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ABSTRACT

The use of standard soil tests to assess wasteiaigteas become a common practice
in waste management. However, the suitability ohgistandard soil tests on waste
materials is questionable. Therefore, this invesibn was undertaken to compare
commonly used chemical extraction methods for thbility to extract elements from
soil, waste, and soil-waste mixtures. This wasiedrout by:
» Assessing the effects of extraction time on theaexability of Al,Ca, Co, Cu,
Fe, Mg, Mn, Ni, Pb, S, Si, and Zn;

» Assessing the comparability between single andesgdl extraction.

Two manganese rich wastes namely electro-winningtavdEW) and silicate-rich
smelter slag (SS) and an acid soil (Inanda, lapweed for this study. Waste amended
soils were obtained by incubating the EW and S& Veitsoil at field capacity at a rate
of 20 g kg' and 120 g kg soil respectively, and were sampled at day 08758, and
140.

The effect of extraction time was assessed on We &S, and la soil with carbonated
water used in the acid rain test conducted at @63@, and 50 hours. The equilibration
time was different for different materials and edamts. The concentration of Al and Zn
did not change appreciably with increasing extmrctime in the EW. Similar results
were found for Mg, S, and Si in the SS and S inltheoil. This was attributed to
‘equilibrium’ being reached before 16 hours. Theikigration time of 20 hours which
would release the exchangeable and specificallpradd elements was obtained for
Co, Mg, Si, S, and Mn in the EW. The concentratibrCa decreased with extraction
time in the EW and was attributed to readsorptidme concentration of Ca and Mn in
the SS and Al, Fe, and Si in the la soil increasgtth extraction time and the
‘equilibrium’ was not reached even after 50 hodiisis was attributed to the release of

elements due to dissolution of minerals.

In the comparison between Community Bureau of Refee (BCR) sequential and

batch extraction, the concentrations of Ca, Co, Mg, and S were higher in batch



extraction than in sequential extraction, partidyldor the EW and the EW treated

soils. This was possibly caused by the readsormiforeleased elements during water
extraction. On the contrary, sequential extractiad higher concentration of Al and Fe
compared to batch extraction for the EW, la sdi,t&ated soils, and EW treated soils.
These were attributed to a continued desorptioglerhents and dissolution of minerals
due to exposed surfaces which occurs in sequenigdction.

The comparison between single and sequential ¢xiador the BCR sequential
extraction showed that hydroxylammonium chlorideAQ) applied in sequential
extraction had higher concentration of Al, Co, Pb, and Zn than the single HAC
extraction. This was probably due to incompletsalistion of minerals, precipitation of
amorphous minerals, and readsorption of releasadegits occurring for a single HAC
extraction. These were minimised for hydrogen piel®XHO,) extraction and hence
comparability between single and sequentigDHextraction was observed. This was
probably due to the presence of complexing agetitdrextracting reagent which would
minimise the formation of secondary precipitated &ence, improved dissolution of
minerals was obtained. Similarly, the concentratiari elements were comparable
between single and sequential aqua regia extracfitiese results indicated that
comparability is improved between single and setjakeextraction when aggressive

conditions are used.

The results from this investigation indicated thvien chemical extraction methods are
applied to wastes, the effects of the waste prag=ean the results of extraction need to
be well understood. Consequently, when the chenaigtthction methods are used in
waste management scenarios certain modificatiorghtrhave to be made. These
modifications include the use of a high solutiofidsoatio and an extracting solution

which has high complexing ability.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Elements in the soil and waste exist in variousribal ‘pools’, which can be divided
into three main categories i.e. those in solutr@adily available), labile (available) and
non-labile (non-available) elements. Readily a\@ddaelements exist as free ions, ions
complexed by soluble organic matter, and solubls ¢&liller et al, 1986; Van Herck
and Vandecasteele, 2001; Filgueieasl, 2002). Available elements are often found on
the exchange sites, precipitated as pure or migkdss and adsorbed on inorganic and
organic constituents (McLean and Bledsoe, 1992).n-&lmilable elements are
associated with insoluble primary and secondaryerails. It is important to separate
and identify the various chemical ‘pools’ for ass®aent of agricultural and ecological

toxicity problems.

Soil testing (as defined by Melsted, 1967) &y chemical or physical measurement
made on a sdil It is an invaluable tool used for the separataond identification of
chemical ‘pools’. During soil testing, differentanical extraction methods are used to
guantify elements in terms of their associatiorhwifite different ‘pools’ or solid phases.
The single and sequential extraction methods weveldped in an attempt to partition
elements into readily available, available, and-agailable fractions. The purpose of
these extractions is to quantify elements fromedéht ‘pools’ in a soil so that the
variation in the amount extracted reflects theatéon in the amount that will either be
taken up by plants or migrate to groundwater. Hehese methods have been used for
making fertiliser recommendations, as a guide tmeging the mobile phase in solute
movement problems, and in the assessment of tpxioitblems (Ure, 1995).

Soil toxicity problems may be due to pollution afils by elements from natural and
anthropogenic inputs. These have been assesseetdiynthing the total concentration
of an element in soil. The total elemental conismften determined by using strong
acids (e.g. HNg@ HCI, HF, HCIQ, and HSQ,) or a combination of these acids. The



purpose of the strong acid is to dissolve the sphdses in soils using aggressive
(heating) digestion techniques (McLean and Bled4862; McLaughlinet al, 2000).
The measurement of total elemental content usirgy ‘tirong acids’ technique
guantifies the sum of readily available, availal@ed non-available. However, it does
not distinguish the association of an element witferent ‘pools’ in the soil, nor does
it indicate the amount of an element that may kdemg@lly available or mobile. Thus, it
has been recognised that this measurement prolitdesindication of an element’s
potential toxicity, its potential interaction withiotic and abiotic components present in
soils, and its impact on the environment (Tessiet @ampbell, 1988; Mestet al,
1998).

Adequate assessment of pollution and the degresomtamination requires that the
readily available, available, and non-availablecticns are measured separately.
Generally, unbuffered salts, weak dilute acids, plexing agents, reducing and
oxidising agents are used when attempting to giyaetements with each of these

fractions. These reagents extract elements frofardiit compartment in soils.

Unbuffered salts are often used to determine easilyble and exchangeable elements.
Such elements have been correlated to migratiogreoandwater and plant uptake
(McLean and Bledsoe, 1992; Gup& al, 1996). Complexing agents have been
reported to extract elements associated with FeeMdes, carbonates, and organic
matter. Results from complexing agents extractiencéosely correlated to plant uptake
(Bermond and Ghestem, 2000; Kashem and Singh, 2l@%ayet al, 2004). Elements
associated with stable organic matter and Fe-Mdesxiin particular, are mobilised by
changes in redox status of the soil and are ofteterchined using oxidising and

reducing agents, respectively (Almas and Singh1p00

Elements in waste materials, like in soils, existvarious compartments which may
explain why soil tests have been used in the asszgsof contaminated soils and also
in waste management. These soil tests provide luggffarmation regarding waste

properties. However, results obtained often ha¥ierdint environmental implications



compared to results obtained from the analysisod$.sSome aspects that need to be
considered when interpreting results from waste are
» differences in extraction times and soil solutiatios required to ensure
equilibrium is reached and to account for diffeesicin elemental
concentration between ‘normal’ soils and wastewaste contaminated soils;
+ effects of dilution and interaction of waste withilsand
» can the waste material be disposed off at landidfjicated ‘monofill’, or onto

agricultural (as a soil ameliorant) land?

Different chemical extraction methods have beerelbped to assess possible adverse
effects associated with each of the managementtéwdsposal) strategies. The
existence of different extraction methods useddiffierentiating waste materials and
waste management practices, in addition to sdibtéms resulted in the multiplication
of the methods that assess the likelihood of toxi¢Quevauvilleret al, 1996a;
Sahuquilloet al, 2003). Furthermore, most of these chemical etithaenethods have
been used outside the context for which they wereeldped. Quevauvilleet al
(1996a) justified this practice by indicating that overlap exists between soils,
contaminated soils, and waste. This overlap isdasethe fact that contaminated soils
(soil/ waste mixtures) inherit some of their praes from wastes and some from the
soil (Cameroret al, 1997). Quevauvilleet al (1996a) indicated the need to identify

differences and similarities in the chemical exicat methods used for waste and soils.

1.2 Background

In a study investigating the potential to disposéam different Mn-rich waste to land,
Titshall (2007) used various standard methods &vatdterise waste materials and soils,
and also infer environmental risks associated wthkse wastes. However, the
applicability and relevance of using soil assesdntests for waste management
practices was questioned, and transferring guieglfrom one system to another could
be problematic (O’Connor, 1988; Camertral, 1997; Kasselman, 2004). Some of the
concerns regarding the use of standard methodsatacterise wastes were:

* Are soll tests valid for a waste materials and wastated soils?



* Are the results from common tests and risk assassnpeocedures
comparable?

Do results from the test methods have any practicalue from a
characterisation and risk assessment perspective?

The above questions form the basis for this study.

1.3  Aims and objectives

The overall aim of this study was to investigate tise of various extraction procedures
in both pure waste and waste contaminated soil. Hwestigation included a
comparison of commonly used chemical extractionhas in their abilities extract
elements from soil, waste, and soil/waste mixtufé® specific objectives were:

 to investigate the extractability of elements dsrection of extraction time (i.e.
time the extracting reagent is in contact with rieterial),

* to investigate the changes in the availability leheents in waste amended acid
soil as a function of incubation time (i.e. conttecte of waste with soil),

» to determine whether it is necessary to include weter soluble and
exchangeable fractions in the Community Bureau afeRnce (BCR)
sequential extraction procedure (Quevauvidieal, 1994), and

» to compare the results obtained from the BCR setlerxtraction to single

extraction procedure using the same reagents @ratégn conditions.

1.4  Outline of Thesis
The chapters presented in this document attemgddoess questions mentioned above.
This was achieved by three main activities, nami@hrature review, collection of pre-
existing data, and a series of laboratory experimefhe outline of chapters is
presented below.
 Chapter 2. A literature review covering reagents used toinese the
concentrations of elements that are phytoavailatlemobile. The tests
reviewed are used in soil testing and some in wasteagement. The literature

will also discuss the differences and similaritie$ween these reagents.



Chapter 3: Two waste materials and one soil were used. iBgistata on basic
physiochemical properties of these materials isudised with implication for
land disposal and chemical extraction methods.

Chapter 4: Investigates the variation in the extractabildly elements as a
function of extraction time using carbonic acid.

Chapter 5: Assesses the distribution of elements in wastelssail using the
BCR sequential extraction procedure.

Chapter 6: Investigates the changes in the availability Erents from a
waste amended acid soil as a function of incubdiroa.

Chapter 7: Compares the results obtained by applying dstillwater,
ammonium nitrate, and acetic acid extraction asueetipl (successive)
extraction to those obtained by applying these ertsy as single batch
extractions.

Chapter 8. Compares the results obtained by applying the B€Ruential
extraction reagents as sequential (successivedatixin to those obtained by
applying the same reagents as single batch extrecti

Chapter 9: Concludes by discussing the overall implicatiohshe results and

attempts to answer the main questions posed.



CHAPTER 2

A REVIEW OF DIFFERENT REAGENTS USED TO ASSESS
METAL RELEASE FROM SOILS AND INDUSTRIAL WASTES

2.1  Introduction

Chemical extraction methods were developed to sitaulatural processes that result in
the release of an element from solid phases intosstution (McLean and Bledsoe,
1992; Ross, 1994; Quevauvillet al, 1996a; Singh, 2006). Elements in soil solution
can either be taken up by plants or migrate to mplawater (Figure 2.1). They can also
get readsorbed on solid phases or form new mindFitjure 2.1). Thus chemical
extraction methods have been used to predict tkelifbod of agricultural and
ecological toxicity of elements under different gammental conditions. Results from
chemical extractions are therefore used to guidgev@anagement strategies (US-EPA,
2003; Townseneét al, 2003a).

A number of chemical reagents have been used tatifjuthe release of elements into
soil solution. Most of these reagents attemptgritaie one or more of the equilibria
presented in Figure 2.1. Tests such as diethylen@trepentaacetic acid (DTPA) and
ethylenediaminetetraacetic acid (EDTA), toxicityachcteristic leaching procedure
(TCLP), the acid rain test (ART), and various setia¢ extraction procedures (SEP)
are frequently used to quantify the concentratibpadlutants that will be released from
soils and waste into soil solution (Lindsay and \Wtlf 1978; Cabral and Lefebvre,
1998; Liet al, 2001; Voegeliret al, 2003; van Elteren and Budic, 2004; Silvegtaal,
2006; Sanchez-Martiet al, 2007).

The DTPA and EDTA extractions are intended to estémthe concentration of

elements that are potentially available for plgptialie. The TCLP and ART are used to
estimate the amount of elements that can migrageaiondwater. The SEP are intended
to estimate the quantity of elements retained i different solid-phases such as
carbonates, oxides, organic matter and silicateSHP, a number different reagents are

used, each intended to extract a defined portigthase of an element.
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This review discusses the reagents that are usesbttmate the concentrations of
elements that are phytoavailable or mobile. It wilbo discuss the differences and
similarities between reagents used in differentraetion methods. In addition, the
development of sequential extraction proceduresPjS&nd a detailed overview of
reagents used in the BCR SEP (Quevauwital, 1994) will be discussed.

2.2 Extraction of phytoavailable elements

The movement of nutrients and heavy metals to, uptdke by plants, occur through
passive and active transport mechanisms. Uptakthdyoot can take place through
mass transfer (Figure 2.1). Roots can exude pradonschelating agents that release
elements bound to soil solid phases thus increasieiy availability for plant uptake
(McBride 1994).Therefore, these mechanisms nedaetoonsidered when estimating
the concentrations of nutrients and contaminanthénsoil that may be available for

plant uptake. Extractants commonly used for thigppse include acid solutions, neutral



salts and chelating agents (Krishnamettial, 1995; Cheret al, 1996; Gupteet al,
1996; Kennedt al, 1997).

2.2.1 Chelating Agents
Enhanced uptake of nutrients by plants caused &yatdition of chelating agents is

well established (Lindsay and Norvell, 1969; Evdagest al, 2007). Chelating agents
enhance nutrient uptake by forming soluble com@enith nutrient and retaining them
in solution. The soluble complexes prevent readgorf nutrients and precipitation of
secondary amorphous minerals. Since chelating agecriease availability of nutrients
in soils, they have been used to quantify nutriemtslable for plant uptake (Viro, 1955;
Lindsay and Norvell, 1978; McLaughlet al, 2000; Evangeloet al, 2007).

There are two proposed mechanisms through whichatimg agents increase
availability of elements. Both mechanisms involea iexchange with a metal chelate
ion pair. The first possibility is that the chetagiagent form complexes with free ions in
solution resulting in reduced ion activity. As i@ttivity is reduced, elements are
desorbed from the soil surface to replace the cexagl ions removed from solution, in
accordance with the Le Chatelier's Principle (Cejuasnd Laird, 2000; Singh, 2006).
The second possibility is that the nutrient (N)sail surface is paired with a ligand (L)
which is supplied by a metal ligand salt (ML) (E4aa 2.1). The nutrient is then
desorbed from soil surface and retained in solutiorma complexed form (NL) for

analysis of heavy metals and nutrient content (Micidin et al, 2000).

Soil—N + ML — Soil—M + NL 2.1

The DTPA and EDTA are two of the most commonly uskeelating agents. The DTPA
method was developed to estimate phytoavailableamidrients in near neutral and
calcareous soils (Lindsay and Norvell, 1978). Intcast, EDTA is considered to extract
elements available for plant uptake in non-calcasesrid soils (Viro, 1955; Kenneay
al., 1997; Sahuquillet al., 2003).



The DTPA extraction was originally developed toesssthe need of fertilisation in
nutrient deficient soils. It uses 20 ml of DTPAgeat to extract 10 g of soil for 2 hours.
The DTPA reagent is buffered at pH 7.30 and consi$t0.005 M DTPA, 0.1 M
triethanolamine (TEA) and 0.01 M calcium chlorideaCL). The DTPA complexes the
free metal ions in solution and results in desorptf metals from soil surfaces while
TEA acts as a pH buffer. Calcium chloride suppresissolution of calcium carbonate
(CaCQ) and balances the Cag@quilibrium at CQ levels about 10 times that of the
atmosphere (Lindsay and Norvell, 1978; O’Connoi88)9 The addition of A from
CaCy favours the formation of CaG@Equation 2.2) which minimises the release of
CO;, (Equation 2.3).

CaCQ Cca" + CO& 2.2
CO%> + HLO=—=CO, + 20H 2.3

On the other hand, EDTA extraction uses 20 ml ofTBDeagent to extract 2.00 g of
soil for 1 hour. The EDTA reagent is made up oBMEDTA which is adjusted to pH
7 by addition of ammonium hydroxide. The ammoniwn in this reagent replaces
nutrients on soil surfaces which is then complekgdEDTA and retained in solution
(Viro, 1955; Bermond and Gershem, 2001).

When DTPA and EDTA were compared, EDTA was foundxtact higher amounts of
micronutrients than DTPA (Norvell, 1984; Chet al, 1996; Quevauvilleret al,
1996b; Sahuquilleet al, 2003; Walkeret al, 2003; Gupta and Sinha, 2006; Hseu,
2006). Sahuquilleet al (2003) reported that the concentration of Cd, @r, Ni, Pb,
and Zn extracted by EDTA were between 1.5 and Bdiligher than those extracted by
DTPA. There are two possible aspects that mightagxpvhy EDTA is extracting
higher concentration of elements compared to DTR# first one is that the liquid/soil
ratio (I/s) and concentration of EDTA (10 (I/s) am@5 M) is higher than that of DTPA
(2 (I/s) and 0.005 M). The low concentration amgid/ soil ratio of DTPA reagent used
can results in saturation of the extracting sotutin soil of high metal loadings.
Whereas, EDTA is less prone to saturation and ithathy EDTA is used to extract

elements in contaminated soil (McLaughdinal, 2000).
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The second aspect is that EDTA reagent is not tedfevith respect to pH and can
results in decreasing pH during extraction. Therelesing pH can cause dissolution of
carbonates which is minimised in the DTPA extractiQviro, 1955; Lindsay and

Norvell, 1978). In addition, the decreasing pH etso cause EDTA to overestimate the
concentration of elements that are available fanpuptake. In an attempt to highlight
the aggressive nature of EDTA, McGrath and Ceg#&i@02) suggested that the
concentration of an element extracted with EDTA wegaivalent to thousand years of

uptake by a plant.

Both EDTA and DTPA extractions are often used tdimege concentrations of
elements under conditions that differ from thosewbich they were developed. Under
such circumstances, users are advised to be afpmssible consequences which may
result in unreliable prediction of plant availabté nutrients (O’Connor, 1988).
Saturation of extracting solution and changing ptfirg extraction contribute to
unreliable prediction of plant available nutrientbus, the use of DTPA in acid soils, in
metals (other than Zn, Mn, Cu, and Fe), and inssisg the toxic effects of adding

waste to soils should be done with caution (O’Conth688).

2.2.2 Neutral salts

Plant roots exude cations (especially) Mhich cause cationic nutrients to be desorbed
from soil surfaces (Kabata-Pendias, 2001). Thishaesm is referred to as cation
exchange where cations adsorbed on soil surfacebea@xchanged by another cation
which has a higher replacing power depending oene and ion concentration (Tan,
1998; McLaughlinet al, 2000). Cations which include EaBa*, NH**, and H are
known to have a high replacing power (Tan, 1998¢né¢¢, the concept of cation
exchange is the basic principle underlying the oS@eutral salts to estimate plant
available elements (particularly metal cations)e Thation of the extracting salt solution
replaces the cations on soil surfaces (McLaugletinal, 2000). This brings the

exchanged cation into solution and available falysis.
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The most frequently used salts to estimate thearttr&tions of plant available elements
are ammonium nitrate (NfNO3z;, 1.0 M), ammonium acetate (N8Ac, 1.0 M), and
CaC} (0.01 M) (Haget al, 1980; Guptat al, 1996; Sterckemaet al, 1996; Kabata-
Pendias, 2001; Menzied al, 2007; Kharet al, 2009). There is a disagreement in the
literature regarding the salt extractant that loestelates to plant available elements.
Most studies seem to agree thatJ@Ac is a stronger extractant than NNDs; or CaC}
(Gupta and Sinha, 2007; Meeasal, 2007a; Wanget al, 2009). This could be arising
from the fact that Ny cation has high replacing power and that acetaienacan

complex and retain released elements in solution.

The solution of 0.01 M Cagrepresents the ionic strength of many soils arichets
low concentration of elements compared to othetsséKabata-Pendias, 2001,
Sahuquilloet al, 2003; Meerst al, 2007b). As such, Caglis suggested to be a good
indicator of risk and many authors still regard Ga&s a preferred extractant for
estimating plant available elements (Sahuqueli@l, 2003; Pueyat al, 2004; Meers
et al, 2007h).

Extraction with 1 M NHNO; (1:2.5, solid:solution ratio) was proposed by the
Deutsches Institut fOr Normung (DIN) to assess fitgbiand availability of
contaminants in the soil (DIN, 1997). The Southigdn Department of Water Affairs
and Forestry (DWAF, now known as Department of Watel Environmental Affairs)
has adopted the use of this reagent for assessengsk of applying sewage sludge on
agricultural soils (DWAF, 2005a). McLaughlet al. (2000) has also indicated that 1 M

NH4NO;s is the best indicator of plant available Cd andrZoontaminated soils.

Different extraction methods (NINO3;, NH;OAc-EDTA, and HNQ) were compared in
a study conducted by Forsberg and Ledin (2006)stiyating the effect of sewage
sludge on the availability of Al, Mn, Cu, Zn, NipbPAs, Cr, and Cd in oxidised mine
tailing. These authors reported that the conceatraif these elements in the KO3

extracts for sewage sludge, treated and untreati@tys were positively correlated with
the uptake of elements by barley grain and redueselowever, on oxidised tailings

(collected at the time of harvesting), MPAc-EDTA was a better indicator of plant
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uptake compared to NINOs;. One of the findings of their study was that milde
extractants’ prediction of plant uptake of heavytaigewas better than that of aggressive

extractants.

2.3 Leachability tests

The aim of leaching tests is to assess the liketihof groundwater contamination.
Some commonly used standard leaching procedurésiant¢he Toxicity Characteristic
Leaching Procedure (TCLP), Synthetic Precipitatiomaching Procedure (SPLP),
Extraction Procedure Toxicity (EP-TOX), and AcidiRd@est (ART) (Townsenét al,
2003a; DWAF, 2005b). Another regularly used exaattis distilled water (DW).
Typically, these tests are conducted by batch etktra procedures. Sometimes these
tests are adapted by using leaching columns (tivatansoil or waste vertical profiles)
and analysing leachates collected from the coluriithese are referred to as column
leaching tests (CL). This section of the reviewl Watus on TCLP, ART, DW and CL,
as these represent the most commonly used methakle assessment of waste and soil

leaching potential.

2.3.1 The TCLP and ART extractions

The TCLP and ART are intended to simulate leaclihgollutants from wastes at a
landfill site and a dedicated ‘monofil’ site, respeely (DWAF, 2005b). The TCLP is
intended to mimic leaching of pollutants by orgaa@ds generated in a landfill site
(Kasselman, 2004; DWAF, 2005b). Two extracting sohs are used in TCLP

extraction, depending on the pH of the waste naltdfor waste with an alkaline pH an

acidic solution of dilute acetic acid (pH 2.88 #09) is used, while an acetic acid
solution with the pH adjusted to 4.93 + 0.05 usinyyl sodium hydroxide is used for
acid waste materials (DWAF, 2005Db).

The ART is intended to estimate leaching of politgan mineral waste that has been
monofilled and exposed to ‘clean’ rainfall. It iaded on the premise that carbon
dioxide is dissolved in rainwater to produce carb@etid that can potentially leach both
inorganic and organic pollutants (DWAF, 2005b). #&sesult, saturated carbonic acid

solution (pH 3.6 — 3.8) is used as an extractirigtiem.
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The concentrations of pollutants extracted by T@bB ART are compared to the limits
set out in ‘The minimum requirement for the hanglliclassification and disposal of
hazardous waste’ (DWAF, 2005b; Titshall, 2007). Séhdimits are referred to as the
‘acceptable environmental exposure’ (AEE) and tleecéptable human health
exposure’ (AHHE; DWAF, 2005b). The AEE and AHHE iicate the concentration of a
pollutant that will have minimal impact on the emwiment and human health,
respectively (DWAF, 2005b). The AEE and AHHE valaes the same for both TCLP
and ART. However, the TCLP extraction often exsaugher concentrations of heavy
metals compared to the ART (e.g. Titshall, 2007l&&.1). The differences between
these two tests have been attributed to higher oamg ability, the strength, and the
pH of TCLP extracting solution (Quevauvilleat al, 1996a; Changet al, 2001;
Townsencet al, 2003a; Suret al, 2006; Titshall, 2007).

While the TCLP and ART were originally developed fandfilling of wastes (DWAF,
2005b), both procedures have been routinely usetidoacterise wastes for use in land
application, (Reynold®t al, 2002; Titshall, 2007). Reliable prediction of lpthnts
leaching using TCLP under these conditions is goesble as conditions for land
application are different to those of landfill. ®eal authors have also expressed
concerns regarding the use of TCLP outside of timelitions for which it was originally
intended (Murarka, 1999; Kasselman, 2004; Al-Abedl, 2006; Georget al, 2007).

The TCLP extraction has drawbacks which have beghmighted in literature. Firstly,
TCLP extraction does not account for factors thattiol metal extractability such as
pH, redox potential, particle size and contact t{fiewnsend et al., 2003b; Al-Abed et
al., 2006). Secondly, TCLP extraction has beenrtedao underestimate the leaching
of pollutants from a landfill (Ghosh et al., 2006astly, Townsend et al. (2003b) and
Ghosh et al. (2006) illustrated the limitations TELP in terms of representing the
actual field conditions such as continuous leaclohgollutants over time and the
presence of carbonates and phosphates. Neverth@lés® is still used to classify
waste materials. It is also acknowledged that tiere one single batch test (such as

TCLP) that can best represent field conditionsrigerdez-Sempere et al., 1997).



14

Table 2.1 A comparison between toxicity characteristic leaghprocedure (TCLP)
and acid rain test (ART) in extracting heavy metltsm Pb/ Zn mine
tailings (PT), manganese rich electro-winning wg&W/), and silicate rich
smelter slag (SS) (Titshall, 2007)

Final Cd Cu Fe Mn Ni Pb Zn
. pH
Material Test | extract
(H20) (mg LY
pH
TCLP 5.11 bd 1.00 545 599 0.06 125 093.6
PT 8.20
ART 7.00 0.13 bd 0.04 1.18 0.03 0.19 26.
TCLP 5.09 bd 0.75 0.07 686 0.88 053 3/87
EW 6.89
ART 7.32 005 0.02 0.10 217 0.45 0.39 087
TCLP 7.81 bd bd bd 302 0.04 0.25 bd
SS 9.73
ART 8.29 0.02 0.06 0.02 258 0.06 0.01 hd
*bd below detection

2.3.2 The distilled water extraction
Distilled (or deionised) water (DW) has also besedito assess the leaching potential
of pollutants from waste. The DW extraction hadieen used in soil testing (e.g.

saturated paste). Leaching with DW represents auiltditions where relatively soluble

and mobile pollutants can migrate to groundwatei-ABed et al, 2006). The
assessment of risk with DW has been conducted menous studies and it has been
proposed that this test determines short-term (idiate) release of pollutants (Chagig
al., 2001; Kasselman, 2004; Al-Abed al, 2006).

A number of studies have used both DW and TCLPaektn to characterise waste
materials (Changet al, 2001; Kasselman, 2004; Al-Abest al, 2006). The main
differences between DW extraction and other extastthat estimate the leaching of
pollutants are extraction time, strength of theramting solution and liquid-to-solid
ratio. These factors are often the cause of diffeee in the concentration of pollutants

extracted by different extraction methods.
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When comparing TCLP to DW test, Chaagal (2001) found that TCLP extracted
more Cu, Pb, and Zn than distilled water (Table.212 another study, DW extracted
more Pb than TCLP in sewage sludge (Kasselman,)2®@zwever, no significant
difference was observed for Cu and Zn extractedguiom sewage sludge these tests
(Kasselman, 2004).

Table 2.2 A comparison between Toxicity Characteristic LeaghProcedure (TCLP)
and Distilled Water (DW) in extracting Cu, Pb and #Zom different waste
materials (Changt al, 2001)

Cu Pb Zn
Material Test
(mg L™)
. TCLP 28 <0.32 372
Electroplating sludge
DW 0.87 <0.32 1.8
TCLP <0.06 <0.32 0.19
Dye-stuff sludge
DW <0.06 <0.32 <0.05
TCLP 0.44 27 0.14
Incineration bottom ash
DW 0.58 6.2 0.96
TCLP <0.06 <0.32 0.40
Steel-mill bottom residue
DW <0.06 <0.32 0.26
) TCLP <0.06 <0.32 0.10
Leather debris
DW <0.06 <0.32 <0.05

In the leaching of mineral processing waste, DWasted more Cu than TCLP, with no
significant difference in the amount of Zn and Séracted by these two extraction
methods (Al-Abecet al, 2006). However, the concentration of Pb extratted CLP
was higher than that extracted using DW (Al-Abetdal, 2006). Although different
liquid-to-solid ratio and extraction time used W extraction could have played a
role in differences observed between various ssuddifferent materials used in

leaching experiments might have had a major infleen
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2.3.3 The column leaching tests
Distilled (deionised) water (DW) has also been usetblumn leaching tests (CL). The

time a CL test is conducted can range from hourevier a year and predicts short,

medium, and long-term release of pollutants fromlaste (van der Sloet al, 1996;
Jong and Parry, 2005; Rosenéé¢ al, 2008). Column leaching tests are more
representative of the field conditions as in thessts soils or wastes are packed in
columns to mimic soil or waste vertical profiles dMean and Bledsoe, 1992;
Twardowska and Szczepanska, 2002; Townsgmdl, 2003b). After the soil or waste is
packed, a leaching solution is applied to the nmelter a column followed by leachate
collection and analysis. The advantage of thisriegle is that leaching solution can be
applied at continuous flux, providing a fresh smntto extract and leach pollutants
(Fallman and Aurell, 1996; Charg al, 2001; Townsendt al, 2003b).

Rosendeet al (2008) indicated that CL tests yield accurateessment of pollutant
release. These authors pointed out that otheratixtnasuffer from readsorption due to
saturation of the extracting solution; the effeoni adsorption phenomena is minimised
in CL tests. However, CL tests have limitationseThain drawback of using CL tests is
lack of reproducibility arising from clogging of pes or preferential flow (or
channelling) through the column (McLean and Bled4@®92; Townseneét al, 2003b;
van der Sloogt al, 2003). Another limitation of CL test is the ddfilty in controlling
experimental conditions such as development of aeduconditions in the column
(McLean and Bledsoe, 1992; Cabal, 2003; Townsendt al, 2003b).

2.4  Sequential extractions

Single extractants do not account for the reledgmlutant associated with changes in
soil-solution chemistry (such as pH or redox pasnor different forms (or pools) of
the pollutant. The potential migration and retemtimf pollutants in a soil system is
strongly dependent on the chemical form of the ytalit and prevailing chemical
conditions that may influence the speciation aroinaite mobility of the pollutant. The
phase in which the pollutant exists in the wasteailris often assessed using sequential
extraction procedures (SEP). These are intendedttact the pollutant associated with

certain phases and to simulate those reactionscdratmodify the concentration of
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metals in soil solution, such as modifications ofieonmental conditions (Tessiet
al., 1979; Gleyzest al, 2002; Sahuquillet al, 2002).

Sequential extraction procedures aim to separatalsnas exchangeable or bound in
different solid phases such as carbonates, orgaaiter, silicates and Fe-Mn oxides
(Tessieret al, 1979). The exchangeable pollutants are considaseceadily mobile
(labile) while the silicate-bound elements are adered to be highly immobile and
inactive (Kaasalainen and Yli-Halla, 2003, ¢ al, 2005; Luet al, 2005). The
carbonate-, Fe-Mn oxide-, and organic matter-boyadlutants are regarded as
relatively active depending on the physical andnabal properties of the solid phase
(Filgueiraset al, 2002; Heet al, 2005; Luet al, 2005). In SEP, extractants are applied
in order of increasing strength so that the sudceedsactions obtained correspond to

metal forms of lesser mobility (Figure 2.2).

The main drawbacks of SEP have been long extrattimes, lack of selectivity (attack
of non-target phases) in reagents used, readsorptiol redistribution of pollutants
during the extraction, and incomplete dissolutiériamget phases. In addition, lack of
uniformity in SEP such as different extraction tgneaise of different reagents and
reaction conditions (Table 2.3) have been founoktproblematic. The primary concern
with lack of uniformity is that comparison of resubbtained from different studies is

very difficult.

In an attempt to standardise sequential extragirotocols, the Community Bureau of
Reference (BCR, now known as SMTP: the StandardsasMrements and Testing
Programme) proposed a three-step extraction proee(@uevauvilleret al, 1994).

This procedure could be used as a means of coropasfsdata of extractable metals in
a solid sample (particularly soil and sedimentshisTprotocol uses acetic acid
extraction (Step 1), hydroxylammonium chloride agtion (Step 2), and hydrogen
peroxide/ammonium acetate extraction (Step 3) whettract the acid-soluble,

reducible and oxidisable fractions, respectivelyé@uvilleret al, 1994).
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Figure 2.2  Relationship between metal mobility in the diffareoperationally-

defined phases and extractant strength of commemiclal reagents

used for sequential extraction procedures (Filgiseit al, 2002).
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Table 23 Common sequential extraction procedures used ttitipar metals in
environmental solid samples
IS o 9
O . L 35
S Reagents Fractions T £
S 7 &
o 0w un
1 M MgCl, Exchangeable
,65 Buffered 1 M NaOAc (pH 5) Bound to Carbonates
(o))
2. |0.04 M NHOH-HCI in 25% v/v| Reducible 2
® | HOAC £
© 5
@ |HO; in HNG; 0.02 M + 3.2 M| Oxidisable 3
[%)]
§ NH4OAc in 20% (v/v) HN®
HF Residual
o~ 0.11 M HOAc Exchangeable/Carbonates "
‘% 0.5 M NHOH.HCI acidified with 2 M Reducible %
\u S
x | HNG; S
Q 7
M | 8.8 M HO, then 1 M NHOACc (pH=2) | Oxidisable
1 M Mg(NG3); Exchangeable
__ | 1M NaOAc Carbonate-bound
o
2 | 0.1 M NaP,O;-10H0 Metal-organic complex-bound
—
~ | 0.1 M NHOH-HCI (in 0.01 M HN@) | Easily reducible metal oxide-bound
®
x| H202(30%) + 0.02 M HNQ@ + 2 M| H,O, extractable organic-bound %)
£ | Mg(NOs)2 in 20% HNQ A
% 0.2 M (NH,)2.C;04 Amorphous mineral colloid bound
c
G 0.2 M (NH)2C,0, / 0.1 M Ascorbic| Crystalline Fe oxide-bound
X | Acid
HF-HCIO Residual
g 0.11 M HOAc Exchangeable/Carbonates ,g
8: 0.2 M (NH)2C,04 adjusted to pH 3 byReducible =
T | HNOs g
(]
S 8.8 M H,O; followed by 1 M NHOACc | Oxidisable =
7] . . @©
S | Agua Regia Residual %)
= o
A n
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Table 2.3(conts) Common sequential extraction procedures used ttitipa

metals in environmental solid samples

s p=I

§ Reagents Fractions % g

& 5 8
0.5 M Ca(NQ); Exchangeable

_. | 0.44 M HOAC + 0.1 M Ca(N&)» Acid Soluble

é 0.01 M NHOH-HCI + 0.1 M HNQ@ Mn oxide occluded

< 10.1 M KP,0, Organically bound P

g 0.175 M (NH,).C,04 + 0.1 MH,C,0O4 | Amorphous Fe oxide occluded g

S [0.175 M (NH):C,04 + 0.1 M HC,04

= under UV radiation Crystalline Fe oxide occluded
Aqua Regia + HF Residual

§ M Sr(NGs), Soluble-exchangeable

EL buffered 1 M NaOAc (pH 5) Sorbed-Carbonate

£ | 5% NaOCI adjusted to pH 8.5 by HC| Oxidisable

CE 0.2 M HC,0s + 0.2 M (NH,),C,04 | Reducible =

& | +0.1 M Ascorbic acid adjusted to pH|3 @

S with NH,OH

g Aqua Regia Residual

<

The BCR protocol has been criticised because, apfgr it lacks reproducibility
(Sahuquilloet al, 1999; Marguiet al, 2004). Consequently there have been numerous
modifications to this protocol. The following sewts will review the reagents and
reaction conditions used in the BCR sequentialagkitvn protocol, considering their

advantages and disadvantages.

2.4.1 The acid-soluble fraction

The first step of the BCR sequential extractionsuBell M acetic acid (HOAC) to
extract the acid-soluble metals. The use of theégeat is intended to solubilise the
carbonates which are unstable under acidic comditi@here are two aspects worth

noting in this step. The first consideration isttlweater soluble and exchangeable
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pollutants are determined together with the acidkde pollutants. The appropriateness
of simultaneous determination of these fractionsgigestionable as exchangeable
elements are thought to be closely related to platake (Shuman, 1978; Kaasalainen
and Yli-Halla, 2003; Luet al, 2005). It is thus proposed that this protocoles as a
compromise between analysis time and the amoumtf@fmation obtained (Perez-Cid
et al, 1996).

The second aspect is the use of an organic acdi¢aacid) which is also used in TCLP
extraction. The concentration of acetic acid in TGP extraction is 0.1 M. This raises
the question of whether or not the results frorl (MLHOAC extraction can be used to
predict leaching of pollutant from a waste in ldhdSome researchers have already
indicated the importance of determining the acikisle fraction (using 0.11 M HOACc)
in landfilling of alkaline fly-ash (Van Herck andavidecasteele, 2001). However there
are no studies that compare the results from ubwmthy TCLP and 0.11M HOAc
extraction (as part of BCR SEP). Nevertheless, dasethe concentration of these two
solutions, no significance difference is expectetiieen the results of the TCLP (the
one with pH 2.88 + 0.05) and the 0.11 M HOACc (fr&@R sequential extraction). This
would imply that the results of the TCLP extractiand the first step of the BCR

sequential extraction are the same for alkalineerads.

The original BCR protocol uses 40 ml of 0.11 M HO#cextract 1 g of material at
room temperature for 16 hours. The efficiency @otion capacity) of this reagent has
been questioned and thus higher concentrations4@f @, 0.44 M and 0.5 M HOAc
have been used as alternatives (Midenl, 1986; van Herck and Vandecasteele, 2001;
Kaasalainen and Yli-Halla, 2003; Sahuqui#o al, 2003; Peijnenburgt al, 2007).
Increase in acidity of HOAc (from 0.11 to 0.43 M)asvfound to increase the
extractability of Pb and Cr but had no effect on &w Ni (Sahuquillcet al, 2003).
This effect was attributed to the higher capacify 0043 M HOAc to dissolve
carbonates. To improve the extractability of eletaersing 0.11 M HOAc, other studies
have adjusted the solution pH to 2.5 and 7.0 (valleHuschet al, 2005; Virkutyteet

al., 2005; Alvarez-Valer@t al, 2009). The comparisons between the original pato
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and the modified versions have not been made aigihalr protocol is still used in

many current studies as it is a recognised staratatdcol.

An alternative to 0.11 M HOACc is 1 M sodium acet@@OAc, buffered with HOAC to
pH 5; Tessiert al, 1979). The extraction with NaOAc has an advantafgasing a
shorter extraction time (5 hrs) compared to thathef BCR protocol (16 hrs). The
buffered acetate reagent has also been reportée tmore selective as it dissolves
carbonates and dolomite without dissolving orgametter, Fe-Mn oxides, and
aluminosilicates (Filgueirast al, 2002). Unbuffered acetic acid, on the other hand,
less specific and results in the dissolution of sosilicates (Gleyzest al, 2002).
However, results from Mesteet al (1998) show that there were no significant
differences in the concentration of Cd, Cr, Cu, &id Zn extracted by 0.11 M HOAc
and by the sum of exchangeable and NaOAc extractleiments in sediments. The
sum of exchangeable and NaOAc extractable Pbgisdme study, was higher than that
extracted by 0.11 M acetic acid. Similar findings/é@ been reported by van Hullebusch
et al (2005) where sum of exchangeable and NaOAc datrkc Co, Fe, Mn, and Ni,
were higher than those extracted by 0.11 M HOAanaerobic granular sludge. This
could arise from three factors namely: the coneiotn of NaOAc is higher than that of
HOAc; NaOAc has higher buffering capacity; and ¢harould be a successive
dissolution of FeC@and MnCQ when NaOAc is applied after MgC(Tessieret al,
1979; van Hullebusclet al, 2005). Further research is needed which wiledeine

which extractant can best estimate the acid-soluaision.

2.4.2 The reducible fraction

The reducible fraction of the BCR sequential extoacis determined using 0.1 M
hydroxylammonium chloride (HAC) adjusted to pH 2hig extraction is aimed at
dissolving Fe-Mn oxides which are thermodynamicallgstable under reducing
conditions. This step is significant because Fed®ides are excellent scavengers of
heavy metals and can immobilise a substantial amofupollutants (Chao, 1972; Chao
and Zhou, 1983; van Herck and Vandecasteele, 2QbiEse oxides play an important

role in the mobility of pollutants in the environme (Neamanet al, 2004a;
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Silveiraet al, 2006). The dissolution of these oxides suggebtt themisorbed

pollutants will be released into the soil solution.

The ideal reagent for the evaluation of pollutaassociated with the oxides should
contain a reducing reagent and a ligand (such ewmt@cand oxalate ions) to retain
released ions in a soluble form. The extractioicigfficy of the reagent is determined
by its reduction potential and its ability to dissodifferent crystalline forms of Fe and
Mn oxyhydroxides (Tessiat al, 1979; Shuman, 1982; Gleyzeisal, 2002).

Hydroxylammonium chloride is a reducing reagent=(E1.87 V) and its ability to
dissolve the different metallic oxides depends Bin gpncentration, extracting time and
temperature (Gleyzest al, 2002). A solution of 0.1 M HAC (pH=2) dissolved o
average 85% of manganese oxides and about 5%rpbxides from various sediments
after equilibrating for 30 minutes to six hours &0k1972; Gleyzest al, 2002). This
reagent (extraction for 16 hrs) is associated witthounced variability due to reduced
buffering capacity of the reagent at pH 2 (Sahuguet al, 1999; Sahuquilleet al,
2003). Consequently, use of 0.5 M HAC (pH=1.5) basn employed (Sahuquilkt
al.,, 1999; Kaasalainen and Yli-Halla, 2003; van Hulieth et al, 2005; Kim and
McBride, 2006; Cappuynst al, 2007). The modified reagent has been reported to
provide increased extractability of pollutants am improved reproducibility (Table
2.4). This modification appears to result in a @l amount of heavy metals being
extracted in the oxidisable fraction (Rausetl, 1999; Sutherland and Tack, 2003).

Ammonium oxalate (0.2 M, pH 3) has been proposediraslternative to extract
pollutants occluded by Fe-Mn oxides (Davidsenal, 2004). This reagent has been
used to dissolve both manganese and iron oxidegn{&h, 1982; Chao and Zhou,
1983). Davidsonet al (2004) observed higher extractability of Fe and, @hen
comparing 0.2 M ammonium oxalate (pH 3) to 0.5 MGifpH 1.5) in waste treated
soils. Manganese and Zn extractability were natcéd by the reagent used except in
iron oxide-rich soils where ammonium oxalate exegdanore Zn. However, the use of

this reagent in the determination of Ca and Phseodiraged because sparingly soluble
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Ca/Pb oxalate salts are formed resulting in lonovedes of Ca and Pb in solution
(Davidsonet al, 2004).

Table 2.4 A comparison between 0.1 M and 0.5 M hydroxylyammuonchloride
(HAC) in extracting Cd, Cr, Cu, Ni, Pb, and Zn fro®@RM 601
(sediment reference material). The original BCRtqol uses 0.1 M
HAC and the modified protocol uses 0.5M HAC (Raetedl, 1999)

Cd Cr Cu Ni Pb Zn
Extractant -
(mg kg~)
0.1M
3.09+£0.88 142+0.79 7.87+5.14 555+142 3%F7.7 175+15
HAC
05M
HAC 395+053 106+0.9 728+49 106+13 20H+ 266+17

Incomplete dissolution of Fe-Mn oxides can resuit neadsorption of released
pollutants. Readsorption of released pollutants banminimised by using strong
complexing agents. Complexing agents such as acetahlate, and ascorbate ions are
often employed for this purpose (Tess#ral, 1979; Shuman, 1982; Chao and Zhou,
1983; Gleyze=t al, 2002). Oxalate ions form stable complexes with(lag K = 15)
and Fe (log K ranging between 4.35 and 18.49 fdf, emd between 3.20 and 5.15 for
Fe?). However, as previously cautioned, oxalate ioay fiorm sparingly soluble Ca/Pb
salts thus leading to underestimation of their labdity or solubility (Gleyzeset al,
2002; Davidsoret al, 2004).

2.4.3 The oxidisable fraction

The oxidisable fraction, particularly for soils asédiments, refers to the elements
bound to organic matter. Reduced species suchlpkides are also included in the
oxidisable fraction. This fraction is important bese under oxidising conditions
organic matter, and other reduced species, areadedy leading to the release of
retained pollutants. Hettiarachcéi al. (2003) indicated that the measurement of the

oxidisable fraction is essential in land applicatiof sewage sludge. A number of
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reagents are used to estimate the oxidisable drattecause of the dynamic nature of

this target phase.

The oxidisable fraction in the BCR sequential eoticm is determined by digestion at
85°C using 8.8 M KD, followed by NHOAc (pH 2) extraction at room temperature.
Hydrogen peroxide is an oxidising agent (E°=1.77avid has been used to oxidise
organic matter and sulphides (Tesserl, 1979; Pueyet al, 2007). This reagent has
been criticised due to incomplete dissolution ajamic matter and partial attack of
silicates. It does however; represent a comprorheteeen complete oxidation (of
organic matter and sulphides) and minimal alteratid the silicates (Filgueirast al,
2002; Gleyzest al, 2002). Decreasing pH of this reagent improvesdligion of
organic matter at the expense of selectivity, wherencreasing pH results in
redistribution of extracted pollutants (Bermond,020 Furthermore, oxalic acid is
released during the destruction of organic matteckvdissolves iron oxides and causes
secondary precipitation of sparingly soluble oxedat(Gleyzeset al, 2002). To
overcome these difficulties Rauret (1998) suggetiattHO, would be more effective

in dissolving organic matter when applied afterrducible fraction is removed.

Other studies have used sodium hypochlorite (NaG@ sodium pyrophosphate
(NayP,0O7) instead of HO, to estimate the elements which are retained omnicg
matter (Shuman, 1983; Titshall, 2003). Because Na®@ stronger oxidizing agent
(E°=0.90V) than N&,0Oy, it is preferred (Ahnstrom and Parker, 1999; vasrdk and
Vandecasteele, 2001; Filgueirasal, 2002). The extraction with NaOCI (pH 9.5) is
efficient and it has been said to cause minimasaligion of the silicates (Shuman,
1983; Filgueiraset al, 2002; Wilsonet al, 2006). However, this reagent may
precipitate released cations and/or oxidise Mn exitb Mnd ions (Gleyzest al,
2002; Mikuttaet al, 2005). When reviewing the removal of organic eraftom soils
Mikutta et al. (2005) concluded that NaOCI was more effectiveemoving organic
matter than kD..
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2.5 Conclusions

It is clear that no single chemical extraction roeths suitable for all environmental
samples (i.e. soils, wastes, and sediments) eneatht The most suitable method
should depend upon the purpose for which the testonducted; the material being
studied, and the elements of interests. The purpbsihe tests is related to what
mechanism causing the release of pollutant is bessgssed (i.e. leaching, plant uptake,
or partitioning of elements) and environmental gbads (such production of organic
acids and changes in solution chemistry). The nadteeing studied covers the type of
material (waste, soil, sediment, or contaminatel) and mineralogy (such carbonates,
crystalline Fe oxides, and/ or organic matter).t&@caffected by the material being
studied are choice of reagent (extracting solutiemnic strength and the pH of the
extracting solution, extraction time, and liquidgolid ratio. Wrong decision with
regards to these factors will results in under/estmation of elements availability due
to saturation of the extracting solution; incomeldissolution of targeted phases; partial
attack of non-targeted phases; and formation afreggry precipitates. The elements of
interest will influence the choice and the acidifythe extracting reagent. Firstly, labile
elements (such as Cd and Zn) seem to be unaffbégtedcrease in acidity while the
extractability of elements with low mobility (suas Cu, Ni, Pb, and Cr) increases with
increasing acidity. Secondly, some elements foroomsgary precipitates with anions of
extracting solution (such Ca and Pb with oxalate).iddence, the multiplication of
chemical extraction methods is inevitable. Howevbkere are reagents which can be
used for assessing releasing of pollutant for Bfié purposes (like HOAc used in the
BCR sequential extraction). Further research isiired to help in understanding the
effect of time in chemical extraction methods; opsing extraction methods for
different conditions for which they developed; acomparability between different

extraction methods.
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CHAPTER 3

THE CHARACTERISATION OF ELECTRO-WINNING WASTE,
SMELTER SLAG, AND INANDA SOIL FORM

3.1 Introduction

The properties of soils and wastes will determhm fiotential for land application of a
waste and several authors have noted the importndetermining the soil and waste
properties for land application of wastes (Overcast Pal, 1979; Miller and Miller,
2000). The characterisation of waste materials rptm their disposal provides
information about the potential impacts to the emvinent when the waste is applied to
a soil. The soil and waste chemical properties ueadly considered include pH,
electrical conductivity (EC), cation exchange céiyaCEC), extractable elements, and
mineralogy (Overcash and Pal, 1979; Miller and &4ill2000). Determining soil and
waste properties also provide some indication afsfme interactions between the soil
and waste that may results in both mobilisation mmehobilisation of pollutants. For
instance waste materials with high pH (10-13) m#salve organic matter and can
results in the release of heavy metals (Cameta, 1997). Whereas, the presence of
Mn, Al, and Fe oxides in soils may reduce heavyatsedand P leaching when manures

are applied to soils (Codling and Isensee, 2005).

The basic physiochemical properties of soils andt@gamay also influence the choice
of extracting reagent in chemical extraction meth@@hapter 2) as these properties
affect the concentration of the elements extrafrie the waste or soil using different
extracting reagents. For instance high pH of aevassoil can reduce the concentration
of the elements extracted. Bermond (2001) repdhatithe concentration of an element
extracted is affected by the solution compositiaurirdy extraction. Furthermore,

crystalline minerals may also be partially dissdivey some reagents. Thus a clear
understanding of the reactions and interaction betwthe reagent and the material
being extracted is important as waste managemenisides are taken based on the

results obtained from the extractions.
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The aim of this chapter is to review the charastes of the Mn-rich smelter slag (SS),
the Mn-rich electro-winning waste (EW), and the @xikon of the Inanda soil form (la)

that were selected for use in this study. The dtarstics of these materials will be
discussed with the implication for land disposail @ahemical extraction methods. The
properties considered include basic physical aremital properties, mineralogy and
extractable elements. Many of the physical and atenproperties of these materials
(except mineralogy and the analysis on the eleatn@@roscope) were determined by
others prior to commencement of this study (BHR#Bit report, 2005; Titshall, 2007).

These data are presented here and discussed mtoragsist with an understanding of

important aspects pertinent to this particular gtud

3.2 Materials and methods

Material collection and preparation

Materials were previously collected and characterigBHP-Billiton report, 2005;
Titshall, 2007). The collection and characterisatid the materials is repeated here for
clarity and completeness. Two manganese-rich wastesmelter slag (SS) and an
electro-winning waste (EW) were collected from tm®cessing plants prior to their
disposal on dedicated disposal sites (Figure Ji¢. SS is the residue produced after
Mn-rich ores are smelted in an arc-furnace withealdtiux materials (lime and silica).
After the reduced Mn product is separated, the enoklag is allowed to solidify,
crushed and disposed of on a dedicated slag disheap. The EW is the by-product
produced after Mn-rich ores are milled, solubilisedacid and Mn retrieved using
electroplating. Conditioners (lime and ammonia Batp) are added during the
electrolytic recovery process. The residual malteffilom electrolytic recovery) is

dewatered by a belt press and the filter cake diesppof to a dedicated disposal site.

The A horizon of an Inanda soil form (la, Soil Gédigation Working Group, 1991) was
collected from land under forestry at World’s Viéiilton, KwaZulu-Natal). This soil

is an organic rich acidic soil and was chosen beedtirepresents a typical soil on
which these wastes (SS and EW) can be appliedSEhe&eW, and la soil were all air-
dried, milled to pass through a 2 mm sieve ancedtan black plastic bins for further

use. The charecterisation is presented in Appedidix
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(b)

Figure 3.1 The (a) electro-winning (EW) waste disposal sitapifas Quarry, Nelspruit,
Mpumalanga, South Africa), showing a view overlawkihe quarry and
(b) smelter slag-heap at Samancor property (Megei@auteng, South
Africa).
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3.3 Results and Discussion
3.3.1 The electro-winning waste properties

3.3.1.1 Basic properties and mineralogy

The EW is characterised by a high total conterif@find Mn (Table 3.1 and Figure 3.1
b), occurring in a ratio of approximately 2:1 (FetMIt has a near neutral pH (Rt
6.89), a high EC (1735 mS™¥) and a low organic carbon (0.56 g 13Pgontent
(Table 3.1). The high EC of the EW is due to a lighcentration of soluble salts in the
waste. This is supported by the high concentratafnsoluble Ca, Mn, Mg, S, and Na
determined in saturated paste extracts (Table Bi#.high concentration of S suggests
that the soluble salts are present mainly as stéph@itshall, 2007).

The EW was leached with distilled water to analiggehe soluble component (Titshall,
2007). The resultant supernatant was evaporatdd/tess at room temperature and the
precipitates were analysed on the XRD. The XRDesamdicated that the soluble
component was predominantly ammonium sulphatess salich as mohrite
((NH,)2Fe(S0O).6H,0) and boussingaultite ((NBMg(SOy),.6H,0) (Titshall, 2007).
Other minerals present as the soluble component e weatespujolsite
(CaMn**(SO)»(OH)s.3H,0) and ilesite (Mn,Zn,F&SO,.4H,0). The presence of Mn
(IV) and Fe (Il) has implications for reducing aoxidising reagents used in sequential

extractions (Appendix 3.2).

The surface characteristic of the EW was charagdriby microporosity and high
surface area (Figure 3.2). These surface charsititsricorresponded to a cation
exchange capacity (CEC) of 9.50 cgbti* and high sum of extractable base cations
(Table 3.1). The microporosity of the EW is expdct® result in an increased
dissolution rates. This has implication for timejuged to attain equilibrium during
extraction.

The EW mineralogy is dominated by the oxides jateb@inFeO,) and magnetite
(F&s04) (Appendix 3.3). There were smaller amounts ofsgyp (CaSGi2H,O) and
barite (BaS(@). Although the presence of barite was not cleariogh Ba and S content
(Table 3.1) supports the presence of barite (Tisk@07).
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XRF analysis and basic chemical characteristigh®fsmelter slag (SS)

and electro-winning waste (EW; BHP-Billiton repo2p05; Titshall,

2007). The pH and EC were measured in 1:2.5 sugpens

Parameter SS EW
oH H.0 9.73 6.89
1 M KClI 9.81 6.86
Electrical conductivity (25 °C) (mS m?) 35.8 1735
Organic carbon (g 100g) 0.72 0.56
NH4 -N (mg kg% 6.32 nd
NO3-N (mg kg% 2.90 nd
Total N (mg kg™ 391 9246
Cation exchange capacity (cmelkg™) 3.42 9.50
Ca 13.2 71.0
Extractable base cations Mg 3.97 1.76
(cmole kg™ Na 0.23 1.31
K 0.22 0.06
Calcium carbonate equivalence (%) 40.2 12.6
SIiO, 37.41 5.26
Al,03 4.83 1.11
Fe,03 0.79 37.89
MnO 19.40 30.16
MgO 7.61 0.57
Major oxide content (%) CaO 26.23 5.77
Na,O 0.13 0.00
K>0 0.16 0.00
TiO» 0.19 0.0490
P,0Os 0.01 0.14
Total 96.76 80.95
S 14499.3 207955.5
As 0 119
Pb 2 839
Zn 0.0 274.0
Minor elements content (mg kg Cu 0.0 264.8
Ni 0.0 39.3
Cr 0.0 0.0
\% 8.4 63.0
Ba 2283.0 8221.4
Sr 835.4 4446.4

*nd not determined.
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Table 3.2 Analysis of saturated paste extracts of the smedtag (SS) and
electro-winning waste (EW) (Titshall, 2007)

Al Ba Cd Co Cr Cu Fe
Sample .
---------------------------------------- (Mg L™)--mmmmmmmmmm oo
SS 333 0.14 bd bd 0.01 0.12 bd
EW 0.03 0.05 0.01 71.70 bd 0.28 0.06
Mn Ni P Pb S Sr Zn
SS 0.61 bd 0.25 bd 502 2.43 bd
EW 9835 10.8 0.07 0.73 31815 13.4 1.13
Ca Mg Na 4
. EC(mSm’) SAR SP (%)
——————————————————— (cmolg L)------=-=-=-mmmmeme-
SS 256 0.03 1.12 0.13 244 0.99 17.7
EW 3.74 23.5 4.06 0.25 6780 1.10 50.0

bd below detection.
EC Electrical conductivity.
SAR Sodium adsorption ratio.

SP Saturation percentage.

The dissolution reactions and the dissolution amtst(log Kissolutiony fOr magnetite and
jacobsite are presented in equation 3.1 and 3spertively (Lindsay, 1979; Blanet
al., 2007). The stability (Eh-pH) diagram for thesénenal and other Fe and Mn
minerals is presented in Figure 3.3. Both magnetiteé jacobsite are dissolved at low
pH and under reducing conditions (equation 3.1;a8@ Figure 3.3). The dissolution of

these minerals may result in the release of FeMam@Appendix 3.2).

FeO,+8H <> 3F€"+e+8H0 log K =-3.423.1

MNnFeO; + 6H <«—— 2F&* + Mn2* + 3H,0 + %0 log K =-1.243.2
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Figure 3.2 (a) A scanning electron microscope image, (b) arKEiace with a table

indicating the composition of electro-winning waste
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Figure 3.3The Eh-pH diagram for Fe and Mn species (Klemn®020

3.3.1.2 Dissolution investigation

The EW has a moderate acid buffering capacity (Adpe3.4). The initial equilibrating
solution pH of 0.5, 1.00, and 3.00, when equilibdawith the EW, increased to 1.44,
3.37, and 6.22, respectively (Appendix 3.4). Abawveequilibration pH of 6.22, the pH
did not increase with increasing solution pH (Apgi&r8.4) indicating a strong alkaline
buffering capacity. This was not surprising as BW is known to have acid producing
capacity (Titshall, 2007). The alkaline pH was @bly buffered by the release of H

ions from ammonium salts (equation 3.3).
NH4" “—— NHz+H 3.3
Most elements in the EW decreased from equilibrphinof 1.44 up to equilibrium pH

of 6.22 (Figure 3.4). There was an increase irctivecentration of Si from equilibrium

pH 1.44 to 3.37 followed by a decrease (Figureld.she reason for this is not clear.
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The concentrations of Fe, Ca, Al, Si, and Pb weng/ Yow at pH > 6. This indicates
that most elements had higher solubility at low {dHe concentration of Fe and Mn
were higher and followed the same trend (Figurea3.4rhe trend which was followed
by Fe and Mn might be indicating the dissolutionjatobsite and magnetite with
varying pH solutions. These results suggest thatréhease of Fe, Ca, Al, Si, and Pb
from the EW is pH dependent. Consequently, higlogicentrations of these elements

will be extracted by a low pH extracting solution.

Sulphur and Mg behaved differently compared to otBkements showing a more
consistent concentration regardless of the pH.cdmeentration of these two elements
decreased from equilibrium pH 1.44 to 3.37 themdased until equilibrium pH of 6.41.
It was also noted that the concentration of thdsenents was lower than those in
saturated paste extract (2850 mg for Mg and 31815 mg L for S). These two
elements existed as soluble (most likely as MgS&hd possibly as exchangeable
elements. The soluble salts and exchangeable elsmennot affected by the pH of the
extracting solution. This suggests that the relealséMlg and S from the EW is
independent of the pH. Their concentration was lotiian those of saturated paste

extract probably due to dilution effect.

3.3.1.3 Adsorption behaviour
The EW has exceptionally high P sorbing/fixing pig that tends towards an H-type
curve (Figure 3.5). The H-type curve is adsorptgotherm that indicates high affinity

of the adsorbent for the adsorbate at low to madesarface coverage (McBride, 1994).

Therefore the steep slope implies high affinitytioé mineral phases (jacobsite and
magnetite) for P. These results were not surpriam@xides, particularly Fe, Mn, and
Al, have high P-fixation capacity (Stone and Mordd#84; Schwertmann and Taylor,

1989). The removal of P from solution may be a ltesfuadsorption of P on jacobsite

and magnetite surfaces and/or formation of Fe amdpWosphates. Titshall (2007)

proposed that other P-removing mechanism suchamdary precipitation of Ca, Fe,

and Mn phosphate minerals may have contributedembserved P-sorption capacity of
the EW.



36

12000+ ( a)
11000
10000+
X
9000
a
g 8000
= 7000~ ——Ca
2 —M
= 6000- n
= ——S
§ 5000 —X—Fe
S 4000
O
3000
2000
1000+ 5\
, . ———o—>°
0 T T X T N T X T X T X—
1.44 3.37 6.22 6.38 6.41 6.37 6.54
Equilibrium pH
700 ( b)
600
Fa 500
g
= ——M
c 400 g
S —A
< .
5 ——S
£ 300 '
3 —X—Pb
c
O
O 2004
100
0 7 XX
1.44 3.37 6.22 6.38 6.41 6.37 6.54
Equilibrium pH

Figure 3.4 Concentrations of (a) Ca, Mn, S and Fe and (b) Mg,Si, and Pb in
solution after the electro-winning waste was trdatéth solutions of
known pH (BHP-Billiton report, 2005).
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Figure 3.5 Phosphorus sorption isotherms for smelter slag ¢B8fsl) electro-winning
waste (EW; Titshall, 2007)

The high P-fixing capacity of the EW suggests that EW can remove elements that
generally undergo specific adsorption on oxidease$ such Cr, As, Se, and V. Several
authors have indicated that jacobsite can be usedmove Cr and As from solution
(Hu et al., 2005; Parsons et al.,, 2009). Jacobkke, MnO, can oxidise V and Se
(Bartlett, 1986).

The EW also showed high affinity for Zn, Cu, and(Rigure 3.6). The sorption of Cu
on EW can be described by an H-type curve, whetkas of Ni and Zn can be
described by an L-type curve (Figure 3.5). Bothypletand L-type curve indicate high
affinity of the adsorbent for the adsorbate at los@ution concentration. Iron and Mn
oxides have been known to be excellent scavengetefivy metals (Chao, 1972; Chao

and Zhou, 1983; van Herck and Vandecasteele, 200is, the sorption of these heavy
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metals on EW suggests a high of affinity jacobaitéd magnetite for heavy metals and
the potential for EW to immobilise heavy metals.
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Figure 3.6 Zinc, Ni and Cu sorption isotherm of the electrewing waste (BHP-
Billiton report, 2005).

3.3.2 The smelter slag properties

3.3.2.1 Basic properties and mineralogy

The SS has a high total content of Ca, Mn, andr&8ble 3.1 and Figure 3.7b) which
occurred in the ratio of approximately 1.4: 1: la(Qvn: Si). The SS is also
characterised by an alkaline pH (pi: 9.73), a high calcium carbonate equivalence
(CCE, 40.2%), low OC content (0.72 g 1d9gand a low EC (Table 3.1). The low EC
(35.8 mS rit) of the SS suggests low content of soluble saltiEhvwas confirmed by
low content of soluble elements in the saturatestepaxtract (Table 3.2). The surface

characteristic of the SS has low surface area anlike the EW, there was a lack of
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microporosity (Figure 3.7a). Consequently, the CB%2 cmal kg') and sum of
extractable base cations of the SS were lower thase of the EW (Table 3.1). The

surface characteristic of the SS can result in slmsolution of the solid phases.

Mineralogical analysis showed that the SS is domemhaby Ca-Mn silicate olivine
(glaucochroite, (Ca, Mg$iOs) (Appendix 3.5). Small quantities of bustamite
CaMn(SiQ),, quartz, lime (CaO), and possibly gypsum were mlsatified.

The dissolution reaction and dissolution const&y Kgissoluiop Of Olivine is presented
by equation 3.4 (Lindsay, 1979). Olivines are expedo dissolve at low pH and in the
presence of organic acids. Hence, glaucochroitexpgected to dissolve under these

conditions and release Ca, Mn and Si (Appendix 3.6)
CaSiO, + 4H <« 2Cd" + HsSiOy log K = 37.82 3.4

3.3.2.2 Dissolution investigation

The SS had high buffering capacity. The initial ierating solution pH of 0.5, 1.00,
and 3.00, when equilibrated with the SS, incrededdl22, 7.27, and 10.3, respectively
(Appendix 3.4). The high acid-neutralising capaotysS was attributed to the presence
of CaO and dissolution of silicates which, as pragly mentioned (Appendix 3.6), is

accompanied by a rise in pH (Titshall, 2007).

There was a sharp decrease in the concentrati@a,ofe, and Mn from an equilibrium
pH of 6.22 to 7.27 (Figure 3.7). Other elementhsag Al, Mg, S, and Si also decreased
from an equilibrium pH of 6.22 to 7.27. The concatbns of most elements, with the
exception of S, were very low at an equilibrium pHO. The release of these elements
(Mg, Fe, Ca, Mn, Si, and Al) is most likely to occdue to the dissolution of
glaucochroite. Elements such as Fe, Mg, and Al rbaypresent as impurities in
glaucochroite. Jonckbloedt (1998) has also repotted release of Mg which is

replaced by Hduring the dissolution of an olivine.
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Figure 3.7 (a) A scanning electron microscope image, (b) arKEiface with a table

indicating the composition of smelter slag.
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The observed release of elements at different pptabably reflecting the dissolution
of glaucochroite at different pH values. The desee&n the concentration of these
elements could be arising from the precipitationsetondary (hydroxide) minerals.
These secondary minerals can cause incompletdutissoof minerals (Appendix 3.6).

The low concentration of Si may support the posgbof incomplete dissolution of

glaucochroite. Furthermore, the concentrations @fa@d Mn at the equilibrium pH of
6.22 were about 15 and 20 % of total Ca and Mnerantrespectively. Sulphur was

probably released from gypsum and/or existed exgdwnie anion.

These results indicated that the release of MgClae Mn, Si, S, and Al from the SS is
pH dependent. This has implication for extractinfyison whose pH can be buffered to
pH above 7 during extraction. Furthermore, consitien must be given to extracting
solution that are buffered as the SS has a higth laifering capacity, which didn’t

allow the assessment of the release elements agthirium pH below 6.

3.3.2.3 Adsorption behaviour

The SS has a high P sorbing/fixing potential (Fégu8.5). The SS P-sorption

characteristics at low adsorbate concentration lmardescribed by an L-type curve
(Titshall, 2007). There was a sharp increase idg$diption of SS at residual P above 22
mg L™ (Figure 3.5) which was attributed to formationsetondary precipitates such as
Ca and Mn phosphate (Titshall, 2007). Silicate-nuohterials have been reported to
reduce P-leaching by forming insoluble phosphateenails (Kanamugire, 2007). These
results indicate that the SS has the potentialitonmse the leaching of anionic species
of group 4 (McBride, 1994) such as P, Se, As, assibly V.

The SS adsorption characteristics indicate higimigffof the adsorbent for Zn, Cu, Ni,
and Pb (Figure 3.9). The adsorption curve for Cd Bb tended towards an H-type
curve while Zn and Ni were sorbed to a lower extarhpared to Pb and Cu and their
sorption characteristics can be described by appe-tcurve (Figure 3.9) (McBride,
1994).
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Figure 3.9 Zinc, Ni, Pb and Cu sorption isotherm of the snreieg (BHP-Billiton
report, 2005).

The observed retention of elements on the SS dwlarising from adsorption of these
elements on silicate glaucochroite and precipitatdd secondary minerals. Most of
these elements, with the exception of Ni, can pitde out as metal hydroxides or as
sulphides. Although the presence of sulphide miseva the SS was not confirmed,
Pareuilet al (2010) has reported the presence the of sulphiderals in a Mn-rich
slag. Furthermore, Pb and Cu which were strongigimed are strongly chalcophilic
(McBride, 1994). The precipitation of metal hydrdes is favoured at pH above 6
(McLean and Bledsoe, 1992; McBride, 1994). Thesgptsm properties indicate the
potential of the SS to immobilise heavy metals, tipalarly those which are

chalcophilic and those which precipitates as ntetdroxides at pH above 6.

3.3.3 The Inanda soil form properties

3.3.3.1 Basic properties and mineralogy

The la soil is an acid soil (plker4.30 with an acid saturation of 80 %, Table 3.8)clh

is predominantly composed of hydroxyl-interlayereermiculites (HIV), kaolinite,
hematite, goethite, quartz, and gibbsite with quahd gibbsite being dominant
minerals (Appendix 3.7). The Fe, Si and Al in tle doil occurred in the ratio of
approximately 2: 2: 3 (Fe: Si: Al, Figure 3.10bheTla soil has high OC (9.60 g 109g
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content, high total N, high extractable P and lo& @able 3.3). Similarly to the EW,
the la soil was characterised by microporosity laigth surface area (Figure 3.10 a). The
dissolution reactions and logyioiution Of kaolinite, hematite, goethite, and gibbsite are

presented by equation 3.5 to 3.8, respectivelydsay, 1979).

Table 3.3 Physical and chemical properties of the Inandag®éd form used in the
study (Titshall, 2007)

Parameter Soil form'
la
oH H,O 4.30
1 MKCI 4.00
Electrical conductivity (mS M) 5.42
Organic carbon (g 100% 9.60
Total N (mg kg 5121
Ca 0.85
Extractable base catioismol, kg™) Mg 0.20
K 0.17
Exchangeable acidity (cmdg’) * 4.71
Sum of cations (cmgkg™) ¥ 5.92
Acid saturation (%) 80.0
Cation exchange capacity (crpktj?) 13.0
Extractable metal catiohs Mn 16.0
. Cu 4.40
(Mg kgl) Zn 2.00
Extractable P (mg kB * 20.0
T Analysis conducted by the Soil Fertility and Ariedal Services Division

(KwaZulu-Natal Department of Agriculture, Cedara).

AlSbOs(OH)s + 6H <> 2AP* + 2H,SiO, + H,0 log K = 5.45 3.5

%FeO; + 3H" , Fé" +15H0 log K =0.09 3.6
4_

FEOOH +3H — Fé"+2H,0 log K = -0.023.7
<_

Al(OH); + 3H <« AP +3H0 log K =8.04 3.8
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Figure 3.10(a) A scanning electron microscope image, (b) axXEface with a table

indicating the composition of Inanda soil.
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The minerals identified in the la soil are charasteally found in highly weathered
soils. These minerals, as indicated in equatiols t8. 3.8, have low solubility in
aqueous solution. The la soil, because of it minggaand organic carbon content, is
expected to immobilise heavy metals and also ctieseeadsoprtion of elements during

extractions (Appendix 3.8).

3.4  Concluding Remarks

The characterisation of wastes and soils providEsmation and understanding on the
behaviour of materials which has implications fbemical extraction methods and land
application of wastes. Chemical extraction metheelsm to be affected by the pH, EC,
surface characteristics, mineralogy, adsorptiop@ries, and pH buffering capacity of

the material under investigation.

The EW was characterised by a near neutral pH, EGh microporosity and high
surface area. It also had a moderate acid and dlkgdline buffering capacity. The
mineralogical component of the EW was dominateddapbsite and magnetite. The
high EC of the EW is suspected to cause saturaifotihe extracting solution. The
minerals (jacobsite and magnetite) of the EW aablstand might not be completely
dissolved by some reagents (such as oxalic ac@tolRlyammonium chloride, ascorbic
acid, and EDTA) used in chemical extraction methddiese two aspects may results in
underestimation of the release of elements durktigaetion. Furthermore, the EW had
high sorption capacity which might cause readsorpif released elements during
extraction. Nevertheless, the EW is expected taighgr dissolve at low pH, in the
presence of organic acids, and under both redwmdgoxidising conditions. The effect
of both reducing and oxidising conditions on thiease of elements from the EW will
be investigated using the BCR sequential extradt@ivapter 5). The dissolution studies
indicated that the partial dissolution of the EWhisst likely to occur at final extraction
pH below 6. This dissolution would release elemdatsnd on the minerals of the EW

and whose release, with the exception of Mg and @1 dependent.

The SS has alkaline pH (9.73), low EC, low surfamea, high acid buffering capacity,
and high P and heavy metals retention capacity. higle retention capacity of the SS
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was attributed to formation of secondary precipgaflhe mineralogical component of
the SS was mainly glaucochroite which is an oliviAkhough glaucochroite is highly
soluble at low pH and in the presence of organidsathe low surface area is expected
to result in slow dissolution rate. In additione thissolution of glaucochroite causes a
rise in pH which results in precipitation of secand minerals. These secondary
minerals results in slow dissolution rates and implete dissolution of minerals.
However, the use of organic acids and chelatingiiagean complex released elements
which will increase the dissolution rates and iithithe formation of secondary
precipitates. The dissolution investigation alsdi¢ated that the release of elements
from the SS was pH dependent and occurred at thébegtion pH below 10.

The la soil was a highly weathered acid soil and wamposed predominantly of
kaolinite, HIV, quartz, goethite, hematite, and kgite. Since la soil was highly
weathered, it had low concentration of base catitmvg pH, and a high organic carbon
content. The mineralogical components of the laasald its high organic carbon content
suggests that the la soil will have a high affirfity heavy metals. Consequently, the la

soil is expected to contribute to the readsorptibelements released into soil solution.

The use of the SS and EW on the la soil based enatiove results may have
ameliorative effect by reducing the acid saturatbthe la soil. However, high organic
carbon content of la soil may results in increaseldibility and mobility of elements
from these materials. High sorption capacity of tesoil, SS, and EW may result in
adsorption of released elements before they migoatggoundwater. The adsorption of
these released elements may result in redistribwticelements amongst different solid
phases. The assessment of redistribution of elemerthe SS or EW amended la soill
would be investigated (Chapter 6). The redistrioutf elements may also occur during
extraction. Although this is not directly investigd in this study, Chapter 7 and
Chapter 8 indirectly deal with this topic.



48

CHAPTER 4

THE EFFECT OF EXTRACTION TIME ON THE SOLUBILITY OF
ELEMENTS USING CARBONIC ACID

4.1 Introduction

The equilibration or extraction time is importantthe chemical extraction of soils and
wastes (Ross, 1994). This is because short extratitnes may result in incomplete
release of elements and long extraction times woekllt in precipitation of new
mineral phases or adsorption of released elembmsmplete release of elements may
underestimate the concentration of elements intdingeted fraction. Precipitation of
new mineral phases or adsorption of released elsmehnich will underestimate the
concentration of elements from the targeted fractimay also occur. Furthermore, the
precipitation of new mineral phases or adsorptibreteased elements due to saturation

of the solution is not likely to occur in field cditions as a fresh solution is supplied.

Another aspect to consider with respect to exwactime is that although chemical
extractions are performed in few hours or daysy thienulate a long term (days to
years) release of elements for plant uptake orh @nvironment. For instance,
exchange reactions are known to be rapid and tireigstimation of the exchangeable
cations can be accomplished in an hour or two hodflsereas, the dissolution of
mineral is slow and long extraction times are oftesed when simulating dissolution

reactions.

The assessment of equilibration time is done by itoong the changes in the
concentration of an element or elements with irgirgp extraction time. If the
concentration of the element does not change witheasing extraction time then it is
assumed that ‘equilibrium’ had been reached. Theaeton time at which the
equilibrium concentration is obtained will then fegarded as the ‘standard’ extraction
time. Several authors have also regarded the @lateau as point where equilibrium is
reached (Tessiat al, 1979; Maizet al, 1997; Jong and Parry, 2005; Getlal, 2006;
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Manouchehriet al, 2006; Vanret al, 2006). The equilibration time is expected to be
short for desorption of exchangeable elements amdjelr for the dissolution of

minerals.

The equilibration time for the dissolution of miaty has been studied by various
authors (Tessieet al, 1979; Bermond, 2001). Tessiet al (1979) assessed the
equilibration time for the dissolution of the canlates and Fe-Mn oxides. Six different
times were used to assess the dissolution of cateen The concentration of Ca
increased with increasing extraction time and tHettened around five hours. In the
case of Fe-Mn oxides seven different times werel useassess their dissolution. The
concentration curve of Fe released from Fe-Mn axigkached plateau after six hours.
Consequently, an extraction time of five hours vgatected for the dissolution of

carbonates and six hours for the dissolution ofMresxides.

The aim of this chapter was to assess if the cabarid extraction recommended in
DWAF guidelines (DWAF, 2005b) allow for ‘equilibn’ to be reached. Carbonic acid
is expected to extract readily mobile elementsb@aic acid has also been reported to
dissolve minerals but there are contradictionshin literature on this matter. Berg and
Banwart (2000) reported that carbonic acid, likgamic acids, promote mineral
dissolution. On contrary, Golubei al. (2005) reported that carbonic acid has no effect
on mineral dissolution. These inconsistencies wattebuted to the differences in
mineral structures (Golubegt al, 2005). However, pH seems to be the principal

control that can explain most of these inconsisésnc

Carbonic acid dissociates to either bicarbonate G)Cor carbonate (C§) ions
depending on the pH. Carbonic acid starts dissogiat pH above 4.5 (Bohet al,
1979). Bicarbonate becomes a dominant specie®giHhrange of 6.4 to 10.3 whereas
carbonate ion is dominant at pH above 10.3 (Betral, 1979; Greenwood and
Earnshaw, 1984). Consequently the dissolution afenals at the pH below 4.5 is
proton promoted with no effect from carbonic aciBerfg and Banwart, 2000).
Similarly, the dissolution of minerals at pH range 4.5 to 8 is promoted by both

protons and bicarbonate. In the pH range of 8 tth#2mineral dissolution is controlled
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by bicarbonate and carbonate ions. Finally, ifgheis above 12 then the dissolution of

minerals is controlled by carbonate ion.

4.2  Materials and methods

The changes in the concentration of elements asmetibn of extraction time were
investigated using acid rain test (carbonic acid)tiee electro-winning waste (EW),
smelter slag (SS), and the Inanda (la) soil. Innie¢hod outlined (DWAF, 2005b) 100
g of material is extracted with 2 L of carbonicdabor 20 hours. In this investigation a
mass of 1 g (< 2 mm) was extracted with 20 ml agboaic acid. The extraction times
investigated here were 16, 20, 30 and 50 hours.€ektection time of 16 hours was
chosen to represent extraction time shorter thahd@s, which is the recommended
time. The extraction times of 30 and 50 hours wehesen to represent higher

extraction times.

The extractions were performed at room temperaiaineg an end-over-end shaker (at
27 r.p.m). The extracts were separated from thessbly centrifuging at 3000 r.p.m for
20 min and filtered. All the extractions were cadriout in triplicate. The filtered
extracts were stored at 4 °C in polyethylene vialslater analysis. The pH of the
extracts was measured using Radiometer PHM210 a&tdngpH meter. The
concentrations of Al, Ca, Co, Cu, Fe, Mg, Mn, Ni, B, Si, and Zn in the extracts were
measured using inductively coupled plasma opticaission spectroscopy (ICP-OES,
VARIAN ICP 720-ES). The lower limits of detectionrfthe ICP-OES are presented in
Appendix 4.1.

4.3 Results and discussion
4.3.1 The electro-winning waste

The concentration of Al and Zn did not change agipidy with increasing extraction

time (Figure 4.1 a) suggesting that the ‘equilibriwas reached before 16 hours for Al
and Zn. The concentration of Ca decreased witreasing extraction time (Figure 4.1
b) and the retention of Ca slowed down after 20rfiolihe decreasing concentration of
Ca with increasing extraction time indicated thesgnce of Ca removing mechanisms

during extraction. These mechanisms could be reptison of released element or
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precipitation of new solid phases. The final exitat pH for the EW (Appendix 4.2)
was below 7 and would not support formation of cadies. The concentration of S
which did not change significantly with increasimxtraction time questions the
formation of CaS@as the Ca removing mechanism. However, the saioratidexes
suggested that the extracting solution was supeegat with respect to gypsum and
insoluble CaS@ Hence the formation of Ca%@ a possibility.

The other possible mechanism is the readsorptid@aobn exchange sites. In that case,
the slowing down of Ca retention after 20 hours rbaydue to saturation of sorption
sites. This mechanism was also proposed by Bern{@gffl1) who found that Pb
concentration began to decrease at the extractive kss than 100 minutes. The
decrease of Pb with increasing extraction time atgguted to the readsorption of Pb.
However, these mechanisms (precipitation and reptisn) need further investigation.
Their effect on elements such as Fe, Cu, Ni, anfiWRich were below detection) needs
to be evaluated as it is possible that these elemmeare also readsorbed or formed

secondary precipitates.

The concentration of Co, Mg, Si, S, and Mn extrddi®m the EW increased with
increasing extraction time (Figure 4.1) and theasé of Co, Mn, and S slowed after 20
hours indicating that the reaction was nearing detign. The continued increase of
Mg and Si after 20 hours could be due to minerasalution. This suggests that the
release of elements before 20 hours was probatily mesult of mineral dissolution.
The extraction time less than 20 hours is mostiflike release exchangeable and
specifically adsorbed elements or cause dissolutfaamorphous salts such as gypsum
and barite. Beckett (1989) has also indicated #ipacifically adsorbed elements are
released more slowly than exchangeable cationthelfrelease of elements continues
after 20 hours, it is most likely reflecting thelease of elements due to mineral
dissolution.

These results indicate that 20 hours is adequateelémse readily mobile elements
though other elements such as Ca (and probablZeNi, and Pb) might be retained.
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Dissolution of minerals may occur at times aboveh20rs and might start before the

release of readily elements is complete.

4.3.2 The smelter slag

The concentration of Mg, S, and Si did not changereciably with increasing
extraction time in the SS (Figure 4.2) suggestimgt the ‘equilibrium’ was reached
before 16 hours for these elements. Converselyilibgum’ was not reached for Ca
and Mn. The concentration of Mn decreased fromdl@Q hours and then increased
afterwards which might imply that the release afl@ngeable Mn occurred within the
first 20 hours and was followed by mineral dissolutwhich also released Mn. The
concentration of Ca in extracting solution increhge to 20 hours and then decreased
up to 30 hours which was followed by a subsequemtease. The increasing
concentration of Ca before 20 hours representsreélease of the exchangeable Ca
which was then retained either through precipitatiof secondary minerals or
readsorption. After 30 hours, the release of Cautin mineral dissolution became
dominant.
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Figure 4.2 The changes in concentration of Ca, Mg, Mn, S, 8ntbr the smelter

slag (SS) extracted using carbonic acid for 16320and 50 hours.
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These results indicate that the release of Ca amdidvhg carbonic occurs in two stages
which are the release of readily mobile fractiortli#se elements and through mineral
dissolution. Readsorption of released elementsrecipitation of secondary minerals
may occur between these stages. The dissolutiogianfcochroite by carbonic acid
should release Ca, Mn, and Si. However, the coratort of Si did not increase with
increasing extraction time probably because Sifoan polymers and precipitate out as
a gel if present in high concentration in solutigkppendix 3.6). Furthermore, the
equilibration time for Ca and Mn was not establéhecause of the slow release of

these elements arising from mineral dissolution.

4.3.3 The Inanda soil form

The concentration of S did not change appreciablyh wicreasing extraction time
suggesting that the ‘equilibrium’ was reached befb8 hours for S. The concentration
of Al, Fe, and Si increased with increasing exioacttime (Figure 4.3) and the

equilibration time could not be established. Ther@asing concentration of Al, Fe, and
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Figure 4.3  The changes in concentration of Al, Fe, S, and6ttie Inanda (la) soil
extracted using carbonic acid for 16, 20, 30, ahti&urs.
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Si with increasing extraction time, similarly tetl§S, might represent dissolution of the
soil minerals. Iron would be released from the aligson of Fe oxides whereas Al
would be released from the dissolution of kaolirated gibbsite. The dissolution of
kaolinite would also release Si. Aluminium could@be released from organic matter.
However, there was no clear separation betweeretease of readily mobile elements
and those released through mineral dissolution.s TWas probably due to short
equilibration time (less than 16 hours) neededHerrelease of readily mobile elements
or because the release of elements due to minssalldtion occurred before the release

of readily mobile was completed.

Carbonic acid has been reported to dissolve bath oxides and silicate minerals
(Brunoet al, 1992; Berg and Banwart, 2000). The dissolutiokadlinite, iron oxide,

and gibbsite consumes protons (equation 3.8 totiegua.11). This was evident as the
final extraction pH was higher than initial pH obth the la soil and carbonic acid
(Appendix 4.2). Although the effect of pH on thesgblution of these minerals in the
presence of carbonic acid was not investigatedsetiresults indicated that the pH

increases during the extraction and thus protomseanoved by some mechanisms.

4.4  Conclusions

The results from this investigation indicated tligterent fractions of elements are
released by carbonic acid from the studied materfath made it difficult to establish
equilibration time for some elements. The use oifildgation time of 20 hours to assess
the release of Mg, Al, Zn, Si, Co, Zn, S, Ca, amdiNthe EW; Mg, S, and Si in the SS;
and S in the la soil was adequate. These elemeets mrobably exchangeable or
specifically adsorbed. However, 20 hours may rasuletention of some elements such
as Ca in the materials with high sorption capddis the EW. On contrary, equilibrium
was not attained for elements such as Ca and MimeirsS and Al, Fe, and Si in la soil

which were most likely released as a result of mahdissolution.

The release of elements using carbonic acid wasdféo occur in sequence where the
readily mobile fractions are released first follavby mineral dissolution. In some

instances the release of elements due to minesabldition begins when release of the
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readily mobile fraction is not yet complete. Thisakas it difficult to establish
equilibration time for elements which are releadesm both fractions. Further
investigation is required to investigate the effeicpH on the release of elements using
carbonic acid, particularly on mineral dissolutidrhis might assist in separating the

release of elements from the readily mobile fracdaod those from mineral dissolution.
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CHAPTER 5

FRACTIONATION OF ELEMENTS IN THE ELECTRO-WINNING
WASTE, SMELTER SLAG, AND INANDA SOIL FORM

51 Introduction

Changes in soil solution chemistry affect the allity of elements. A decrease in pH
will release elements bound to carbonates or @tigrsoluble material. A shift towards
reducing conditions will dissolve Fe-Mn oxides amdease elements bound to these
oxides. The availability of the released elementsy,mhowever, be limited by the
precipitation of metal sulphides, which occurs wiseitphate are reduced to sulphides
(McBride, 1994). These sulphides may dissolve umdélising conditions which will
cause the release metals and possibly sulphuidc Barthermore, oxidising conditions

can dissolve organic matter causing the releaséeaients bound to this phase.

Sequential extraction procedures assist in estimathe release of elements with
changes in solution chemistry. For instance inBB& sequential extraction, the release
of elements bound to carbonates, Fe-Mn oxides, caigdnic matter and sulphides is
estimated using acetic acid (HOAc), hydroxylammanmiwchloride (HAC), and

hydrogen peroxide (#D.), respectively.

The aim of this chapter was to assess the disiibuif elements amongst different
solid phases of the EW, the SS, and the la soit distribution was assessed using the
BCR sequential extraction and is related to theas# of elements with changes in

solution chemistry.

5.2  Materials and methods

The fractionation of elements was investigated gisie BCR three — stage sequential
extraction (Quevauvilleret al, 1994) with the addition of the final step (restu
fraction) aimed at extracting the silicate bounehetnts (modified from Chen and Ma,
2001) (Table 5.1). The sequential extraction inedlvthe extraction of 0.5 g of a
material in a 50 mL polyethylene centrifuge tubehw®.11 M HOAc, followed by
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HAC, and then digested with,B, and extracted with 1 M ammonium acetate. The
final step involved the digestion with aqua redithough aqua regia did not dissolve
all the material most of Fe and Mn were removednfrthe EW (Appendix 5.1).
Between each step of the sequential extractionsah&ple was rinsed by extracting with
10 mL of distilled water for 15 min and the supe¢amt liquid was discarded as outlined
in the method of Quevauvilleet al. (1994). The extractions were conducted in
triplicates using analytical grade reagents witk #xception of KD, which was
chemically pure grade. The concentrations of Al, Ca, Cu, Fe, Mg, Mn, Ni, Pb, S,

and Zn in the extracts were measured as descmb8ddtion 4.2.

Table 5.1 The different fractions of the sequential extractivith corresponding
extractants and volume of extractants, reagentsephiaction time and

temperature. The pH was adjusted using concentrétiéci acid

_ Reagent Extraction
Fractions Reagents and volumes _ Temperature
pH time
Acid-soluble | 0.11 M HOAC (20 mL) nd 16 hrs (25 °C)
Reducible 0.1 M HAC™ (20 mL) 2 16hrs (25 °C)
30% HO,"™ (5 mL) nd 1 hr 25°C
Oxidisable | 30% HO,"™™ (5 mL) nd 1hr 85°C
1 M NH,OAC™ (35 mL) 2 16hrs 25°C
_ _ 16 hrs 25°C
Residual Aqua regia (12 mL) nd
3 hrs 110°C
*nd not determined
"HOAC acetic acid
"HAC hydroxylammonium chloride
H,0; hydrogen peroxide

TT'NHL,OAC ammonium acetate



59

A separate set of samples was extracted but tbkar residues were retained after each
extraction to analyse on the XRD (Philips PW1050) @&lectron microscope (ESEM,
Philips XL 30).

53 Results and discussion
5.3.1 The electro-winning waste

The fractionation of elements was investigatedgitie BCR sequential extraction. The
acid-soluble (AS) fraction which includes water d& and exchangeable elements
accounted for a high proportions (> 65%) of ex@htd Ca, Mg, S, Ni, and Co in the
EW (Figure5.1). The release of Ca, Mg, and S istriiksly from the dissolution of
soluble salts as high concentration of these elésrersted as soluble salts. Cobalt and
Ni are amongst the most mobile elements of exchatrigeheavy metals (Group 2;
McBride, 1994) and most likely released throughoraexchange. The remainder (<
35%) of Ca, Mg, S, Ni, and Co were in reducible YR#xidisable (OX) and residual
(RES) fraction. The release of these elements esehractions could have occurred
because they were bound on jacobsite and magnghigeother possibility is that they

were not completely dissolved by acetic acid.

The extractable Cu and Zn had about 35 % in AS 3md&b6 in RES fractions. The
remaining proportions of Zn were in the RF and @acfion and that of Cu was in the
OX fraction. Copper and Zn, like Co and Ni, arelextgeable heavy metals but have a
lower mobility compared to Co and Ni. Adsorptiorudies (Section 3.3.1.3) also
indicated that these elements are strongly retaamethe EW. These two elements are
also known to adsorb strongly on colloidal mate(iatBride, 1994).

Lead was largely in the OX fraction (about 60 %l about 35 % Pb was in the RES
fraction. In soils HO, is used to dissolve organic matter and sulphidiesvever, the
presence of organic matter and sulphides in thei€'ss likely. The high proportion
of Pb in the OX was probably released PbS, whichldcdvave formed when S is
reduced to sulphides, was dissolved. Reducing tondican results in precipitation of
PbS (McBride, 1994) which can be solubilised b¥kand release Pb and S.
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Aluminium, Fe and Mn were predominantly in the RE®ure 5.1). The release of Fe
from this fraction suggests that magnetite was aorhpletely dissolved by previous
reducing and oxidising reagents but was dissolwedidua regia. The release of Al
might be accounted by the substitution of'Féy A" on magnetite structure
(Schwertmann and Murad, 1990). Jacobsite could baea incompletely dissolved by
previous reducing and oxidising reagents but wasalved by aqua regia which will

release both Fe and Mn.
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Figure 5.1 The fractionation of Ca, Fe, Mn, S, Al, Mg, Zn,,@po and Ni amongst the
acid soluble (AS), reducible (RF), oxidisable (OXnd residual (RES)
fractions for the electro-winning waste. The sumtlé concentration
(mg kg?) of AS, RF, OF, and RES is presented on top ob#rs.

The above results raise the question of whethebextracting with HOAc followed
by HAC and HO, is able to dissolve magnetite and jacobsite wlioh dominant
minerals in the EW. The analysis of the solid residollected after the J@, extraction
using the XRD indicated that both magnetite andljate were still present (Appendix
5.2). Jacobsite and magnetite were dissolved gagua regia digestion (Appendix 5.2
abd Appendix 5.3).Furthermore, the surface of té did not change appreciably after
HOAc, HAC, and HO; extraction (Appendix 5.3). Hence it is proposedttHOAC
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released elements which were water soluble saéisNIg, S and small amount Mn) and
exchangeable cations (Co, Cu, Ni, and Zn). Howetlerse elements might have not
been completely released due to solution saturatidhey were readsorbed on jacobsite
and magnetite. Extraction with HAC and®j should release these elements since they
might be strongly adsorbed. Furthermore, HAC an®Hmay, to a lower extent,
dissolve jacobsite without dissolving magnetitee3é possibilities questions the BCR
sequential extraction’s reducing and oxidising erdg ability to dissolve stable
minerals such as jacobsite and magnetite.

5.3.2 The smelter slag

The proportions of extractable Al, Ca, Fe, Mg, Mnd S in the AS were low (< 30 %)
for the SS (Figure 5.2). The proportions of thelsenents in the RF were also low (<
20%). Substantial proportions (> 35%) of Al, Ca, ,Mgd Mn were found in the OX for

the SS. Similarly, high proportions (> 60 %) of &g, and S were found in the RES.
The RES also accounted for small proportion (< 30%6a, Mn, and Mg.
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Figure 5.2 The fractionation of Al, Ca, Fe, Mg, Mn, and S amgst the acid soluble
(AS), reducible (RF), oxidisable (OX), and resid(RES) fractions for the
smelter slag. The sum of the concentration (mg) laf AS, RF, OF, and
RES is presented on top of the bars.
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The interpretation of the results of the SS obthifiem the BCR sequential extraction
is difficult. The difficulty arises as the BCR seupial extraction should indicate the
release of elements from the SS with changes itisal chemistry but the SS has one
predominant mineral (glaucochroite) and small an®wh bustamite and quartz. What
could have happened in this case is a progressssoldtion of glaucochroite by the
reagents used in the BCR sequential extractions Tgrogressive dissolution of
glaucochroite can be supported by the fact thatioglehroite can be incompletely
dissolved due to solution supersaturation and pitation of secondary minerals
(Appendix 3.6). Each reagent used in the BCR selaxtraction gets saturated and
the dissolution of glaucochroite stops. Next reagersed allow further dissolution of

glaucochroite.

The distribution of Ca and Mn were similar whichrther supports the progressive
dissolution of glaucochroite. The distribution ofjMvas also similar to that of Ca and
Mn which could have resulted from Mg substitutingge elements on glaucochroite. In
addition, the analysis of solid residues with tiHe[Xindicated that glaucochroite peaks
disappeared after J, extraction but bustamite’s peaks were still preg&mppendix
5.4). The analysis of solid residue on electronrasicope (Appendix 5.5) shows that
HOAc, HAC, and HO, did change (etches were observed) the surfacegmep of the
SS.

Hence, it is proposed that glaucochroite was gbriitsssolved during HOAc and HAC
extraction and the dissolution was accompanied tiseain pH (Appendix 5.6). The rise
in pH would then favour the formation of Al and Res secondary (hydroxides)
precipitates which would explain the low proporsasf these elements in the fractions.
However, based on the SEM images formation of s#mon precipitates is not
conclusive. Nevertheless, the pH changes susggdbstsformation of secondary
precipitaes. As the dissolution of glaucochroitegoesses, the SS lost most of its
buffering capacity which limited the formation ot Fand Al secondary precipitates.

This may result in substantial proportions of Atldfe in the OX.



63

High proportions of Al and Fe in the RES could haween released from other
secondary minerals such as phosphates and sulpidiesinium and Fe sulphates
would form when Al and Fe retain S during the disson of gypsum. This would
explain the high proportion of S in RES. Howeveaghhfinal extraction pH of HOAc
(HOAc would dissolve gypsum) is not expected toofavthe formation of Al and Fe
sulphates. The formation of Al and Fe phosphateldvba caused by high phosphorus
content in the extracting solution (high P conterats measured when the extracting
solution was run as a sample on the ICP-OES). Thhesphates are stable and their
formation is favoured by low pH (Lindsay, 1979).rde, the high P content of the
extracting solution and the low final extraction phbuld favour the formation of these
phosphates. When these phosphates minerals acdvdigsit high temperatures during

aqua regia digestion, Al and Fe would be released.

Although the release of elements from the SS u$ied3CR sequential extraction could
be traced and explained, consideration needs takan as the results obtained do not
reflect the release of elements with changes iatieol redox chemistry. However, the
results from the BCR sequential extraction maydaté the release of elements from

the SS due to continued acidification.

5.3.3 The Inanda soil form

The elements in the la soil behaved differentlyhtose in the wastes. Firstly, the total
extractable elements were lower in the la soil timthe wastes with the exception of
Al and Ni. Secondly, high proportions (> 85%) oémlents, with the exception of Ca, S,
and Cu, were found in the RES (Figure 5.3). The RE® accounted for more than
65 % of S and Cu and about 45 % of Ca. About 40f @aowas found in the AS with

the remaining Ca accounted for by the RF and the T RF also accounted for about
25 % Cu, and less than 5 % of Al, Fe, and S. Smpitaportions (<5 %) of Al and Fe

were found in the OX. The OX accounted for abou#25 which was probably present

as organic S, particularly since la soil has highaaic matter content.
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Figure 5.3 The fractionation of Al, Ca, S, Fe, Mg, Ni, Pb,daBu, amongst the acid
soluble (AS), reducible (RF), oxidisable (OX), amdsidual (RES)
fractions for the Inanda soil form. The sum of gomcentration (mg K3
of AS, RF, OF, and RES is presented on top of #1e.b

The la soil is highly weathered and has most ofaexable elements leached. As a
result, most elements are incorporated into crigséaimaterials during weathering. This
would explain high proportions of elements in thESR Small proportion of Al in AS
might have been present as water soluble Al whidknbwn to be a problem in highly
weathered acid soils or complexed by soluble ogyamatter. Similarly, Ca and S are
expected to be water soluble. The elements in Rfhtniave been released during the
dissolution amorphous Fe oxides. This is becausectiistalline minerals were not
dissolved by HOAc, HAC, and J@, and the analysis of solid residues using the XRD
indicated that HIV, kaolinite, goethite, and henmativere still present after B,
extraction (Appendix 5.7). However,,&, might have dissolved organic matter and
released organically bound S. Nevertheless, thdtsesf the BCR sequential extraction
indicate that lower concentration of elements w# released from the la soil when

acidification, reducing and oxidising conditionocs.
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5.4  Conclusions

This chapter showed that the release of elemeaots fa soil is not similar to those in
the EW and the SS. A question was also raised degpthe use of the BCR sequential
extraction to estimate the release of elements withnges in solution chemistry.
Magnetite and jacobsite from the EW were not suttistly dissolved by the HOACc,
HAC, and HO, used in the BCR sequential extraction which ccwdde arisen from
these reagents being less aggressive. This cowd &lso been caused by dynamic
behaviour of jacobsite, which when it dissolvesah form magnetite and manganese
dioxide. Furthermore, ¥D, which is supposed to be an oxidising agent prgbabl
operated as a reducing agent. The limitation ofB@& sequential extraction in the SS
was that the predominant mineral (glaucochroitepa$ dissolved by reducing and
oxidising conditions. Glaucochroite is, howeverssdilved by continued acidification
caused by a successive application of HOAc, HA@, t&©,. There is a possibility that
secondary minerals such as sulphates and phospieatermed during the sequential
extraction. This formation of secondary mineralduees the availability of elements
such Al and Fe. Further investigation is needed W assess the effect of using
reducing and oxidising reagents which are diffeterthose used in the BCR sequential
extraction. This further investigation should aégtempt to use higher solution to solid

ratio in order to avoid saturation of the extragtsolution.
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CHAPTER 6

THE EFFECT OF INCUBATION TIME ON THE AVAILABILITY
OF ELEMENTS FROM WASTE TREATED SOIL

6.1 Introduction

The availability of elements may change over timeew a waste is applied to soils.
These changes are governed by dissolution-pretgritaeand adsorption-desorption
processes. Bastat al (2005) indicated that the degradation of orgamatter and
dissolution Fe-Mn oxide minerals release elememsntl to these solid phase into
solution. Organic matter, Fe-Mn oxides, and othalids (such as carbonates) can,
through adsorption, immobilise a substantial amoohtpollutants. This combined
release and readsorption of elements will resultetistribution of elements amongst

different solid phases in waste treated soils.

The objective of land application of waste is tiiag the chemical, physical, biological
properties of soil to assimilate waste componerite minimal effects on soil, water
and air quality (Cameroat al, 1997). This implies that the toxic effect of wasind
availability of pollutants from the waste are exjgecto decrease when waste is applied
to soil. Sequential extraction procedures (SEP)giaa insight into the immobilisation
or redistribution of elements in soil. These ara 4a “furnish detailed information
about the origin, mode of occurrence, biologicaldaphysiochemical availability,

mobilization, and transport of trace meta(3essieret al, 1979).

The effect of incubation time on the mobility andtdbution of elements in waste
amended soil was investigated in this study. Thanghks in the availability of elements
were investigated using a water extraction and BR#&R sequential extractions. The
water extraction represents the most mobile elesnamid closely resembles soil

solution and the BCR sequential extractions wiless the redistribution of elements.
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6.2 Materials and Methods

6.2.1 Incubation experiment

The SS and EW were mixed with the la soil at rafe$20 and 20 g K respectively.
The equivalent ‘field’ application rates were 288 Ma" for the SS and 48 Mg Hafor

the EW (assuming a soil bulk density of 1.2 g°camd an incorporation depth of 200
mm). The application rate of the SS was chosent asaintained the pH of la soil

around 6.5 which minimised nutrient deficiency ahalt of the EW was chosen to keep
the EC at lowest levels (Titshall, 2007). After iiagh mixing of soil and wastes, the
mixtures were moistened to field capacity by addiisiilled water. Field capacity was
considered to be the water content of the soilsvasikture at a matric potential of -30
kPa. The moistened mixtures were remixed and platedastics bags and stored in
dark plastic buckets at 24°C. The bags were opemedmixed weekly to prevent

anaerobic conditions from developing. The mixturese then sampled after 7, 28, 56,
and 140 days. A separate dry mixture was prepamddcansidered as time zero (Day
0). These samples are represented as EW 0, EW 2&®W 56, and EW 140 for the
EW mixture and SS 0, SS 7, SS 28, SS 56, and SSat4the SS mixture. After

sampling, the mixtures were immediately air-dried ae-milled (to pass through a 2
mm sieve) for analysis. It was assumed that aimdrgtopped further reactions from

occurring.

6.2.2 Changes in availability of elements as ationoof incubation time

The changes in water extractable elements as aidanof incubation time were
investigated using the method of Dold (2003). A sna60.6 g (of samples from the
incubation experiment) was extracted with 30 mHtilled water for 1 hour at room

temperature.

The changes in the distribution of elements oweetin the waste amended soil were
investigated using the BCR three—stage sequentication (Quevauvilleet al, 1994)

(Section 5.2). The analysis of the extract was@admwut as outline in Section 4.2.
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6.3 Results and Discussion

6.3.1 Changes in the water soluble elements wahhation time

6.3.1.1 The electro-winning waste

The concentration of water soluble Ca, Mn and Mgeéased with incubation time for

the EW treated soil (Figure 6.1) indicating thagrthwere reactions between the la soll
and the EW that caused the release of these elemé&né¢ concentration of water

soluble S decreased with incubation time (Figuflg Suggesting the removal of S from

soil solution. The concentration of water extrat#atl did not change appreciable with

incubation time.
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soil.
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The release of Ca, Mn, and Mg might have been chbyecomplexation of these

elements by organic acids and by increased acidltig. la soil contains organic acids
which can cause desorption of elements from thiases or cause dissolution of solid
phases at the low pH of la soil. Elements availgbi$é increased and then maintained
when organic acids form water soluble metal congseftindsay, 1979; Ross, 1994;
Schwabet al, 2008).

The production of organic acids (when organic natezomposes) will also lower the
pH of the soil solution (Titshall, 2007). A decream pH can also be caused by
nitrification (equation 6.1; Bloom, 2000). The EV&shhigh ammonia content which can
be transformed to nitrate and produce acidity. [be pH will enhance the dissolution

of minerals. Both low pH and organic ligands haweerb reported to cause the
dissolution of minerals (Stone and Morgan, 1984o1Gter and Sposito, 1995; Drever
and Stillings, 1997; Li and Schwartz, 2004).

2NH;" + 40, «—— 2NGO; + 4H + 2H,0 6.1

This decrease pH with incubation time was assuroedatise the decrease in water
soluble S with incubation time. The decrease invpHi results in positively charged
surfaces which will increase anion exchange capd&EC). The positively charged

surfaces will cause adsorption of sulphate-S oremairsurfaces.

6.3.1.2 The smelter slag

The concentration of water soluble Al increasedmnfr®ay O to Day 7 and then
decreased afterwards (Figure 6.2). The concentraifowater soluble Al was below
detection by Day 56. The concentration of wateulsiel Ca, S, Mg, Mn, and Si, on the
contrary, increased with incubation time for the t&&ted soil (Figure 6.2). Calcium
and Mg were below detection on Day 0 appeared lutisa by Day 7. Water soluble
Mn was also below detection up to Day 28 and by B@yt had appeared in solution.
The increasing concentration of water soluble Ca, B|, and Si could be arising from
the dissolution of glaucochroite and gypsum. Thereksing concentration of water

soluble Al might be caused by precipitation of Ablhoxides.
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Figure 6.2 The changes in the concentration of water soludjeCq, S and Mg, and
(b) Al, Mg, and Si with incubation time extracted a smelter slag
treated soil. The concentration of zero represamscentration of

elements which were below detection.

The dissolution of glaucochroite might have ocadilby Day 7 which is supported by
decreasing water soluble Al and appearance of @avimin solution. The dissolution
of glaucochroite results in the increase in pH (&mix 3.6) which will remove Al

from solution by forming Al hydroxides minerals. Mdenkov and Bocharnikova

(2001) have also postulated that silicate matedals lower Al toxicity by increasing
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the pH of the acid soils. The release of Mn mighveh occurred on Day 7 but the
concentration was too low to be detected. Hencéhadlissolution of glaucochroite

continues the concentration of Mn increased anddesected after Day 28.

The increasing pH is expected to increase the G @ence, the adsorption of cations
IS expected to increase and their concentratic@olution to decrease. However, Al was
the only cation whose concentration decreased iwitfteasing pH. It was assumed that
organic acids, produced when organic matter deceggya@omplexed other cations and

inhibited their adsorption.

6.3.2 The effect of incubation time on the disttibo of elements

6.3.2.1 The electro-winning waste

The BCR sequential extraction was used to invegtigi@e changes in distribution of
elements amongst different mineral phases as famaif incubation time in waste
amended soil. The distribution of Al, Fe, and Mgl diot change appreciably with
incubation time in the EW treated soil (Figure 6.@plcium and S decrease with
incubation time in the AS fraction (Figure 6.3).€Ttdecrease of Ca in the AS fraction
corresponded to an increase RF, OX, and RES fragtiparticularly the RF fraction
(Figure 6.3 a). The decrease of S in the AS coarded to an increase of S in OX and
RES (Figure 6.3 d). This decrease of S was notpeeird as water soluble S decreased
(Figure 6.1 a) in the EW treated soil.

There are three possibilities that may explainbbleaviour of Ca and S but only one of
these possibilities includes the retention of beldments by the same mechanism. The
first one is that S was released from the acidkdelunaterials during acetic acid
extraction and was adsorbed on organic matterrondd stable minerals such as barite
(BaSQ). The second possibility is that Ca was readsodredrganic matter and Fe-Mn
oxides during acetic acid extraction. This wouldule in, and might explain the
increasing Ca with incubation time in the RF, OXidaRES fractions. The third

possibility is that the same mechanism that is sengpS is also removing Ca.
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The results of the decreasing Ca in the AS corttedithose of increasing Ca in the
water extraction. The decreasing Ca in the AS cbeldcaused by the readsorption of
Ca during HOAc extraction. When assessing the eftdécextraction time in the
extractability of elements, the results indicatieat {Ca gets readsorbed in the EW during
carbonic acid extraction if the extraction timet@ long. This was proposed as
possibility and although HOAc may behave differgritbm carbonic acid readsorption
during HOACc extraction can occur. The HOAc extrativas performed for 16 hours
by which readsorption of Ca is most likely to oceunereas the water extraction is

performed for 1 hour which is not long enough teutts in readsorption of Ca.

The decreasing Ca with incubation time in the A&fiion questions the readsorption of
Ca during acetic acid extraction. Furthermore, el@sing pH in the EW treated soils
(Titshall, 2007) and low final extraction pH is retpected to favour the readsorption of
Ca. Hence, the decreasing Ca with incubation tmthé AS fraction was probably due
to the formation of insoluble calcium sulphate (thed possibility) which is favoured
by high sulphate concentration and low pH (Linds879).

The increasing S (exchanged by acetate ion) intisaluand decreasing pH with
incubation time were probably the main factors gaygthe formation of insoluble
calcium sulphate. The decreasing pH with incubatiore will cause the release of Ca
and retention of S as observed in Figure 6.1. Wdwastic is applied to the EW treated
soils it will release exchangeable S as acetate has been used to assess the
concentration of anions in the exchangeable fract®eraltaet al, 1996). In this
instance sulphate would exchanged by acetate wrhérmore, acetic acid extraction
will dissolve gypsum and release and SQ” into solution. High concentration of
calcium and sulphur in solution would results irpetsaturation of the solution with
respect to calcium sulphate which is insoluble disay, 1979) and the formation of

calcium sulphate.

The decreasing Ca with incubation time would theply that there is an increasing
release of S, which react Ca and form more calguiphate, with incubation time in

the AS fraction. This may indicate that there atteep anions whose release increases
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with incubation time and are also exchanging sufshaThese anions are probably
anions from organic acids which are released asnacgmatter decomposes with

incubation time.

The decreasing Ca with incubation time in the A&fion is thus a function of both the
incubation time and extraction. The increasing €dhe RF, OX, and RES fractions
may be suggesting the dissolution of calcium sukplby hydroxylammonium chloride,

hydrogen peroxide, and aqua regia, particularlyrdnglammonium chloride.

Manganese decreased with incubation time in the R&&ion (Figure 6.3 c). The
decrease of Mn in the RES fraction correspondexhtmcrease in the AS fraction up to
28 Days. After 28 Days there was a decreased ofnMhe AS fraction corresponding
to an increase of Mn in the RF fraction. The redealsMn from the crystalline materials
such as jacobsite would cause an increase in thé&ak8on (which measures water
soluble, exchangeable and AS fraction). The rettdda becomes adsorbed on the
easily reducible oxides. Hseu (2006) also obsetkiedncrease of Zn with incubation
time in the RF fraction on soils incubated withdmbds. This increase of Zn in the RF
fraction was attributed to the adsorption of Zreasked from organic matter on Fe-Mn
oxides. Tanget al (2006) and Jalali and Khanlari (2008) have alsseoved increase of
Cd, Cu, Pb, and Zn in RF fraction and attributad trend to adsorption of elements by
Fe-Mn oxides. The oxides Fe-Mn are known to playngportant role in the mobility of
pollutants in the environment (Neameinal, 2004a; Silveirat al, 2006). These oxides
strongly adsorb heavy metals and can immobilisestamtial amount of pollutants
(Chao, 1972; Chao and Zhou, 1983; van Herck andid@asteele, 2001).

6.3.2.2 The smelter slag

The changes in the distribution of elements wittulration time in the SS treated soil

were mainly associated with the RES fraction (Fégbud). Generally, the concentration

of Ca, Mn, Mg, and Al decreased from Day O to Dagnd then increased afterwards in
RES fraction on the SS treated soil. The conceatraif these elements increased and
was equal to initial (Day 0) concentration and mad change with continued incubation.

The decreasing concentration of S in the RES fyaatbrresponded to an increase S in
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the AS fraction. The increasing S in the AS is &amio the increasing S in the water
extraction with incubation time and may reflect teéease of S with increasing pH. As
the pH increases with incubation time the AEC wi#lcrease which will results in the

release of anions such as sulphates.

The decrease in the concentration of Ca, Mg, andrMhe RES fraction corresponded
mainly with an increase in the RF fraction. Thisymsuggest that easily reducible
oxides contributed in the adsorption of Ca, Mg, & Organic matter may have also
contributed in the adsorption of Ca, Mg, and Mrtesconcentrations of these elements
increases from Day 0 to Day 7 in this fraction aedreases afterwards. The behaviour
of Ca, Mg, and Mn may support Tate’s (1987) arguni@ppendix 3.8).

The changes in the concentration of Al with incidrattime in the RES fraction

corresponded to the changes in the OX fractiongs@results suggest that the Al
released from crystalline materials was adsorbgdrac matter. When organic matter
started dissolving, Al was adsorbed on crystallgiécate (such as kaolinite) and

gibbsite.

6.4  Conclusions

The changes in the availability of elements wittuipation time were investigated using
water and the BCR sequential extraction. The watdraction indicated that the
solubility of Ca, Mg, and Mn increased with incubattime in the EW treated soil.
This might have resulted from the dissolution ohemals due to production of organic
acids when organic matter decomposes and low pkechhy nitrification of ammonia
in the EW. The low pH of the EW treated soil wasoabhssumed to results in the
decreasing S in water extraction as a functiomodibation time. The BCR sequential
extraction showed that the availability of Ca, Mnd S decreased with incubation time
in the EW treated soil. The reduction in availapibf these elements was likely due to
the adsorption of these elements on Fe-Mn oxideganic matter, and crystalline
silicate minerals. The contradicting trends betweearter extraction and the AS fraction

were attributed to the formation of insoluble caitoisulphate during HOAc extraction.



77

The solubility of Ca, S, Mg, Mn, and Si also inged with incubation time in the SS
treated soil. In the SS treated soil there wasndmli decrease in RES fraction of Ca,
Mn, Mg, and Al which increased after Day 7. Thissvadtributed to the adsorption of
these elements on organic matter and easily relduoides. On overall the elements

were associated with least soluble fractions.
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CHAPTER 7

A COMPARISON BETWEEN THE SEQUENTIAL AND BATCH
EXTRACTIONS FOR THE EXCHANGEABLE AND ACID-
SOLUBLE ELEMENTS

7.1 Introduction

The Community Bureau of Reference (BCR, now knowsm the Standards,
Measurements and Testing Programme) three-stegségjuextraction was developed
to offer a standardised SEP (Quevauvit¢ral, 1994). However, the BCR sequential
extraction which starts with an acid soluble eximat does not include a separate
assessment of water soluble and exchangeableoimactiThis offers a compromise
between the number of steps employed and in theuamaf information obtained
(Perez-Cidet al, 1996). As a result, information on the distribatiof the mobile
phases is not obtained due to a reduction in timeben of steps used in this procedure

compared to other methods.

Most sequential extraction procedures include aarsgpd measurement of both the
water soluble, exchangeable, and the acid-solutdetibns (Tessieret al, 1979;
Krishnamurtiet al, 1995) in their protocol. The availability of elents associated with
each of these three fractions is different andrthienultaneous assessment as done in

the BCR sequential extraction (Quevauvike¢ral, 1994) is questionable.

Another common practise is a simultaneous measurewfethe water soluble and
exchangeable elements (Ahnstrom and Parker, 19%8iaMt al, 2001). The water
soluble fraction contains free ions, ions complewatth soluble organic matter, neutral
salts and other constituents (Millet al, 1986; van Herck and Vandecasteele, 2001,
Filgueiras et al, 2002). The exchangeable elements, though attathethe soil
surfaces, are considered to be readily mobile asidlyebioavailable. The elements
which are exchangeable are often assessed by phieadion of neutral salts and are
usually closely related to plant uptake (Shumai78)90n the other hand, acid soluble
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elements are released when solids such as carbBarat¢her acid soluble components
are dissolved at low pH.

The objective of this investigation was to detemnimhether or not the inclusion of
water soluble and exchangeable fractions in the BE€guential extraction protocol is
necessary. This was done by determining water Egleschangeable and acid soluble
fraction as sequential extractions and compariegrésults to single batch extractions
using the same three reagents. The postulate wasdhcentration of elements found in
sequential and batch extractions would be compeardlhlis is based on the fact that the
reagents in sequential extractions are appliedréeroof increasing strength so that
fractions of elements extracted later correspond tesser mobility (Filgueirast al,
2002). Hence, reagents used later in sequentiedatxin, when applied as single batch
extraction, are expected to also extract the fvactif elements that would be removed

by earlier reagents.

7.2 Materials and Methods

Two wastes and one uncontaminated soil (EW, SStenth soil used in Chapter 3) and
soil waste mixtures (used in Chapter 6) were usdflis investigation. The assessment
of the need to include the water soluble and exgkable fractions in the BCR
sequential extraction was carried out by applyieggents in Table 7.1 as both
sequential and batch extractions. In brief, 0.6f @ anaterial was placed in a 50 ml
polyethylene centrifuge tube and was extracted wistilled water (Dold, 2003), 1 M
ammonium nitrate (Liret al, 2004) and 0.11 M acetic acid, either sequentially
batchwise. For the sequential extractions reageete applied in sequence on the same
sample and for the batch extractions each reagasised to extract a separate sample,
using the same soil:solution ratios and extractimes as in sequential extractions. The
extraction times and volumes of the extracting tofuare presented in Table 7.1.
Solutions were separated, stored, and analysedHoand elemental concentration as
described in Section 4.2. Between each step aféfjaential extraction, the sample was
rinsed by extracting with 10 ml distilled water fisiteen minutes and the supernatant

liquid was discarded as outlined in the method wé&@@uvilleret al. (1994).
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Table 7.1 The extraction times and volumes of the extracsotutions used in
estimating the water soluble, exchangeable, aditht® elements from

0.6 g of a material

Fractions Reagents and volume Extraction time
Water soluble | Distilled water (30 ml) 1 hour
Exchangeable | 1 M ammonium nitrate (15 ml) 30 minutes
Acid-soluble | 0.11 M acetic acid (24 ml) 16 hours

7.3 Results

7.3.1 Ammonium nitrate extraction

The concentration of elements found in single baaommonium nitrate extraction
(BEP-AN) was compared to the sum of the concemwinatiof elements extracted by
water and ammonium nitrate extraction applied musatial extraction (SEP-AN). The
elements which were below detection were not pdiptteis occurred where elements
were detected for some materials but below detedtio others. The concentration of
Ca, as postulated, was comparable between SEP-ANB&®P-AN for all materials,
except the EW (Figure 7.1b). Similar results wenend for Co for the EW and the EW
treated soils (Figure 7.1c).

The results which deviate from what was postulated be categorised into two. The
first category is where the concentrations of eletm\@ere higher in BEP-AN compared
to SEP-AN. This was the case for Mg and Mn in bbéh EW treated soils and the SS
treated soils, and also for Mg in the SS (Figufg.7The same trend was observed for S
in the SS, SS treated solls, la soil, and the EWhét concentrations in the BEP-AN
compared to the SEP-AN was pronounced for Ca andt®& EW and Al for the la soil.
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A comparison in the concentration of (a) Al, (b),@& Co (d) Fe, (e)

Mg, (f) Mn, and (g) S between sequential (SEP-AN)d abatch
(BEP-AN) ammonium nitrate extraction from the smeelslag (SS),
Inanda soil (la), SS treated soils (SS 0, SS7,&S$3 56, and SS 140),
electro-winning waste (EW), and the EW treatedss@W 0, EW 7, EW
28, EW 56, and EW 140). The concentration of thedements extracted

by ammonium nitrate after water extraction (redspavas added to the

graph to show the contribution of ammonium nitr@eSEP-AN.
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Figure 7.1(cont)

A comparison in the concentration of (a) Al, @&, (c) Co (d)

Fe, (e) Mg, (f) Mn, and (g) S between sequenti&lR&\N) and
batch (BEP-AN) ammonium nitrate extractifnom the smelter
slag (SS), Inanda soil (la), SS treated soils (SSS¥, SS 28, SS
56, and SS 140), electro-winning waste (EW), aedBW treated
soils (EW 0, EW 7, EW 28, EW 56, and EW 14Q)he

concentration of these elements extracted by ammomiitrate

after water extraction (red bars) was added togt@h to show

the contribution of ammonium nitrate on SEP-AN.
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The second category is where the concentrationglehents were higher in the
SEP-AN than in the BEP-AN. This behaviour was obsérfor Fe in the EW and the
EW treated soils (Figure 7.1d) and Al in both th&/ Eand the SS treated soils
(Figure 7.1a). Similar trends were observed foriklthe EW and S in the EW treated

soils.

7.3.2 Acetic acid extraction

A comparison was also made between the concemisatb elements found in single
acetic acid (BEP-AA) and the sum of water, ammonioittate, and acetic acid
extraction applied in sequential extraction (SEP}YAFhe elements which were below
detection were not plotted; this occurred wheramelsts were detected for some

materials but below detection for others.

The comparison between single batch and sequestitic acid extraction can be
categorised into three. The first category is wieeconcentrations of elements were
comparable between BEP-AA and SEP-AA. This was mesefor Al, Mg, and Mn in
the SS and the SS treated soils (Figure 7.2). &irtriknds were observed for Mg in the
EW; Fe in the EW treated soils; and Ca in both 8% and the EW treated soils
(Figure 7.2).

The second category is where the concentratiordenfients were higher in the BEP-
AA compared to the SEP-AA. This was observed for &gl Mn in the EW treated
soils and Mn and Co in the EW (Figure 7.2). Simiksults were found for Al in the la
soil, and S in the SS, la soil, and the SS trestdd (Figure 7.2).

The third category is where higher concentrationslements were found in the SEP-
AA than in the BEP-AA. This category included Alda8 in the EW and the EW treated
soils and Zn in the EW (Figure 7.2). Similar resuiltere found for Ca and Fe in the SS
and Ca in the la soil (Figure 7.2).
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A comparison in the concentration of (a) Al, (b),@@ Co, (d) Fe, (e)

Mg, () Mn, (g) S, and (h) Zn between sequentidERSAA) and batch
(BEP-AA) acetic acid extraction from the smeltaags(SS), Inanda soil
(la), SS treated soils (SS 0, SS7, SS 28, SS 5b5S&1140), electro-
winning waste (EW), and the EW treated soils (EWEW 7, EW 28,
EW 56, and EW 140). The concentration of these efgmextracted by
acetic acid (HOAc) after water and ammonium nitrax¢raction (red
bars) was added to the graph to show the contoibwif HOAc on SEP-

AA.
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7.4  Discussions

The results above suggest that the comparison batgiagle and sequential extractions
is affected by the interaction between the elemehtsterest, the extracting reagent,
and the material extracted. This interaction resulin three categories where the
concentrations of elements in single extractionsewemparable, higher, and lower

compared to those in sequential extraction.

The higher concentration of elements in single astion compared to sequential
extraction was not expected. This may, howeverjcatd that transformation of
elements into less available forms occurs duringuestial extraction. It might also
indicate that there is a loss of sample duringritg&ng step as the rinsing solution was
discarded. However, it is doubted that rinsing ddwdve released elements which were
not extracted by the previous extraction as theimmis ought to remove the occluded

solution only.

Readsorption of released elements and precipitatigecondary minerals are the two
possible mechanisms which may result in the redasedability of elements during
sequential extraction. There were no significafiteddnces in the pH between single
and sequential extraction which eliminates the ipdgg of forming secondary

minerals.

The readsorption is most likely to occur because dtudied materials have high a
sorption capacity and, as a result, elements camebdsorbed on organic matter,
silicates, and Fe-Mn oxides during water extractidhe readsorption of elements
during water extraction is not a new concept ast Pi865) recommended that water
soluble elements should not be removed before #isesament of the exchangeable
fraction. The exchangeable fraction should theadsessed by subtracting the results of
a water extraction from the results of the exchabtgefraction determined as a single
batch extraction. This recommendation was basetth@ifiact that water extraction will
cause readsorption of released divalent and trmvatations which will reduce their
availability (Pratt, 1965). Schramedt al (2000) have also indicated that the

simultaneous determination of the water soluble exchangeable fractions using salt
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solutions will minimise the readsorption of releisgdements. However, no indication
has been made on how strong the readsorbed element®tained on mineral and
organic matter surfaces after water extraction. exneless, the results of acetic acid
extraction indicates that readsorbed elements taoegdy retained on the la soil, the

EW, and the EW treated soils as they were not setkaven by acetic acid.

The higher concentrations of elements in sequemtktaction compared to single
extraction might have resulted from two mechanishh® first mechanism would be the
saturation of extracting solution during single regtion. The saturation of the
extracting solution would be favoured by high sahcentration of the EW. When the
extracting solution is saturated readsorption ¢tédased elements and precipitation of
secondary minerals may occur. As mentioned earliee, possibility of forming

secondary minerals for one technique of extractiod not the other is unlikely. The
readsorption is most likely to occur, particulafty Mn, S, and Zn in the EW and the
EW treated soils. Nevertheless, higher solutiordsmitio can be used to avoid the

saturation of the extracting solution.

The second mechanism is the continued desorptioelavhents and dissolution of
amorphous minerals due to increased extractionnweland extraction time when
reagents are applied in sequential extraction. Brddh desorption of elements or
dissolution of amorphous minerals can arise wherh aa@agent used in sequential
extraction exposes fresh surfaces. The amorphonerais reported to form when the
wastes interact with the la soil (Chapter 6) maylissolved due to increased extraction
volume and extraction time, particularly for the &8d the SS treated soils. The
increasing sorption of S due to decreasing pH wherEW was applied to la soil was
also reported. This would imply that higher S imential extraction is released as
results of continued desorption from water to amioon nitrate to acetic acid

extraction. Whereas higher Al and Fe in sequergidtaction would be caused by
continued dissolution of amorphous minerals. Thiaymalso be supported by
ammonium nitrate’s (roughly 50%) contribution toFSEN (Figure 7.1 a, d, and g) and
more than 50 % contribution of acetic acid to SEf{kigure 7.2 a, d, and g) for Al,

Fe, and S. Furthermore, the SS has low surface(8esdion 3.3.2.1) and may limit the
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release of elements when applying ammonium nitaaig acetic acid as single batch
extractions. The higher concentrations of Ca andnFthe acetic acid (applied after
water and ammonium nitrate extraction) extractionthe SS may also support the fact
that the previous extractions exposes fresh swsfadeich enhances the release of
elements. These results may also indicate theselefielements from the non targeted

fractions.

7.5  Conclusions

The need to include the water soluble and exchdmgdiactions in the BCR sequential
extraction protocol was investigated by comparihg ttoncentration of elements
extracted by batch and sequential extraction. Betthniques were found to have

limitations.

The limitation of the batch extractions were thesgbility of saturation of the
extracting reagent when elements are present in damcentrations (e.g. Mn in the
EW) and the material has a high content of solgalés. The main limitation of the
sequential extraction was readsorption of eleméush as Mg and Mn in the EW
treated soils) during water extraction. This mayesiion the water rinsing step in
sequential extractions as it can potentially indueadsorption of released elements.
This can be minimised measuring water extractaldenents separately from the
exchangeable fraction (and other fractions measimrestquential extractions) and by
using a dilute salt solution in the rinsing stefeTcorrection for the water soluble
elements should be made by subtracting the coratemtrof water soluble elements
from the concentration of elements extracted bglsimmmonium nitrate extraction.
However, the release of elements from acetic aftet ammonium nitrate extraction
only was not investigated. This may have the acgmbf minimising the readsorption
of elements yet providing a successive releasdenfients. Hence, it postulated that an
additional step of the exchangeable fraction mayehpositive effect on the BCR
sequential extraction. The second limitation ofskgquential extractions is that they can
cause continued desorption of elements or dissolutf amorphous minerals. This may

result in release of elements from non targetettitras.
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CHAPTER 8

A COMPARISON BETWEEN THE SEQUENTIAL AND BATCH
EXTRACTIONS FOR THE BCR SEQUENTIAL EXTRACTION
PROTOCOL

8.1 Introduction

Sequential extraction protocols (SEP) provide alication of the amount of an element
retained in various reservoirs which could be redelawhen there are changes in soil
solution chemistry, notably pH or Eh (Puegbal, 2003). However, long extraction
times make SEP undesirable to use. In an attemptitaece the long extraction time, the
use of ultrasound assisted extraction has beerestegtj(Perez-Cidt al, 1998). When
this technique is applied to the BCR SEP the etitlad¢ime is reduced from 51 hours to
22 minutes. Perez-Ciet al. (1998) found that the results obtained when tidsinique
was applied to sewage sludge were comparable &etbbtained using the standard
BCR SEP. However, not all laboratories can affdré €quipment required. Another
attractive approach involves the use of the samgerets and operating conditions as in
a sequential extraction, but using a separate samopleach reagent. Albores al
(2000) found that when this ‘batch’ approach wapliad to the BCR extraction
protocol the operation time was reduced from 5Iriee 16 hours and the results were

comparable between sequential and batch extraction.

There are limited studies that investigate thisralitive approach to the BCR SEP on
different materials. Thus, the objective of thigastigation was to compare the standard
BCR SEP to batch extraction (using reagents andatipg conditions) on pure wastes,

uncontaminated soil, and waste treated soils.

8.2 Materials and Methods

Two wastes and one uncontaminated soil (EW, SStenth soil used in Chapter 3) and
soil waste mixtures (used in Chapter 6) were usedhis investigation. The BCR
sequential extraction was carried out as descrilmedGection 5.2. For the batch

extractions each reagent was used to extract aradepaample, using the same
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soil:solution ratios and extraction times for eaelagent as presented in Table 5.1.
Solutions were separated, stored, and analysedHoand elemental concentration as
was described in Section 4.2. Between each stdpedfequential extraction, the sample
was rinsed by extracting with 10 ml distilled watfar fifteen minutes and the

supernatant liquid was discarded (Quevauvéleal, 1994).

A separate set of samples were also extractedr $bkd residues were retained after
each extraction, for both batch and sequentiahetitm, for a solid phase analysis. The
mineralogy of these residues was determined onoratlydoriented powder samples by
XRD (Philips PW1050). Solid residues were also dxach using environmental
scanning electron microscopy (ESEM, Philips XL 30Qualitative chemical
composition was determined by energy dispersivaymicroanalysis (EDX) and the
data interpreted using the EDAX® Phoenix softwdtevision 3.2).

The differences between these extraction methodgpared using a t-test (Microsoft

excel).

8.3 Results and Discussion

8.3.1 The hydroxylammonium chloride extraction

Acetic acid results were not included in this dssian because acetic acid is the first
reagent in the BCR SEP, hence whether used ash batn sequential extraction the

method is still the same.

Batch hydroxylammonium chloride (BEP-HAC) extractiovas compared to the
sequential HAC (SEP-HAC) extraction (Figure 8.1heTconcentrations for SEP-HAC,
which were used for comparison, were obtained bgirgd the concentration of
elements extracted by acetic acid and HAC in seiiplezxtraction. The results of these
two methods were comparable for Ca, Co, Fe, Mg, &ha, S for the EW treated soils
(Figure 8.1). The same trend was observed for Fedra soil; Mg in the EW; and Mn
in the EW.
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Figure 8.1 A comparison in the concentration of (a) Al, (b),@) Co, (d) Fe, (e)

Mg, (f) Mn, (g) Pb, (h) S, and (i) Zn between setjisd (SEP-HAC) and
batch (BEP-HAC) hydroxylammonium chloride from thmelter slag
(SS), Inanda saoil (Ia), SS treated soils (SS 0,, $5728, SS 56, and SS
140), electro-winning waste (EW), and the EW trdateils (EW 0, EW
7, EW 28, EW 56, and EW 140). The concentratiorthee elements
extracted by HAC after acetic acid extraction (pags) was added to the
graph to show the contribution of HAC on SEP-HAC.
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Figure 8.1(cont)

BN CEF EE SEF EE HAC

A comparison in the concentration of (a) Al, @&, (c) Co, (d)
Fe, (e) Mg, (f) Mn, (g) Pb, (h) S, and (i) Zn beemesequential
(SEP-HAC) and batch (BEP-HAC) hydroxylammonium clie

from the smelter slag (SS), Inanda soil (Ia), $ated soils (SS
0, SS7, SS 28, SS 56, and SS 140), electro-winmasie (EW),
and the EW treated soils (EW 0, EW 7, EW 28, EW&6&] EW
140). The concentration of these elements extrdnyddAC after

acetic acid extraction (red bars) was added tagteph to show
the contribution of HAC on SEP-HAC.
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Figure 8.1(cont) A comparison in the concentration of (a) Al, @, (c) Co, (d)
Fe, (e) Mg, (f) Mn, (g) Pb, (h) S, and (i) Zn beemesequential
(SEP-HAC) and batch (BEP-HAC) hydroxylammonium clie
from the smelter slag (SS), Inanda soil (la), $&ted soils (SS
0, SS7, SS 28, SS 56, and SS 140), electro-winmasie (EW),
and the EW treated soils (EW 0, EW 7, EW 28, EW&&] EW
140). The concentration of these elements extranyddAC after
acetic acid extraction (red bars) was added tagteph to show
the contribution of HAC on SEP-HAC.

Generally, SEP-HAC had higher concentration of elets compared to BEP-HAC for
the SS and the SS treated soils (Figure 8.1). @ahedrend was observed for Al in the
la soil and the EW treated soils; Co in the EWijrFthe EW; Pb in the EW and the EW
treated soils; and Zn in the EW. These resultscatdd that a single HAC extraction
does not extract the same amount elements extrdmgtedcetic acid and HAC in
sequential extraction. This might be caused by so@ehanisms which are different for
the various materials studied here. These mechanisocur during single HAC
extraction and are precipitation of secondary natsefor the SS and the SS treated

soils; readsorption of released elements for the &\ the EW treated soils; minimal
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dissolution of mineral for the EW and the la saihd transformation elements for the
EW. Continued desorption of elements and dissatutibamorphous minerals due to
increased extraction volume and extraction timemteagents are applied in sequential

extraction may have occurred also.

The continued desorption of elements and dissaiutibamorphous minerals can be
caused by the previous (acetic acid) extractiorosixyg fresh surfaces. The ‘exposed
surfaces’ after acetic acid extraction are mo&lyiko occur in the case of the SS and
the SS treated soil because the SS has low swafaeeand to a lesser degree in the EW
and the EW treated soils. If the acetic exposeshfi®urfaces then the contribution of
HAC to SEP-HAC is expected to be more than 50 %ctviwas the case for Al, Co, Fe,
Mg, and Pb. Another possibility with ‘exposed soda’ is the partial dissolution of
minerals by acetic acid, particularly for the SSeweh the predominant mineral is
unstable at low pH of the extracting solution. Whpamtial dissolution occurred during
the acetic acid extraction then the acetic acidldvbave a considerable contribution to
SEP-HAC which was the case for Ca, Mn, S, and Zre donsiderable contribution of
acetic acid to the concentration of Ca and Mn ex3fEP-HAC might support the partial
dissolution of glaucochroite during the acetic aexdraction. The evidence suggesting
the partial dissolution of minerals by acetic aeidraction and exposed fresh surfaces
after acetic acid extraction might be indicatingttpartial dissolution of mineral would

results in exposed fresh surfaces.

Readsorption of released elements and formati@eodndary minerals may occur as a
result of saturation of the extracting solutioneTdaturation of the extracting solution
could be caused by the high soluble salts and lkigicentration of elements in
extracting solution which is most likely to occumh&n HAC is applied as single
extraction. Released elements would get readsarbéle surfaces of the newly formed
amorphous minerals and partially dissolved oxid€se formation of amorphous
minerals is facilitated by elevated pH. High pHBEP-HAC (Appendix 8.1) would
support the formation of amorphous minerals dusimgle extraction for the SS and SS
treated soils. The higher concentration of Ca, Byl Mn in SEP-HAC than in BEP-
HAC for the SS might be reflecting the saturatidrextracting solution which resulted

in readsorption of these elements during single H&@raction. The formation of
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amorphous minerals can contribute in the incompldissolution of minerals
(Appendix 3.6).

Incomplete dissolution of minerals could have opedrin both single and sequential
extractions. However, as mentioned earlier, fousetjal extraction the dissolution of
minerals is improved. The dissolution of minerasingle HAC extraction would then
be minimal. The incomplete dissolution is most ljka result of the strength of the
extracting solution which cannot completely dissdlire crystalline oxide minerals. The
solution of 0.1 M HAC was considered to cause inglete dissolution of Al and Fe
oxides/hydroxides when applied as single extracti@ermond (2001) also questioned
the ability of 0.1 M HAC to dissolve crystalline ides. Neamaret al (2004b) reported
that 0.1 M HAC, used in this experiment, releaskdua 95, 12, and 3 percent of Mn,
Al, and Fe respectively. Feng-Met al (2006) reported a recovery of 86 % for Mn
oxides when 0.1 M HAC was used but this reagergotiied about 1 % of organic
matter and 20 % of Fe oxides. It was thus propdlsatdthe lower concentrations of Al
and Fe in BEP-HAC for the EW and EW treated soilsravdue to incomplete
dissolution of crystalline Al and Fe oxides/hydmes. This is confirmed by
composition of the solid residue after HAC extrawti The EDX analysis shows that
there was a high content of Al and Fe on the EWdues retained for BEP-HAC
compared to SEP-HAC (Appendix 8.2). However, theeee no differences observed in
the XRD traces for the residues retained after H&@action for sequential and batch
extractions (Appendix 8.3). This is probably beeattse difference between these two
techniques was too small to be detected on the X¥Riertheless, these results might
be indicating that single 0.1 M HAC is not releasimoth acid-soluble and reducible
elements which are released by acetic acid and H&@n applied in sequential
extraction. The use of acetic acid and HAC in satjakextraction has the advantage of
using two aggressive extractant and, technicatiybting the volume of the extracting

solution.

The higher concentration of Co, Pb, and Zn in SEHhan in BEP-HAC for EW and
EW treated soils might have also been due to thds@ption of these elements on
partially dissolved Al and Fe oxides/hydroxides amdorganic matter. These elements
have high affinity for Al, Fe, Mn oxides and orgamnatter (McBride; 1994). Several
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authors have indicated that organic matter, Fe-Mides and hydroxides, changes in
pH during extraction, and incomplete dissolutiorhglirous oxides are the main factor
contributing to the readsorption of released eldm@Raksasatayet al, 1996; Gleyzes

et al, 2002). Bermond (2001) confirmed the readsorptibheavy metals through the
application of BaCl@ after a single extraction with HAC and also foutindit the

readsorption was affected by the final extractiod. prhe readsorption became
substantial at pH above 2.5 and was almost compietiee pH range of 6-7. The pH
above 2.5 in the single HAC extraction supportst thabstantial readsorption of

elements could have occurred (Appendix 8.1).

Transformation of elements (Co, Fe, and Pb) inBEWe during single extraction could
occur through oxidising mechanisms. Comparable eaimations of Mn between single
and sequential HAC extraction might suggests that(M) present as a salt in jacobsite
(Appendix 3.2) is oxidising these elements intcslssluble forms. Manganese salts
containing Mn (Ill) could have been removed by acetid before redox conditions
were induced by HAC extraction, which will minimiige oxidation of these elements.
Manganese (Ill) is a known powerful oxidising agand can oxidise G6into Cd",
Fe?* into FE*, and PB" into P which will result in low solubility of these elemis
(McBride, 1994). The P& would precipitate out as magnetite (Appendix &2) C3*

and PB* would be strongly adsorbed on partially dissolegitie minerals.

8.3.2 The hydrogen peroxide extraction

A comparison between SER®, and BEP-HO, was also made (Figure 8.2). The
concentrations for SEP-B,, which were used for comparison, were obtained by
adding the concentration of elements extracted dBti@ acid, HAC and FD, in
sequential extraction. The results of these twdhoet were comparable for Al, Ca, Co,
and Mg, for the EW (Figure 8.2). The same trend alzserved for Ca in the SS treated
soils and EW treated soils; Mg in the SS treateld;siin in the SS and the SS treated
soils; and S in the SS in the la soil, SS treatéld and the EW treated soils.

Similarly to the HAC extraction, the concentratiohAl was higher in SEP-$D, than
in BEP-HO; for the SS, la soil, SS treated soils and the E¥dtéd soils. The same

trend was observed for Fe in the la soils, SSarkabils, EW, and the EW treated soils;
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H,O,) and batch (BEP-}D,) hydrogen peroxide from the smelter slag
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extracted by hydrogen peroxide after acetic acalfaydroxylammonium
chloride extraction (red bars) was added to theplgréeo show the
contribution of HO, on SEP-HO..
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Figure 8.2(cont)

Bl EEF BN SEF B Hydrogen Peroxide

A comparison in the concentration of (a) Al, (bg,&c) Co, (d)
Cu, (e) Fe, (f) Mg, (g) Mn, (h) Pb, (i) S, and gh between
sequential (SEP4®,) and batch (BEP-4D,) hydrogen peroxide
from the smelter slag (SS), Inanda soil (Ia), $ated soils (SS
0, SS7, SS 28, SS 56, and SS 140), electro-winmasie (EW),
and the EW treated soils (EW 0, EW 7, EW 28, EW&6&] EW

140). The concentration of these elements extrauyelaydrogen
peroxide after acetic acid and hydroxylammoniumogte

extraction (red bars) was added to the graph towskite

contribution of HO, on SEP-HO..
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A comparison in the concentration of (a) Al, (b, &c) Co, (d)
Cu, (e) Fe, () Mg, (g) Mn, (h) Pb, (i) S, and gh between
sequential (SEP-4D,) and batch (BEP-D,) hydrogen peroxide
from the smelter slag (SS), Inanda soil (Ia), $aterd soils (SS
0, SS7, SS 28, SS 56, and SS 140), electro-winmasie (EW),
and the EW treated soils (EW 0, EW 7, EW 28, EW&6&] EW

140). The concentration of these elements extrauyelaydrogen
peroxide after acetic acid and hydroxylammoniumogte

extraction (red bars) was added to the graph towskite

contribution of HO, on SEP-HO..

Mg in the EW treated soils; Mn in the EW and EWateal soils; and Pb in the EW and
the EW treated soils. The same mechanisms thaltedsn a higher concentration of
elements in the SEP-HAC than in BEP-HAC (i.e. amntid dissolution of minerals and

exposed surfaces for sequential extraction andiptaton of amorphous minerals,

incomplete dissolution of Al and Fe oxides/hydradd and readsorption of released

elements for single extraction) could be operativen with HO..

However, the formation of amorphous minerals migtiess effective, because of low

final extraction pH’s (Appendix 8.1). The formatioh amorphous minerals can results
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in incomplete dissolution of minerals, particulafty the SS and the SS treated soils
(Appendix 3.6). The comparable concentrations of [@g, and Mn in the SS and the
SS treated soils suggest that the degree of glaugite dissolution between SERG
and BEP-HO, was similar. This suggests thai®, when applied as single extraction,
is aggressive enough to cause the dissolution adicgichroite as would have been
caused by acetic acid, HAC, and,®4 together. The XRD traces also showed
substantial dissolution of glaucochroite (glaucoder peaks decreased by more 80%)
for both sequential and batch® extractions suggesting a more complete dissolution
of glaucochroite. It also suggests that ammoniuetade has enough complexing ability
to retain released elements in solution and inhif@tformation of secondary minerals.
This is in accordance with earlier discussion (Appe 3.6) that formation of secondary

minerals is inhibited by complexing agents whichamces the dissolution of minerals.

The high concentrations of Al and Fe in the SE®Hthan BEP-HO, for the SS and
SS treated soils remains a question. These elemants released mainly in the RES
fraction for both the SS and the la soils (ChapjeiThese results may then suggest that
H,O, attacks crystalline materials due increase inaserfarea when fresh surfaces are
exposed. Tessi@t al (1979) has also reported the dissolution of afiise material by

H,0O, when applied in sequential extraction.

The incomplete dissolution of minerals in the EVW d@ine EW treated soils could have
also occurred in the case of BEREY. This may be supported by high content of Al
and Fe, observed with the EDX analysis, on the Edidue retained for BEP-B,
compared to SEP-4®, (Appendix 8.2). However, no differences were obsdrin the

XRD traces for residues left after single and satjaeH;O- extraction (Appendix 8.4).

Jacobsite dissolution may results in the formatibRe,O3; (Section 5.3.1). This may be
formed during reductive dissolution of jacobsiteemhHAC is applied is sequential
extraction. When bD- is applied after HAC extraction then partial dission of the
secondary mineral may occur. However, in the cdsengle HO, extraction FgOs is
formed and is not partially dissolved due to eithmited solution or limited acidity.
This may explain the high concentration of Al, Bég, Mn, and Pb in SEP-D,

compared to BEP-#D,. Several authors have indicated that crystallifeadd Fe
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oxides/hydroxides are partially dissolved by.G4d but amorphous minerals are
completely dissolved (Ryaet al, 2002; Neamaet al, 2004a; Neamaet al, 2004Db).

The concentration of Cu, S, and Zn were higher&EPB+O, than in SEP-KD, for the
EW (Figure 8.2). The concentration of S was alsghér in BEP-HO, than in
SEP-HO, for the SS. This might be caused by the readsorpif these elements or
formation of sulphide minerals during the HAC ektran step. However the formation
of sulphides is unlikely as HAC could not dissobrgstalline Fe oxides. Hence, these

elements could have been adsorbed on partiallpldiesd Fe-Mn oxides

8.3.3 The agua regia extraction

The use aqua regia (BEP-AR) as a method to estinmetepseudo-total elemental
concentration is a common practice. Another commractice is the summation of
acid-soluble, reducible, oxidisable, and residaaloentrations (SEP-AR) of elements to
estimate the total content. In principle, these tm@thods should yield similar results,
which was the case for most elements (Figure 8if}) the exception of the few which
will be discussed below. These results would beeetqul after some degree of
comparability was observed between single and sg@li@xtraction with HO,. Since
agua regia is more aggressive thai®¥l then an even greater degree of comparability

should results between single and sequential giirefor aqua regia.

The concentration of Al was higher in SEP-AR thaBEP-AR for the SS treated soils
and the EW treated soils (Figure 8.3 a). The saeraltwas observed for Co in the SS
and la soil; Cu in the SS, la soil, and the SStéaoils; Fe in the EW and the EW
treated soils; Mn in the SS; Pb in the EW and tWé tEeated soils; and S in the SS and
the EW. The same mechanisms that resulted in sehigbncentration of elements in
sequential extraction compared to single extractipe. continued dissolution of

minerals and exposed surfaces for sequential extraand precipitation of amorphous
minerals, incomplete dissolution of Al and Fe oxsiihydroxides, and readsorption of
released elements for single extraction) may haweatributed to the higher

concentrations of these elements in SEP-AR comparB&P-AR.
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Figure 8.3 A comparison in the concentration of (a) Al, (b, &c) Co, (d) Cu, (e)
Fe, () Mg, (g) Mn, (h) Pb, (i) S, and (j) Zvetween summation (SEP-
AR) and pseudo total (BEP-AR) methods of estimatwmigl elemental
content from the smelter slag (SS), Inanda sojl @ treated soils (SS
0, SS7, SS 28, SS 56, and SS 140), electro-winmasie (EW), and the
EW treated soils (EW 0, EW 7, EW 28, EW 56, and BWD). The
concentration of these elements extracted by aggia after acetic acid,
hydroxylammonium chloride and hydrogen peroxideraetion (red
bars) was added to the graph to show the contoibuif aqua regia on
SEP-AR.
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to the graph to show the contribution of aqua regisSEP-AR.



Concentration (mg kg?)

104

s Zn
40000.0- i 400 J
38000.04
36000.0- 300
34000.04
below below
32000.0- 200 € > —
detectior detectior
4000
100+
20001
0+ O\\\\(\b\‘\ \‘\‘\‘\b‘\
5@ O A B H O O N D K ® P XL NP RPN PEWL
P DN PP S ARG RN & 979" Y NI
6%%%%6@6\'@‘0&@@&&@@, T PH TC OOy
Materials

Bl CEF B SEF B Agua Regia

Figure 8.3(cont) A comparison in the concentration of (a) Al, (bg,&c) Co, (d)
Cu, (e) Fe, (f) Mg, (g) Mn, (h) Pb, (i) S, and gh between
summation and pseudo total methods of estimatin@gl to
elemental content from the smelter slag (SS), laadll (la), SS
treated soils (SS 0, SS7, SS 28, SS 56, and SS é&Wl@}ro-
winning waste (EW), and the EW treated soils (EVEW/ 7, EW
28, EW 56, and EW 140). The concentration of thelsenents
extracted by aqua regia after acetic acid, hydaomyhonium
chloride and hydrogen peroxide extraction (red oaas added

to the graph to show the contribution of aqua regisSEP-AR.

The concentration of Co and Cu were higher in BEP@dmpared to SEP-AR for the
EW and the EW treated soils. This was also atteithub same mechanism that resulted
in high concentration of elements in BEREH compared to SEP4@,. This was also
thought to arise from experimental errors when aagining detection limits for these

elements in sequential extraction.
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8.4 Conclusions

The comparison between single and sequential éxinscindicated that there is a less
degree of comparability between these methods bhad domparability is improved

when aggressive reagents are compared. GenereB+HAC had higher concentration
of elements compared to BEP-HAC. This was attribute SEP-HAC having the

advantage of a continued dissolution and HAC (usker acetic acid) extracting on
fresh exposed surfaces. This was also thought toabeed by BEP-HAC having the
disadvantage of extracting solution saturationmiation of secondary minerals, and
incomplete dissolution of minerals. The extractsmution saturation, formation of

secondary minerals, and consequently the incompletsolution of minerals were

minimal when HO, was applied as single reagents owing it to theessive nature of

this reagent. Similarly, these disadvantages weneinml with single aqua regia

extraction. However, the presence of exposed sesfac sequential extraction may
cause the dissolution of non-target phases, péatlguor H,O, extraction. Sequential

extraction may also transform some elements whicy mot be released in later

extraction steps.

Lastly, the components of the material studied migfiuence the form of limitation
that can occur when single and sequential extnastése compared. This became clear
when incomplete dissolution was minimised for tt&® &d the SS treated soils during
H-O, extraction but could not be avoided for the EW &mel EW treated soils. The
main difference between the observed behaviourhefd two materials is that the
saturation of the extracting solution, which ocdansthe SS, could be minimised when
H,O, was used. Whereas, the incomplete dissolutionhefmodynamically stabe
minerals in the EW could not be avoided. Hence,lilnéation in the comparability
between single and sequential extractions can bsedaby both the reagent used for

extraction and material being extracted.
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CHAPTER 9

GENERAL DISCUSSION AND CONCLUSIONS

9.1 Introduction

The present investigation was conducted in an giteim assess the suitability of

applying the various soil tests within a waste nggmaent scenario. It became clear
after a review of literature that in order to fubydress the question of ‘suitability’

certain aspects of chemical extraction methods ett¢d be well understood. These
aspects are mainly governed by the characterigfitese material under study. Hence,
the present investigation was carried out by comgacommonly used chemical

extraction methods with respect to their abiliiesextract elements from soil, waste,
and/or soil-waste mixtures. The study indicated tha focus should not be on the type
of material (i.e. soil, waste, and/or soil-wastectunies) but rather on the properties of

the material being extracted.

The aim of chemical extraction methods is to asskssavailability, mobility, and

solubility of elements with varying environmentabnelitions. The results from the
extractions are affected by the interaction betwibenproperties of the material being
extracted and the extraction conditions, includthg extracting reagent. Hence, an
approach which takes into account these interastisrproposed and outlined below.
This approach should assist in selecting whichaetitsn reagent and what extraction

conditions to use for a given material.

9.2 Discussion
9.2.1 The extraction conditions

The properties of the material being extracted,ctvhmeed to be considered when
deciding on extraction conditions, are mineralogiy and pH buffering capacity,
soluble salt content, and sorption properties (f&igul). These properties may result in
saturation of the extracting solution, incompleissdlution of minerals, formation of
secondary minerals, and readsorption of releasechezits. These problems can be

overcome by using aggressive conditions, chelagents, buffered extracting reagent,
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and high solution:solid ratio (right hand side d@jufe 9.1). This is expected to improve

the results of extractions.

Slow dissolution/
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incomplete
dissolution of
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Figure 9 1 A diagram showing how the extraction results canirbproved by

selecting extraction conditions that take into actdhe properties of the

material being extracted. The corresponding progeedf such materials

that may cause problems during extraction and dissiple problems that

may arise are on the left hand side. The right rsael shows how these

possible problems can be minimised, and hence wepmxtraction

results.

The release of Fe and Mn from the EW was limitedth® incomplete dissolution of

magnetite and jacobsite as well as by the formawdnmagnetite during HAC
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extraction. The incomplete dissolution of magnetitel jacobsite could be minimised
by using aggressive conditions such as increasedetiatures and aggressive reagents
such as oxalic acid. The advantage of oxalic doidddition to its ability to dissolve
crystalline minerals, is that it could complex Felavin, thus possibly preventing the

formation of secondary minerals during the redectiissolution of the EW.

The advantage of having both the aggressive comditiand a reagent) and the
complexing agent was observed when comparing séqleand single batch
extractions. Sequential and single batch extrastwere comparable for the S in the SS
treated soils when #, extraction, which combines aggressive conditionsl a
complexing agent, was used. The complexing agewotsnaot only improve the
dissolution of minerals, but also minimise the fatian of secondary minerals and the
readsorption of released elements by reducing fiedr ion concentration in solution
through ion pair formation. The reduced concerdratif elements in solution implies
undersaturation of elements with respect to the&ion of the secondary minerals and

also reduces readsorption of released elements.

The saturation of the extracting solution is oftansed by high content of soluble salts,
particularly for the EW. This as mentioned, camiiaimised by complexing agent and
also by using a high solution:solid ratio. Matesibhving a high content of soluble salts
and a high sorption capacity may suffer from thedsmrption of elements (such as Ca
in the EW) before the release of other elementsoimplete. Furthermore, high Ca
content in the EW resulted in the formation of inbte calcium sulphate during acetic
acid extraction for the EW treated soils. This vadéisibuted to the release of organic
acids which compete with the sulphate ions for itive exchange sites; organic acid
would be released when the EW interacted with #¢hedil. This further illustrates the
effect of soluble content on the readsorption déased elements and formation of

secondary minerals.

The presence of a high soluble salt content coalttalso delayed the dissolution of
minerals. Carbonic acid resulted in mineral dissotuin the la soil and the SS.

However mineral dissolution did not occur in the EWie distinguishable difference
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between the EW and the other materials was indh#ke salt content. The low soluble
salt content could also narrow the gap between cthraplete release of available
(exchangeable and specifically adsorbed) elemamistlzose released due to mineral
dissolution. This gap might be increased by usinitden or weaker reagents for

elements with low soluble salt content.

9.9.2 The extracting reagents

The choice of the extracting conditions can beciéfé by the properties of the material
being extracted while the choice of the extractieggent can be affected by the
element(s) of interest. The choice of the extractinagent is also affected by the

fraction of element(s) that need to be assessed.

Oxalic acid, for instance, is aggressive but fomssluble Ca/Pb oxalates. Hence, if Ca
and Pb are the elements of interest, another reggaoh as 0.5 M HAC (in 25%

HOAc) at pH of 1.5 and using high temperature) s&hdae used as an alternative to
assess the reducible fraction. Hydrogen peroxidksamaium pyrophosphate may also
form insoluble Al, Mn, and Fe phosphate mineralberefore, when assessing the

oxidisable fraction of these elements, NaOCI| mayde.

The choice of reagent is also affected by whethero the reagent will be applied as a
single or sequential extraction. Aggressive reageah result in complete dissolution of
minerals when applied as a single extraction, henabhese (aggressive reagents) may
suffer from lack of selectivity when applied in seqtial extraction. Figure 9.2 shows
the seesaw relationship between aggressive and/miédikeagents and also indicates
that weak/mild reagents, although selective, mdiesirom incomplete dissolution of
minerals. This is also important, since the reledsome elements is pH dependent and

the continued acidity provided in sequential extoacs may improve their release.
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Figure 9.2 Diagram illustrating the seesaw relationship betweeak/mild and

aggressive extracting reagents.

When aggressive reagents are applied as sequentigctions they may release
elements from non-targeted fractions. Whereas, Imglk reagents used in batch
extractions may result in readsorption of releaskments, formation of secondary
minerals, and incomplete dissolution of mineralewdver, mild reagents may increase
the gap between the release of different fractadredements from one single extraction.
This may assist in assessing the time requirechfoomplete release of elements for
more mobile fractions. For instance, a reagent wetian carbonic acid might increase
the gap between the release of available (exchatgaad specifically adsorbed) Ca
and Mn and the release of the same elements duaaal dissolution from the SS.

The lack of selectivity when aggressive reagergsused was evident when comparing
sequential and single batch extractions. Batch amumo nitrate and acetic acid

extractions released lower concentrations of Al dRel as compared to the
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concentrations of these elements released in seguertractions. This was attributed
to continued dissolution of the amorphous minerdien these reagents were applied in
a sequential extraction. This could imply that thesagents may not be selective when

applied in a sequential extraction.

9.3 Conclusions

Although the approach proposed here may assishenuse of chemical extraction
methods, it has limitations. It does not fully agobfor the release of elements due to
continued acidity such as in the SS. Neverthelessproposed that this approach will

assist in addressing the question of using sds iesvaste management scenarios.

The above discussion illustrates that the diffeeebetween soils, wastes, and waste
contaminated soils is property based. Thereforanimttempt to address the suitability
of applying chemical extraction methods in wastenaggment scenarios the above
discussion needs to be considered. Based on tbesdisn above, it was concluded that
chemical extraction provide useful information netyag the behaviour of the waste and
might be able to predict the release of elemems fwastes. However, when chemical
extraction methods are used certain modificatieedrto be made. These modifications
include the use of a high solution:solid ratio amdextracting solution which has high

complexing ability. Finally, when chemical extraxtimethods are applied to wastes,
the effects of the waste properties on the resoftextraction need to be well

understood.

9.4  Recommendations
The following recommendations might improve theraatability of elements and the
use chemical extraction methods. These recommemdadire:

* An investigation assessing the release of elemfota different fractions
using alternative reagents for a wide range of ra$e with different
properties. This may assist in evaluating the usefis of the approach
proposed here. It will also assist in categoris#figctive extraction reagents
with their corresponding material properties,
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Further investigation of the effect of extractiomé on chemical extraction
methods. This investigation should assess timesstigated here and times
which are less than 16 hours so that beginning eafdsorption may be
monitored. Such investigation should assess o#twgants such as acetic acid
which release available elements but can causeldiss of minerals, and

An investigation on the use of higher solutionisblratio in minimising

readsorption of released elements.
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APPENDICES

Appendix 3.1 The methods used in charecterising the electroiminwaste, smelter

slag, and A horizon of Inanda soil form

Physical and chemical characterisation

Organic carbon (OC) was determined by potassiumhrdimate oxidation and
determined titrimetrically on < 0.5 mm material (Wlay, 1947). Electrical
conductivity and pH were measured using a solidtgmi ratio of 1:2.5 (10 g solid:25
mL solution) in distilled water. The pH was alsoasered in 1 M KCI using the same
soil:solution ratio as for the water extract. Egteble cations and cation exchange
capacity were measured by saturating with &nd subsequent replacement with“\H
(Hughes and Girdlestone, 1994). Total elementateotrations were measured by X-
ray fluorescence spectrometry (XRF, Geology DepantmUniversity of KwaZulu-
Natal, Durban).

Nitrate and ammonia were extracted with 2M KCI (Masd and Kalra, 1993) and
solution concentrations determined colorimetricaiyng a TRAACS 2000 continuous
flow auto analyser. This could not be performed the EW due to chemical
interferences. Thus, total NH- N was determined by direct distillation using a

Gerhardt Vapodest 1 distillation unit.

Plant available phosphorus was estimated by ektgastith AMBIC (ammonium
bicarbonate) solution and P was determined coldrinadly (The Non-Affiliated Soil
Analysis Work Committee, 1990) on a Varian CaryU¥-Visible spectrophotometer
(UV-Vis). Exchangeable acidity and exchangeablevAte measured according to Sims
(21996), with Al being measured by atomic absorpspectrophotometry (AAS, Varian
SpectraAA-200). Calcium carbonate equivalence (C@g&$ measured according to
Jackson (1958).

Saturated paste extracts (Soil Salinity Laborag&taff, 1954) were analysed for Al, Ba,
Ca Cd, Co, Cr, Cu, Fe, hg, K, Mg, Mn, Na, Ni, P, Bb Se, Sr, V, and Zn by ICP
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(Liberty X150). Nitrogen in the solution was detémsd using ammonia probe. The EC

of the extracts was also determined.

Mineralogy
X-ray diffraction analysis on random powders wagied out on a Philips PW1050

diffractometer using monochromated Ca Kadiation (from 3 to 75 20) with a
scanning step of 0.02at I° per minute counting interval. The diffraction datare
captured by a Sietronics 122D automated micro-m®me attached to the X-ray
diffractometer. The samples were then qualitativalyalysed to determine major

mineralogical components.
The materials were also examined by electron miowg (ESEM) and semi
guantitative chemical composition determined by rgynedispersive X-ray (EDX)

analysis (Centre for Electron Microscopy, UKZN, terenaritzburg).

Dissolution investigation

The dissolution of selected elements from the EW &% (both <0.5 mm) were
determined in solutions over a wide pH range. Vmnt of solution (at pH's of 0.5, 1,
3,5,7,9, 11, adjusted using HCI or NaOH) werdeatito 6 g of waste material, shaken
on an end-over-end shaker for 16 h, centrifuge80Q0 r.p.m. and filtered. The pH of
the final extract was measured and concentratib@=apS, Mn, Fe, Pb, Al and Mg were
determined using ICP (Liberty X150). Silicon in sidn was determined by the

molybdate blue method (Feet al, 1969). The dissolution was conducted in duplgate

Adsorption studies

Phosphorus adsorption isotherms were determinethéo8S and EW. Twenty-five mL
of a range of P solutions (0, 2, 4, 8, 16 and 82,190, 250, 500 and 1000 mg P)L
were added in a 0.01M CaGhatrix to 1 g of material. The mixtures were shake a
reciprocating shaker for 18 h, centrifuged for wefiminutes and the supernatant
analysed for P colorimetrically (The Non-Affiliate8loil Analysis Work Committee,
1990).
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Metal adsorption isotherms were also determinedHerwastes. Twenty-five mL of a
range of either, Pb, Zn, Cu or Ni solutions wereextito 1 g of the wastes and the
mixtures were shaken for 24 hrs. The extracts weadysed for the respective metals
by AAS.
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Appendix 3.2 The expected behaviour of magnetite and jacobsiith warying

environmental conditions

Magnetite has low solubility in aqueous solutiobm@say, 1979; Essene and Peacor,
1983). It can be solubilised under reducing coodgiwhere Fe (lll) is reduced to Fe
(1) (Lindsay, 1979; Essene and Peacor, 1983; Kle2000). Magnetite also dissolves
at low pH. It has also been reported to be dissblwe a number of reagents such as
HCI, oxalic acid, hydroxlyammonium chloride, asdorlacid, and EDTA (Chao and
Zhou, 1983; Gu et al., 1994; Manjanna et al., 208tMayouf, 2003; Bauer and
Blodau, 2006; Laforest and Ducheshe, 2006; Perdegsal., 2006). Oxalic acid has
been reported to dissolve about 25-35 % of magné@hao and Zhou, 1983). The
results from Chao and Zhou (1983) suggest thatligsolution of magnetite at low pH,
or in the presence of organic acids, or under r@guconditions is not necessarily
complete. This incomplete dissolution of magnetites implications for the use of

reducing agents at low pH in sequential extractions

There is limited information on the dissolution ffcobsite, though the possible
dissolution mechanism for jacobsite can be deddomu its constituents. Jacobsite
consists mainly of Fe and Mn. These two metals b&yresent in either the 2+ or 3+
oxidation states in both tetrahedral and octahedvatdination. There are four main
forms in which jacobsite exist. The first one cehsif Mn (II) and Fe (1) in jacobsite
structure in a ratio of 1:2 (Villinsket al, 2001; Huet al, 2005). The second form has
Mn (IIl), Fe (II) and Fe (lll) in a ratio of 1:1:(Buhnet al, 1995; Villinskiet al, 2001).
The third form of jacobsite has both Mn and Fe he 2+ and 3+ oxidation states
(Ponnamperumat al, 1969; Gabal and Ata-Allah, 2004, et al, 2005). In the fourth
form Mn is present as both Mn (Ill) and Mn (I) akRd is present as Fe (lll) (Osaega
al., 1992; Buhret al, 1995). The existence of Mn and Fe in both 3+ Zndxidation
states suggests that jacobsite could dissolve ubdén reducing and oxidising

conditions depending on the oxidation states ptesen

Jacobsite, as indicated in equation 3.2, has lowb#ity (log K = -1.24) and is

expected to dissolves at low pH and under reduciogditions (Figure 3.3). The
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products of reductive jacobsite dissolution wou Mn (II) and Fe (Il). Released Fe
(1) in solution can be easily oxidised to Fe (linder aerobic conditions above pH 4 or
if jacobsite which contains Mn (lll) is present. Mmnese (lll) is both a strong
oxidising and reducing agent and can disproporteria form Mn (lII) and Mn@
(Bartlett, 1986; Greenwood and Earnshaw, 1984)uBtah of both Mn (11l) and Mn@

to Mn (1) by Fe (ll) can occur (Bartlett, 1986; I¥ski et al, 2001). However, unlike
Fe (II), Mn (1) is not readily oxidised (Greenwoaad Earnshaw, 1984). Iron (II) will
then get oxidised to Fe (lll) and can precipitaté as magnetite. This may result in
non-stoichiometric release of Fe and Mn from jadebsvhere the concentration of

released Mn is higher than that of Fe.

The strong oxidising capacity of Mn (lll) has imgdtions for the application of the EW
on materials that dissolve under oxidising condgioOrganic matter and sulphides
minerals dissolve under oxidising conditions. Tlhgdsal of the EW on soils that has
high organic matter content or sulphide mineraly mesults in the dissolution of these
materials if jacobsite in the EW contains Mn (IMjitshall (2007) found high release of
Mn in the presence of organic matter. This mayaigh not conclusive, suggest that

jacobsite in the EW contains Mn (l11).

Jacobsite may dissolve under oxidising conditiomen® Mn could be oxidised to Mn
(1), MnOy, and possibly Mn (VII) and Fe to Fe (lll). The dided Mn (lll) will easily
disproportionate to Mn (II) and Mn©and Mn (ll) will be oxidised by Mn@through
the autocatalytic oxidation to either Mn (lll) oesl or MNOOH (Bartlett, 1986).
Manganese (II) can also be oxidised by hydrogeroxi@e and Cr (VI) to Mn@
(Greenwood and Earnshaw, 1984; etual, 2005). However, hydrogen peroxide can
reduce MnQ@to Mn (ll) at low pH or in the presence of a chielg ligand and Fe (llI)
to Fe (II) at alkaline pH (Bartlett, 1986; Greenwloand Earnshaw, 1984). Possible
effects of oxidising conditions, particularly theepence of hydrogen peroxide, on

jacobsite are not clear but it is predicted thairbgen peroxide will dissolve jacobsite.

The consequences of oxidising conditions on jateleie dependent on the oxidation

states of Fe and Mn. If jacobsite contains Mn @fjd Fe (lll) then Mn would be
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oxidised to either Mn (IV), which is more likelyr to Mn (Ill). However, if Fe is in a
reduced state then Fe (Il) will oxidised to Fe)(ITransformation of Fe (ll) to Fe (llI)
can also cause reduction of Mn (lll) and Mn (IV)Nm (II). Whether the released Mn
(I will remain on solution or not depends on teailability of oxidising agent. This
suggests that Mn would be released in the fradiionatudies when both the reducing

and oxidising reagents are used.
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Appendix 3.3 The X-ray diffraction pattern for random orientatedwder sample the
electro-winning waste. The dominant peaks @/1L00) of the minerals

are indicated
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Appendix 3.4 Equilibrium solution pH of the smelter slag (SS)daslectro-winning

Equilibrium pk

waste (EW) treated with solutions of differentialippH (Titshall,2007)
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X X X X
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Appendix 3.5 The X-ray diffraction pattern for random orientatgedwder sample the
smelter slag. The dominant peaks;(H 100) of the minerals are

indicated
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Appendix 3.6 The expected behaviour of olivine (gluacochroite)jthwvarying

environmental conditions

Olivines have low stability and are readily solufiey K = 37.82) in aqueous solution
over geological time (Huang, 1989; Jonckbloedt,89% has also been reported that
olivines dissolve readily at low pH or in the prese of organic acids (Grandstaff,
1978; Siegel and Pfannkuch, 1984; Velbel, 1993;ckbloedt, 1998; Welch and
Banfield, 2002; Hancheet al, 2006). The dissolution of olivines is often acqgamied
by an increase in pH which indicates the consumptb protons during dissolution
(Siegel and Pfannkuch, 1984; Velbel, 1993; Jonadiio1998; Hancheet al, 2006).

The dissolution of glaucochroite will result in tmelease of Ca, Mn, and Si into
solution. However, the increase in the concentmatibSi in solution may result in the
secondary formation of Si polymers which will reduthe concentration of Si in
solution. Jonckbloedt (1998) indicated that Si pudyises as the solution concentration
of Si exceeds 100 mg™L Titshall (2007) found, and confirmed (using XRBda
electron microscope) the formation of ‘silica-gat’ high Si concentration. The newly
formed ‘silica-gel’ can coat the surfaces of glatlmoite and result in incomplete

dissolution

The incomplete dissolution of glaucochroite duefeste coatings is favoured by high
pH and supersaturation of the solution with resp@ctsecondary minerals. The
precipitation of secondary minerals has been reddd have an inhibitory effect on the
dissolution of silicate minerals (Siegel and Pfauotk 1984; Drever and Stillings, 1997;
Gerard et al, 2003; Héancheret al, 2006). Furthermore, these authors have also
documented a decrease in dissolution rate whesdlion approached saturation with
respect to secondary minerals (such as brucite Fanchydroxides) even though
secondary minerals had not yet been precipitateyéand Pfannkuch, 1984; Drever
and Stillings, 1997; Hancheat al, 2006).

The formation of secondary minerals can be minithisethe presence of chelating

agents and organic acids which will remove the forefrom solution thus promoting
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the reaction to shift to the right hand side ansksalution of minerals (Drever and
Stillings (1997). Thus when assessing the suitgloli the various ‘soil tests’, care will
have to be taken, to account for the developmensupfersaturated solution with
subsequent precipitation of secondary mineralsthieumore, consideration needs to be
given to the use of organic acids and chelatingnesgevhich can overcome these

problems and also enhance the rate of extraction.
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Appendix 3.7 The X-ray diffraction pattern for random orientajgavder sample the A
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Appendix 3.8 The expected behaviour of the Inanda soil with wayyenvironmental

conditions

The la soil has high OC (9.60 g 100g-1) content sndredominantly composed of
hydroxyl-interlayered vermiculites (HIV), kaolinitehematite, goethite, quartz, and
gibbsite with quartz and gibbsite being dominamenals. Kaolinite, hematite, goethite,
and gibbsite have been reported to dissolve atgdbwand in the presence of organic
acids (Gu et al., 1994; Chorover and Sposito, 1898yer and Stillings, 1997; Bauer
and Blodau, 2006; Cama and Ganor, 2006; Pedersdn 2006). In contrast, phosphate
may inhibit the dissolution of oxides (Stone andriyem 1984).

Sorption of heavy metals and other elements oroxiie minerals is well documented
(Chao, 1972; Chao and Zhou, 1983; van Herck andi¥easteele, 2001; Neameainal,
2004a; Bauer and Blodau, 2006; Pedemsieal, 2006; Silveiraet al, 2006). The soils
which contain these oxides can potentially be dsedand application of wastes since
heavy metals will be adsorbed on the oxides. Howekie dissolution of these minerals
will cause the release of adsorbed elements. Fuantire, the high sorption capacity of
the oxides creates a problem of readsorption afaseld elements during extraction
(Raksasatayat al, 1996).

The presence of oxide minerals and high OC cordettte la soil suggests that the la
soil has a potential to immobilise heavy metalgyaic matter, like oxide minerals, has
high sorption capacity for heavy metals. Organidtemaalso has an additive effect to
the adsorption of heavy metals by the oxide miseffadl (2004) reported an increase
in the adsorption of Cr (lll) on Fe-Mn oxides whenganic matter content was

increased. However, the retention of Cr (lll) colld the results of organic matter
forming strong complexes with Cr (lll). This proeislan example of conflicting reports
in the literature regarding the phases that aragily responsible for sorption of heavy

metals when both organic matter and oxide minen@gresent.

Some authors have indicated that adsorption is mimied by organic matter when both

organic matter and oxide minerals are present (&&mn1978; Tessiest al, 1996; Lin
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and Chen, 1998; Liet al, 2007). In most of these studies adsorption wadietl on a
material before and after,B, extraction which is expected to dissolve organattar.
However, HO, extraction may partially dissolved oxide minertiiss decreasing the
number of sorption sites. These authors foundrérabval of organic matter decreased
the capacity of the soil to adsorb heavy metalbrifzer, 1978; Tessiat al, 1996; Lin
and Chen, 1998; Liwet al, 2007). Conversely, the removal of oxide minergdg
leaving organic matter intact) was found to hattéelieffect on the adsorption of heavy
metals.

On the other hand, several authors have reportdtih adsorption of heavy metals on
soil was dominated by oxide minerals over organattem (Donget al, 2000; Donget
al., 2002; Bradl, 2004). The removal of oxide minenasulted in low adsorption of
heavy metals while the removal organic matter hagimal effect on the sorption of
heavy metals. There is no clear reason for theradittion reported in the literature.
However, Tate (1987) reported that oxide minerady fme important for the long term
adsorption of heavy metals where organic matter wesponsible for the initial

adsorption.

The adsorption of heavy metals on oxide minerat @ganic matter has implications
for sequential extraction studies. Elements rekbdisem a less aggressive reagent may
be readsorbed on the oxide minerals and organitemuathich will results in their
redistribution. The redistribution of released eteris may decrease their solubility.
Secondly the discrepancies in literature could Bsandicating that the reagents used to
dissolve certain minerals in sequential extractians not specific (i.e. they dissolve

non-targeted phases).
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Appendix 4. 1The lower limits of detection (LoD) for the elemerhat were analysed
with ICP-OES. The LoD for an element is the congdmn that
corresponds to the intensity obtained from additgja®idard deviation
(of the intensity of the lowest calibration stardlased) to the intercept

of the calibration curve

Element LoD (mg/L)
Al 0.245
As 0.165
Ba 0.137
Ca 2411
Cd 0.147
Co 0.134
Cu 0.174
Cr 0.012
Fe 0.308
K 0.521
Mg 0.750
Mn 1.339
Na 0.166
Ni 0.116
Pb 0.079
S 0.739
Se 0.122
Sr 0.031
\% 0.008
Zn 0.340
Mo 0.010
Si 0.031
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Appendix 4. 2The changes in pH of carbonated water with exiactime for smelter

slag (SS), Inanda soil (1a), and electro-winningiggEW)
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Appendix 5. 1A typical EDX trace and the quantification of the reémts in the
electro-winning waste after acetic acid, hydroxytaomium chloride,
hydrogen peroxide, aqua regia extraction indicatirveg most of Fe and

Mn were removed after aqua regia digestion
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Appendix 5. 2ZThe X-ray diffraction patterns for the random ot&rd powder samples
of the electro-winning waste (a) before extractand after (b) acetic
acid, (c) hydroxylammonium chloride, and (d) hyd¥ong peroxide

extraction
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Appendix 5. 3The electron microscope picture of the surface entgs of the
electro-winning waste (a) before extraction and ¢hanges in surface
properties after (b) acetic acid, (c) hydroxylammaom chloride, and (d)

hydrogen peroxide extraction
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Appendix 5. 4The X-ray diffraction patterns for the random ot&rd powder samples
of the smelter slag (a) before extraction and aftgracetic acid, (c)

hydroxylammonium chloride, and (d) hydrogen perexaxtraction
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Appendix 5. 5The electron microscope picture of the surface gntgs of the smelter
slag (a) before extraction and the changes in cainpeoperties after (b)
acetic acid, (c) hydroxylammonium chloride, and ligiirogen peroxide

extraction
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Appendix 5. 7The X-ray diffraction patterns for the random ot&ed powder samples
of the A horizon of Inanda soil form (a) before rextion and after (b)

acetic acid, (c) hydroxylammonium chloride, and ligiirogen peroxide

extraction
Quartz (d)
(c)
Hydroxy . (b)
Gibbsite
Interlayered
Vermiculites X Hematite

/

Kaolinite

Goethit

|

2 theta



154

Appendix 5. 8The electron microscope picture of the surfacepgrioes of the A
horizon of the Inanda soil form (a) before extractand the changes in
surface properties after (b) acetic acid, (c) hygi@mmonium chloride,

and (d) hydrogen peroxide extraction
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Appendix 7. 1A comparison between sequential (SEP) and batcP)REktraction final
pH for the exchangeable (EX) and acid-soluble (&&jtions

EX AS
Material

BEP SEP BEP SEP
la 4.30 4.55 3.25 3.38
SSO 5.71 6.02 4.36 4.31
SS7 5.87 6.24 4.20 4.18
SS 28 6.69 6.68 4.24 4.26
SS 56 6.82 6.83 4.32 4.24
SS 140 6.94 6.94 4.31 4.37
SS 7.61 7.58 6.87 6.66
EW 0 5.33 5.40 3.27 3.43
EwW 7 5.15 5.25 3.30 3.46
EW 28 5.20 5.18 3.30 3.46
EW 56 5.13 5.25 3.30 3.46
EW 140 5.16 5.16 3.29 3.45
EW 6.88 6.92 3.83 3.85

L.s.d. (0.05) 0.43 0.42

p-value 0.663 0.804

*SS  smelter slag

*EW electrowining waste

*la  Inanda soil (A horizon)

*SS 0, 7, 28, 56, 140 la soil treated with SS ameh@ed after 0, 7, 28,
56, and 140, respectively

*EW, 7, 28, 56, 140 la soil treated with EW and péad after O, 7, 28,
56, and 140, respectively
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Appendix 8. 1A comparison between sequential (SEP) and batcP)REktraction final
pH for the reducible (RF) and oxidisable (OF) fraics

RF OF
Material

BEP SEP BEP SEP
la 2.47 2.32 2.41 2.29
SSO 5.22 3.43 3.12 2.46
SS7 4.58 4.28 2.82 2.79
SS 28 4.92 3.35 3.07 2.42
SS 56 5.25 3.36 3.14 2.45
SS 140 5.11 3.56 3.06 2.47
SS 6.30 5.86 4.02 3.65
EWO 2.81 2.25 2.38 2.35
EW 7 2.85 2.25 2.38 2.35
EW 28 2.82 2.22 2.37 2.35
EW 56 2.85 2.25 2.39 2.35
EW 140 2.82 2.24 2.38 2.35
EW 5.37 4.75 2.88 2.65

L.s.d. (0.05) 0.56 0.190

p-value 0.003 0.008

*SS  smelter slag

*EW electrowining waste

*la  Inanda soil (A horizon)

*SS 0, 7, 28, 56, 140 la soil treated with SS ameh@ed after 0, 7, 28,
56, and 140, respectively

*EW, 7, 28, 56, 140 la soil treated with EW andhgéed after 0, 7, 28,
56, and 140, respectively
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Appendix 8. 2A comparison between sequential (SEP) and batchP)B&traction
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Appendix 8. 3The X-ray diffraction patterns for the random ot&rd powder samples

Counts

of (a) the electro-winning waste, (b) smelter slagd (c) A horizon of
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Appendix 8. 4The X-ray diffraction patterns for the random ot&rd powder samples
of (a) the electro-winning waste, (b) smelter slagd (c) A horizon of
Inanda soil form residues left after sequentialfSBElack line) and batch

hydrogen peroxide (BEP, red line) extractions
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