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ABSTRACT

Trifolium (clover) species are edible herbs that are rich in protgghgtocompounds and
essentialmacro and micranutrients. These herbaceous plants can therefore contribute
significantly to the nutritional needs pkopleandcan play asignificantrole in traditional
medicine. With malnutrition becoming a growing problem amongst pogéitken
communities in African countries where food is unaffordable, the usafofium, a common
perennial herbcan providemuch needeautrition andcanameliaate food insecurity. The
bioactive phytocompounds iFrifolium species promote its use in traditionadicine as this

is an affordable andlebataby, better form of treatmenSouth Africa has a rich diversity of
Trifolium species, however there is l&tto no information regarding the nutritional value of
these herbs and the uptake of toxic heavy metals which can cause adversefteesdthif

ingested.

The main aim of this study was to evaluate the elemental distribution and nutritional value of
five edible Trifolium species, namelyTrifolium africanum Trifolium burchellianum
Trifolium repens Trifolium dubiumandTrifolium pratensean KwaZulu-Natal, South Africa.

The results obtained were used to assess the potential of these herbs to allewigtéiomal

in KwaZulu-Natal. The chemical composition of the five edible herbs determinedby
analysingfor proteins, lipids, dry ash and carbohydralesdubiumproved to accumulate the
highest concentrations of toxic heavy metals (Cd and Pb), therefore the elemental distribution
of essential and toxic metals Th dubiumwere assessddr impact of soil qualityon uptake

by the planby obtaining samplefsom tendifferentgeographic locations in KwaZulNatal.

Trifolium species investigated in this study were rich essential nutrients with
concentrations of elementarying significantly (p<0.05) and were fountddecreasing order

of Ca> Mg >Fe >Mn>2Zn>&> Cu > Cr > Pb > Ni >Co > Cd#As. The species had

\



adequate levels of lipids (4.2 to 8.6%), proteins (35.1 to 45.4%) and carbohydrates (26.7 to
47.0%).The results obtained suggested thatpratensewas the most suitable species for
human consumptionue to it havingundetectable levels abxic metals (As, Cd and Pb) and
being rich in macro and micnautrients especially Fe (7.84 mg/10 g, dry mass) and Se (0.36
mg/10 g, dry mass)lhe elemental uptake T. dubiumvaried significantly with geographic
location (p<0.05) andrere found to be in descending ordeCaf > Mg > Fe > Zn > Mn > Se

> Ni > Cr > Cu > Co > Pb > Cd > Asvhere the availability and accumulation of heavy
metals from soil were controlled by the plant to meet physiological n&adk.quality
parametersuch agpH rangel from6.15 to 6.68, soil organic matteanged fronD.9 to 2.6%

and cation exchange capacity radgrom 4.25 to 9.05 meqg/100dn general, this study
indicated thatTrifolium speciesinvestigated contain adequatencentrations of essential
elements and low to undetectable levels of toxic elements which make it a satdumide
source of nutrition. Therefore, these plant species can contribute positively to the diet of

povertystricken communities anchn aid inmprovingfood insecurity in KwaZuleNatal.
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CHAPTER 1

1.1 Introduction

The worl ddéds growing popul ation, specificall.y
for essential nutrients to sustain a healthy lifestgengaarts, 2007 These nutrients can be

found in forage plants and edible herbs which are a rich source of phytonutrients.
Phytonutrients that are found in edible herbs and fruits are known tdobtea source of

nutrients than those found in dietary supplements. Consumption of these natural resources
contributes towards maintaining a healthy diet and preventing diseases. Forage plants may
also improve food security especially in rural societigsctv are dependent on natural

resources to meet basic dietary ne@dader, 200

Trifolium species, forage herbs commonly known as clover species, is a genus of the
Leguminosae family. These species are abundant with approxmza®ldifferent species

occurring naturally intemperateand subtropical regions of the northern and southern
hemispheres with the Mediterranean region having the greatest div@Hhispn et al.,

2009. Trifolium speciesnamelyTrifolium repengwhite clover)andTrifolium pratensegred

clover) have been used in folk/traditional medicine for many centuries due to the presence of
flavonoids and isoflavanoids in the pla(i®lodziejczykCzepas, 2012T. repengontains a

high mineral and protein content which is
having nitrogen fixing bacter i aitrogeRflxatiecn n ot C
capabilities, but also inhibits the use of fertilizers and other concentrate (®ectstha,

2013. I n terms of the herbdés medicinal appl i
pneumonia, fever, sore throameningitis and menstrual paiBahmani et al.,, 2015

Cakilcioglu et al., 2011Sabudak and Guler, 20DEngelmann et al. (2009eported thaf .



pratenseis used as a plaffitased alternative in herbal and tdiy supplements due to the
species containing isoflavanoids that are useful in treating estrejgaed diseases.
Medicinal applications of . pratensenclude the use as an antidiabetic h@bahmani et al.,
2014, the treatment of cardiovascular diseéSéukand and Kalle, 2013and bronchitis
(Bahmani et al., 2024 Other medicinal applications dfrifolium species are the use of
burchellianumas an anticancer and blood purifying rem@dggama et al., 203&nd that of
T. angustifoliumn treating stomach aches and diarrh{@arros et al., 2000 Additionally,
Trifolium species are also used as an ingredient in soups, salads, desserts arfldeli@yks

et al., 2002

Regular assessment of medicinal herbs and fruits for heavy metal contamination isnimporta
as they are natural food sources. The elemental content of edible plants needs to be evaluated
in order to establish if plants are safe for human consumption and to assess their contribution
to the diet(Roberts, 198)l Several inorganic elements responsible for plant growth and
development are macronutrients (N, P, K, S,anig Ca) and micronutrients (As, Cr, Co, Cu,

Fe, Mn, Mo, Ni, Se and Zn). The plant accumulates a higher concentration of macronutrients
compared to micronutrients which are usually found at trace levels. However, exposure to
concentrations higher than thecommended threshold values set by health organisations for
essential elements in humans can have detrimental effects and can affect an entire population
if consumed for either medicinal or dietary purpod&sngel et al., 1999Inorganic elements

that are nonessential (As, Cd and Pb) can also be found in trace afdadrdsand Fulekar,

2009. Daily anthropogenic activities that contribute towards heavy metals in soil include
poor waste disposal by industrial or urban areas, the use of pesticides and motor vehicle
emissions(Cui et al, 2004 Pakade et al., 20).3The accumulation and exclusion of these
heavy metals from the solil is controlled by the plant to meet physiological requirement levels

and also depends on soil concentragioThe chemical properties of soil which include the

2



moisture content, soil organic matter (SOM), pH and cation exchange capacity (CEC) affect
the mobility of essential/nonessential nutrients which influence uptake by [iargger,

1999 Imtiaz et al., 2008

1.2 Problem Statement

Most inhabitants of povertgtricken communities in South Africa are both economically and
physically unable to purchase commercially available food that is essential for a healthy and
balanced diefMoodley et al., 200)/ South Africa is one of the many developing African
countriesthat require alternative food sources to combat malnutrition and to overcome food
insecurity(Goggin et al., 2009 It has been reported that about 14 million people (of which
1.5 million are children) do not meet basic nutritional anetadly needgGqaleni et al.,

2007). Therefore, the need to proteahe consumption and medicinal use of locally grown

herbs that are easily accessible for local inhabitants is critical.

Plants have the ability to accumulate high concentrations of heavy metals from contaminated

soil and the primary exposure pathwaythese metals isegerally through ingestion. tA

elevated levels, these heavy metals (whether toxic or essential) can have adverse health
effectshowever;many factors govern whether adverse health effects may occur. If a plant

has a tendency to accumulatxic metals and if ingested regularly, be it for medicinal or
nutritional value, a personb6s susceptibility
There are standards and upper limitations set for metals in plants by the World Health
Organiséion (WHO) to prevent exposure to high concentrations of méwlsO, 2005.

Despite these regulationshere is little to no information on the elemental content,
classification (accumulator, excluder or indicator) or nutritional valugriédlium species in

South Africa. Evaluating the chemical characteristics @séhplants can contribute to



ameliorating food insecurity in South Africa and may provide greater knowledge in food

science and agriculture.

1.3 Aims

The aim of the study was to compare the elemental distribution of selected elghse@a,

Cd, Co,Cr, Cu, Fe, Mg, Mn, Ni, Pb, Se and 4n)five differentTrifolium specieqTrifolium
africanum (African clover) Trifolium burchellianum( b ur ¢ h e | ,ITéfdiumcrépens e r )
(white clover) Trifolium dubium(hop clover)and Trifolium pratensgred clover))found in
KwaZulu-Natal, South AfricaT. dubium which accumulated higher levels of toxic heavy
metals (Cd and Pb), was chosen to determine the impact of soil quality on elemental uptake

as a function of geographical location.

1.4 Objectives

1 To validate the method used for the analysis of metal$rifolium species and
corresponding soil samples using certified reference materials.

1 To determine the concentration of selected elements (macro, micro and toxic) in the
five Trifolium speciesand to evaluate for metal toxicity.

1 To determine the proximate chemical composition (moisture, lipid, protein and dry
ash) of the fiveTrifolium species.

1 To determine the nutritional value of the five species analysed by comparing
elemental results tecommended dietary allowances.

1 To determine the concentration of elements (macro, micro and toxic) dibium
leaves and corresponding growth soil (total and exchangeable) from the ten sampling

sites in KwaZuldNatal.



1 To determine the pH, soil organicatter and cation exchange capacity of the soil
samples from the ten sampling sites.
1 To perform statistical analyses to assess the impact of soil quality on elemental uptake

by T. dubium
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CHAPTER 2

LITERATURE REVIEW

2.1 Medicinal plants

Traditional medicine uses plabased drugs that are developed using traditional knowledge,
the benefits of which are recognised by Werld Health Organisation (WHQhence the
current push for incorporating it into healthcare systems, specificallwelafeng countries
(Akerele, 198). The main reason for this is that in most developing countries, local
communities do not have proper healthcare systems or facilities due to lack ofbéigess
and affordability(Graham, 1991 The move towards traditional medicine to serve healthcare
needs has resulted in an increase in research on folk or traditionalmaeid the medicinal

benefits of plants which are commonly used to treat various condiGyasi et al., 2011

Il n South Africa, it has been reported that
traditional medicine for their healthcare ne€@sggin et al., 2009Gqaleni et al., 2007t is

evident that most South Africans, especially black South Africans, prefer to use folk
medicine over conventiohanedicine to treat a wide range of diseases and conditions. An
example is the study conducted at a local clinic in KwaRldtal, where 84% of the patients

chose to be treated using traditional medicine. The most popular fotreatthent needed

was for HV/AIDS patients who also preferred the use of traditional medicine to boost their
immune system. The study concluded with only 18% of patients stating that they may

consider reducing their use of pldrased drugs in the futu(®ander et al., 2007

Plants are the main source of medicine for traditional healers and variousfpaesplant
are utilised in the South African medicinal plant trade (Table ZMander, 1998

Traditional healers obtain their medicinaapts from nature. They either use various parts of



the plant directly or they produce medicinal remedies or concoctions. It is reported that
approximately 1000 medicinal plants found in the wild are being sold in local markets in
Southern AfricgdChen et al., 2004

Table 2.1: The percentage of each part of the plant utilised in the medicinal plants trade

(Mander, 1998)

Plant parts used Percentage in trade (%)
Bark 27
Roots 27
Bulbs 14
Whole plant 13
Leaves and stems 10
Tubers 6
Mixture of parts 3

Medicinal plants used to prepare traditional medicine can also have negative effects that are
not considered. Plants have the ability to accumulate toxic trace elements (As, Pb and Cd)
due togrowing and developing in heavy metal contaminated soil. The ingestion of these toxic
elements (even in trace amounts) can cause severe illnesses to people who consume or utilise
medicinal plants. Heavy metal poisoning can be carcinogenic, cause dantagebtain,

kidneys and liver (Khan et al., 2008 A study on herbal drugs reported that all medicinal
plants collected for preparation of traditional medicine should be testdieémy metals

since contamination of medicines is a common prol{feanoo et al., 20)0Abou-Arab and

Abou Donia 2000 determined the heavy metal contamination in medicinal plants in Egypt
and found that the levels of toxic metals, particularly Pb and Cd, dedervaximum levels

The study concluded that the uptake of toxic metals from soil was highly dependéet on



plant species. An efficient method for reducing the metal content was by boiliptattien

water instead oSubmerging the planh hot water.Chizzola et al. (2003monitored the
heavy metal concentratian medicinal plants growing iAustria and found them to contain

Cd andPhb. It was reported that Cd contamination only occurred in some plant species,
showing that the soil did not play a role in Cd uptake by the plants. However, proper soil
management was recommended for the growth of thesecimadplants sincéoxic metals

were taken up which causssvere health risks if consumed in large amowkizadjanet al.

(2008 determined the concentration of As, Cd and Pb in seven different species of edible
Bulgarian herbsThe three toxic metals were found to be present in all species analysed, with

Pb having the highest concentration.

2.2 Leguminosadamily

There is a wide spread of the Leguminosae plant family across the world where it has
approximately 750 genera with an estimated 16,000 to 19,000 spgéadms and Allen,

1981). Lewis (2005 reported that the Leguminosae plant family is the third largest,
containing 727 genera and approximately 19,325 species. The plant family has been
subdivided into three distinctive groups by taxonomists, namely Mimosaceae,
Caesalpiniaceae and Fabacédatchinson, 1964 The general characteristics of plants that
belong to the Leguminosae family include trees, shrubs, woody vines and perennial or annual
herbs. The genuFkifolium (clover) belongs to the subfamily Fabaceae and has been reported
to be one of the largest genera in the Leguminosae family, with approximately 255 species

(Gillett and Taylor, 2001
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2.3 Trifolium species

The genus nameélrifolium, was derived from the three leaflets of the plant (trifoliolate).
Trifolium species, commonly known as clover, are annual or peremaibt that can reach
up to 50 cm in height. The flowers grow between@3cm and are organised in capitate to
spicate heads. The fruits are usually present wizhsgéeds, but can have up to 9 seeds. The
plants contain pods that are regularly dehisdemtyever they can be irregularly dehiscent if

there is a lack of sutur¢gohary and Heller1984.

A wide range of differenTrifolium species have a native spread in temperate and subtropical
(Northern and Southern hemispheres) habitats, whilst these species are not usually present
around Southeast Asia. There are three main habitatshéivat the largest diversity of
Trifolium species namely, western North America, east Africa and the Mediterranean region
(Polhill et al., 1994 These abundarspecies tend to grow and spread around mountains,
alpine peaks, meadows, prairies, woodlands and-degarts. A small group of selected
Trifolium species can grow in shady areas, hence these species prefer to be exposed to high
solar radiation like most herbaceous plafiflison et al., 2006 Many Trifolium species

grow as forage plants or green manure cr@diett and Taylor (2001 reported that 16
species are being cultivated, with more species becoming naturalised across the world.

Animals also tend to graze around areas richviardity of Trifolium speciegTaylor, 1985.

2.4 Uses offrifolium species

These herbs are well known for their bigical activity and phytochemicals, making these
species an important medicinal plant that has been utilised in folk mefk@iwziejczyk

Czepas, 2012 These species are also consumed as a herb making them an important source

of nutrients(Tundis et al., 2005 A frequent use of rifolium in the environment would be its

11



role as a bioindicator, where the plants able to determine the bioavailability of toxic heavy
metals in contaminated soil. These studies using bioindicators not only provide information
on toxicity and heavy metal exposure to inhabitants that consume the plant, but also for
identifying pollutants that cause DNA damage in living plant spe@i&gisson et al., 2003

Some of the uses in agriculture include nitrogen fixation and the growkhfofium in and

around pastures for animal grazifigyock et al., 1988

2.4.1 Medicinaluses

The use of clovein traditional medicineis predominatly due to its antinflammatory,
antioxidant, cytotoxic and estrogenic activity, and its use in minimising the side effects of
chemotherapy and preventing the depetent of cardiovascular disegSabudak and Guler,
2009. Table 2.2 is a summary of some of the basic medicinal uses of diffenésiium

speciegKolodziejczykA=zepas, 2016
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Table 2.2: Ethnopharmacological recommendations for use of different Trifodipeaties in

humans

Trifolium species | Parts of the Traditional uses References

plant used
T. alexandrinum | Whole plant, Antidiabetic remedy, Khan et al. (2014a
(Berseem clover) | seeds and treatment of asthma,

flowers cough, ulcers and woun

healing

T. angustifolium | Aerial parts Stomach aches and (Barros et al., 2010
(Narrow clover) diarhoea
T. burchellianum | Aerial parts Anticancer and blood | Magama et al. (2033
(Burchel |l purifying remedy
T. dubium(Hop Leaves Swellings and acne Moravec et al. (2004
clover)

T. fragiferum

(Strawberry clover)

Seeds and aeria

parts

Wound heahg and

burns

Tugba (201

T. minug(Suckling | Whole plant Blood clot disorders Ummara et al. (2013
clover)

T. pannonicum Aerial parts Wound healing Menkovi l e
(Hungarian clover) (2011

T. philistaeum

Flowers

Treament of ovarian
and breast cancer

Jaradat et al. (20)6

T. pratensg¢Red

clover)

Whole plant and

flowers

Disorders in the
reproductive and
nervous system, sore
throat,expectorant,
antiseptic, analgesic,
pneumonia, meningitis,
lung disease, heart
disease and polycystic

ovarian syndrome

Cakilcioglu et al.
(2011, Goswami et
al. (2017, Séukand
and Kalle (2013
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Trifolium species | Parts of the Traditional uses References

plant used

T. purpureum Leaves Antidiabetic Bahmani et al. (2004

(Purple clover)

T. repengWhite Whole plant, Treatment of sore throal Amjad et al. (201p
clover) flowers and fever, coughs, colds, Bahmani et al.Z019,
seeds leucorrhoea, eye diseas Papp et al. (2013
deworming remedy,
analgesic, stomach
disorders, menstrual pa

and improvement of

memory
T. resupinatum Whole plant and Skin sores, constipation| Gulshan et al. (2032
(Persian clover) flowers digestive disorders and

curing liver ailments

T.rueppellianum | Whole plant Meningitis Giday et al. (2000

2.4.2 Food

Trifolium species are a popular source of food for inhabitants who consume leafy vegetables.
The plant species is an important nutraceutical that contains minerals and nutrients that can
contribute positively to the digfKelley et al., 2002 These herbaceous species contain
important phytonutrients, namely flavonoids and phenols that can be ingesteugh
consumption, resulting in a more effective and affordable route to nutrients in comparison to
commercial dietary supplemer{tsader, 200). The plant polyphenols also contribute to food

characteristics, namely the bitternestringency and coloyPandey and Rizvi, 2009

Bakoglu et al. (2009investigated the fatty acids, protein and nutrient contefit @ureum
T. repensand other plant species belonging to the Leguminosae family. The results showed

both Trifolium species to be théchest in proteins and nutrients, namely Cu, Mn, Ni, Mg, Zn,
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Cr and Fe. Thes results correlateavith previous studies on the Leguminosae family,
indicating that these plants amch in proteins and nutrient€Chang and Satterlee, 1979
Tewatia and Virk, 1996 Engelmann et al. (2009eportedon the use of plant extracts from

T. pratenseas a food addite in herbal and dietary supplements. The plant extracts contain
isoflavones that have potent estrogenic effects that can help lower the risk of breast and
ovarian cancer, and treat other menopausal disorders. These phytoestrogens are natural
remedies wiih can be an alternative to woman who want to avoid hormonal therapy
containing estrogen. Promensil (Figure 2.1) is a dietary supplement of plant phytoestrogens
extracted fromT. pratense Examples of food that contain or udfolium species in the

ingredients are salads, soups, entrees and deégBeftsnger and Coca, 1991

o May help relieve hot flashes'
« Promotes breast health'
« Promotes heart health’

Bl - one tablet daily

IN 2 DOCTORRECOMENDED

) N~ 1
. promensil.
: menopause

 §
Natural and safe W v

alternative for 2 LA .‘ p
relief of menopause A S W
symptoms’

60 TABLETS

A dietary supplement of
plant estrogens extracted
from red clover.

Figure 2.1: Dietary supplement containing extracts frémpratense
(https:/Iwww.luckyvitamin.com/1973droppedpromensimenopaus&0-mg-60-tabletsy

2.4.3 Bioindicators
Plants are utilised as bioindicators to assess heavy metal toxicity in soil ecosystems. This

technique evaluates the effect of anthropogenic activitidbe environment by measuring
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the elemental uptake byperaccumulating plantsldnts that accumulate toxic heavy metals
from soil assist in the prevention of metal toxicity in humans and indicate the potential or
existence of environmental pollutiofKnight et al., 199y Trifolium species are
hyperaccumulating plants that have been used in biomonitoring investigations as they are

sensitive to pollutants in the environméRiraino et al., 2006

T. repensvas utilised as a bioindicator in a study where the toxic and genotoxic effects of Cd
and As were investigatg@hiani et al., 2014 Plant species were planteddails that were

spiked with known concentrations of Cd and As to determine the uptake of these toxic heavy
metals by the plant. There was a synergistic or additive relationship between the metals,
where an increase in As uptake decreased the concentodtiod in the plant, whilst an
increase in Cd showed an increase in As uptake. In summary, all plant species indicated the

simultaneous presence of the toxic heavy metals in soil.

Contaminated soil in the vicinity of a Pb smelter was investigated UisnegensandLolium
perenng(Poaceae plant family) to assess the uptake of Cd, Pb and Zn to determine the metal
uptake by the plant and its phytotoxic{idar et al., 200). The concentrations of the metals
accumulated by the planigere in the ordeof Cd > Zn > Pb. Between the two plant species
studied,T. repensaccumulated the lowest concentration of these heavy mktalizia et al.

(2012 assessed the usefulnessTofpratensen monitoring the heavy metal content in soll
andto evaluate pollution in the environment. Inductively CouplealsRla Atomic Emission
Spectroscopy (ICRAES) was used to determine the elemental uptake of heavy metals (Cu,
Zn, Mn, Pb, Cr and Pd) from soil by the plant. The results obtained in the study showed the
metal uptake by the plant species and provided knowledgle extent of soil pollution. It

was concluded that herbaceous plants are useful analytical tools that can be utilised in

assessing selected heavy metals in soll.
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2.4.4 Agriculture

Trifolium species were used in a study conducted in Fukushima),Japere tle plants were

being evaluated faheir phytoremediation abilityl. hybridum T. incarnatumandT. repens

were grown in a cultivated farmland that had been contaminated with radiocesium. These
plants together with 10 other species from diffefamilies decreased the concentration of
radiocesium in the soil, however, the complete removal of radiocesium was unsuccessful
(Kobayashi et al., 20)4Pasture legumes have been recognised for ameliorating the nitrogen
content of soils without the extensive use of nitrogen fertilizer. The importance of preventing
the use of nitrogen fertilizer in agriculture increases sustainability and minimizes
environmental problems relating to the use of nitrogen fertiliZEBrgsepensenhances the
nitrogenfixation process in soil and in grass pastytesdgard and Steele, 1992nd it can

also improve pastures for grazing anim@sve et al., 2013Hammond et al., 2013 ane et

al., 1997.

2.5 Trifoliu m species in this study
The five Trifolium species selected for this study dmfolium africanum(African clover)
Trifolium burchellianum( Bu r ¢ h e | | Ti®liunt tepgens évhite clover) Trifolium

dubium(hop clover)andTrifolium pratensered clover).
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2.5.1Trifolium africanum

The perennial herb, commonly known as the African clover, is an indigenous plant species
that is native to Africa. The common plant n
these species are indigenous to Southern Africa, where it is mainly fiou¢waZuluNatal,

Lesotho, Orange Free State and Cape Province. The herb is grown around grassy areas, hills
and along roadsides where it is readily grazed by livestock in the wild and on farms. The
flowers of T. africanumare between light purple andngiin colou which can be used to
distinguishthem from other species. The flowers can be found in small groups usually in a
spherical shape where thind to start growing on an elongated stem in the middle of spring

up until summefJones et al., 1974

-

Figure 2.2: Trifolium africanum
(http://www.ngkenya.com/flora/trifoliur®1.html)
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2.5.2Trifolium burchellianum

The common name of. burchellianumi s Burchell 6s cl over whi cl
pl antés scientific name. The other common n
Southern Africa is O0Cape cloverd since the s

native to Africa, wheretiis located in South Africa, Lesotho, Angola, Kenya, Tanzania and
Uganda(Wilson and Bowman, 1993The herb grows in loamy sands with an acidic pH
(approximately 6) in grasslands, forests, grazed fields (common plant for animal grazing) and
along roadside$Ryding, 199). The distinguishingeature of thisTrifolium species is the

dark purplecolour of thef | ower petals growing from the pleé

Figure 2.3: Trifolium burchellianum
(http://redlist.sanbi.org/species.php?species=B§3
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2.5.3Trifolium repens

One of the most commonly knowfrifolium species is white clover which is distributed

across the temperate regiomsrepensvas gi ven i ts common name 06w
white flower heads that sprout from the stem that make these species distinguishable. The
perennial herbaceous plant,hieh originated in Europe, can be found growing along
roadsides, pastures, grassy fields, lawns and j@dasen and Fomsgaard, 2008he plants
contribution to nature is the nitrogémation ability where it converts atmospheric nitrogen

to the form needed by plandimeida et al., 2000 The plant is usedof many traditional

medicine applications (Table 2.2) and possesses a high protein and carbohydrate content

which make it a nutritious and valuable forage H€tok, 1966.

Figure 2.4: Trifolium repens
(https://keyserver.lucidcentral.org/weeds/data/media/Html/trifolium_repens.htm
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2.5.4Trifolium dubium

These annual herbaceous legumes are known as Little Hop cldveghiumcan be found

in dry habitats containing shallow, coategtured soil. Thename 6 Hop clover
originated from the plants dried fl ower head
of hop clover differentiates the plant from otHe&ifolium species containing yellow flower

heads.T. dubiumand T. procumbeng$oth containyellow flowers, butT. dubiumhas the

smallest flower heads and the least amount of flowers in the head. The leaflets are different to
most clovers where theentreleaflet is on a stalk, with the leaves-Z1cm long) being

serrated around the edges. The herb prefers warm temperate grasslands where it grows in
pastures during spring and summer and are distinguished by their yellowish flKeens et

al., 1999. The forage plant has similar characteristics to ofmgolium species; the leaves

are used in traditional medicine, the plant has nitrogen fixation capabilities and livestock

graze on thenBrock, 1973 Moravec et al., 2014Jysal et al., 2010

Figure 2.5: Trifolium dubium
(https://keyserver.lucidcentral.org/weeds/data/media/Html/trifolium_dubiur.htm
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2.5.5Trifolium pratense

Red clover is the common name givenTtopratensesince the plant is distinguished by the

red colour of its flowers. Red clover is a forage herb that is distributedcaltidated
globally. Grazing byivestock and being a potent nitrogéxer are the ma contributions to
ecosystems, whilst the plants medicinal properties are exploited in traditional medicine. The
perennial herb can be found growing in pastures and grasslands where they are enjoyed by
bees that use them to produce honey. The flowemsdoflovers tend to grow 116 mm long
(Taylor and Quesenberryl996. Extracted constituents fronTrifolium pratense are
commercialised and sold in American and European markets as dietary supp(@uokasisk

et al., 2007. It is one of the fewlrifolium species from whiclphytochemicals have been
extracted and commercialised into tablets that are taken by woman for hormonal therapy
(Coon et al.,, 2007 The flowers and other parts of the plant have aksen used in the

production oftea whichis sold in Europe (Figure 2.7).

Figure 2.6: Trifolium pratense
(http://drmgoeswild.com/thop-30-vasculasplantspeciesn-britain-fabaceae/trifoliun)/

ORGANIC

Figure 2.7: Red clover tea sold in Europe
(https://www.swansonvitamins.com/alviteared-clovertea24-bags)
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2.6 Soil

Soil is the material found on the surface of the earth that is differentiated by the structure,
thickness, texture and colour. The components that primarily make up soil are inorganic and
organic constituents generated from weathered parent material, gases, moisture and essential
nutrients that are required by plaiBronick and Lal, 2006 The different layers of soil are
divided into four regions (Figure 2.8The organic materiakO) layer (approximately 0.5 to

3 inches thick) present at the top of the soil peofionsists of leaves, twigs and needles.
Organic soils consist of about 20% organic matter. The to@Splayer represents the region

of accumulation of biological activity, where it is defined as the mineral horizon. This layer is
darker and coarserdh other underlying layers. Consisting of approximate§#d organic

matter, this layer is significantly thinner or may not be present due to soil erosion.

The subsoil (B) layer is also known as the regioaafumulation, consisting alay (red or

brown in colour)iron and any other cstituents that are penetratedvisgter. Orgait matter

is foundin traceamounts. The weathered or decomposed rock (C) layer is the region that
contains the most minerals. There is little to no biologictViag in this layer which mainly
consists of weathered rock, sediments, and saprolite. The solid rock (R) layer consists of
granite, limestone, basalt and sandstone. This region is attached to théReanfyel and
KdgelKnabner, 201l Humus is one of the major organic components in soil which is
produced from decaying organic matter that has further broken down into organic
compounds. Theseontribute to the dark brown/black colour of soils and also improve the

capacity to retain water within the s@solnay, 199%
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(O Organic materials
A Topsoil

B Subsoil

{ S C Weathered or
| | JF decomposed rock

| +=R Ssolid rock

Figure 2.8: Solil profile showing the different soil horizons
(https://valeriaapes.weebly.com/apesa-box-soil-profile.html)

Soil is the source afany nutrients that are absorbed by the plant through the root system
which is in direct cotact with soil (Figure 2.9), which is not only responsible for the
transportation of nutrients to the plant, but also offers protection and assists in the growth and
development of plant life. Elements can be accumulated by the plant in three ways, namely
mass flow, diffusion and root interception. During mass flow, the mobility of ion§",(Ca
Mg®*, NOs and CI) occurs from the soil to the root surface through water where nutrients are
absorbed by the plant. Diffusion occurs when nutrients in the soirameported from a
region of high concentration (soil) to a region of low concentration (plant roots). Root
interception is the process that occurs when the root system of a plant has grown into

different regions of the soil which causes the direct upphkeitrients(Weil et al., 2015
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Figure 2.9: The uptake of elements from the soil through the roots of the plant
(https://ars.eledn.com/content/image”d2.0S03756742163040HX1.jpg)

2.7 Soil analysis

Assessment of soil can be performed using either chemical or physical techniques. Evaluating
the moisture, pore spacing and density of soil are common physical techniques utilized in
assessing soil. The general chemical techniques can be performed byirdeterthe
elemental composition and distribution in soil, organic matter content, salinity, pH, cation

exchange capacity (CEC) and nutrient content (N, RFEyeria et al., 2030

2.8 Soil quality

The quality of soil is important for many functions that are performed, namely forming an
excellent nedium for the growth of plants, allowing the regular flow of water in the
ecosystem, storing and recycling nutrients within the soil and maintaining a balanced
elemental content that will not negatively impact animal and human health. High organic

matter ontent in soil is preferable since it allows for water and the roots of the plant to
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penetrate the soil more efficiently. Soil organic matter (SOM), soil pH and CEC are

techniques used to assess the quality of(keivandowski et al., 1999

2.8.1 Soil organic matter (SOM)

Soil organic matter (SOMyas a major influence on the functions of soil, which include the
ability to hold water and the ability for water to infiltrate the ddtlees et al., 2000
Decaying animals and plant material enhance the SOM content which also improves the
ability to maintain plant nutrients from leaching ditoole, 200L These nutrients are
maintained and made available for plant uptake due to the breakdown of organic matter into
compounds in the soil, allowing the roots of plants to absorb available nutrients. The process
occurs all over again when decaying plant matesi animal waste is introduced into soil
which is then consumed by microorganisms in the soil, breaking down organic ({Battkn

and Perakis, 20Q9High clay content tends to increase organic matter in soil due to the fact
that clay binds cations (Eaand Md") more effectively than sandy soilkabataPendias

and Pendig, 200). Figure 2.10 indicates how sources of SOM (decaying organisms) are
decomposed by microorganisms into inorganic forms or humus. Thehah$orm either

leach outundergo chelation to for organometallic complexes or are releasethe surfae

of the soil, which then becomes available for uptake by the plant.
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Figure 2.10: The formation of organic matter in soil

(https://theorangegardener.org/topics/soil/organatter)

CO,

2.8.2 SoilpH

Soil pH indicats if the soil is acidic (0 6.0), alkali (87 14) or neutral (about 7). The most
optimum pH for vegetation and fruits to graw soil is between 5.5 8.0 (Figure 211)
(McKenzie, 2003 The formation of acidic analkali ions in soil affect pH of soilSoils with

a pH below 6 have an excess dfins which causes adidcations (AF* and Fé'/Fe*™) to

occupy negative exchange sites. An increase in soil pH due to the addition of basic cations
(Cd*, Mg**, K* and N4) in soil causes the Aland F&'/Fe** to combine with OHand form
insoluble Al and Fe oxides (Equation 1).

Equation 1: AY* +3H,0 Y Al;¢3DH)



This creates free space in negative charged sites in soil, allowing for nutrient exchange. The
formation of basic cations in soil is mostly due to the presencarbbrates (Equation 2)

and bicarbonates (Equation 3) which naturally occur in ggitCauley et al., 2009

Equation 2: 2H+ NaCO: Y  C,® H,O + 2Na

Equation 3NaHCOQ;+ H'Y N a CO, + H,0

Soil pH isan important tool to evaluate soil quality since pH levels in soil have a direct
influence on nutrient availability due to the kdns occupying the negative charges on the
surface of soil. Nutrients that stick strongly to the surface of soil when thé géil @s high

(basic, low H concentration) are Cu, Fe, Mn and Zn. This is mainly due to the charge to size
ratio of the molecules being high, where each molecule is small but contains a charge of two
to three. This results in the nutrients being unabteléor uptake by the plant. A decrease in

soil pH (acidic, high FHconcentration) will result in these nutrients being made available for
uptake by the plant due to the fact that the nutrients do not stick as tightly as compared to
when the soil pH is hiy Suliur and the basic cations €aMg?*, K* and N4 are large in

size, therefore these nutrients do not bind strongly to soil particles. A high pH will result in
the nutrients being readily available for uptake since they easily come off the soilepartic
Nutrients exposed to low pH soil are displaced Byaktl are lost through nutrient uptake by

the plant or leachinl.ake, 2000McCauley et al., 2009

=
ACIDIC NEUTRAL 5‘ HIGHLY ALKALINE
=
; e Ideal pH Nutrient deficiencies,
g lt];:iec;tiie(i:c;;:cﬁ) for plant toxicities (C0Z-, HCO3, AlO,)
e growth & sodicity
APPLY LIME CONSIDER TOLERANT SPECIES

Figure 2.11: Soil pH scale and plant growth
(http://soilquality.org.au/factsheets/spit-southaustra)
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2.8.3 Cation exchange capacity (CEC)

The cation exchange capacitfCEC) of soil is determined by evaluating the amount of
negatively charged sites on the surface of soil that can hold catiarntgising the forces of
attraction. These positively charged ions {CMg?*, K*, Na" and AP") are exchangeable
within the soil which increases the ability of the plant to accuraubesitively charged
cations fromthe soil(Ross and Ketterings, 1995 he negatively charged sites on the surface

of soil are mainly due to the clay and organic matter co&rdw and Andrews, 20R1The
relationship between soil pH and CEC is controlled by the amount of negative charges in clay
and organic matter in the soil, where an increase in soil pH increases CEC. Clay contains
high CEC leels based on the fact that organic matter has a high number of negative charges,
whilst sand has very low CEC levels due to it not having an electrical charge (Figure 2.12)

(Thomas et al., 2007

CEC 25 CECS5
More clay, more positions Low clay content,
to hold cations fewer positions to hold cations

Gazwy S Common CEC Range ME—) (5w

Figure 2.12: The different CEC levels between clay and sand
(http://slideplayer.com/slide/6996635/
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2.9 Total and exchangeable metals in soil

Elements with densities larger than five and atomic weights of 23 and lighelassified as
heavy metalgPassow et al., 1981There are approximately 38 heavy metafsvhich As,

Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Se and Zn are a few. These metals enter ecosystems via
natural or anthropogenic activitieBletals can accumulate in various compartments of soil
and mobilization of these metals is possible due to changdseirrtvironment such as
weather conditiongFedotov and Mird, 2007 Concentrations of trace elements in soi
dependent on the climate, the form and intensity of weathering and other aspects that
prevailed during soil fonation. The key source of trace elements is parent rock material
which issusceptible to weathering and tends to form fine textwwoils. On th@ther hand,
rocksthatare resilient to weathering have low micronutrient content amdl tie form rough
textured soilgSillanpaa, 198 A small portion of the total concentration of heavy metals in

the soil that is accessible for incorporation into bicdaknown as the bioavailable
concentratior{Leventhal and John, 199p8iochemical and chemical processes djrectthe

most part, thenobility and availability of heavynetals. These processes are subjectiibe

pH, SOM, CECand other biological aiwities (Violante et al., 200).

Table 2.3: Chemical forms of metals in s¢ibunn et al., 1988, Salomons, 1995)

Fraction Mobility

In pore water (dissolved) High

Weakly adsorbed (exchangeablg High

Associated witlcarbonates High
E:' Associated with Fe, Mn oxides | Moderate
'9 Complexed by organics Moderate
Associated with sulfide Low
In the mineral lattice Low
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The chemical forms of metals in soil in their various solid phases are shovabla 2.3
(Gunn et al., 1988Salomons, 1995 Metals are related to numerous sites in soil; variations

in the cation composition could potentially result in ion exchange which releases weakly
adsorbed cations into the soil. The mobility and availability could increase due to changes in
redox activitiesand environmental conditions resulting the release of metal ions. Metal
incorporated in themineral latticeare typically unavailable to biotdLeventhal and John,

1995.

2.10 Soilextraction techniques

In determining which ions in the soil are exchangeable, the soil needs to be submerged in an
extractant, typically an ionic solution. The ions in the extractahitionwill displace the
weakly held ions on the surface of the soil adsorbed ionsAt this point, both the
exchangeable ions and ions in the extractant will be contained in the solution. The extractant

chosen is dependent on the targeted ions in théGleyzes et al., 2002

The 1M ammonium acetate (NBIAc) extractant solution is preferred as it is highly
concentrated and the acetaten which has a metal complexing power inhibitsagsoption

and precipitation of freenetal iongUre, 199§. Acetic acid typically dissolves exchangeable
species and has trability to release more firmly bound exchangeable fo(Rapin and
Forstner, 1988 A strong chelating agent that forms durable complexes witbusametals is
ethylenediaminetraacetic acid (EDTA)which is known to be one of the most successfully
used phytoremediation chelating agefRsaishid, 1973 This is mainly due to the molecule
possessing a strong ability to chelate to a variety of metals assvidle ability to increase
plant uptake and the bioavailability of metals in soil. The reagent binds to metal ions and is

able to form complexes whereby the ions are held secfliplyadzi and Kirkham, 2006
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For the formation of these complexes, the molecules in the extractant solution (made up of
ammonium acetate, EDTA and acetic acid) fdha ligand which will thereby bind to the
metals from the soil.

A typical reaction for complex formation is:

M+ nL#a MLn

With an equilibrium expression of:

00¢ |
- &
V) V)

Where K = equilibrium constant and logK = formation (stability) constant.

The higher formation constant results in the metal ion being held more tightly within the
newly formed complex. Hence, among other sequestering reagertsasugtrilotriacetic

acid and gluconic acid, EDTA contains one of the highest stability constanttharefore

highest sequestering effdétocialkowski et al., 199). Combining EDTA and acetic acid has
beenshown to attack the carbonate phase and extract metals 4silicate bound plates.
Therefore, the available metal forms are better represented by combining all three extractants

in solution(Rauret et al., 2000

2.11 Heavy metal contamination in soil

Heavy metals have the tendency to be adsorbed onto different particles, usually forming
hydroxo complexes or existing as free ions in soil. The different species of metals present in
the enwonment are influenced by the redox reactions that occur. These chemical reactions
taking place within the environment causes a change in the oxidation state of the metal
present. The metal species that are present as free ions lead to contaminatitimesace
metals are regarded as toxic, therefore it is important to assess the heavy metal uptake by

plants as well as the toxicity in s¢falent® et al., 2002
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Heavy metals present in the environment can exist in different species of that specific
element, where the species formed is influenced by factors that include ionic strength, soil
pH, temperature, redox chemical reactions occurring within soil and cHeroitgosition

(Blais et al.,2008. Table 2.4 below gives examples of heavy metals and their species that
can possess toxic effects in the environment.

Table 2.4: Heavy metals that occur in the environment and their relative species

(Blais et al., 2008)

Metal Species
As As®*, As*
Cd Cd*

Cr cr*

Cu Cu’, Cu'
Ni Ni*

Pb PL

Se Se’, Sé°, se”
Zn zn**

The mining and chemical industry in South Africa produces waste that may contain high
concentrations of toxic heauyetals and other pollutants. The irregular disposal of waste
from these industries contaminate #mvironment due to the leaching of these toxic heavy
metals into soil and water systeiidaicker et al., 2003Roychoudhury and Stark@006).

Living organisms that consume or utilise plants can experience severe health risks due to
exposure to these toxic heavy metals if they have been accumulated by plants. Due to this
reason, it is essential that plants be assessed for heavy owtainmants before they are

used for medicinal purposes or consumed as part of théHiissain et al., 2031
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2.12 Relationship between plants and soill

Nutrients that are widely distributed in soil can be subdivided into two groups, namely major

elements and trace elements. These nutrients, which are vital for plant growth and

development, are obtained from decaying plant material and the weatheringmif noek.

The roots of the plant are responsible for the absorption of nutrients from the soil by plant,

therefore accumulation of major and trace elements by the plant are dependent on the

mobility of elements from the soil to the root system. Nutriahisorbed by the root system

are then transported to different parts of the plant by plant(d&itaisek et al., 2009

2.13 Elements in plants

The metabolic functions that occwithin plants requireelementdor these functions that are
known as essential elements. Deficiencies in essezlgatents can causeogvth defects,
however elevatedoncentrations can also lead to toxic effeBlants have a high acceptance
for specific elements which allows for tkelective uptake (in the rootsj certain ions and
the exclusiorof others (Figure 2.13Mendez and Maier, 2008Many cevelopmentdave
been maden order to understand the molecular mechanisms whichsa@ by plants for the
uptakeand accumulation of micronutrients, for example, zinc, iron, manganeseoppdr.
There are a few of these mechanisms that also assistt ianhothe uptake of essential
elements but also in the accumulation of 4@gsential (or toxic) elements, in thkels of

elements such ass, Pb and CdLifiero et al., 201y

In human beings, the intake of elements such as Cd, As and Pb has been relatedvithcases

many disorders which typically include failure of organs such as the kidneys, diseases like

diabetes and cancer, and also mental health proll&mnsp, 2008 Regarchconducted in

the past few years have shown that transponéthin the plant are able to discriminate
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between essential metals and toxic elements like the ones mentioned, but this is not in all
plants. Furthermore, a process called sequestration, especially-eEsemtial elementa

the roots of plants has &e referred to in many different plant species as one of the main
processes which is responsible for the limiting of the translocation (movement and
placement) of nomssential elements to edible tissues which exist agawendlevel in the

plant, includng its seeds. By increasing the concentration of the micronutrients which are
bioavailable (commonly known as biofortification) in grains while depressing the
accumulation of toxic elements will most likely require the functioning of a few different
transprters in the plant. The selectivity for root uptake in most plants is fairly good but there
is room for improvement for selectivity towardssential elements. This ike reasonwhy

nonressential elementghich are rot needed and are toxace still take up by plants.

There exists a few toxic elements which have similar properties to that of essential elements
and therefore uptake specificity becomes a real ehgdl. |6r instance, As can be found in

soils in different oxidation states (commonly as aase, AS* or arsenite, A¥) and arsenate

is extremely similar to phosphate (an essential element) with regard to the thermochemical
radii, charged oxygen atoms and thelapvalues. This is just an example, among others,
illustrating why plants can ofteallow for the uptake of nceaessential elements. Hence,
sequestration of neassential elements in many different types of plant roots is described as a
key process for the limitation of translocation of toxic elements being taken up into the

abovegrounddible plant tissues and the seédban et al., 2014pb
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Figure 2.13: The sequestration and the root uptake of metals
(https://www.semanticscholar.org/paper/Phydbgtzationof-Mine-Tailingsin-Arid-andSe
MendezMaier/)

2.14 Accumulators and excluders

Plants that accumulate heavy metals are called accumulators, with the term
hyperaccumulators being given to the extreme accumuldtbese types of plants thrive in
seriously contaminated soils and in proximity to ore deposits. On the other hand, there are
plants that have established prevention or barring mechanisms making them unresponsive to
wide concentration ranges of heavy metatlseseare called excluder®radl, 2005.

Massoura et al. (200&ssessed the transfer of Ni from soilTiafolium pratense Triticum
aestivumand Alyssum muraleThe objective of the study was to determine whiatm the

three plant speciesvould accumulate or exclude Ni. These plants were grown for three
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months on four soils that were spiked with a range of total and bioavailabld&lresults
obtained indicated that the accumulation of Ni was highly dependent on the available Ni in
the soil since all plant species accumulated Ni. Due to the three plant species proving to be Ni
hyperaccumulating plants, their application in the péytaction of Ni in soil can be
exploited. This lowers the toxicological risk of excess Ni in soil systems since the

concentration of Ni is reduced by the hyperaccumulating plants.

2.15 Bioaccumulation factor

Bioaccumulationis crucial as itallows for the uptakend storage of specific nutrients for

growth and development, namely vitamins, trace elements, fats and amino acids, by the
organismgMcDowell, 2013. The net result of a chemicals uptake, storage and removal is

also known as bioaccumulatioBioaccumulation depends on solubility, agility and contact

of metals with the various explii t sites in the organismodos bo
and Cd causes difficulty with bioaccumulation as they are able to accumulate within
organisms at high conotrations resulting in toxicityBerthet et al., 1992

The ratio of ametab soncentration in alpnt to its concentration in soil is known as the
bioaccumulation factaiBAF) (Timperley et al., 1970

0O aa
DQowa

2.16 Essential elements in humans
Seeds and plants are the leading source of nutrients that are essential for humans and for
livestock as wellMore than 21 elements, including C, N, O, P, K, S, Ca, Mg, Fe, Cu, Co,

Mn, Mo, B, Na, Cr, F, I, Ni, Se and Zinave been established as essential elements in both
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animal andhuman life (Abdulla et al., 19965and are commonly known as nutrienthe
essential elements are empmdyn the metabolism or structure of organisms and fit within
either d the following two categories, namely maetementsand micreelements. Macro
elementsare defined as the elements that are required in large gesmntithin the body,

whereas micrdements are required in smallEmounts.

Some elements like Ca and Mg are required in the human body in greater quantities than
others(Table 2.5) Regular growth and development of the human skeleton requires Ca,
whereas Mg is vital in developing and preserving the bones and crucial for a variety of
enzymatic reaction8sibson, 200k

Table 2.5: Recommended Dietary Allowances (RDAs) of individ@als

Life Ca Cr Cu Fe Mg Mn Se Zn
stage | (mg/d) | (ug/d) | (ug/d) |(mg/d) |(mg/d) |(mg/d) | (ug/d) | (mg/d)
Males

1418y | 1300 35 890 11 410 2.2 55 11
1950y | 1000 35 900 8 400 2.3 55 11
>51y 1200 |30 900 8 420 2.3 55 11
Females

1418y | 1300 24 890 15 360 1.6 55 9
1950y |1000 |25 900 18 320 1.8 55 8
>51y 1200 |20 900 8 320 1.8 55 8

®Sources from: Food and nutrition board, Instimftéledicine, National Academig2011)
PRDA- Average daily intake level sufficient to meet the requirement 5@ of healthy

individualsin a group
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Iron is contained in haemoglabwithin erythrocytes and depositedmacrophages too. It is
utilised by cells in the body and is crucial in specific enzymatic procebsedrivalent form
of Cr (CP") is vital in carbohydrate, lipid and nucleic acid metabolism and functions in the

regulation of irsulin in patients with diabetéStrain and Cashman, 2009

Selenium acts as an antioxidant and has significant interactions with other antioxidant
micronutrients. Selenocysteine comprises at least 30 selenoproteinpl&jis@ vital role in

basic cellular processes and the synthesis of lean tissue in tfan Hody. In the human
body, Znfunctions in three key groups cataytic, structural and regulator¢Strain and
Cashman, 2009

Table 2.6: Tolerable Upper Intake levels (UPS)

Life Ca Cr Cu Fe Mg Mn Ni Se Zn

stages | (mg/d) | (ug/d) | (ug/d) | (mg/d) | (mg/d)” | (mg/d) | (mg/d) | (ug/d) | (mg/d)

(M/F)

14-18 | 3000 ND 8000 |45 350 9 1 400 34
y
1950 | 2500 ND 10000 | 45 350 11 1 400 40
y
>51y | 500 ND 10000 | 45 350 11 1 400 40

®Sourced from: Food and nutrition board, Institute of Medicine, National Academies, 2011
PUL- Highest level of daily nutrient intake that is likely to cause no adverse health effects
‘Represents intakieom a pharmacological agent only

ND- Not determinable
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2.17 Instrumentation

I n order for a samplebds analyte conochentr at.
digested and metals extracted into solutidhe choice of the different techniques and
reagents for use in the dissolution andcateposition of the sample is important in
determining the analyte content in the sample. Concentrations of analytes in the sample can

be foundby utilising specialised qualitative and quantitative techniques. is $tudy,
decomposition was carried oy microwave digestion while inductively coupled plasma

optical emission spectromet(fCP-OES) was the chosen technique for the determination of

the elemental concentrations in tipgant and soilsamplesdue to its high efficiency,

selectivity, rapid analysis times and convenience.

2.17.1 Microwave digestion

Sample preparation has been revolutionised ever since the microwave digestion technique
first came to light during the mitl970s. Utilisation of nirowave decomposition has allowed

the sample preparation step to be done in minutes instead of hours. The technique makes use
of either sealed or open vessels, although sealed vessels have since gained more popularity
due to minimal outside contaminatiomch little loss of volatile materials. These sealed
vessels also increase the efficiency of digestion, allowing for higher elevated temperatures
and pressures to be reactiedmble and Hill, 1998L evine et al., 1999Matusiewicz, 2008

The decomposition of a sghe is usually carried out by use of a hotplate, which could take
hours of an analystds time, thus one of the
it is time efficient. In this method, decomposition of the sample occurs due to the microwave
energy being directly transported to alltoth e s ol ut i cimdtaneoosty,liretbeu | e s
absence of heat transfer onto the vessel itself (Figure 2.14), while with the utilisation of

conventional heating methods (hotplatenduction exists, thereby aling for the transfer
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of heat energy to the vessblore time is needed for the heating of these vessels themselves
compared to the time needed for the heating of the solution in the vessel, this is due to the
vessel being a poor heat conductor. Conveatibeating techniques (hotplates) also result in

the solution being heated uneve(Bkoog et al., 2013

Pressurized ?
Gas
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Figure 2.14: The pathway of microwave energy
(http://cem.com/en/discoveaip-featuresy

These vessels, which are used in microwave digestgrglly consist of a twepiece design,
whereby the caps and érs are made up of Teflon or perfluoroalkoxy (PFA)superior

grade purityand the outer jackets amdmposed of polyetheramide or selected resilient
microwave transparent composite material. TWwdhe main advantages of these materials
are that they are able to withstand high pressures and temperatures and that theyaate resist
to chemical attack from any of the acids which are commonly used for digestion, for
example, nitric acid. &flon has a melting point of around 300 °C @ndsually not attacked

by many of the more commonly used digestion acids, this is why Tefldre imaterial of
choice. Ifphosphoric or sulfuric acid is utiksl, vessels composed of quartz or borosilicate
glass are used due to the acids exhibiting high boiling points, which are higher than the

melting point of Teflon(Matusiewicz, 2008
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2.17.2 Inductively coupled plasmabptical emission spectrometry (ICROES)

The ICROES instrument is often used to determine the concentration of a range of elements
in a sample. The instrumergquires the sample to be introducedhe liquid form, therefore

the samplgin the case of a solid)as to be digested in an appropriate acid in order to be
broughtinto an aqueous forifRouessac and Rouessac, 2@8kog et al., 2013

Mahlangeni et al. (2017) used nitric acid (H)Qo digest edible mountain nettles by
microwave digestion and analysed the samples for 13 elements usin@QBEEP The
concentrations of elements falnin the herbal plants were in decreasing order of
Ca > Mg > Fe > Mn > Zn > Cr. The el€@nentabtandlysis of PDb
the herbal plant3rifolium repensand Lolium perennewvere performed using IGRES by

Bidar et al.(2007).These plants were growing in a heavy metal contaminated flere the
concentration levels of Cd, Pb and Zn were investigated and found to be in decreasing order
of Cd >Zn > Pb.

A nebulising gas flow introduces the sample for analysis into the agpilibe The sample
solution is transformed into an aerosol by high speed gas which is at the tip of the
capillary tube. Isolation of the aerosol droplets thecuscbased on their size whereby the
finer droplets are transferred to the plasma winéldrge droplets go to the drairfstreams

of Ar gas move through three concentric quartz tuvbgh sit in the plasma unitAn
induction coil, powered by a radio frequency generator, surrounds the tube. This generator is
able to produce up to 2 kW of engy (Figure 2.15). Atoms and ions exist in the plasma
vapour and are often highly excited to a state of radiated light (photon) @midsialysis of

the sample is made through spectral observations which commonly occur at 15 to 20 mm
above the inductioroil. This is where elevated temperatures such as 5 00Q0@0 & are

attained(Skoog et al., 2013
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Figure 2.15: Inductively coupled plasma source with a flalike tail topping a brilliant
white opaque core
(http://www.chemiasoft.com/chemd/node)52

The wavelength isolation device then differentiates between the atomic or ionic emission
from the plasma and, from this, separation of the different wavélerggtthe constituents
occurs. This wavelength separation can occur in either a monochromator, a polychromator or
in a spectrograph. A simultaneous spectrometer is capable of scanning a wide selection of
wavelengths and it can do this through the use pblgchromator or spectrograph. These
simultaneous spectrometers contain dispersive devices and these devices can either be a
combination of gratings and a prism or, just the gratagse (Figure 2.16). In this way,

multi-elements in the sample can bard instantaneouskEkoog et al., @13).
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