept. For
example, Statements 4b and 23 include examplearbbonates among the bases in response to
students’ persisting with the more limited Arrhenidefinition of a base - releases hydroxide
ions - (Cros, Maurin, Amouroux, Chastrette, & Lel986; Nakhleh & Krajcik, 1994; Wilson,
1998). The potentially harmful nature of concetatlaacidic or basic solutions is given in
Statement 8 in response to the student conceptiansll acids are harmful and that bases are
harmless (Hand & Treagust, 1988; Ross & Munby, 19&ikhleh & Krajcik, 1994).
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Rearrangement of the List of Propositional Statemen

In our formulated statements, those about acide teeen separated from those about bases.
Research has shown that some students have filel&dge of bases (Cros et al., 1986) so we
tried to give them equal importance (see Statemkrdaad 3). We also included “Brgnsted—
Lowry” in the heading to all three tables showimgttthe model can be used with all three
representations, provided care is taken with teofogy.

Clarification of the List of Propositional Statemés

This stage was crucial to maintaining a consisg&gmnsted-Lowry model. The subtlety of
some of the changes needed to avoid aspects af atitebase models belies the demanding
and stimulating discussion they generated.

It was first essential to clarify the meaning o€itf or “base” (Statements 11 and 12). IUPAC
(1997) gives the current definition of a Brgnsteddaas: A molecular entity or the
corresponding chemical species capable of donaditydron (proton) to a baseSimilarly, a
Brgnsted base is given @ molecular entity or the corresponding chemicaaes capable of
accepting a hydron (proton) from an aciakhleh and Krajcik's (1994) statements about the
abilities of acids to donate protots water moleculesnd bases teelease hydroxide ionare
remnants of the earlier Arrhenius model, which Wasted to aqueous solutions (de Vos &
Pilot, 2001). We note the distinction between the® models. Students need a suitable
“signpost” to show that the Arrhenius’ model is iied to aqueous solutions, while the
Brognsted-Lowry model is independent of solvents laasl a fundamentally changed definition
for a base. The explicit statement about ions olegules is also necessary to emphasise the
move from Arrhenius’ macroscopic model for subséant® the microscopic model for species
(Brgnsted & Guggenheim, 1927; Lowry, 1923). Initidd, Statement 24, concerning symbolic
representations of the proton, was added to inglitett the donated proton cannot exist alone.

We also believe the explanation of acid-base reastmust show that both reactants
need to be present. An acid can only donate apiibthere is a base present to receive
it (Statements 11, 12, 13 and 15.) On these hingexplanation for strength of acids
or bases. The “dissociation constant” for an acidase depends on the solvent, as it is
the other reactant; there is no absolute strenftlacms or bases (Brgnsted &
Guggenheim, 1927). Limiting statements to aquesmhstions could mislead students.
In addition, we have some reservations about tfieitien of a salt given in Statement
19. Although apparently simple, the IUPAC definitisepresents a wide range of
compounds such as basic salts, acidic salts andlioation compounds. Thus further
studies on student difficulties are needed to éstalwhether it should be narrowed for
use at high school.

The second major change to the original synopss iwdhe language used in each statement.
For example, in Table 1, Macroscopic Propertiesawaded reference to “acids” and “bases”,
using instead “acidic substances” and “basic subst&l to maintain consistency of a model
that has definitions in the microscopic contexttiis model hydroxide ion would be the base,
rather than the substance sodium hydroxide. Taiddchelp avoid a common alternative
conception reported by Anderson (1990) and Selle§0@2 where students ascribe the
macroscopic proprieties of a substance to its iddal molecules or ions. They advocated
careful choice of language by teachers.

Similarly, we distinguished substances from thesags solutions, so commonly encountered in
laboratories. Brgnsted (1926) elucidated how atsmize such as aluminium oxide can show
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the acidic properties of a proton donor by disaugshe species involved in aqueous solution:
these hydrated ions are the actual proton don@®ce pH is a macroscopic measure of
solvated hydrogen ion concentration (or activity)js also misleading to ascribe a pH to pure
substances such as “an acid” (IJUPAC, 1997). Thasification would enable a student to
explain that watemoleculescan act as an acid, even thoughdhbstancevater has a pH of 7.
Similarly, although sulfuric acid (the molecularesfes) is a strong acid (i.e. a good proton
donor), the concentrated sulfuric acid on the latayy bench is hardly ionised at all and is a
poor electrical conductor.

Language is also specific for microscopic or maoopg contexts. In Statement 20 we
preferred the words “atoms”, “molecules” and “iong"the original “atoms” and “compounds”.

Sanger’'s (2000) study of student conceptions o€ mubstances and mixtures outlined four
acceptable ways to classify matter: in terms oégeh purity, macroscopic composition
(element or compound), and microscopic composii@doms or molecules). An earlier study in
acid-base chemistry showed that students resistguai microscopic context in acid-base
chemistry (Halstead, Anderson & Spankie, 2002). ni&aking these contexts obvious, teachers
could encourage students to see the need for eliffemental representations in different
contexts.

Synthesis of descriptions of student difficulties

The literature search revealed 18 papers on stutiiéictlties with acid-base chemistry. Of the
14 research groups involved, only four reportedrcpropositional statements of the knowledge
expected of students (Ross & Munby, Nakhleh & Kikgaj@994; Schmidt, 1991, 1995, 1997,
Halstead et al., 2002), although most inferred esttsl should use the Brgnsted-Lowry model.
Figure 1 shows part of the process of reciprocalchiag between descriptions of student
difficulties with pH and the corresponding propmsitll statements that we used to clarify and
hone both types of statements. The process netesisiearrangement and two expansions of
the propositional statements on pH as they werechedt against descriptions of student
difficulties. It led eventually to an explicit Ryositional Statement which in turn enabled us to
synthesise the concise description of the studéfitulty as: The pH scale relates only to acids
and not bases. It follows that increasing aciditjl increase the pH of the solution The
difficulty could then be classified at Level 4 dretGrayson et al. (2001) framework as we had a
stable description and they have been identifiedtineast four different contexts. Further
difficulties with pH treated in a similar way neséated statements 17 and 27 in Tables 2 and 3.
These misconceptions about pH persisted despiengixe student practical experience; so it
could be due to the difficulty students have in wdianeously relating the microscopic
ionisation of water, the symbolic definition of @fd their macroscopic observations (Nakhleh
& Krajcik, 1994). The limits on human working merg make it difficult for novices to move
as fluently between these representations as dertsxggohnstone, 1999).
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Description of Student Difficulty

pH 10 is acidic

(Linke & Venz, 1979)

pH is a measure of acidity of a
substance

(Cros et al., 1986)
.pH measures level of acidity

(Ross & Munby, 1991)

pH is a measure of acidity but not

<

match

Propositional Knowledge
Statements

Acidic solutions have a pH < 7. Basic
solutions have a pH > 7

(Nakhleh & Krajcik, 1994; IUPAC
1997)

rearrange

basicity <
(Garnett et al., 1995)

Description:
pH is only a measure of acidity

clarify

(Separate statements)

pH 5 is basic

(Linke & Venz, 1979)

pH changes 3 to 0 when base is
added to acid <

clarify

match

Acidic solutions have a pH <7

Basic solutions have a pH >7 | expand

~N

The pH scale relates to both acidity and
bas'gity of aqueous solutions.

(Nakhleh & Krajcik, 1994)

The most acidic solution is that with
the highest pH

Bradley & Mosimege, 1998)

DESCRIPTION of DIFFICULTY

clarify

match

Acidic solutions have a pH <7

3asic solutions have a pH > 7
expand

}mPOSITIONAL STATEMENT

The pH scale relates only to acids and
not bases. It follows that increasing
acidity will increase the pH of a
solution.

< -
The pH scale relates to both acidity and
basicity of aqueous solutions.

Acidic solutions have a pH < 7. Lowest
values indicate the most acidic
solutions.

Basic solutions have a pH > 7. Highest
values indicate the most basic solutions.

Neutral solutions have a pH of 7.

Figure 1: lllustration of the Reciprocal Matching and Honing Process used to clarify
descriptions of student difficulties and propositional statements
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The importance of propositional statements in regaly anomalies in descriptions of
student difficulties

Some statements of “misconceptions” that were tedan the literature appeared anomalous.
These are shown in Table 4 together with our sugdestatements

Table 4. Reported “Misconceptions” and Corresponding Propiasial Knowledge Statements

Description of Student Difficulty Reference Suggdste
Propositional

Statements
(Wilson, 1998) 6, 13 and 19

Acid and base react to give a salt

Bases do not react with acids to produ¢Bradley & Mosimege, 6, 13 and 19
salts 1998)

On matching these reported “misconceptions” witkirtttorresponding propositional

statements we immediately noticed an apparent adiction posed by the two

descriptions. The studies reported neither cleapgsitional statements nor the acid-
base model they expected students to use. In todey and resolve the anomaly we
applied the Brgnsted-Lowry model to the reactidmesee in Figure 2.

H,0+NH, €= OH + NH,
acid, basge base acid
Figure 2: Typical Acid-Base reaction in Brgnsted-Lavry Model — Symbolic Context

If Wilson’s student was using macroscopic represt@ns applied to strong acids and
bases (Statement 6) then Wilson (1998) correctiygga this as an alternative
conception, providing she had the Brgnsted-Lowtyeste in mind. However, if the
student were using the IUPAC definition of a saeg in Statement 19 there would be
no alternative conception as the product in Figoiress undoubtedly an assembly of
anions and cations. On the other hand, BradleyMosimege (1998) appear to expect
their students to use a macroscopic representajptied to strong acids and bases
(Statement 6). Their student appears to use thndBed-Lowry reaction scheme
competently. Without a carefully constructed, amglicitly stated, set of propositional
statements against which to judge a suspectedhaliee conception, little useful data
on student difficulties is evident. At least sither instances of such anomalies were
encountered, indicating that researchers need i rttee model and representation
system that they have in mind clearly overt.

CONCLUSIONS

The importance of an explicit and carefully fornmtath set of propositional knowledge
statements for high school acid-base chemistrybeas shown. Using a reciprocal matching
process, we have shown that student difficultieslm@used to clarify propositional statements.
At the same time such statements can also helgifil@md clarify descriptions of students’
alternative conceptions from the literature, ad agichallenge some of those already published.
When describing their framework to classify studefifficulties, Grayson et al(2001)
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emphasised the importance of multi-contextual enééefor synthesising a “stable description”
of the difficulty. The results of the present stulyggest that such an accurate description of a
particular difficulty should also be based on, aash be honed by, an accurate propositional
statement giving the corresponding conceptual kedge that students should have. This is in
line with the call by Garnett et al. (1995) for thee of propositional knowledge statements to
promote greater rigor in such studies. Our resaltso show that studying student
misconceptions can also lead to more comprehernswaet statements of the student knowledge
expected. Thus, propositional statements couldidesl as a foundation for curriculum and
textbook design. Furthermore, effective teachiomgld start with ensuring students have
explicit knowledge of the appropriate model whibbyt can apply to explain phenomena. Such
a strategy was proven effective by Hand and Trda@98) in the simpler concepts of this
topic. Future studies will entail formulation of @mprehensive description of student
difficulties in acid-base chemistry to facilitatesiign of appropriate teaching strategies. Further
clarification of the wording of these propositiorsthtements may be needed as other student
difficulties are studied. The difficulties encourgé in preparing these statements so they cover
the topic adequately, yet do not introduce a hybratlel, show that textbooks may not be the
best reference. In this regard, we believe tHatraal content analysis of the acid-base chapter
of a range of textbooks would verify this opinion.
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Acid-base models taught in school generally incluate operational model, concerning
macroscopic properties of substances, and moredtiesd Arrhenius and Brgnsted models. The
present study addresses two research questiohghé) difficulties do students experience with
acid-base models? (i) What does knowledge of slifficulties tell us about what we should be
teaching students about acid-base models? To fgeatid-base difficulties, a review of the
literature was performed and the method of Halstetadl. (2003) employed to synthesise
difficulty descriptions through reciprocal mappitg propositional statements of acceptable
scientific knowledge. Descriptions were classif@mdthe 4-level framework of Graysat al.
(2001), in order to evaluate the rigor of the reslegrocess which identified each difficulty.
Results showed that students create hybrid modetpaly only one model to all situations,
which affects their choice of examples and recagmiof formulae. The process made explicit
propositional knowledge of acid-base models thadestits may have missed, such as definitions
of acids and bases to distinguish between modwmjsthier with appropriate examples to include
in the curriculum. Further research is neededddfy certain student conceptions while the
research focus should change from those which h@en thoroughly established to those
requiring further clarification.

Introduction and theoretical framework

The human constructivist view of learning advanties idea that students need to actively
construct knowledge, that this knowledge will béogyncratic as each person comes with
different prior knowledge and experience, and thiat knowledge is socially mediated (Novak,
2002). Scientific knowledge is mediated througlerpeview, and this consensually accepted
understanding is what formal instruction seekshars (Millar, 1989). However, scientific
knowledge is not static, as different paradigms mudlels have been put forward to describe
and explain phenomena (Kuhn, 1970).

Three historical models of acid-base are usualligh&in secondary school, and a further one
commonly encountered in tertiary studies. Thesesammarised in Table 1 below which is
based on Kolb (1978) and Oversby (2000).

Table 1: A summary of acid-base models

10.9 MODEL Operational Arrhenius Brensted Lewis

Used from Junior secondary Junior/ senidBenior secondary  Tertiary
secondary

Focus Substances Substances Molecular Bond formation

ionic species
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Acid Contains replaceable Supplier of H ions  Proton donor Electron pair
hydrogen in water acceptor
eg HCI eg HCI eg HCI, NH*
eg AlCkL
Base Neutralizes acids Supplier of OH Proton acceptor Electron pair donor
eg NaOH ions in water. eg egNH;, OHion eg Cl
NaOH
Acid-base reaction Neutralization Neutralization Any proton Co-ordinate bond
transfer formation
General equation Acid + base salt + H"+ OH— H,0 HA + B—- BH A+:B—AB
water +A
Limitations Only descriptive Substances ilProton  transfer Generalized theory

aqueous solutions reactions only

The operational model is usually the first modelt thtudents encounter. It describes acids and
bases in terms of macroscopic properties displéyedlasses of substances or their solutions
(Overshy, 2000). Later they might encounter theh@nius model (1903; 1912) wherein acids
or bases all undergo the same neutralization mrabttween hydrogen ions and hydroxide ions
to produce water. More senior students will needdcommodate the Brgnsted model, which
allows a broader concept of a base, accommodafiagies with no hydroxide group. More
fundamentally, this model focuses on molecularonid species rather than the substances and
is not limited to neutralization (Brgnsted, 192®)uring tertiary studies, students will need the
Lewis model to explain complex formation (Kolb, B)7While students should accommodate
different conceptions of acids and bases as theyrmamore advanced models should not
supplant others learned earlier; each has applityaibi particular contexts.

Extensive research has shown that students can diffimilties with models (e.g. Justi &
Gilbert, 1999) including with acid-base models (elyechsler & Schmidt, 2005a; 2005b;
Kousathanaet al, 2005). However, few such papers have considdredpecific knowledge
students need in order to use the different moeféétively. In this regard, the present study
aims to reveal missing or unacceptable parts alestis’ propositional hierarchy (Novak &
Gowan, 1984) needed to promote student undersigrafirmodels. Propositional knowledge
involves the connections between concepts; thegsitpn lies in the meaning, rather than the
exact words (Novakt al.,2002). The present study also aims to addresgatheity of reviews
and syntheses that have been published concertnitigrd difficulties with acid-base chemistry.
Despite repeated calls for reviews of research stident conceptions (e.g. Nussbaum, 1998;
Erickson, 2000), there has been a dearth of suebws (Tsai & Wen, 2005), especially within
acid-base chemistry.

In this study we addressed the following reseat@stions:
1. What difficulties do students experience with aoése models?

2. What does knowledge of such difficulties tell uadbwhat we should be teaching
students about acid-base models?

Method

To the authors’ knowledge there was no suitablénatefor synthesizing descriptions of student
difficulties from separate research studies, salamved our own. The approach of Torgerson
(2003) was used to perform a comprehensive review wide range of literature sources,
including various smaller studies not publishedha main academic journals. We extracted
three types of information from the publicatioriBhis included, firstly, contextual information

on the student population in the study and det#ilthe methods used for investigating their
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conceptions. Then our main data comprised relevsintlent quotations and authors’
descriptions of their difficulties. This was lirait to studies conducted after instruction in the
particular model. Finally, where published, retafgropositional knowledge was extracted.
The method of Halsteaet al. (2003) was then employed to synthesise difficdigcriptions,
through reciprocal mapping to propositional statetmeof acceptable scientific knowledge as
illustrated in Figure 1 below.

| Searching and screening publications |

Data on Student Difficulties I\l/l_|apping Statements of Accepted
oning Propositional Knowledge
Resolving
Honed Descriptions of Resolved List: Statements of Accepted
Student Difficulties Propositional Knowledge

Figure 1. Overview of the research process used to hofieudif descriptions (based on
Halsteackt al, 2003)

In this method, the data on student difficultiesrevéirst mapped to suitable statements of
propositional knowledge. Then, not only did thetsgements allow easy sorting of the data into
categories, but also clarified the essence of fificudty in that frequently, it was only
necessary to reverse the propositional statement(She process also illuminated the
propositional knowledge that students might haveodied inappropriately or not at all;
sometimes we had to find or clarify statementspecdically address the difficulty. If these
were not available from the original research regpasther chemistry and chemistry education
sources were consulted. This two-way process #iemwltaneously honed descriptions of
difficulties and made overt the corresponding psifianal knowledge. We do not claim that
the propositional knowledge concerned is a compr&ikie list of all that students should know
(as in a curriculum statement), but rather, it ¢atés potentially “troublesome knowledge”
(Perkins, 1999).

In order to evaluate the quality of the originasgarch on which difficulty descriptions were
based, each description was classified on a 4-legaetework modified from Graysoet al.
(2001). No individual report showed sufficientaigo allow classification at level 4, but data
reported from several studies allowed a more cohgmsive ‘picture’ of a student’s conception
to be obtained (Mariret al., 2004) so that the level 4 (Table 1) requirementriaingulation
could be upheld (See Table 2).

Table 2: A 4-Level framework of criteria for classifying sieriptions of student difficulties
(modified from Graysomt al, 2001).

1 Suspected Intuitive or subjective description Teaching experience/ anecdotal OR
Unanticipated data or uncontrolled data,
e.g. unvalidated MCQ

2 Emergent Description based on research, magme controlled research
vary between contexts No triangulation reported
3* Partially More explicit description, open toAt least one triangulated study OR identified
established modification separately in several independent studies
4 Established Description is stable — it does n®tiangulated studies in multiple contexts

vary between contexts

*Level 3+ indicates that more than one context stasglied but with insufficient rigor for Level 4.
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Results
The scope of the studies

The literature search revealed fourteen suitabldigations. These are indicated with * in the
list of references. All authors reported at lease open-ended source of data collection
(interviews or pencil and paper). Drechsler andn8dh (2005a; 2005b) used only interviews
while all the other authors included a second smofadata — some being multiple-choice items.
Nine reports gave data collected in Europe; two edrom Australia, and one each from
Canada, Tunisia and India. This was judged toessprt a wide variety of educational contexts,
with many language groups. Cresal. (1986) worked among first year university students
France. Toplis (1998) collected data from juniecandary students in the United Kingdom.
The remaining studies were all conducted amongosesdcondary students who had chosen
some chemistry specialization, corresponding tod€sal0 to 12 in South Africa. Drechsler
and Schmidt (2005b) include some data from teach8isce none of the studies included the
Lewis model, it was decided to limit the study tinceptions within an operational model and
the Arrhenius and Brgnsted theoretical models @ghtain secondary school.

Results on student difficulties with models

Table 3 shows six difficulties with their classdteon on the 4-level framework (Graysenal,
2001) and the corresponding propositional statesnémthis section we highlight the reasoning
used to reciprocally match the various difficultigish propositional knowledge.

Table 3: A summary of student difficulties with correspamglipropositional knowledge

Level

1 Definitions of acids and bases are limited to opetimnal definitions in terms of the 4
properties of their solutions
In aqueous solution, acidic and basic substarisptagt characteristic properties
Acidic and basic substances dissolve in waterye gcidic and basic solutions
Acidic solutions taste sour, react with carbonates have a pH less than 7
Basic solutions have a pH greater than 7
Operational definitions indicate how a physical mfitg might be recognised or measured
Theoretical definitions show how the concept reddteother concepts

2 Acids and bases are substances not particles 4
Bregnsted acids can release H+ and Brgnsted basesccept H+ (Interim, see below)
Acids and bases can be conceived as substancepartiles according to different models.
Brgnsted acids are molecules or ions that canselagproton (hydrogen ion)
Brgnsted bases are molecules or ions that cantaagepton (hydrogen ion)

3 Acid and base definitions are not distinguished 2
Arrhenius acids are substances that release hgdriogs when dissolved in water
Arrhenius bases are substances that release hgdriaxis when dissolved in water

4 Examples of acids and bases are limited to the Ardnius model 4
Arrhenius bases all contain OH groups, such asHNaO
Brgnsted bases include NHCH;COO,CN, and $
Brensted acids include,B, HCO;, HS', and NH' (See difficulty 5)
Brgnsted acids include the water molecule
Arrhenius acids do not include water
Brgnsted bases include OH
Brgnsted bases do not include NaOH

5 Alkali is another word for base 2
Alkali is an alternative term for Arrhenius bases
Arrhenius acid and bases do not include water
Brgnsted bases include the water molecule (seeDiff 4)

6 The general Brgnsted reaction scheme shows neutrzdition 3
The general Brgnsted reaction scheme does not aipphrticular substances in neutralization
In the Brgnsted model, neutralization is shownldg®® + OH = H,0 + HO
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Difficulties concerning the definitions of acids ad bases
Three difficulties with acid-base definitions haween shown by the analysis.

Difficulty 1: Definitions of acids and bases arenfited to operational definitions in terms of
the properties of their solutions

The conception: “acid means sour” reported by Bofil998) was probably acceptable among
junior secondary students in the United Kingdomut 8enior students in Sweden continued to
confuse the concepts sour, acid, and acidic sutristas well as basic and base and basic
substance (Drechsler & Schmidt, 2005b). From irg¢sve with Australian Grade 10 students,
Hand and Treagust (1988) identified the conceptidn: acid is something which eats material
away or which can burn you”. Even at universitjydents did not distinguish between
substances and their solutions, using only an tipaed model as they gave “purely descriptive
definitions of acids and bases” such as pH < 7Hbe7 (Croset al, 1986). These difficulties
were mapped to the following propositional knowledgtatements (See also Table 3),
distinguishing the solutions from the substancesms in solution:

In aqueous solution, acidic and basic substanceglay characteristic properties.

The converse of this propositional knowledge higti the commonalities between the reports.
It suggested the following description of the stutddifficulty:

Properties of acidic or basic solutions give a digfon for acids or bases.

The mapping process was then continued from thginali data, suggesting further
propositional knowledge distinguishing substanaesnf solutions, which needs to be made
explicit to students.

Acidic and basic substances dissolve in waterye gtidic and basic solutions.
Acidic solutions taste sour, react with carbonades have a pH less than 7.
Basic solutions have a pH greater than 7.

Finally, we examined the difficulty in relation the types of definitions in science (Galili &
Lehavi, 2006). Accordingly, the difficulty mappeal further propositional knowledge:

Operational definitions indicate how a physical gtity might be recognised or measured.
Theoretical definitions show how the concept raldteother concepts

Consequently, the difficulty description could benbkd even furtheDefinitions of acids and
bases are limited to operational definitions innter of the properties of their solutionkhis
difficulty could be classified as Established atvéle4 because it has been found in four
contexts and the same description applies in tifiereint contexts. Thus no further research into
the nature of this difficulty is warranted. The&is could change to investigate why the older
students have not integrated a theoretical desimiti

Difficulty 2: Acids and bases are substances nottjudes

Students prefer using, and are more familiar whththenius’ definitions and explanations than
with Brgnsted’'s (Croset al, 1986; Drechsler & Schmidt, 2005b; Demeroetial, 2004).
Kousathanaet al (2005) found that students tended to justify nthefioice of species by
referring to the Arrhenius model, even when askdiickv species “is not a Brgnsted-Lowry
acid”. These results mapped to a propositiondaestant giving simple Brgnsted definitions.
Brgnsted acids can release tdnd Brgnsted bases can accept Hrrom this we derived an
interim description of the difficultyStudents limit their conception of acids and basethe
Arrhenius model.

Later research offers clarification. Grade 11 shislein Germany “considered acids as
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substances and not as particles” (Sumfleth, 13&#)ilarly, Swedish teachers “gave definitions
of acids in terms of substances” (Drechsler & Scin#805b). Carr (1984) advocates making
the necessary knowledge explicit, so a further psiijpnal statement was needed, specifically:

Acids and bases can be conceived as substancesparicles according to different models.

Finally, inverting this propositional statementoalied the difficulty description suggested by
Sumfleth to be honed técids and bases are substances not partiglbgch highlights the
difficulty students have with accommodating the eeand more abstract Brgnsted model. The
description appears to be stable across thesepfeuttbntexts and we considered it Established
at Level 4.

In mapping the description of the difficulty back the propositional knowledge of the

definition, we saw the inadequacy of the definisogiven earlier which do not clarify the

fundamental differences between Brgnsted’'s andeearlodels. The propositional statements
are based on IUPAC (2007) definitions:

Brgnsted acids are molecules or ions that can sseaproton (hydrogen ion).
Brgnsted bases are molecules or ions that can aecpmton (hydrogen ion).

The reciprocal mapping between difficulties andpmsitional knowledge was used twice in this
case: firstly to sharpen the description of thefidifty and then to make the definition
(propositional knowledge) more explicit.

Difficulty 3: Acid and base definitions are not diaguished

Students sometimes interchange definitions of amsbases (Linke & Venz, 1979; Vidyapati
& Seetharamappa, 1995) or give the same definittondoth (Linke & Venz, 1979). Two
further studies show students’ confusion, for exentpinking OH ions were found in acids
(Ross & Munby, 1991) or among juniors: “acids candkaline or neutral” (Toplis, 1998).
These might simply be mistakes, which are easilyected (Abimbola, 1988), rather than
genuine conceptual difficulties, however, furthesearch suggests otherwise. Ouertagrail
(2007) classified students’ responses for acidsceéptor of hydrogen ions” and “donor of
hydroxide ions” (10% each) and for bases: “accembrhydroxide ions” (20%). These
incidences suggest a non-trivial difficulty of casfon between models, which needs further
investigation. Thus we only classify the diffigulas Emergent or Level 2 because the
description is still exceptionally vague, not iratiog the essence at all, despite being reported
in three contexts. Further research should prob&hwconceptual links are missing or
inappropriate for these students and further ilhateé the propositional knowledge that students
do not appear to have. At present, we simply irelddrhenius definitions to add to the
Brgnsted definitions given in difficulty 2.

Arrhenius acids are substances that release hydrages when dissolved in water.
Arrhenius bases are substances that release hytkraans when dissolved in water.
Difficulties with examples of acids, bases and salt

Research has shown that students have access itoited | number of and inappropriate
examples for acids and bases.

Difficulty 4: Examples of Acids and Bases are lirad to the Arrhenius model

University students mentioned ethanoic acid twiseotien as they mentioned its conjugate
base, ethanoate ion, @EDO (Croset al, 1986). Students frequently did not accept agba
examples without OHions (Schmidt & Volke, 2003; Ouertatagt al, 2007). Specific bases
not recognised include NHKousathanat al., 2005; Furi6-Ma=t al, 2007), CN (Kousathana
et al, 2005) and & (Furi6-Méaset al, 2007) which are all Brgnsted bases but not Avitre
bases. Brgnsted acids that were not Arrheniussamsigte also not recognized, for example



300

NH,", H,O, HS and HCQ™ (Kousathanat al.,2005).

In these studies, despite having already encouhtéhhe Brgnsted model, students only
recognised Arrhenius examples. The source couldnli¢heir instruction, as suggested by
Drechsler and Schmidt (2005b) who found the difficwf similarly circumscribed examples
among Swedish teachers. In this regard, Herro8gl&@mphasises using examples beyond the
typical prototypes to show the scope of the concéfnsequently, in this particular case, we
concluded that the greater scope of the Brgnsteiehmeeded examples including water and
ions. Accordingly, the troublesome chemical specdove are included as propositional
knowledge in the following statements:

Arrhenius bases all have OH groups, such as NaOH.
Brgnsted bases include NHCH;,COO', CN, and §~.
Brgnsted acids include,®, HCQO;, HS, and NH".

The above statements of missing propositional kadgé show that students have limited
exposure to Brgnsted acids and bases so the ttffican be described a&xamples of acids
and bases are limited to the Arrhenioedel The description is stable across the multiple
contexts in which it is found, thus enabling a sifisation of Level 4 or Established and
suggesting that no further research is necessgaydimg the nature of the difficulty.

Two examples of student difficulties that need sdeattention pertain to water and sodium
hydroxide. Water as a Brgnsted acid or base pregmrticular difficulties for students. For
example, Kousatharet al (2005) and Drechsler and Schmidt (2005a) bothrteépat students
avoided options where water was described as ah (aciacted as a proton donor) or was
described as a base (or acted as a proton acceptar)an interview on this, a student
commented: “l can't imagine drinking an acid butydrink water” (Drechsler & Schmidt,
2005b). The student's words suggest that it isrtfemiliarity with water that creates the
problem, but there is a lack of controlled reseafata on this particular aspect. As Carr (1984)
emphasises, students need to become explicitly eawhrthe differences between models.
Furthermore, Herron (1996) emphasises the impaogtamic non-examples to indicate the
boundary of a concept. Accordingly, we put forwainé following propositional statements
specifically about water:

Bragnsted acids include the water moleculgQH
Brgnsted bases include the water molecup§).H
Arrhenius acids do not include water.

Problems with sodium hydroxide, reported by Dreshahd Schmidt (2005b), give the example
of a student who describes an acid-base reactiofH&s is an acid and NaOH is a base”, and
then continues by saying, “I think that a prototr@ésferred from the acid to the base.” Again,
there is little controlled research on studentgilgipg the Brgnsted proton transfer model to
substances. However, content analysis of textb¢@ks Drechsler & Schmidt, 2005a; Furi6-
Méset al 2007) shows that many do confuse models of basesyticular using NaOH instead
of OH for a Brgnsted base. Consequently, we derived thlewing two propositional
statements to show the distinction; NaOH was alréacluded above as an Arrhenius base.

Brgnsted bases include hydroxide ion, OH
Brgnsted bases do not include NaOH.
Difficulty 5: Alkali is another word for base

Toplis (1998) reported the conception: “Alkali meacancels or neutralizes acid” which is
probably acceptable among the reported 13% ofuh®i secondary students. However, the
conception persists later. In reply to a questlat required students to apply the Bragnsted
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model, a senior student interviewed in Schmidt antk&'s (2003) study responded: “Water as
an alkali is difficult to conceive”. These authatarify that the ternalkali relates to substances

and consequently has no place in the Brgnsted mbdelwhen students consider the words
base and alkali to be completely interchangealbley tare mixing models. Toplis (1998)

reported only limited details while Schmidt and k®ldid not generalise beyond one student.
Consequently, this difficulty is therefore classifias Emergent or Level 2. Appropriate
examples and non-examples are given to clarifytit theoretical models for bases. This

difficulty then maps to the following propositionstatements, which go beyond an explanation
of terms.

Arrhenius model: alkali is an alternative term toases.

Arrhenius bases do not include water.

Bregnsted bases include the water molecule.

Difficulties with mixed models

Difficulty 9: The general Brgnsted reaction schershows neutralization

In the introduction, the three different ways in igéh the acid-base models describe a
neutralisation reaction were shown. These camubwrarised by the equations in Figure 2.

acid + base- salt + water (1) operational

H"+ OH = H,O (2) Arrhenius

acid— base + H (3) Brgnsted scheme

acid, + base= base + acid (4) Brgnsted general reaction
H;O" + OH = H,0 + H,0 (5) Bransted neutralization

Figure 2. Typical equations for acid-base reactions ifedént models

Two research reports suggest the idea that studesmgssuperimpose one acid-base model on
another, imagining that they describe the samesidéastly, Hand and Treagust (1988) report
the following misconception among Grade 10 studéntfiustralia: “Neutralisation is the
breakdown of an acid or something changing fromaam”. Such a student could have
Brgnsted’s reaction scheme in mind — thinking #gagaation (3) in Figure 2 depicted an acid
breaking down and that this was neutralization. eiThRoss and Munby (1991) report a
conception on a Canadian student’s concept magsea is the product of neutralization. Such a
student could imagine that either equations (3)(4r for the Brgnsted model showed
neutralization. Both statements suggest that stadare inappropriately superimposing the
general reaction scheme of the Brgnsted model antwutralization reaction. Thus these
students should have rather applied equationgLar (5) to neutralization.

Drechsler and Schmidt (2005b) give qualitative daten interviews showing that students
believed that the operational equation (1) and enBted representation (4) both contained the
same information. Indeed, both do have acid + laaseeactants, which could create confusion
for students, especially if they do not distinguible acid-base models. For example, when
confronted with the two equations, a student categuthat “salt and water are formed... there
should be an acid and a base as well...perhapsayoidentify NaCl as an acid...” These authors
categorize this difficulty as being due to studerdsunderstanding the appropriate contexts for
each model. Consequently, we mapped this difficidtthe following propositional knowledge
statements making this difference overt.

The general Brgnsted reaction scheme does not a&pplgrticular substances in neutralization

In the Bransted model, neutralization is shown HgO" + OH = H,O + H,O
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Reversing these propositional statements led tdliffieulty description: The general Brgnsted
reaction scheme shows neutralizatiofhis difficulty is partially established througme
triangulated study and suggested in two other etgitehus is classified at level 3+. Further
confirmation is needed through studies in othemtbal contexts and among other student
populations.

Conclusions

The outcomes of this research are two-fold. Firdthey show some of the difficulties that
students experience in moving between several lzasé- models. Secondly, the research has
also made overt some of the missing propositionadwkedge that can result in these
difficulties.

Models for acids and bases create many difficulf@sstudents. This synthesis indicates
students deal with the various acid-base modetairime different ways. Firstly, they do not
accommodate new models, simply falling back ondhe learned first, as Hawkes (1992) has
already noted. This was evident in Difficulties 2,and 4 where students limited their
definitions or examples to particular models. Theight use the operational rather than a
theoretical model or retain only Arrhenius concepsi while ignoring Brgnsted concepts.
Furthermore, this was also evident among teachbaise examples of bases were limited to
those containing OH groups. The students’ secdrategy manifests when they consider
earlier models as irrelevant, using only the latest taught. This is shown in Difficulty 6
where students apply the Brgnsted model to nesdétédn reactions between substances,
whereas an operational model would be more ap@tapriCarr (1984) emphasises that students
need clear ‘signposts’ to show where one modeldsenapplicable than another. In particular,
particles rather than substances are implicit @ Bhgnsted model, but this tacit knowledge of
experts is seldom explicit for students. Thirdgtudents might create a hybrid model,
incorporating aspects of each model into a persomature of ideas, as was evident in
Difficulties 3, 4, 5 and 6. Here, students amalgauadefinitions from two models with
consequent confusion, or they used sodium hydroxadber than the hydroxide ion as a
Brgnsted base and they absorbed the term alkati fine operational and Arrhenius models into
the Brgnsted model.

In essence, the strategies that students adoptmuliiple models suggest they conceive models
as ‘one size fits all’, with a single model appbta across all contexts. This problem occurs

more widely than in the acid-base context, andrinfeat students do not understand the nature
of science (Justi & Gilbert, 1999; Justi, 2000). dn analysis of students’ conceptions in

chemistry, Talanquer (2006) concluded that ‘comreass learners’ believe in a one-to-one

correspondence between models and reality. Thegkergs would accommodate only one

model, as has been confirmed here in the acid-t=agext.

This analysis of student difficulties has also esggbsome of the propositional knowledge that
could be missing or inappropriately held by studgiMovak & Gowan, 1984; Novak, 2002).
Experts know which model to use in each situattbry know the limitations of each model,
they move fluently between them according to thealeds of the situation (Johnstone, 1982).
Much of this propositional knowledge seems obvitaisexperts as it is part of their tacit
knowledge, and this is mirrored in their teachihgdffler (1989). In contrast, students lack this
knowledge and need it to be made explicit for thelow this should be made explicit is not
part of this research. Rollniek al. (2008) found that expert teachers with good subjestter
knowledge could articulate the nuances of a tapiking it more accessible for students. This
also confirms Carr’'s (1984) view that student diffties are “more usually perceived in terms
of confusion about models used in teaching the @gindhan as a conflict between
preconceptions and the scientific view”. Consedlyestudents need specific instruction about
the models; we cannot rely on them to develop timmnitively. Research involving content
analyses of textbooks has shown similar confusimhlack of explicit differentiation between
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models; for example: Evans and Lewis (1998), de &fas Pilot (2001), Drechsler and Schmidt
(2005a).  Furthermore, Schmidt (1995) contends teatbook authors ignore certain
misconceptions, yet teachers needed to become afdinese misconceptions if they were to
address them. In the same way Gabel (1999) obséme¢dhe changes in chemistry textbooks
since the 1950’s had “not been driven to any gexd&ent by research findings”. Seemingly,
teachers’ main source of reference (Cestal.,2000) has not been highlighting the research on
student conceptions.

Discussion
Limitations of the research

This research has limitations because it is a slrgninterpretation of student responses.
However, all data from the reports were considéneithe context of the original research and
our descriptions appeared to be consistent wittathlors’ interpretations. A further limitation
is the lack of rigor shown in some of the originedearch. The 4-level framework in Table 2
allowed us to evaluate the quality of the reseaietr: example Toplis (1998) (see Difficulty 5)
does not report sufficient qualitative data to waatrclassifying the description of the difficulty
beyond emergent or Level 2. Furthermore, 4 oflthe@esearch reports analysed here gave no
indication of the propositional knowledge they ddaesed scientifically acceptable, almost half
of the reports gave general conceptual backgroutidseme specific statements pertaining to
their probes. Not one gave an explicit list ofgwsitional knowledge statements against which
they identified difficulties as recommended by Test (1988).

Implications for further research

This synthesis shows that some difficulties withiddzase models have been inadequately
researched. In particular, we know very little aba@iudents’ interchanging definitions
(Difficulty 3), nor whetheralkali is indeed used interchangeably wipnsted baséDifficulty

5). We also need to confirm the use of the Brahgtmneral reaction equation for neutralization
(Difficulty 6) in more chemical and educational texts. Descriptions of difficulties 1, 2 and 4
are all classified as Established. Further reseito their nature would be redundant; another
focus is needed. For example, the place of thexd@ed model in the curriculum should be
investigated. Is it too abstract for most schdotlents as Herron (1975) argues? There is little
evidence that students aged less than 17 years eariortably and fluently with sub-
microscopic chemical conceptions (Gabel, 1993; Bras& Reynolds, 2001) and a cross-age
study such as that carried out by Brosnan and Regi{a001) would be useful in the context of
acid-base models.
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