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ABSTRACT

Surface waters in many cities are known to be kiglolluted due to, among other reasons,
incompletely treated municipal and industrial wasteers that are discharged into streams.
This thesis concerns (i) some recent physicochémiater quality data in streams (Limbe,
Mudi and Nasolo) and wastewater treatment plantd/{Ww) (Limbe WWTP, Soche WWTP)
in Blantyre City in Malawi and (ii) heavy metal gtion using alkaline mixed clay minerals,

Moringa oleifera andMoringa stenopetala seed extracts of water and sodium chloride.

The levels of lead, cadmium, iron, manganese, dhgmium and nickel were much higher
than the World Health safe limits for drinking wabe all the sampled streams which passed
through industrial areas. Although the nitrates antphates levels at all sampling points
were lower than the safe limits for drinking wadé50 mg/L and 250 mg/L respectively, the
phosphate levels were significantly above the Bafié (0.5 mg/L). The biochemical oxygen
demand (BOR) was also above the World Health Organisationtlif® mg/L) at all sites
except Mudi and Limbe streams before passing throndustrial areas; thus, streams in the
city are significantly polluted.

Mixed alkaline clays from Tundulu area in Malawiveashown great potential in sorbing
chromium(lll), copper(ll), zinc(ll), cadmium(ll), ercury(ll) and lead(ll) cations within
characteristic pH ranges. Using an initial totataheoncentrations of about 5 mg/L and clay
dose of 0.015g per 10.5 ml of metal solution chron{ill) sorption occurred from pH of 3
to complete removal at pH 5. Complete removal at@l) occurred at pH above 7 while
copper(ll) was sorbed at pH between 4 and 6.8.réhwvals of cadmium(ll) and lead(ll)
were achieved at pH between 6 and 9, and >7.7 ckgply where as the removal of
mercury(ll) was pH independent, ranging from 3®®% removal. Qualitative mineralogical
characterisation of the mixed clays by Powder X-Riffraction (PXRD) revealed presence
of illite, distorted kaolinite, mixed layer minesaland non-clay mineral carbonate
fluoroapatite. The pH point of zero charge was &®\6. Extended X-ray Absorption Fine
Structure (EXAFS) analyses of the metal sorbedsctayealed that oxygen atoms occupy the
first coordination shells in all the studied metalfie metal species on the clay mineral

surfaces seem therefore to be hydrolyzed as adssraad/or precipitates.



Crude water and sodium chloride extracts of pdytialefatted powder ofMoringa
stenopetala (MS) andoleifera (MO) showed complete removal of chromium(lll), cepf!),
zinc(ll) and cadmium(ll) from single ion solution itial metal concentrations of about 4
mg/L at different pH ranges for each metal. Usimgt@gn nuclear magnetic resonance, the
Moringa extracts showed clear presence of amide (-CO-NsEfzenoid (Ar-H), saturated
alkyl and unsaturated fragments in both MS and M®AFS measurements of the metal
rich Moringa extracts indicated bonding between the metalstla@adxygens of carboxylate

and amide groups.
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1. INTRODUCTION
1.1 Overview

1.1.1 Problems of heavy metal pollution

There is widespread recognition that heavy metabshe toxic pollutants and their discharge
into surface waters, from natural geochemical antirapogenic sources, is a global concern
(Harrison, 1996). Heavy metals occur naturallgais and leach into water systems. They
are widely used in industry especially in electosnand the rapidly growing information
technology sector. Common anthropogenic sourcedudac agricultural activities,
atmospheric deposition, road run off, dischargesnfindustrial plants and sewage works,
acidic mine effluents and building of reservoirsggrisultural activities provide important
non-point sources of heavy metal pollutants suchcadmium and lead. For example,
phosphatic fertilizers are the most ubiquitous sewf cadmium contamination because the
rock phosphates used for the manufacture of tegtti have relatively high concentrations of
cadmium (Alloway and Ayres, 1995; Harrison 1996u{&2003).

The most common toxic effects of heavy metals tesaim chronic exposure rather than
acute poisoning. Depending on the exposure rouéegdien heavy metal, its metabolism and
storage, chronic exposure may lead to a variegoatlitions. For example, chronic intake of
high levels of cadmium causes both fibrotic and leyspmatous lung damage, and also has
major effects in bone and kidney. Itai-itai (oualeh) disease—a syndrome of chronic renal
failure and osteoporosis described in the Fucha arelapan—is often attributed to high
levels of naturally occurring cadmium in the sdiighio et al, 1999). This was exacerbated
by increased industrial exposures around World Waxhen cadmium was released in
significant quantities by mining operations whichcrieased cadmium pollution in
surrounding rivers. The cadmium contaminated waitas used mainly for rice irrigation,
drinking, fishing and washing by people downstre@mronic exposure to copper can lead to
its accumulation in liver, brain, kidney, and canéeading to the classic impairment and
stigmata of Wilson disease (Roundhill, 2004) ardidn childhood cirrhosis (Tanner, 1998).

Lead is known to affect the central nervous systana, may cause retardation in children,



birth defects and possible cancer. Lead interfexéd incorporation of iron into the
porphyrin precursors of haem; thus, producing an@erRatients with lead poisoning have
impaired uptake of iodine by the thyroid. It is @lantagonistic to calcium because its
metabolism parallels that of calcium (Alloway, 19%farrison, 1996). Chronic poisoning of
inorganic mercury is characterised by neurologmadl psychological symptoms such as
tremor, changes in personality, restlessness, gnxsteep disturbance and depression.
Methylmercury poisoning results into nervous systtlamage and intake of high levels can
cause death within few weeks. The Minamata catgalséran Japan in the 1950’s was caused
by methylmercury carried through contaminated f(3arup, 2003). The essential trace
element zinc plays an important role in cellulartabelism but it also exhibits toxic
properties and at high concentrations can affedtiapair cellular functions (Rosst al,
1996). Chromium occurs in two redox states, chromgill) and chromium(VI). The trivalent
species occurs at low pH in cationic form and iteiss toxic than the hexavalent species
which occurs always as an anion. However, the imahcellular product of chromium(VI)

is chromium(lll) which forms amino acid nucleotidemplexes (Roundhill, 2004).

The toxicities of heavy metals are of major conceon only to human beings but also to
plants (Hall, 2002) and other living organisms. d.eend zinc have been shown to be the
most important toxic heavy metals in captive bi(dszenberget al, 2006). Although the
general population is primarily exposed to heavytaisevia food and air, exposure to
drinking contaminated waters can also be a majaterof heavy metal uptake particularly in
developing countries where water sources may beaoonated by incompletely treated

industrial or agricultural effluents (Igwe and Ap2006).

1.1.2 Heavy metal contamination in Blantyre City streams

This study was motivated due to drastic declingvatier quality in terms of heavy metals in
streams of Blantyre, the major commercial and itrtlcity of Malawi. Malawi’'s economy
is heavily dependent on agriculture and poor afitical practice is a major cause of water
resources degradation (DEA, 2002). Although thentguis not heavily industrialised,
discharge of untreated industrial effluents intafate waters also contributes to water
resources degradation especially in urban areasA(3#02). The 2002 State of the

Environment Report identified contamination of twater resources arising mainly from



poor sanitation, improper disposal of wastes, atpemicals and effluent from industries,
hospitals and other institutions as the major thteawater quality (DEA, 2002). Most

industries do not have the financial ability to esv in conventional wastewater treatment
methods, since such techniques are quite expenBemge, they tend to discharge their

effluents in a non-environment friendly manner.

Specific discharges of heavy metals such as lead,and cadmium into the environment
particularly in the city of Blantyre have been abveel (Lakudzalat al, 1999; Masamba and
Chimbalanga, 2001; Matope, 2002; Kadeswal, 2001). The levels of lead of 0.73 mg/L and
0.096 mg/L have been obtained in Mudi and Limbem\of Blantyre, respectively, while the
cadmium levels were 0.72 mg/L and 0.86 mg/L respelgt (Matope, 2002). Lakudzakhal.
(1999) also detected iron levels of up to 1.0 mgy/lMudi River. These levels are much
higher than the acceptable levels of less thann@gds and 0.005mg/L for lead and
cadmium respectively (WHO, 2004). These unacceptédlels of heavy metals in the
Blantyre aquatic environment have been attributeginiy to inadequate treatment of
industrial effluents and chemicals from agricultdead runoff (Masamba and Chimbalanga,
2001, Matope, 2002). The problems obtaining in Blem are of course typical in many
developing countries where costly wastewater treatnprocesses are unsustainable and
therefore use of local materials is the focus. Thisis presents laboratory results on the
viability of natural alkaline mixed clays from Tuud in Phalombe District of Malawi and
seed coagulants dfloringa oleifera (locally known as Cham’mwamba) ardoringa
stenopetala in removing heavy metals from contaminated watemn. understanding of
chemical reactions between heavy metals and thederials is essential in designing
remediation strategies and managing heavy metaéhgonated wastewater.

1.2 Conventional heavy metal removal from water and wastewater

In this section some conventional technologiestirejato heavy metal removal from water
and wastewater are reviewed. The technologies siecliinclude, chemical precipitation
(involving use of hydroxides, carbonates, or sudphreagents), solvent extraction, ion



exchange, adsorption and sand filtration. The meaitd limitations of these methods are

discussed.

1.2.1 Chemical precipitation

One of the most common processes of heavy metabvanfrom industrial wastewater
involves chemical precipitation of the metals foled by settling of the metal or filtration. In
this process soluble heavy metal salts are cortvéoténsoluble salts which precipitate upon
adjustment of the solution pH, addition of a cheahiprecipitant, and flocculation.
Depending on the required cleanup procedures megaisbe precipitated as hydroxides,
sulphides or carbonates. However, different meyalréxides have different pH levels for
their solubilities; consequently, in a solution tobe of metals such as industrial wastewater
at a given pH, some of the metal hydroxides wiisdive and return to the solution as
hydroxometal complexes. In that case additionatipr&tion steps may be required. The
precipitation process can also generate colloids @&ne held in suspension by electrostatic
surface charges which cause clouds of countertmfrm around the particles and give rise
to repulsive forces that prevent aggregation, atlice the effectiveness of solid-liquid
separation. Chemical coagulants are therefore tasedercome these forces and increase the
particle size through aggregation. Commonly usedrdwide precipitation reagents are
magnesium hydroxide, calcium oxide and sodium hyidea Sulphide precipitation yields a
more complete heavy metal removal than hydroxi@eipitation. However, excess sulphides
left in the solution are toxic and the resultingdgle is difficult to discharge. This process has
therefore limited use compared to hydroxide préafmn. Carbamates obtained as sodium
dimethyl dithiocarbamate or sodium diethyldithidz@mate are also used to precipitate
metals in solutions but the process is not effectt acidic pH levels. Depending on
reagents used and required system controls thcepsaf heavy metal removal can be costly
requiring high capital and operation costs makingery difficult to implement in developing
countries (Mier et al, 2001; Chaegal, 2006).



1.2.2 lon exchange

In ion exchange process, the heavy metal catieexéhanged for a similarly charged ion
attached to an immobile solid particle. These phedi can either be synthetically produced
organic resins or naturally occurring inorganiclies. The synthetic organic resins are the
predominant type used today because their chaistatsr can be tailored to specific
applications. lon exchange reactions are stoichineand reversible. For example a resin
with hydrogen ions available for exchange will exxabe those ions for heavy metal ions

such as nickel ions from solution in a reactiofodsws:
2(R-SQH) + Ni?* + 2H,0 s (R-SQ)2Ni + 2H;0"

where R indicates the organic portion of the resid —SQ is the immobile portion of the
ion active group. Two resin sites are needed fdivalent ion whereas trivalent ion would
require three resin sites. The reactions and psesesf heavy metal removal using ion
exchange resins have been developed and documsntedny authors (Simpson and Laurie,
1999; Elshazly and Konsowa, 2003; Silva and Brun@606; Pehlivan and Altun, 2007).
One advantage of the ion exchange process is & @&aseparating the solid resin from
treated water. However, ion exchanger regenergtimeess, which is usually done with
highly concentrated electrolyte solutions, resufisthe increase in salt content of the
wastewater from the process. Special regeneraiemrcals are available but these may be
as costly as the continuous use of fresh exchari§éva and Brunner, 2006).

1.2.3 Solvent extraction

Solvent extraction involves (i) reaction of an extant with the metal to form an organo-
metallic complex in the solvent, (ii) stripping wkby the complex is decomposed by
addition of sodium hydroxide, ammonia or a weakda@nd (iii) regeneration of the

extractant that returns to the extraction sectidnlevthe metal is transferred to agueous
phase (Roundhill, 2004). Many factors govern theiad of the extractant such as, type of
heavy metal being extracted, anions present irstigtion that may interfere with organo-

metallic complex formation and also presence oéothetals in the solution to be separated.



The extractants can be acidic, basic or neutrarmcgcompound with molecular mass of 200
to 450. Examples of acidic extractants include(Bisthyl-hexyl)phosphoric acid (DEHPA),
alkyl hydroxyoxime (LIX-84) and hydroxyquinoline BLEX-100). The basic ones include
the primary amine (PRIMENE JMT), tertiary amindsrtoctyl amine (Adogen 364, Alamin
366) or the quaternary ammonium salt rH@kylmethylammoniumchloride with C6-C8
alkyls (Aliquat 336, Adogen 464) while examples méutral ones include tr-butyl
phosphate (TBP), tm-butyl phosphine oxide, and di-hexylsulfid€efri, 1995). Some
advantages of solvent extraction methods are Heptocess requires low energy and that
there is complete regeneration of the extractame. @xtracted metal can be obtained in high
purity if it is to be reused. However, the stratégfinancially driven in terms of costs of the

extractants and operating costs.

1.2.4 Adsorption and sand filtration

Ferric salts such as ferric chloride precipitat@amrphous hydrated oxide or oxyhydroxide
at neutral to alkaline pH. These precipitates dabls and have reproducible absorptive
properties which remain intact although the preatps transform to crystalline goethite- (
FeOOH) upon aging (Benjamin, 1983). Cationic hemwstal ions such as chromium(lIl),
copper(ll), cadmium(ll) and lead(ll) are absorbed the ferric hydroxide precipitates at
neutral to high pH conditions while heavy metalsaimionic compounds such as S&0
CrOs%, VO3(OH)*, AsO;* absorb at neutral to slightly acidic pH. One peoblwith this
method is that iron replaces heavy metals in coxasleof ammonia, chlorides, sulphates
cyanides, amines, citric acid, EDTA and many mare therefore the concentrations of such
metals may increase in the solutions containingy seplexes.

Sand filters have been found to be effective inaemg specific heavy metals such as
chromium and zinc (Baigt al, 2003). The removal efficiency increases withdeeth of the
sand column. The best results are obtained foR anldeep column at flow rate of 0.1 m/hr
with influent chromium concentration of 250 mg/L&iB et al, 2003). Although sand is
readily available the depth requirement entails o$egreat volumes of sand which

consequently create disposal problems after saarat the sand particles.



1.3 Low-cost methodsfor heavy metal remediation

1.3.1 Useof natural clay adsorbents

Adsorption of toxic heavy metals by clays is a vydawvestigated area in the field of
pollution control and soil science. The clays agnf investigated as alternative natural
heavy metal coagulants in order to considerablycedosts of chemicals compared to the
conventional techniques (Bektat al, 2004). Some of the common clays that have been
studied include montmorillonite (Brigagt al, 1995; Auboiroxet al, 1996), bentonite (Khan

et al, 1995), vermiculite (Bourliviat al, 2004; da Fonseaa al, 2006), illite (Elzinga and
Sparks, 2001) and non clay mineral hydroxyapaliskéuchi and Arai, 1990; Met al, 1994;
Loweret al, 1998; Singhet al, 2001; Lusvardet al, 2002).

However incomplete elucidation of mechanisms ofrdraoval of heavy metals by the clays
impede their wide spread application. Charactea#i{i clay is the fraction of soil minerals
with a maximum size of 2um containing structurally two main building bloclksf
aluminosilicates (Gustafss@hal, 2005). There are Si tetrahedra which are contpokene
Si atom surrounded by four O atoms and octahedntatong Al or Mg (or sometimes Fe)

co-ordinated to six O atoms which may sometime®apps hydroxyl groups (Figure 1).

Figure 1 Silicon tetrahedron and aluminium octahedron (&tart
1998)



The tetrahedra and octahedra are bound togethemhoinzontal two- dimensional
arrangements to form sheets and two or three cktbbeets are bound vertically to form a
layer. The layers are then linked through eithéiooabridging with fixed cations (mainly K

or cation bridging with hydrated exchangeable cetior hydrogen bonding. During the
formation of the clay minerals, other ions with ganionic radii may enter the structure to
substitute for the central ion that would normddéythere. Almost always, the new ion has a
lower positive charge; hence, the sheet develapsgative charge proportional to the extent
of ion substitution. This phenomenon is calisatrmophous substitution. Geometrically for a
cation to fit in the octahedral hole, the ratioitsf radius () to that of G (r,) must be
between 0.414 and 0.732. The radius ratioo)rfor cation to fit in the tetrahedral hole must
be between 0.225 and 0.414 (Huheewl, 1993). The cations that may fit into the clay’'s
tetrahedral and octahedral holes are presente@hieTL. Aluminium can therefore fit into
both the tetrahedral or octahedral hole whereasosilis always in the tetrahedral hole.

Magnesium and iron can substitute aluminium indt&hedral she¢Gustafssort al., 2005)

Table 1: Cation: oxygen radius ratig/(s) for various common ions (Gustafssgral., 2005)

Central ions in tetrahedral hole Central ions itabedral hole
Metal cation r/ro | Metal cation I
Si** 0.30 | A" 0.41
Al 0.41 | Mg" 0.58
Fe 0.59
Fe'* 0.54
zZn™* 0.42
Mn** 0.61

Depending on the structure of the layers, the oiayerals are classified as 1:1, 2:1 or 2:1:1.
A 1:1 clay mineral has a layer, which is composéa tetrahedral sheeT) joined to an
octahedral shee) forming a regular series @O TO TO... A 2:1 mineral has tetrahedral
sheet joined to an octahedral sheet which in tarjpined to a tetrahedral sheet forming a
regular series of OT TOT TOT... Beside the 2:1 mineral series, a 2:1:1 is comgpagean
extra octahedral sheet in the interlayer. The settierpacking of the sheets in these minerals

is shown in scheme 1 below:



Scheme 1: Schematic packing of sheets jnroiaerals

T(Si) T(Si)
O(Al) O(Al/Mg) O(Al/Mg)
T(Si) T(Si) T(Si)
1:1 mineral 2:1 mineral 2:1:1 mineral:

When the octahedral sheet contains divalent ioasrtimeral is distinguished as trioctahedral
clay mineral whereas dioctahedral clay mineralsehawalent ions in the octahedral sheet.
Trioctahedral clay minerals can also contain 50%alent and 50% monovalent ions in the
octahedral sheet. In a dioctahedral clay minerb #nof the octahedral holes are filled with
the trivalent ions whereas all the octahedral haes filled with divalent ions in the
trioctahedral clay mineral (Gustafssaral, 2005).

Smectites, of which montmorillonite is an exampkre either trioctahedral 2:1 or
dioctahedral 2:1 clay minerals with isormophousssitiition in the octahedral or tetrahedral

sheet (Gustafssaat al, 2005). The general formula for montmorillonite is

M +x+y (Al 25M gx) (S i4—yAI y) O10(O H)Z

The individual layers therefore have unbalancecdatieg charge; consequently, monovalent
exchangeable cations reside between the layersseTheerlayer cations are generally
hydrated and readily displaced into solution byeotltations, a process callemtion
exchange which is the driving force for the investigatioh montmorillonite as a possible
heavy metal remover from wastewater. Brigattal (1995) studied the interaction between
montmorillonite and zinc(ll) and lead(ll) pollutaddustrial wastewater of different ionic
strength ranging from 10to 1 moldmi®. The results showed attainment of stationary sthte
exchange within 20 min indicating a high affinitiyzinc(ll) and lead(ll) for montmorillonite.
Zinc(ll) was shown to be more easily exchanged thad(ll) due to presence of Zn(ll) in the
octahedral sites and also formation of Zn(OH)2 &hee polyhedra in the interlayer similar
to brucitic sheets in chlorite. Auboiro al (1996) studied fixation of zinc(ll) and lead(ll)
by a purified Wyoming Ca-montmorillonite (montmdwihite with calcium(ll) exchangeable



cations in the interlayer) at variable ionic stréngolutions. Their results indicated stronger
lead(ll) fixation over zinc(ll) at lower ionic stngth, contrary to the findings of Brigatti et al.
(1995). The difference could be attributed to thfecent types of montmorillonite in the two

cases.

Vermiculites, which are 2:1 sheet silicate mineralse present in both dioctahedral and
trioctahedral forms (Gustafssat al, 2005). However, vermiculites have a higher layer
charge than smectites. This means that vermicuhga® higher cation exchange capacity
(CEC) than smectite. Charge balancing in the iayen region of vermiculites is made up by

hydrated cations such as magnesium(ll). Typicattahedral vermiculite has the formula:

Mgo.34Mg,Al,Fe*)3(SizAl)O1o(OH),

Lead and zinc removals reaching 95% and 96% raspictfrom solutions containing
100mg/L of the metal had been shown through useohiculite adsorbent from Askos area
in Greece (Bourliviat al, 2004).

lllite is also a 2:1 clay mineral whose structusepporly defined. There is some degree of
isormophous substitution of ‘Sifor AI** in the tetrahedral silica sheet. The resultingatieg
charge is balanced by'Kn the interlayers. The interlayer region may atemtain some
structural bound water. Sorption of nickel intélisuspension has been studied and has
indicated a nickel removal mechanism that invol¥esnation of Ni-Al layered double
hydroxides at pH values greater than 6.25 (Elziagd Sparks, 2001). Takeuchi and Arai
(1990) studied the removal of lead(kkppper(ll)and cadmium(ll) ions from water by the
addition of hydroxyapatite (HAP) [G@Oy)3(OH)] and concluded that lead removal was
through absorption of lead on the HAP surface fld by cation exchange with calcium.
Contrary to this mechanism, Ma (1994) proposed leadobilisation mechanism by HAP
through dissolution of the HAP followed by hydroxypmorphite [(Pho(PQOy)s(OH),]
precipitation on the basis of macroscopic data wvditect spectroscopic and diffraction
evidence. This mechanism was consistent with isties (Loweset al, 1998; Singhet al,

2001; Lusvardet al, 2002). However, the later studies also suggestdton of other solid
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lead phases in addition to the hydroxypyromorphiédthough there was significant
cadmium(ll), copper(ll), and zinc(Il) removal by IRAno new phases were formed to justify

formation of a new stable compound.

In Malawi, deposits of alkaline mixed clays contaghsome apatite are abundant. In our
earlier preliminary work, the alkaline mixed clagnsples from Tundulu in Phalombe District,
obtained through the Geological Survey of Malawdicated high removal of heavy metals
such as lead and cadmium (Sajetlal, unpublished).

1.3.2 Usesof Moringa seed powder

Moringa oleifera is a tropical plant belonging to the family Mlioringaceae. It is native to
sub-Himalayan North-western India, Arabia and RakigWilliamson, 1975; Anonymous,
1993). The plant was distributed to some areasopical Asia in prehistoric times and to
other parts of the world during the British coldnéma. It is now widely cultivated and
occurs naturalised and semi-wild in Africa, Asieen@al America, Caribbean Islands and
South America. The tree is extremely fast growaith a three months old tree reaching 8
feet. It is adaptable to a wide range of soils andironments and survives in semi-arid
conditions of tropical and subtropical regions (Awmous, 1993). The synonym o.
oleifera Lam isMoringa pterygosperma Gaertn and vernacular names inclu@eanmwamba

or Kangaluni (Malawi), Drumstick tree, West Indian Beltlaga Manoye (Yoruba) and Ben
Tree (India) (Williamson, 1975; Morton, 1991). T oleifera is the most widely
distributed, well-known and studied species of thmily Moringaceae because of its
previous economic importance as a source of theramnaially important ‘Ben oil’ and more
recently, as a multipurpose tree for arid lands angburce of water purifying agents for
developing countries. The wide range uses of Marimglude food (Morton, 1991; Makkar
and Becker, 1996; Lalas and Tsaknis, 2002; Ric#tal, 2003; Soliveet al, 2005), medicine
(Sofowora, 1993; Leuck and Kunz, 1998; Gueveral, 1999; Tahiliani and Kar, 1999;
Guptaet al, 1999; Ghaset al, 2000; Karadget al, 2006), fodder and as a living fence (Pehtt
al, 2002). The roots are used as a horseradish substind the young green pods are a
delicacy in India while the leaves are edible awmdd)sources of Vitamin A and C, and
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protein concentrate (Price, 2000). The tree appwatie pharmacopoeia of Africa, Asia,
South America and the Caribbean for the traditidredtment of many illnesses including
asthma, diarrhoea, fever, cough, stomach painsdijpoessure, heart problems, epilepsy and
joint diseases; consequently, several bio-activestitnents have been identified. The dried
pods and husks are used in production of activedelaon (Pollardtt al, 1995; Warhustt al,
1997a; Warhustt al, 1997b; Warhustt al, 1997c¢)

Moringa stenopetala, which is commonly known as the African Moringa, mative to
Ethiopia and Northern Kenya. stenopetala produces larger seeds and leaves thian
oleifera and it is more drought tolerant but slightly lesdd tolerant (Jahn, 1991). Figure 2

shows seed husks and kernel§/obleifera andstenopetala.

Moringa oleifera seeds

Moringa stenopetala seeds

Figure 2: Seeds d¥l. oleifera andM. stenopetala

M. oleifera is one of the natural coagulants that have betmsively studied in clarification
of turbid water. Jahn (1981) first confirmed theagolating properties dfloringa seeds after

observing women in Sudan use the seeds to clddfyurbid Nile water at home. Studies on
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the efficiency ofM. oleifera seed extract as a water coagulant had been catrtdny several
workers (Muyibi, 1994; Muyibit al, 2002; Muyibi and Alfugara, 2003; Ndabigengesere
al, 1995; Ndabigengesegt al, 1998; Sutherlanet al, 1994). Muyibi (1994) reported that
the seeds also reduce alkalinity and have buffecagacity in high alkaline waters. In
Malawi water treatment trials usimg. oleifera were done at Thyolo Water Treatment Works
(Sutherlandet al, 1994). The plant consisted of up flow contactifins followed by rapid
gravity filters. Inlet water turbidity (270 to 389TU) were reduced consistently to below 4
NTU using a dosage of 75 mg/l of seed extract. Tadkiction was comparable to that of
alum (50 mg/l). TheM. oleifera seed extracts have also been shown to reducd taifarm
counts in contaminated water (Hertyal, 2004). With initial coliform count of about 350 i
100 mL of turbid water, a dose of 120 mghéf oleifera seed powder reduced the coliform
count to about 53 (about 85% reduction).

The mechanism for the reaction of coagulationvbyoleifera has been partially elucidated
by several workers. The coagulating property of skeeds has been attributed to water-
soluble cationic polypeptides with molecular wegyhinging from 6000 to 16000 Daltons
(Ndabingeseret al, 1995; Gassenschimdtal, 1995; Jahn, 1988). The amino acids present
in the coagulating proteins ofl. oleifera seeds are glutamine, arginine and proline
(Gassenschmiddt al, 1995). Okudeaet al (2001) have also reported tHdbringa contains
another active coagulant, a non-protein organic pmmd with a coagulation mechanism

involving enmeshment by a net-like structure.

Very little work is reported on the use Mt stenopetala for water purification in literature. It
is observed that crushed powder of 1 to 1% seadbeased to clean 1 litre of muddy water,

and also microorganisms settling out with the so{ldeutsch — Athiopischer, 2000).

Although use ofMoringa seeds in water turbidity and microorganism redurctis well
documented, limited studies have been carried @utetermine the ability of the seeds to
remove heavy metal cations from water and wastewiatakaet al, 2006; Kumariet al,
2006; Sharmat al, 2007).
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2. GENERAL AND SPECIFIC OBJECTIVES

The general objective of the study was to investighe potential of natural coagulants
(alkaline clays and/loringa seed extracts) in heavy metal removal from contataeh water

and understand mechanisms of the removal in oadstimnulate the development of locally
available solutions for heavy metal water polluteimatement in Malawi. Prior to the main
activities, a quick survey of heavy metal levels ather physicochemical parameters in
various streams and wastewater treatment planteifity of Blantyre (Paper I) was carried

out.

The specific objectives were:

a. To determine acid base characteristics of Tunduixedhalkaline clays and their
mineralogical composition and investigate the puoaékrof the clays in removing

heavy metals from water (Paper II).

b. To examine the potential of water and sodium ctextracts oMoringa seeds in

removing heavy metals from water (Paper V).

c. To explore mechanisms through which heavy metads sarbed onto the mixed
alkaline clays, and extracts dforinga seeds using extended x-ray absorption fine
structure (EXAFS) (Papers lll and V).

The thesis is organised as follows. The first chapias presented a brief introduction to
general problems associated with heavy metals.R@cblished work done in Blantyre City
related to heavy metal contamination is summarigeceview of conventional methods for
heavy metal removal from contaminated water is ilesd. The last sections of the chapter
describe the chemical structures of clays and ths@ for heavy metal removal. A brief

review on the use dfloringa for water clarification has been presented.
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Chapter 3 describes materials and methods. Ircki@pter methods used for determination of
metal cations (Pb, Cd, Zn, Cr, Fe, Cu, Ni, Na andaKd anionic parameters (FQ NOs,
SO%) including biochemical oxygen demand have beegritesd. The chapter also describe
how the clays were purified by removing carbonatesn oxides and organic matter.
Potentiometric titrations of the clays, mineral@jianalysis using powder x-ray diffraction
(PXRD) and heavy metal adsorption properties ofdlags are then discussed in detail with
sections devoted to theories of the methods. Usxteinded x-ray absorption fine structure
in identifying chemical environments around heawtals sorbed onto the clays is described.
The last sections of the chapter describe how waatdrsodium chloride soluble extracts of
Moringa seeds were prepared and used for heavy metal e¢rfrom contaminated water

including use of EXAFS in order to understand thetahsorption reactions byoringa.

Presentation of the results and discussion forvtager and wastewater quality analysis in
Blantyre City is made in chapter 4. This is follaMay characterisation of the clays and their
metal sorption properties. Results for the sorpwbrheavy metals by water and sodium
chloride extracts oMoringa seeds are presented. Mechanisms through whicly lmeatals

are sorbed onto the clays and Moringa as obtaiyeBXAFS are discussed. The practical
applications, limitations of the work, areas fotuite study and highlights of this thesis are

presented in chapter 5.
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3. METHODOLOGY

This section of the thesis gives details (not ndiynacluded in the scientific articles) of
methods used in the work.

3.1 Physicochemical quality of water and wastewater in Blantyre

3.1.1 Water sampling methods and study sites

Water quality describes the biological, chemicadl quinysical characteristics of the water
(Anonymous, 1996). Each of these aspects have skemndards developed by national and
international water authorities defining the limighin which water can be considered safe
for a particular use. Biological components retethe number and types of organisms in the
water. Physical attributes such as temperaturetiabitity may indicate presence of certain
effluents in the area. Chemical parameters includealkalinity, hardness, nitrates, nitrites,
ammonia, phosphates, biochemical oxygen demand }B&id metals (including heavy
metals). Techniques of water sampling for detertionaof water quality parameters are
dependent on the parameters to be analysed. Thereva methods for water/wastewater
sampling in streams. One is grab sampling wherthaltest material is collected at one time.
The results of analyses are therefore only appkcabthe time the sample is collected. The
second method is composite sampling which cons$tsiumerous individual discrete
samples taken at regular intervals over a peridihté. The results in this case represent the
average quality of the water during the collectiperiod. In this thesis grab sampling

technique was adopted.

Figure 3 is a map of the study sites. These inclutle three major streams in Blantyre City
passing through industrial areas namely Nasolouf€ig), Mudi and Limbe. Wastewater at
Limbe (Figure 5) and Soche wastewater treatmemtpl@VWTP) were sampled at stations
before and after treatment. Sampling was done iordgey 2005 using grab sampling.
Samples were collected using one-litre plasticlé®tthat had been cleaned by detergents,
soaked in 10% nitric acid and rinsed several timiis distilled water. Storage and treatment
of the water samples were done according to APH#8%). Six one-litre samples were
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collected at each point three of which were aa&difusing 1 mL of concentrated nitric acid
for metal analyses in order to minimize precipdatiand adsorption on the walls of the

container.
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Sampling Points for Water and Waste Water in Blantyre City

N
Scale 1:140,000

2 a 2 4 Kilometers A

LEGEND

e Sampling Paints
B nyustrial Sites
= Main roads
Other roads
Dams
Rivers

Figure 3: Sampling sites in the City of BlantyrBA & B = Limbe WWTP raw and finaRA = Nasolo
River near Grace BandawgB = Nasolo River at SR Nicola8A& B = Soche WWTP raw and finatA

= Limbe stream at Mpingwe Sports CJdlB = Limbe Stream at Kara Mansidsh = Mudi River near
MDI. 5B = Mudi River at SR Nicolz
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Figure 4: Photo of water sampling at one Figure 5. Photo of part of Limbe
of the sample points (Nasolo river). The Wastewater Treatment Plant. The plant
dirty dark water was due to a suspected uses a pond system.

broken sewer line from industrial area

emptying the effluent into the stream.

3.1.2 Brief theory of analytical methods for determination of nitrates, phosphates,
sulphates and biochemical oxygen demand
Molecular absorption spectroscopy is commonly dsedetermination of molecular species
such as phosphates and nitrates in water. Whenlecul® is excited by ultraviolet and
visible radiation X = 190 - 1000 nm) an electron is promoted from &vergy molecular or
atomic orbital to higher energy orbital. The energy, of the photon is exactly the same as
the energy difference between the two orbital elesrgnd this is characteristic of the given
molecule or atom (Scoad al, 2004). In the case of a coloured molecule thensity of the

absorbed photons (the absorbance, A) is propotttortae concentration of the molecules in
a sample as described by the Beer — Lambert law:

0 A= ehc
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whereeis a wavelength-dependant molar absorptivity d¢oieffit with units of mofdm’cm™,
b the path length andthe concentration of the analyte in the samplaiallg experimental

measurements are made in terms of transmittancefined as:

(ii) T="

where | is the radiation intensity after it pas#@®ugh the sample and ik the initial light
intensity. The relation between A and T is:

(iii) A=—logT

An unknown concentration of an analyte can be detexd by measuring the amount of
radiation that the sample absorbs and applyingBteer- Lambert law. If the absorptivity
coefficient is not known, the unknown concentrataam be determined using a calibration

curve of absorbance versus concentrations derioma $tandards.

In calorimetric determination of phosphate in watamples, ammonium molybdate reacts
with orthophosphate in an acid medium to form phospolybdate complex which can be
reduced to yield an intense blue colour suitable dalorimetric measurement. The
phosphomolybdate complex is either molybdenum blumolybdenum yellow which when
reduced further results in molybdenum yellow. Malghum blue is a sensitive large 13—
molecule complex with phosphate as its central muée It radiates a blue colour often due
to the reduction of some of the molybdenum atomsiéncomplex from a +6 oxidation state
to a +5 or some other oxidation state in betweéde. dbsorbance of the complexffnm) is
proportional to the concentration of the compouadd(also the concentration of phosphate
that has reacted from the water sample). The cteméactions for the formation of the
complex are (Omaet al, 2006):

(v) POY +12(NH,),MoO, +24H" — (NH,),PO, 12M00, + 2INH,* +12H,0
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(V) (NH,),PO, 12M00O, + (reducing agent) — (molybdenum blue) + (weaker reducing

agent)

The reducing agent could be stannous chloride,rbmcacid or vanadomolybdophosphoric
acid. Stannous chloride and ascorbic acid form bagypum blue which is directly related to
phosphate concentration in a sample, while vanatidmdophosphoric acid forms

molybdenum yellow which is reduced to molybdenunmebl

In the determination of sulphate by turbidimetriethod, barium ions react with sulphate

ions to produce a milky (cloudy) precipitate ofimar sulphate:

(v) Ba*+S07 - BaO,

The milky appearance of the barium sulphate, tutygids proportional to the concentration
of sulphate in the sample. The absorbance of theidity (As9 is measured using a
spectrophotometer and concentration of the sulpbatalculated using a regression based on
external standards (APHA, 1985). It is importardttfactors such as time and rate of stirring
and time of standing of the precipitate before mesmment be as uniform as possible for
accurate and reproducible results. Since the parsize of a precipitate depends on the
relative supersaturation, R, of the system (Sab@f, 2004), where

rR=Q°S

n

where Q is the concentration of the solute at amsyant and S, the equilibrium solubility
such that the particle size of the precipitate esrinversely with the average relative
supersaturation during the time when the reagebeisg introduced. The barium sulphate
precipitate can thus be made more colloidal thaystalline by, for example using
concentrated solution (i.e adding excess Ba@dding the BaGlquickly and slow stirring

of the solution, factors that will increase theatdle supersaturation and reduce the particle
size of the crystals (APHA, 1985).
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Several methods for determination of nitrates exXiste of the most used methods is the
salicylate colorimetric method (Yang al, 1998; Monteiroet al, 2003) which involves
heating the sample under acidic conditions (sulghagid) to convert the nitrate ions (ND
to nitronium ions (N@) which react with salicylate under alkaline coiudis (sodium

hydroxide) to form a yellow nitrobenzoic compouiitie reaction occurs in two steps:

(Vi) 2H,SO, + NO; —_, 2HSQ +NO) + H,0
(vii) HOCgHCOO + NO' —» NGCH,COO + HO

The intensity of the colour of the nitrobenzoic gmund, determined at = 220 nm or 410

nm, is proportional to the concentration of nitsaite the sample.

BODs is a measure of the amount of organic matter inewvaamples. It is indirectly
determined by measuring the amount of oxygen coergurby microorganisms in
biodegrading organic constituents of the water.sTla therefore done by measuring
concentration of oxygen (by the Winkler Method)tle sample before and after incubating
the water sample for 5 days at’@0(APHA, 1985). The initial step in the determinatiof
the dissolved oxygen involves oxidation of mangafiésto manganese(lll) in alkaline

solution.

(ix) 8OH(aqg) + 4Mﬁ+(aq) + Q(aq) + > 2HO(D) AMn(OHXs)

Subsequently, sodium or potassium iodide is adddtie solution which is oxidised by the

manganese(lll) hydroxide in acidic environment.

(x)  2Mn(OHX(s) + 3I(aq) + — 6H(aq) d(aq) + 3HO(l) + 2Mn’*(aq)

The formed triiodide ) is titrated with sodium thiosulphate.

(xi) 2S05%(aq) + b —» (aq) 6’ (ag) + 3i(aq)
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1 mole of dissolved oxygen is therefore stoichiamally equivalent to 4 moles of
thiosulphate used in the final titration reactidinis important to make sure that oxygen is

neither introduced nor lost from the sample duthgreaction stages.

3.1.2.1 Determination of phosphates

The water samples were digested using perchlorit Ao aliquot of the water sample (50.0
mL) was acidified to methyl orange (pH = 2 — 3) lwitoncentrated nitiric acid and then
about 5 mL of concentrated nitric acid was addduk Tesultant sample mixture was then
evaporated on a hot plate till the volume reduceditout 15 mL after which, it was cooled
and mixed with concentrated nitric acid (5 mL). 7@¥rchloric acid (10 mL) and a few
boiling chips were added. The mixture was heatedtlgeuntil dense white fumes of
perchloric acid appeared. A drop of phenophthaleoletion was added to the digested
solution and neutralised with dropwise additiorBaholdm® sodium hydroxide till solution
turned pink at the end point. The solution was thkered and made up to 100 mL mark
with distilled water. Exactly 50.0 mL of the fil&ed solution was then decolorised using 0.2 g
of activated charcoal. Then 20 mL of vanadomolybdatgent was added into 25.0 mL of
the decolourised sample and made up to 100 mL nfdr&.absorbance of the sample at a
wavelength of 470 nm was read using a JENWAY 6408Mis spectrophotometer. The
vanadomolybdate reagent had been prepared by disgd5g of ammonium molybdate in
400 mL of distilled water (solution A) and 1.25 § meta vanadate in 300 ml of boiling
water to which 250 mL of concentrated nitric acidrevadded (solution B). Solutions A and
B were then mixed in 1 L volumetric flask and mageto the mark with distilled water
(APHA, 1985).

Phosphate standard stock solution was preparedigspldng 439.3 mg of anhydrous
KH,PQOy (dried for 1 h in an oven at 1) in deionised water and making up to 1000 mL
mark (303.6 mg/L P&).

3.1.2.2 Determination of nitrates
The water samples were filtered and 20.0 ml of ddtened sample was mixed with 10 mL
of 0.5% sodium salicylate in 250 mL volumetric Ereeyer flask and evaporated to dryness.

After cooling, 1mL of concentrated sulphuric acidsaadded to the residues and left to stand
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for 10 minutes. Then 25 mL of deionised water wddeal and warmed gently to dissolve
any residues. Finally 10 mL of sodium hydroxide %2%/v) was added and the mixture
(yellow in colour) was quantitatively transferrestd a 100 mL volumetric flask and then
diluted to the mark with deionised water. Absorleé the solution mixtures were then
measured at wavelength of 410 nm with a JENWAY 6403Vis spectrophotometer. Stock
solution of nitrate (443 mg/L N§) was prepared by dissolving anhydrous potassiuratai
(predried in oven at 166 for 24 h) in a 1-Litre volumetric flask and magiop to the mark
(Yanget al, 1998).

3.1.2.3 Determination of sulphates

20 mL of buffer solution, comprising of a mixture3D mg MgC}.6H,O, 5 g sodium acetate
and 20 mL glacial acid, was mixed with 100 mL ofmgde in an Erlenmeyer flask while
stirring. A spoonful (teaspoon size) of BaClystals was added to the mixture while stirring.
The stirring continued for 1 minute and then thieison was poured into absorption cell and
the absorbance was measured at 420 nm using a JENMB5 UV/Vis spectrophotometer.
1000 mg/L of sulphate stock solution was prepargddissolving 1.479 g of anhydrous
NaSQ, in distilled water and making up to 1000 mL maiPHA, 1985).

3.1.2.4 pH deter mination
pH values of the water samples were recorded aheSB¢WTP immediately after sample
collection using a Kent Eil 7020 pH meter. Soche WRAis within a radius of less than 8 km

from the other sampling points.

3.1.2.5 Determination of total dissolved solids (TDS)
A measured volume of the sample was mixed thorgquighlstirring with a magnetic stirrer
and filtered using glass fibre filters. The filtdreample was evaporated to dryness in a tared

beaker. The mass gained was equal to TDS of thplsgyar initial volume.
3.1.2.6 Determination of BODs

BODs was measured at Soche WWTP using the Winkler Me#® described in APHA
(1985). Dilution water was prepared by adding 5each of FeGl. 6H,O (0.125¢g in 1 Litre
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of deionised water), anhydrous Ca(@.875g in 250 mL of deionised water), MgSQH,O
(6.25g in 250mL of deionised water) and phosphaféebof pH 7.2 to 5 litres of deionised
water. The sample (20.00 mL) was placed in a sarft@ék to which distilled water was
added and 2.0mL each of phosphate buffer, magnesilphate, calcium chloride and ferric
chloride solutions for each litre of dilution wateifter diluting and mixing well and
allowing no air in the sample, it was then pipeti@d two BOD bottles, one for incubation
for 5 days at 28 and the other one for the determination of ihidssolved Oxygen.
During the determination of dissolved oxygen leyalstopper was carefully removed from a
reagent bottle containing a sample and 2 mL of Mp$QO solution (182g in 500 mL of
deionised water) was added. Then, 2 mL of alkdtie&sodium iodide solution (5g NaN
250g NaOH and 70g Nal in 500 mL of deionised watea$ pipetted into the reagent bottle
by lowering the tip of the pipette below the sueanf the sample. The stopper was then
replaced onto the bottle and inverting the bottléeast 5 times to mix the contents. After
allowing the developed precipitate to settle, 2 aflconc. sulphuric acid was added to the
mixture in the reagent bottle. The stopper was ttegilaced and the reagent bottle shaken
until all the precipitate dissolved. A sample abl5.00 mL) was pipetted into a 250 mL
Erlenmeyer flask before titrating with standardiz@®25 moldm® sodium thiosulphate
solution. The difference in the amount of dissoleaggen in the 5 day - incubated sample

and the non-incubated one was used to calculatB@i value.

3.1.3 Theoretical description of analysis of metal ions by atomic absorption
spectroscopy

Metal levels in water samples are commonly deteechirusing atomic absorption
spectroscopy (AAS). The technique involves meagutine amount of radiant energy
absorbed by the sample. An atom of an elementthasvin distinct pattern of wavelengths at
which it will absorb energy because of its uniglexon configuration (Scoog al, 2004).
This uniqueness allows for the qualitative and gtetive analysis of the pure atom. During
the determination, the water sample is atomizedh iflame followed by absorption of
radiation from a radiation source by the free atevhgh undergo electronic transitions from
the ground state to excited electronic states.t@ater measures the intensity of the radiation
and when some of the radiation is absorbed bytthrasy the radiation intensity is reduced. It
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is this reduction that is measured as absorptioabsorbance. During the atomisation step
the sample solution is dispersed into a fine spfaiie metal atom patrticles in the flame. The
particles are subsequently vapourized into neat@hs, ionic species and molecular species;
hence, it is important to set the instrument patamsesuch that the radiation from the source,
typically a hollow cathode lamp (HCL), is directdatough the region of the flame that
contains the maximum number of neutral atoms. Tdwation produced by the HCL is
emitted from excited atoms of the same element lwigdoeing determined. Therefore, the
source energy corresponds directly to the waveltemdtich is absorbed by the atomized
sample. This method provides both sensitivity ael@divity since other elements in the
sample will not generally absorb the chosen wawgtherro reduce background interference,
the wavelength of interest is isolated by a monoetator placed between the sample and the
detector. A schematic diagram of the AAS instrurabrsiet up is shown in Figure 6.
Molecular absorption bands in the sample and alsworation by the flame gases may
overlap with the desired atomic absorption lineultesg in artificially high absorption and
improper high calculations for the solution metalncentration. The total measured
absorbance, Ais the sum of the analyte absorbancg, flus the background absorbance,
Ag (Scooget al, 2004):

Ar=Ar+ Ag

The scheme that attempts to measuge i addition to A and obtain the true analyte
absorbance by subtraction{A At-Ag) is called background correction. Three methods ar
typically used for background correction. Continusource background correction uses a
deuterium lamp and the analyte hollow cathode |&H@L) which are directed through the
atomizer at different times. The HCL obtaingwhile the deuterium lamp estimates.A\a

is obtained by calculating the difference betwels® two using processing electronics or
computer systems. In Zeeman effect background coore magnetic field is used to
degenerate spectral lines into components witlerdifft polarization characteristics, And

Ag can be separated because of their different magaetl polarization behaviours. In

Smith-Hieftje background correction the HCL is madswith first a low current and then a
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high current. The low-current mode obtainswhile Ag is estimated during the high-current
pulse (Scoogt al, 2004).

Mimchromator Detector

— ——
Hallowy rJ'L\

cathode
lamnp Flame
Spray chamiser Mebulizer

Frocessor

Figure 8 Schematic diagram of atomic absorption spectroscop
experimental set up.

The absorbance is proportional to the concentraifaine absorbing atoms in the sample as
stated by Beer's law (Skoog al, 2004). However, applying the Beer’s law direcihy
atomic absorption spectroscopy is difficult duevariations in the atomization efficiency
from sample matrix and nonuniformity of concentat and path length of analyte atoms.
Concentration measurements are usually determnoga & working curve after calibrating

the instrument with standards of known concentretio

3.1.3.1 Sampledigestion prior to metal ion deter mination

Water samples for the determination of metals weepared by the conventional nitric acid
digestion (APHA, 1985). A well-mixed sample (100nl) was transferred to a 250ml flask

and 5ml of concentrated nitric acid was added.tdht mixture was then brought to a slow
boiling and evaporated on a hot plate until theura was reduced to about 20 mL. About 5
mL of concentrated nitric acid was added to theitsmh and the flask covered with a watch
glass before heating it to obtain a gentle reflgxifihe heating continued whilst adding 5 mL
portion of nitric acid until the solution becamght coloured clear solution. Finally 1-2ml of

nitric acid was added to dissolve any remainingidiess and later the solution was

guantitatively filtered into 100ml volumetric flasid diluted to the mark.
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3.1.3.2 Determination of metal ions

The concentrations of metal ions in water and weater samples were determined using
Atomic absorption spectrophotometer (Shimadzu A&80/GV-S) at Chancellor College
(University of Malawi). The metal ions determinedne sodium and potassium (common
alkali metals), and chromium, manganese, iron, egppinc, cadmium and lead (heavy
metals). During the removal studies, concentratmnshromium, copper, zinc and cadmium
were also determined using an atomic absorptiontsgehotometer (Perkin EImer AAnalyst
100) while mercury, lead and arsenic were deterchusng an Inductively Coupled Plasma

Emission Spectrometer at the Department of Soérgas (SLU).

3.1.4 Sourcesof clay samples and brief description of purification procedures

Clays used for heavy metal removal work in thisdgtwere collected from the Geological
Survey of Malawi but originally from Tundulu hilis the Phalombe District. Adsorption
experiments were done using both purified and ré&aysc The purified clays are called
‘Purified Tundulu clays (PTC) while the raw claye aalled ‘Raw Tundulu Clays (RTC).
The clay purification procedure was done as deedrih literature (Kunze and Dixon, 1986;

Ammann, 2003) and summarized below.

Purifications or pre-treatments of clays are designo remove as many impurities as
possible and the selected methods must have miniefi@tt on the actual constituents of the
clays (Kunze and Dixon, 1986; Ammann, 2003). Gdhgriree categories of impurities are
identified; carbonates, iron oxides and organic tenatRemoval of these impurities is
desirable in order to obtain definitive x-ray dattion and differential thermal analysis
patterns, infrared spectra and other mineralogicalytical results. Carbonates, particularly
poorly crystalline carbonates, cause a great destatter resulting in poor x-ray diffraction
patterns. Such carbonates also increase the coiyplei differential thermal analysis
patterns. Their presence in clay also reducesfflaeacy of hydrogen peroxide during the
removal of organic matter. Removal of carbonateacisieved by reacting the clay with a
weak acid such as sodium acetate-acetic acid boffeihyrogen ethylenediaminetetraacetate

till there is no more evolution of carbon dioxidgrganic matter has cementing effect on the
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clays and therefore its removal is necessary falyars of dispersed clays. Hydrogen
peroxide is used to oxidize organic matter andni@ximum efficiency requires acidic
medium. It is therefore necessary to remove catiesnprior to organic matter removal.
Clays containing free iron oxides are difficult disperse. Mineral separation is difficult
when the clay particles are coated with iron oxidésirthermore, the iron oxides
fluorescence when a copper induced x-ray radiasarsed for diffraction analysis giving an
increased background count and a general decreageality of the diffraction pattern.
Removal of iron oxides involves reduction of irdij(to dissolved free iron(ll). The sodium
dithionate-citrate procedure is one of the reconmuedn procedures with minimum
destructive action to the clay. In this method (Keiand Dixon, 1986) sodium citrate is used
to chelate both iron(ll) and iron(lll) in the clagodium bicarbonate buffers the solution to
prevent precipitation while sodium dithionate reglithe iron. After removal of carbonates,
iron oxides and organic matter the clay sized gagi (less than 0.002 mm) are separated
from sand and silt by different methods such asinsewtation. In the sedimentation
procedure the particles are homogeneously dispensedater and allowed to stand
undisturbed as the particles sediment. Particleiavheter D, settle below distancé, from

bottom of the container at timg,according to Stokes’ law:

1/2
where K =[%} and n = the liquid viscosityp = the particle densityp, =
P=P)9

the liquid density

3.1.4.1 Removal of carbonates

Raw clay (100 g) was dispersed in 100 mL of 1 @mf sodium acetate-acetic acid buffer
(8.2 g sodium acetate and 6 g pure acetic acid@@mL of water, pH = 4.8). The mixture
was stirred from time to time for a few days uiitiere was no more evolution of carbon
dioxide bubbles (which indicate presence of carbes)a The slurry was then centrifuged in

readiness for removal of iron oxides.
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3.1.4.2 Removal of iron oxides

The centrifuged clay was dispersed in 270 mL @tdabiffer (115 g (0.37 mole) sodium
citrate dihydrate, 8.5 g (0.1 mole) sodium hydragehonate and 70 g (1.2 mole) sodium
chloride per litre). pH was adjusted to 8.3 andg26f sodium dithionate was added. The
slurry was stirred for 70 h, centrifuged and wasfed times with a solution of 0.5 nidh™
sodium chloride and 0.025 nidin™ hydrochloric acid. The whole procedure was repkate

once more.

3.1.4.3 Removal of organic matter

500 mL of 0.1 mdHm™ sodium acetate solution and 170 mL of 30% w/w agaenydrogen
peroxide solution were added to the slurry (aftenoval of iron oxides) and the mixture was
stirred for 10 h at 96C and then for 20 h at room temperature. The clay then washed
three times with 1 mam?® sodium chloride solution. Finally the clay was hed with
distilled water to remove excess salt, dried atr@emperature and then ground to powder in

readiness for fractionation.

3.1.4.4 Fractionation of the clay

The dried clay was transferred to a cylinder (5iecrdiameter and 30 cm high) and diluted to
a height of about 25 cm with deionised water. Thgpsnsion was shaken to homogeneity
and allowed to stand undisturbed for 8 h. The slagpension above 10 cm was siphoned to a

bucket and concentrated by centrifugation.

3.1.5 Brief theory of qualitative mineralogical analysis using Powder X-Ray
Diffraction (PXRD)

Crystalline solids have their own characteristi@y-powder patterns which may be used as a
‘finger print’ for their identification (Brindley md Brown, 1980). X-rays are produced by a
beam of electrons of sufficient kinetic energy gated by a heated tungsten filament that is
accelerated through 30 to 40 kV. This high voltageidly draws the electrons to a metal
target of copper fixed to the anode which theykstmvith very high velocity. They ionize
some of the copper 1s electrons. An outer orbiedten (2p or 3s) immediately drops to
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occupy the vacant 1s position and the energy reteas such a transition appears as x-ray
radiation. For copper the 2p to 1s transition iewn as K and has a wavelength of 1.5418A.
Kg refers to the 3p to 1s transition with wavelengtli.3922 A. K, is more intense thangK
and in diffraction experiments where monochromeadidiation is required it is desired that
the other wavelengths are filtered out. In thisecasickel filter, which absorbsgKo a large
extent but not i, is used. A monochromator can also be useddcrichinate the other
wavelengths. The three major components in a diifsa experiment are the x-ray source,
sample and the detector for recording the diffrdicterays. In powder x-ray diffraction
(PXRD) a monochromatic beam of x-rays strikes alfinpowdered sample of ideally
randomly orientated crystallites. The powder formakes it certain that all the possible
orientations of lattice planes are available. Théhpifference between reflected beams at
successive planes at a glancing anglé isfeasily seen from Figure 7 to ba €n 8, d being

the spacing of the planes. The actual orientatidheplanes is defined by the Miller indices
hkl. Miller indices represent an atomic plane in astal lattice. They are defined as the
reciprocals of the fractional intercepts which fhane makes with crystallographic axes. In
order to label a plane of atoms in a cubic crysyatem, for example, firstly the intercepts of
the plane on the x-, y- and z- axes are identifillen the reciprocals of the points of
intersection are taken and written in parenthesigild) whereh = 1/a,k = 1/b and = 1/c
and a, b, and c are the corresponding distanceg &he x-, y- and z- axes respectively. An
example of a (210) plane is shown in Figure 8. Wwils are characteristic of crystalline

solids. For example, in cubic crystals distam;detween adjacent crystal planes is given by

a

Jh? + k% +1?

If a diffracted beam is formed when a beam ofysrpasses through a crystal, it must be in

d=

such a direction that it may be considered as ddrby reflection of the incident beam from
one of the sets of lattice planes, but a reflecttan only occur if the Bragg's law (given

below) is satisfied,

0 nA =2dsin 8

31



whereA/ is the wavelength of the x-rays being used. Rawyithe Bragg’s law gives:
(i) sin 6=nA2d

showing that the possibl&galues which can give reflections are determingthle unit cell

dimensions contained in tlgevalue.

reflected rays

incident rays
(diffracted

o
e e

B

Figure 7: Path difference between reflections feuocessive planes. The path difference =
NB + BM =2dsinéd
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Figure 8: A (210) Miller plane. The intercepts on ¥- and z- axes
are at %a, a an@, respectively. Fractional intercepts are %2001,
Reciprocals of the fractional intercepts are 2,hénce, the Miller
indices are (210)

Different methods are used for observing diffractagils. A movable detector such as a
Geiger counter connected to a chart recorder &diffrmeter) can be used or the sample can
be surrounded with a strip of photographic film pe Scherrer method) or a position
sensitive detector (PSD) can be used (Cullity, J9&8&ypical PXRD spectrum (Figure 9) is

a plot of diffracted intensities against the detecngle & . Interplanar spacing], that

corresponds to thb, k, | parameters in the Miller planes that caused tfleateon can be

calculated since

(i) d=A/2sin @

The d spacing and the corresponding Miller indidesk, |, are used to calculate the

dimensions of the unit cell.

Phase identification is therefore done by searchiiygtal database for compounds with the
same or similar unit cells. One of the most commeas of PXRD is phase identification
(search/match) in samples containing multiphasigtumé of compounds. The procedure
involves comparing the measured pattern againstirttegnational Centre for Diffraction
Data/Joint Committee on Powder Diffraction Standdqti@€DD/JCPDS) powder file data
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Figure 9 An example of a PXRD plot. This is a PXRD pattefnvell crystallizeda-

Al 0.

base or mineralogical data base such as Minerdlaggbase (2006). These contain powder

patterns for a very large number of compounds.

Search/match identification of the PXRD plot is daas follows: (i)d spacing of the three

most intense reflections are located in decreasidgr at Zangles of 43.8, 35.0° and 58.0

°. (ii) the corresponding values are calculated using the Bragg’'s law. Eselts of the two

steps are shown in Table 2.

Table 2 Identification of the three most intense refleation a PXRD plot (Figure 9) and calculation

of the corresponding d values

Intensity order 1 2 3

26(°) 435 35.0 58.0
0(°) 21.75 17.5 29.0
d (A) (=A/2sin 6 2.08 2.56 1.59

A =1.5418 A for the Cu K
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Thed values (and the corresponding relative intensiaiethe reflections) are then compared
with available values in database. For examplestahpgraphic data for corundura-@l,0s)
obtained from Mineralogy Database (2006) are pitesem Table 3. The x-ray diffraction
data (last row) matches well with the results gfufe 10; hence, the compound with this plot
is identified as corundum. The best match todispacing is normally in agreement of £0.01
A. If a sample is pure, then every reflection releat matches well with the ones in database.
Identification of multiphasic mixture can be diffiit as the three strongest lines in the plot
may not all come from the same phase. As such amigation of different combinations of
strong reflections is done until a phase is ideadif Then reflections from that phase are

ignored and the process of matching the remairefigations is done.

Table 3 A section of crystallographic data for corunduntasfed from the Mineralogy Database
(2006)

Corundum Crystallography

Axial Ratios a:c =1:2.72995
Cell Dimensions a=4.751,¢c=12.97,Z2=6;V 33 Den(Calc) = 4.01
Crystal System Trigonal — Hexagonal Scalenohdd¢® symbol (3 2/m)

Space Group: R 3c

X Ray Diffraction By intensity(l/10): 2.085(1), 252(0.9), 1.601(0.8),

3.1.5.1 Powder X-ray diffraction of the clay samples

In this study room temperature XRD patterns for REC and PTC were collected in
transmission mode using a PW1710 diffractometeth@tdepartment of Forest Soils, SLU)
with monochromatic Cule and Cuky (A1=1.54060A and\i= 1.54439 A) radiation that
was selected using a 0.01 mm Ni-filter. X-rays \khigere produced at the x-ray source
(copper radiation) were passed through the O0.0Tiltsi- for homogenizing the x-ray
radiation giving pure Cukradiation which was diffracted by the sample. Taa were
collected in the range from 2.0 to 60(@6) by a linear PSD which was set at a step size of
0.020 (26) and counting time of 1.0 s per step. The difftantter was operated by computer

software from Phillips called automatic powder difftion (APD).
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Identification of minerals in the clay from the XRiatterns was performed ‘by hand’ using
search-match JCPDS-files published by the Joint i@iti@e on Powder Diffraction

Standards (JCPDS, 1974) together with diffractioofifes obtained from standards of clay
minerals as reported in literature (Mineralogy bake, 2006; Brindley and Brown, 1980).
The final plot of the powder pattern was createdgidlicrosoft Excel software on raw data

text files.

3.1.6 Theoretical summary of cation exchange capacity for clays

Cation exchange capacity (CEC) of clay is the degoewhich it can exchange and adsorb
cations. Most clay particles have negative chargas their surfaces resulting from

isomorphic substitution in the tetrahedral and loetial sheets of the clay mineral. Cations
may adsorb to the negative charges and the reg@C is independent of pH. Cations may
also be adsorbed to dissociated aluminol groupthemrdges of the clay minerals. The CEC
resulting from adsorption on aluminol or silanchglmineral edge groups is pH dependent
because the actual dissociation of the silanol @ndinol groups depends on pH. Most
methods of CEC determination are based on satgris sample with one cation, washing
the excess and finally replacing the cation wittothar cation and then analytically

determining the amount of the replaced cation. iuBafll) (Rhoades, 1982), cationic

surfactants (Janek and Lagaly, 2003) and metalnargaomplexes (Pleysier and Cremers,
1975; Chhabrat al, 1975; Bergaya and Vayer, 1997; Meir and Kahr,9)38e some of the

cations used for CEC determination. The affinityctdys for metal organic complexes is
very high and the exchange reaction is achievednm single treatment step. In this work
cation exchange capacity of both purified and rdays was determined using copper

bisethylenediamine (Bergaya and Vayer, 1997) asritesl below.

3.1.6.1 Preparation of 0.5 M copper bisethylenediamine

26.89 g CuC (0.2 mole) was dissolved in 200 mL distilled wat&0.05 g ethylenediamine
(33.39 ml, 0.5 mole) was dissolved in 500 mL distilwater. The complex was formed by
adding 50 mL of the Cughbolution to 102 mL of the ethylenediamine solutidrhe addition
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of slight excess amine ensures complete complerdton. The solution was then diluted

with distilled water to 1 L to give 0.05 midhi® [Cu(EDA),]*".

3.1.6.2 CEC deter mination

0.3 to 0.4 g (exact mass of each sample was retdprafedry clay was weighed in a
centrifuge tube. 4.0 mL of the complex solution vailsited to 25 mL with distilled water
and added to the clay. The samples were shake®Camin and then centrifuged. The
experiment was done on three samples on each ofPf@ and RTC for statistical
interpretation. The concentration of copper(ll)tire supernatant was then determined by
atomic absorption spectroscopy. The concentratiacopper(ll) adsorbed was calculated as
the difference between the total copper(ll) added &@he concentration of copper(ll)
remaining in the supernatant. CEC was then caledlas twice the amount of copper(ll)
adsorbed per gram of dry clay given as ¢npar dry gram of the dry clay. The clay was
dried at 105C overnight for the CEC calculation.

3.1.7 Brief theory of acid-base properties of the clay

Potentiometric acid-base titration is used to stadyphoteric properties of many materials
such as oxides, oxide-type and clay minerals. Tdta dan be used to show how charge of
the mineral surface varies with pH. The data can bk used to calculate the total amount of

acid base active sites and the microscopic acmbtystants Ka app and the pH of charge

balance (point of zero charge, gd (Stumm, 1992).
In theory (Stumm, 1992) a clay mineral surfacegraffontact with water, contairsSOH

groups, wheres S represents the surface while OH is the attacheftoxyl group. These
groups can dissociate or be protonated in the samg as water and forne SO~
and= SOH surface sites, respectively. The total concentnatib acid base active sites is

expressed by:

()  {=S0H,}={z SOH;}+{= SOH}+{= 507}

37



The curl brackets, { }, are used to denote conedinin of species on surface of clays

whereas the square brackets, [ ], denote conciemtraft species in solution.

= SOH, is thus regarded as a diprotic acid with the feifg two dissociation steps:

N = OHjH*
and
(iii) =0H _. =30 +H"* KS, op = E{:OSD}[H ]

The total concentration of surface cha{@ is the difference between positive and negative

surface sites:
(iv) {Q} = {E SOH;}—{E SO‘}

The mean number of protons bound per surface site:

(v)

which has a domain of —1 to +1. Titration with attiérefore increases from 0 to +1.{Q}

at given point in the potentiometric titration pess is calculated by subtracting the total

concentration of Hin the solution (not absorbed) from the addéd H
(vi) Ca=Ca ~[H"|+|on"|={= sOH;}-{= s07}={q}
whereC, andCg are added amounts of acid and base per litre ofrtimeral suspension

respectively.
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A major significant difference between acids in lg®nous aqueous solution and on
surfaces is that the acidity constant in aqueoustisn has one value independent of

conditions, while the acidity constants of surfattes vary with the surface charge, thus with
pH in the aqueous phase. When the net charge slitffiece is positiveZ(> 0), = SOH ., will,

due to repulsive electrostatic forces, dissociatee than on a surface with no net chafje (
= 0), and the easiness to dissociate increasesnitbasing positive charge. In the same way,

the acidity constant decreases with increasing thegaet surface charge. Thus, Ass a
function of pH,KS,also varies with pH.
At each titration poinK5, ,,, can be calculated using equation (ii). When pHegs than

pHpzc equation (ii) can be simplified by assuming thaB80~ is negligible and then

(vi) {S0H,, } ={= soH;}+{= soH} and{Q} = {= SOH;} while
= SOH;
o {{= mHtot}}

This implies that

({=s0H,,}-{Qh|H"|
{Q}

(vii) Ksalapp =

Similarly K;, which is determined by the base titration of thenenal suspension is

calculated as follows

(viii) KS oo = o]

At high pH such as during titration of the suspensiith a base uptake of carbon dioxide
from the atmosphere can lead to formation of caab®giving erroneous results. Therefore
the base titration has to be performed in carbowide free conditions. The intrinsic acidity
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constant,K®  for the surface, which is a constant valid for harged surface, can be

aintr.

obtained by linear extrapolation of theg K versusQ to theQ = Opoint since

(ix) logK®, = log K3, int- mQ
wherem s a coefficient.

When {E SOHQ} = {E SO‘}

(x)  PHpzc = Y2[PKa, intr + PKa, int]

In a salt type mineral or a sample containing maimyerals the points of zero charge depend
not only on the pH but also on activities of ak thther potential determining ions and such a
point of zero charge corresponds to the pH of ahdr@ance of potential determining ions
(Stumm, 1992).

3.1.7.1 Potentiometric titrations

Suspensions of 6.0 g sample per litre (both forRME and RTC) were prepared. 50 mL of
the clay suspension was titrated with 0.0213@mof nitric acid stepwise from 0 to 20 mL at
increments of 0.1 mL using Metrohm 665 Dosimatatdar. The pH reading after
equilibration of each step was recorded using RRage Flow combination electrode Orion
8172 suitable for pH determination in suspensi@nging the titration the flask containing
the suspension was covered with parafilm to avoithation of carbonates at pH greater than
6. A similar titration on a new suspension was deite 0.020 madm® NaOH. The volume,
Ve corresponding to total proton monolayer coveragéiigh in turn was used to

calculate[z SOH tot}) was calculated from the pH versus(Volume of acid added) plot. The

concentratior{,Q}, at every titration point and the mean numberrofgns per surface site (2)

were also calculated.

Tables 4 and 5 show howKp and [K,, at each titration point were calculated respebtive

from the acid and base titrations of the clay sosjss.

40



Table 4 Calculation of i, appfrom acid titration of the clay suspension

a b C d e f g h [ ]
Vad | PHeq | [H] | Viot (50 | {=SOH,o3 Ca Q Z Ka,app PKa,app
10° | +a) | ((50*5.398.1 | (0.0213*a/d)| (F-c) | (9/e} | (e-g)*c/g | (-log(i))
0*/d)

Vas = volume of acid added to the 50 mL clay suspenspH., = the equilibrium pH of the
suspension measured after the additior] fHconcentration of Hcalculated from equilibrium pH;
{=SOH,,}= concentration of acid-base sites at a giveratiiin point and 5.398.170moldm? is the
total acid-base sites calculated from equilibriumiume; C, = the total acid concentration add€yl;

total concentration of surface chargé = mean number of protons bound per surface $itg;, =

apparent first acidity constantiKpap, = apparent K, .

Table 5 Calculation of ., appffom base titration of the clay suspension

a b c d e f g h [ ] k I
Vaa | PHeq | [H'] | POHyq | [OH] | Vit | {=SOHuwg | Cs Q [z [Ky [K,
10° | (14-b) | 10° | (50 | ((50*5.39 | (0.02*a/f | (h- | Q) | .0 | aop
+a) | 8.10%/d) |) e) i*c/( | (-

g-)) | log(k
)

Vaa = volume of base added to the 50 mL clay suspangét, = the equilibrium pH of the
suspension measured after the additiori] fHconcentration of Hcalculated from equilibrium pH;
pOH,, = the equilibrium pOH after addition of the bag®H] = concentration of OH from
equilibrium pOH; £SOH,,}= concentration of acid-base sites at a givetiiin point and 5.398.10
molidm?* is the total acid-base sites calculated from doiiim volume; Cg = the total base
concentration added) = total concentration of surface charges mean number of protons bound

per surface siteKa,.pp = apparent second acidity constand; g,, = apparent K.

3.1.8 Background information on adsorption of heavy metal cations on clays

Removal of metal cations and anions by clay miselalcontrolled by parameters such as
charge characteristics of the clay. Charge chaiatits include the magnitude of the active

sites as determined in potentiometric titrationd aation exchange capacity which has two
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components; namely, the permanent negative chagergted by isormophous substitution
within the octahedral and tetrahedral sheets ofstleate layers and pH dependent charge
arising from dissociation of edge hydroxyl groupbe pH dependent charge may also be
contributed by dissociation of other acid groupsspnt such as humic acids particularly in
unpurified clay minerals (Adhikari and Singh, 20@&rrancet al, 2005). In addition to the
clay charge properties, metal uptake is also inftee by the characteristic of the metal ion
itself such as its ionic radius, charge size arftl-sdnard acid — base properties (McBride,
1994). Many researchers have investigated thedantle of other factors on metal uptake by
clays and soils in general such as metal concamea{Coles and Yong, 2002), presence of
competing ions (Auboirougt al, 1996; Breeret al 1999), pH (Maguirest al, 1981; Barrow

et al, 1981; Barbieet al, 2000; Coles and Yong, 2002; Echevestial, 2005), temperature
(Adhikari and Singh, 2003; Bektas al, 2004) and ionic strength (Auboirow al, 1996;
Breenet al 1999; Echeverriat al, 2005). Of all these factors, pH is considerethasmaster
variable’ controlling ion exchange, dissolutionfgtation, reduction/oxidation, adsorption,
hydrolysis and complexation reactions (McBride, 499%or each adsorbent and metal ion
there is a narrow pH interval of about 2 pH unitthim which uptake of the given metal ion
increases from nearly zero to almost 100 perceme. dH decreases the positive charge or
increases the negative charge on the adsorbingrialateodifies the metal speciation,
displaces surface complexation reaction equililna also controls the direction of metal
cation/proton competition reactions for the negatsites on the adsorbent (Stumm, 1992).
The metal cation can be up-taken either by catimm&nge or by specific chemical sorption.
Absorption into the clay adsorbent structure aretipitation on the surface are also possible
irreversible uptake mechanisms (Harter, 1983). s€hmetal sorption mechanisms may occur
at different solution pHs for different metals wighpossibility of a combination of them at
some pH ranges. Metal surface adsorption is chematit of an inner sphere complex
formation. An inner sphere complex can be distisged from an outer sphere complex by
dependence of the metal sorption on ionic stren§tltong dependence on ionic strength
indicates formation of outer sphere while non-dej@eice on ionic strength is characteristic
of inner sphere complex formation (Stumm, 1992;zeakirchen, 1997). pkc values can
also be used to distinguish inner and outer sphensplex formation. 100 percent metal

sorption occurring below adsorbent’s gid value is typical of inner sphere complex while
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adsorption metal uptake occurring aboveppHs characteristic of outer sphere complex.
The opposite is true for anion uptake.

While most metal uptake studies by clay minerakehased single clay minerals, this study
investigated the dependence of heavy metal uptaketbby alkaline mixed clay minerals
(PTC and RTC) which were gualitatively charactetibyg PXRD as described above (section
3.1.5.1). The heavy metal cations investigated waremium(lll), copper(ll), zinc(ll),
cadmium(ll), mercury(ll) and lead(ll) cations anketarsenate anion. The studies were
performed by batch equilibrium experiments in therpnge 3.0 to 9.0.

3.1.8.1 Preparation of metal solutions

An 0.50 mmoldm® (103.6 mg/L) aqueous stock solution of lead(ll)swarepared by
dissolving anhydrous Pb(N{, analytical grade reagent, declared impurity e§lghan 0.5%
(BDH) in deionized water. An 0.6 mmidh?® (67.44 mg/L) aqueous stock solution
cadmium(ll) was prepared by dissolving Cd(MBH,O analytical grade reagent, declared
impurity of less than 1% (BDH) in deionized wat&rl.25 mmoldm* (78.44 mg/L) aqueous
stock solution of copper(ll) was prepared by digsg Cu(NQ).[H,O analytical grade
reagent, declared impurity of less than 0.2% (Makrodt Chemical Works) in deionized
water. A 1.25 mmaiim™ (81.74 mg/L) aqueous stock solution of zinc(ll)sagrepared by
dissolving Zn(NQ).[B6H,O analytical grade reagent, declared impurity asl¢han 0.2%
(Mallinckrodt Chemical Works) in deionized water. A00 mmoldm® (74.92 mg/L)
aqueous stock solution of arsenate was preparedidsplving NaHASO,[7/H,O declared
impurity of less than 0.5% (MERCK) in deionized emtA 2.10 mmdHm™ (109.2 mg/L)
aqueous stock solution of chromium(lll) was prepatey dilution of a 1.4 mol-dih
Cr(ClOy)3.6H,0O stock solution (prepared from chromium(lll) pdoshte hexahydrate,
Cr(ClOy)3:6H0 in 1.0 mol-diif hydrochloric acid). An 0.50 mmdm® (100.3 mg/L)
aqueous mercury(ll) trifluoromethanesulfonate solution  wasepared by dissolving
anhydrousHg(CFRSG;s), in deionized water at pH 2.0 adjusted by addivbmitric acid. pH
values of the solutions are shown in Table 6. Téwwal calculations performed from
computer program Visual MINTEQ, Version 2.32 (Géssan, 2005) at the solutions’ pH

values indicate that most of the metal specieslatisn are free metal cations (Table 6).
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Hg(CRS(0;), and Cr(ClQ)s3BH,O are not available in the program for the theoeadti

speciation calculations.

Table 8 metal speciation in stock solution as calculate/isual MINTEQ program

Reagent Solution Solution | Species Species  concentration
concentration | pH (mmoldn®)
(mmoldm?®)
Pb(NQ), 0.50 5.43 PB 0.491
PbNG" 0.006
PbOH 0.002
Cd(NQ),.4H,0 0.60 5.76 cd 0.598
CdNG;" 0.002
Cu(NGy)2.H,O 1.25 5.33 Cii 1.235
CuNG;* 0.008
CuOH 0.005
Cw(OH),” | 0.001
Zn(NGs),.6H,0 1.25 5.31 zZr 1.244
ZnNGO;* 0.006
NaHASO,.7H,0 8.17 HAsSG" 0.946
H,AsO, 0.054

3.1.8.2 Metal adsorption

7.5 mL of 0.1 mdim® NaNQ; was pipetted into each of 12 centrifuge tubesn®.5f clay
suspension (either PTC or RTC prepared as explam&gkction 3.1.7.1) and 0.5 mL of a
given metal solution from its stock concentratiorergv added to the centrifuge tube.
Appropriate amount of acid (20 mnidin> HNO3) or base (20 mma@m?® NaOH) was added
to adjust pH to a certain value. The mixture waaksh for 48 h and then centrifuged for 15
min at 3000 rpm using KUBOTA KS-5200C centrifuget 8L of the supernatant was taken,
acidified with a drop of concentrated nitric acichdaanalyzed for the given metal
concentration on an atomic absorption spectrophetem(Perkin Elmer AAnalyst 100) in
the case of cadmium(ll), chromium(lll), copper(#hd zinc(ll). Lead(ll), mercury(ll) and

arsenic(V) determination in the supernatant wasdaing an Inductively Coupled Plasma

44



Emission Spectrometer. The pH in the remaining swgiant in the centrifuge tubes was
recorded as the equilibrium solution pH. Percemtagptal uptake (%E) was calculated by
use of equation (i)

0 = _[(c,-¢c)xa00

o]

where C,and C are the initial and final concentrations respestivof the metal ions in

solution.

3.1.9 Heavy metal uptake mechanism using Extended X-Ray Absorption Fine
Structure (EXAFS) spectroscopy (background theory)

Knowledge of the heavy metal binding to the clayenals is of fundamental importance to
predict the stability of the metal compound form8everal methods are available but their
complications do limit their use. Infrared spectaysy is often used in a qualitative way to
identify substances and characteristic groups. gfipgint techniques and group frequencies
are then used to recognize specific pattern ofvitheational energies. Molecular vibrations
are also sensitive and useful for comparisons ahghs in the bond character in different
complexes. However, in order to make detailed pregations of the chemical bonding,
analyses accounting for all possible vibrationatesand their interactions in the molecules
should be performed and this is generally a veryated task. In this work, Extended X-
Ray Absorption Fine Structure (EXAFS) was usedaracterize metal sorbed species on
the PTC surfaces and in tiMoringa extracts. The main advantages of EXAFS are that al
the nearest neighbour distances around the abgoetement are observed and all states of
aggregation can be studied with high precisiorhm distances even in very dilute samples
with metals sorbed on mineral or clay surfaces &hgorption spectrum at an absorption
edge of an element has traditionally been dividew itwo main regions (XANES and
EXAFS) where the EXAFS region refers to the ostlg structure in the x-ray absorption
coefficient starting at energy about 50 eV highieant the threshold energy,.EX-ray
Absorption Near Edge Structure (XANES) refers te thgion within about + 10 eV of the
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main absorption edge. Theoretical description af XANES region is still not fully

developed. Analysis of the EXAFS region provideshsunformation as type of atoms in the

coordination shell and the coordination geometoguad the central atom of interest. Figure

10 is an illustration of the two regions for CrjIK-edge spectrum.

Absorption Coefficient

The

Cr(lll) K - edge
XANES EXAFS
—> — —
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
5800 5900 6000 6100 6200 6300 6400 6500 6600 6700 6800

Energy of X-ray photon (KeV)

Figure 10 Absorption coefficient as a function of energyaeple of the
Cr(lll) K — edge spectrum of chromium(lll) sorbeldys distinguishing the
XANES and EXAFS regior

EXAFS measurements involve ionization of anmatdy absorption of an X-ray

guantum of one of the innermost electrons. In phecess ghotoel ectron wave is produced.

This outgoing photoelectron wave can be reflecteacKscattered) from the surrounding

neighbour atoms. The X-ray absorption spectrumhef metal ion of interest will show

oscillations,extended x-ray absorption fine structure, above the absorption edge. This is due

to the fact that the outgoing photoelectron wave ioterfere, constructively or destructively

with the backscattered wave. The nature of interfee depends on the energy of the initially
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incoming X-ray quantum. The energy (wavelength)tted photoelectron can be deduced

from the de Broglie equation:
(i) A, =h[2m,(E-E)] ™"

whereh is the Plank’s constanty is the mass of the electrda,s the energy of the incident
X-ray photon, andg, the threshold energy of the metal (ion) of interése wave vectolk,

is:
(i) k="

The scattering process of the photoelectron camdgelled at different levels of scattering
theory. The EXAFS oscillatiory(k), is the sum of modified sine waves with different
frequency and phase from each backscattering awadrdn shelf, around the central atom

and can be written in the general form:

(iii) X, (€)= 3 A (K)sin[¥; (k)]

whereA(K) is the total backscattering amplitude of tleshell of the backscattering atoms
and ¥(K) is the corresponding total phase function. Theldnde and the phase functions
contain structural information. A model is therefamonstructed with parameters that can be
adjusted to improve the fit between the experimeatal calculated EXAFS function. A

detailed EXAFS function is thus written as:

(iv) X (K) = Z \f (k)| -expE2k°a?).expE-2R, I A(K)]-sin[2kR, + ¢ (K]
where

N; = number of backscatterers in jHeshell.

R = distance between the central atoand the backscatterers in jHeshell.

$2(k) = amplitude reduction factor due to multiple ¢atibns, etc.

fert(K) = effective amplitude function for each scatigrpath.
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exp[-20;°k?] = Debye-Waller factor in the harmonic approxiroati

o; = Debye Waller parameter accounting for thermal @nfigurational disorder.
/\(K) = photoelectron mean free path

exp[-2R//(k)] = mean free path factor

[2kR; + ¢;;(K)] = total phase (k)

$ij(K) = phase shift due to the coulomb potential ofdéwetral atom and of the

backscattering atoi

The total phase of the photoelectron wave is ationof both the metal ion — back scatterer
distanceR,, and the phase shift attained by coulomb potestfakt of the backscatter atom.
The amplitude is a multi component product of grents preceding the sinusoidal function in
the EXAFS equation (equation iv). The effective &@itage fex(k) is calculated for each
scattering path and depends on the nature of tloksbattering atom. The amplitude
reduction factorS*(k) is related to the absorber and describes thenditte loss in
experimental EXAFS data due to numerous excitatainglence electrons. The mean free
path factor exp[-2R,//(k)] expresses the probability after excitation adlastic scattering or
core hole being filled before the photoelectrorume$ to the absorber. The Debye-Waller
factorexp[-20,-2k2] presents the amplitude loss due to vibrationdl @nfigurational disorder
(Jalilenvand, 2000). Fourier transformation is udedseparate the frequencies of the
photoelectron scattered waves and backscattermgsatre identified after correction for
phase shift effects. Distances of the backscageatoms from the central atoms are also
calculated by taking into account the intensity dretjuency of each elementary wave
constituting the EXAFS spectrum. In order to filmrerlap of contributions from different
backscattered atoms, the Fourier transform specteattulated from the EXAFS
experimental spectrum is back transformed to géaexd-ourier filtered EXAFS spectrum
(FTY. The FT* EXAFS spectrum is then compared with theoreticXIAES spectra,
calculated from individual back-scattering pathsgsfor example, FEFF7 program (FEFF
code, 1991-1996). The difference between computddiliered spectra is optimized using a
least-squares approach where the structure panametéhe calculated spectrum is refined
versus the experimental data. Figure 11 is antiitisn of EXAFS data treatment process.
Details of the EXAFS results are explained in Pdpgand (V).
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Figure 11 lllustration on extraction of EXAFS oscillatiorofn raw

data.

a) fit of linear pre-edge background, b) kbaound

subtraction, c¢) conversion of energy to k-spaceraftdge step
normalization, d) kweighted EXAFS oscillation after spline

removal.

3.1.9.1 EXAFS sample preparation

20 mmol-dri?

copper(ll), zinc(ll), cadmium(ll), and lead(ll) swions were prepared by

dissolving analytical grade reagent Cu@®yH,0O, Zn(NG;),-6HO, Cd(NQ).-4H0O, and
Pb(NGs), respectively in deionized water (reagent souasesxplained in Section 3.1.8.1).
20 mmol-dr® chromium(lll) solution was prepared by dilution @ 1.4 mol-dni
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Cr(ClOy)3.6H,0O stock solution (prepared from chromium(lll) pdorhte hexahydrate,
Cr(ClO4)3:6H,0 in 1.0 mol-dri hydrochloric acid). 20 mmol-dfhaqueousmercury(ll)
trifluoromethanesulfonate solution was prepareddisgolving anhydrou$ig(CRSGOs); in
deionized water at pH 2.0 adjusted by additionibfaacid. 25 mL of the 20 mmol-dfof
the metal solution was added to 1g of the clay thedpH was adjusted to 7.0 by dropwise
addition of 1.0 mmol-dm NaOH for chromium(lll), copper(ll), zinc(l) merey(ll) and
lead(ll) clay suspension whereas cadmium(ll) clagpension was adjusted to pH 9.0. The
suspensions were stirred for 48 h at room temperand then centrifuged to separate the
rich adsorbed clay samples which were dried inbafore the EXAFS measurements.
Separate samples at low pH values were also prefarehe EXAFS measurements. The
low pH values were 3.2, 4.73, 6.3, 5.4, 2.2 andfdrdachromium(lll), copper(ll), zinc(ll),
cadmium(ll), mercury(ll) and lead(ll) respectivelyor Moringa oleifera water and sodium
chloride extracts, 15 mL of the extract was added® mL of 20 mmol.dil metal solution
and the pH was adjusted to about 7. The solutiottures were stirred for 48 h and then
centrifuged at 3000 rpm for 15 min. The metal-ridsidues were then dried at room
temperature for EXAFS measurements. Lead(ll) anccung(ll) solutions were not reacted
with the sodium chloride extracts for the chlorides in the salt extract would have formed
stable lead and mercury chloride precipitates respsy. Moringa stenopetala extracts were

not prepared for the EXAFS measurements becausmagvean short of the seeds then.

3.1.9.2 EXAFS Data collection

Cadmium, chromium and zinc K-edge spectra and mgiciiedge X-ray absorption spectra
were collected at the bending magnet beam lineaR4Be Stanford Synchrotron Radiation
Laboratory (SSRL), Stanford, USA, which was opatate3.0 GeV and a maximum current
of 100 mA, and at beam-line 1811, MAX-lab, Lund Maisity, Sweden, which was operated
at 1.5 GeV and a maximum current of 200 mBata collection was performed in

transmission and fluorescence mode simultaneoustgept for cadmium where only

transmission data were collected. The fluorescaneasurements were performed with a
Lytle detector with a suitable X-ray filter, e.ganadium for chromium fluorescence, nickel
for copper fluorescence and copper for zinc fluceese, and with a very gentle flow of

argon and/or krypton gas depending on energy. TO&HS stations were equipped with a
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Si[220] (SSRL) or Si[111] (Max-lab) double crystalonochromator. In order to remove
higher order harmonics, the beam intensity wasndetuo 30, 50, 50, 50, 50 and 80 % for
chromium, copper, zinc, mercury, lead and cadmirgspectively, at the end of the scans.
Internal energy calibration was made with correstooy metal foil, and in case of mercury
with a boron nitride (BN) diluted mercury(ll) chide sample (Thompsost al., 2001). For

each sample 3-4 scans were averaged.

3.1.9.3 EXAFS Data analysis

The EXAFSPAK program package (George and Pickeril893) was used for the data
treatment. The EXAFS oscillations were obtaine@rafterforming standard procedures for
pre-edge subtraction, and spline removal. Khereighted model functions were calculated
usingab initio calculated phase and amplitude parameters obtdéipdde FEFF7 program
(FEFF code, 1991-1996). Input to the FEFF7 prognas prepared by assuming appropriate
angles and distances for solid hexaaquacadmiupéhdhlorate (Johansson and Sandstrom,
1987), diammonium hexaaquachromium(lll) pentaflderiMarsh and Herbstein, 1983),
mercury(ll) oxide (Voronin and Shchennikov, 1989)bisaquatetratrifluoro-
sulfonatomercury(ll) (Molla-Abbass#t al., 2002), strontium tetrahydroxozincate hydrate,
Sr[Zn(OH)]-H0, (Stahl and Jacobs, 1997) and zinc(ll) oxide éAtksoret al., 1989).

The standard deviations for the refined parametere obtained fromk? weighted least
squares refinements of the EXAFS functjgi), and did not include systematic errors of the
measurements. These statistical error estimatesder@ measure of the precision of the
results and allow reasonable comparisons e.g. efstgnificance of relative shifts in the

distances. However, the variations in the refinadameters, including the shift in tfi®,

value (for whichk = 0), using different models and data ranges,catdi that the absolute
accuracy of the distances given for the separatetxes is withint0.01 to 0.02 A for well-

defined interactions.
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3.1.10 Sources of Moringa seeds.

Dry M. oleifera seeds were collected from locally naturally grayvpiants in villages around
Chikwawa Boma in Southern Malawi. Diyl. stenopetala seeds were purchased from

Whizpop Products Ltd, Nairobi in Kenya. The seedsenstored at room temperature.

3.1.11 Preparation and characterisation of the Moringa seeds for heavy metal
removal experiments

Deshelling of the seeds was done just before dwira®f the coagulant by hand. The
deshelled seeds were washed in distilled wateretoove any dirt, dried in air and then
powdered by grinding. Defatting was done by mixihg powder in 95% ethanol (10% wi/v)
and shaking for 30 min. The solids were separateatdntrifugation and dried at room
temperature. Coagulant extraction was done by mixire dried defatted powdered with
distilled water and 0.6 m@m™ NacCl, at 5% (w/v) solutions. The solutions werierst for

30 minutes and filtered; first, through Munkteltdr paper No. 3 and then through 04w
filter. The filtrates are termed crude extractsrablated as MOC-DW, MOC-SC, MSC-DW
and MSC-SC for theM. oleifera crude extracts of distilled water, sodium chloridié
stenopetala crude extracts of distilled water and sodium ddlerrespectively. Ideally the
water and salt sodium chloride extracts should Hasen purified, for example, by using
High-trap CM FF1 ml cation exchanger column (Gehobmel et al, 2005) or anionic
exchanger packed with 12.2 ml of Amberlite IRA-9@kudaet al, 2001). In this work,
purification of the extracts was not done due sptece limitation and therefore this section
on Moringa potential in heavy metal removal can be considéevdze in its preliminary stage.
However, in order to have an idea of available fimmal groups in thévioringa extracts,
proton nuclear magnetic resonance dataNMR) of both MS and MO powder were
recorded in a Bruker spectrometer DRX-400 operading00 MHz. About 10 mg of the
powder was dissolved in 1 mL of,O and filtered to remove any undissolved suspending

solids before running the NMR experiment.

52



3.1.12 pH profile studiesfor chromium(l11), copper(l1), zinc(l1) and cadmium(l1)
sorption
Chromium(ll), copper(ll), zinc(ll) and cadmium(litock solutions were prepared as
described in section 3.1.8.1. 9.0 mL of 0.1 imwi®* NaNO; was pipetted into each of 10
centrifuge tubes. An appropriate amount of acid (@foldm® HNOs;) or base (20
mmoldm™ NaOH) was added to a certain pH (phl). 1.0 mL of theMoringa crude extract
(MOC-DW, MOC-SC, MSC-DW or MSC-SC) and 0.5 mL obst metal solution were
added into each of the centrifuge tube. The salutnixtures were shaken for 48 h and then
centrifuged for 15 min at 3000 rpm using KUBOTA K300C centrifuge. 3-4 mL of the
supernatant was taken, acidified with a drop ofceotrated nitric acid and analyzed for the
given metal concentration on an atomic absorptipecsophotometer (Perkin Elmer
AAnalyst 100). The pH of the remaining supernatarthe centrifuge tubes was recorded as
the equilibrium solution pH (p&ui). Percentage metal uptake (%E) was calculatassbyof
equation (3) above (Section 3.1.8.2).
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4, RESULTSAND DISCUSSION

This chapter gives a summary of major results efstudy.

4.1 Quality of water from streams and wastewater treatment plants of
Blantyre City (Paper )

The study provided recent data of concentrationsodium(l), potassium(l), chromium(lll),
manganese(ll), iron(ll), nickel(ll), copper(ll), ma(ll), cadmium(ll), lead(ll), nitrates,
phosphates and sulphates of water samples of thagar streams in Blantyre City (Limbe,
Mudi and Nasolo streams) and two wastewater traatpiants in the city (Soche and Limbe
WWTPSs). The pH, TDS and BQDvere also included in this study. The mean va(tteSD)

of the analysed parameters are presented in Téalded 8. The values were compared to the
World Health Organization (WHO, 2004) and the Mal®ureau of Standards (MBS, 2005)

drinking water guidelines.

4.1.1 Concentrations/values of pH, total dissolved solids (TDS) and biochemical

oxygen demand (BOD:s)

The pH values were between 66314 and 9.380.20. Except for the final effluent of Limbe
WWTP (pH = 9.38), the pH data for the rest of thiessfell within the recommended
standards (pH = 6.5 — 8.5). The high pH observetteated wastewater at Limbe WWTP
could result from production of hydroxyl ions dugiphotosynthesis. Limbe WWTP uses
pond system. Algal bloom and water hyacinth werseoled in the treatment ponds. These
plants use dissolved carbon dioxide or dissolvetaraates and bicarbonates as their source

of carbon to produce carbohydrates, oxygen andodxytlrions which increase the pH.
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Table 7: Concentrations of metal cations in water samples

Parameter Sampling points
1A 1B 2A 2B 3A 3B 4A 4B 5A 5B WHO

(2004)

2% (mg/l)x+ | 0.056:0.021 | 0.0980.012 | 0.1180.013 | 0.1160.012 | 0.03@0.006 | 0.1040.068 | ND 0.05%0.042 | 0.0220.019 | ND 0.01m/L

CdSD(mg/I) X | 0.01%0.001 | 0.0180.004 | 0.0020.001 | 0.01%0.013 | 0.0020.014 | ND ND 0.012:t0.008 | 0.0020.006 | 0.00%0.006 | 0.003mg/L

+

ZnSD(mgll) X | 0.34Gt0.096 | 0.2360.026 | 0.1230.071 | 0.6380.274 | 0.2440.101 0.3240.013 | 0.1660.014 | 0.2880.093 | 0.25%0.00 0.2340.004 | *3 mg/L

+

glrD (mg/)x+ | .0410.006 | 0.0480.007 | 0.0120.000 | 0.4720.048 | 0.08%0.005 | 0.03%0.005 | 0.0230.006 | 0.0540.002 | 0.03#0.006 | 0.05%0.004 | 0.05mg/L

geD (mg/l)x+ | 0.942+0.139 | 0.83#0.283 | 2.3830.407 7.2882.978 1.4380.247 0.7610.278 1.7620.114 | 1.98%0.203 | 1.8520.090 | 3.07%0.172 | *1-3mg/L

CuSD(mg/I) X | 0.0370.031 | 0.01#0.001 | 0.0140.006 | 0.0460.011 | 0.03%0.020 | 0.0180.007 | 0.0180.000| 0.00€0.002 | 0.02%0.004 | 0.0180.006 | 2mg/L

+

gl;;, (mg/l)x+ | 0.123:0.034 | 0.2340.025 | 0.2820.074 | 0.3380.106 | 0.2580.050 | 0.1830.023 | 0.1980.013 | 0.2020.023 | 0.2060.072 0.1760.078 | 0.02mg/L

MgD(mgll) X | 0.0720.008 | 0.04%0.004 | 0.2740.008 | 0.4680.058 | 0.0580.007 0.0680.005 | 0.1840.019| 0.4230.007 | 0.2830.002 0.74%0.015 | 0.4mg/L

+

Ne;D(mg/I) X | 42.0Gt2.24 | 43.584.05 32.1%1.93 56.334.53 34.026.87 35.952.92 18.932.82 | 98.1%7.83 | 22.031.33 21.480.76 *200 mg/L

+

gD(mg/I) X £ | 15.6G:0.61 14.462.85 15.11.01 16.220.93 17.383.16 38.389.05 4.3%#1.16 14.7@3.96 5.6@0.46 9.081.37 _

X mean value (n = 3)

SD standard deviation
* suggested but not approved guidelines
Sample codesi1A = Limbe WWTP (Raw)1B = Limbe WWTP (Final)2A = Nasolo River (at Grace Bandawe Foundation cgnter

2B = Nasolo River (at SR NicolasjA = Soche WWTP (RawBB = Soche WWTP (FinaljA = Limbe Stream ( at Mpingwe Sports Club),
4B = Limbe stream ( at Kara Mansio®A = Mudi River (at MDI),5B = Mudi River (at SR Nicolas)
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Table 8: Mean values/concentrations of pH, phogshalitrates, sulphates, total dissolved solids and

biochemical oxygen demand.

Sampling Parameters
sites pH PQ> NO; SO* (mg/l)| TDS BOD:s
(mg/l) x £| (mg/l) x £ | x+SD (mg/l) x £ | (mg/l) x +
SD SD SD SD
1A 7.2740.14 | 0.79£0.93 | 2.38:0.15 | 20.710.068 | 300t8 32712
1B 9.38t0.20 | 0.63t0.23 | 1.50t0.26 | 22.9(t0.54 | 269+22 53+3
2A 7.4%0.01 | 1.28t1.16 | 20.18:2.29 | 22.24t0.67 | 371+23 66+2
2B 6.91+0.02 | 3.20t0.69 | 0.81+0.12 | 22.24t1.75 | 41214 267+23
3A 6.63t0.14 | 5.3%t0.66 | 0.95:0.11 | 24.520.95 | 291+12 47312
3B 7.43t0.03 | 3.86+0.76 | 11.66:1.23 | 39.68:0.54 | 3857 33t6
4A 7.02t0.03 | 2.60t0.23 | 5.8%0.39 | 14.9(t1.88 | 244t17 6+1
4B 6.98:t0.20 | 3.42t0.00 | 0.95:0.04 | 109.7220.0 | 5868 27+1
5A 7.23t0.03 | 3.09t0.00 | 5.14+0.04 | 42.25:0.13 | 271+19 17+1
SB 6.77£0.08 | 5.50t3.20 | 0.86t0.06 | 19.0Gt1.48 | 247+9 333
WHO 6.5-8.5 0.5 mg/L 50 mg/L 250 mg/L *1000 20 mg/L
(2004) mg/L (MBS,
2005)

TDS values ranged from 247 mg/L to 586 mg/L, whigkre within the set WHO guidelines.
However, the TDS levels of water at Soche WWTPa(fieffluent) (p = 0.0026) and Mudi
stream at SR Nicholas (p = 0.0001) were signifigahigher than those for Soche WWTP
(raw wastewater) and Mudi stream at MDI. TDS inthsahe general nature of water quality
or salinity. Water with TDS value more than the gesgfed 1000 mg/L is considered
undesirable for domestic uses. The TDS resultsruddan this study were much higher than
those reported by Lakudzathal (1999), on some points of the Mudi stream. Théeckhce
could be due to the sampling techniques used ih bidies. In both cases grab sampling
technique was used; hence, the reported resules apglicable only at the time of sampling.
Increased addition of chemicals into the strearmftbe surrounding industries during the
earlier work by Lakudzalet al (1999) could therefore account for the high TD&iea.

BODs was found to be higher than the Malawi Bureautah8ards (MBS) effluent standard
(20 mg/L) at all sampling points except for Limkieeam at Mpingwe and Mudi stream near
MDI. The BOD; levels obtained in Mudi stream near SR Nicolas wareh lower than

those by Kuyeli (2006). Kuyeli (2006) reported BOEalues of greater than 300 mg/L at the
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same point compared to our values of about 33 nrmgA005 and this could be attributable to
increased informal discharge of organic effluemsoithe stream by the surrounding
industries. BOR is used as a fair measure of cleanliness of vegit¢he basis that values less
than 2 mg/L are considered lean, 3 mg/L fairly nle& mg/L doubtful and 10 mg/L
definitely bad and polluted (Izonfuo and Bariwep01). The results therefore show that
streams in Blantyre get heavily polluted after pagshrough industrial areas. Although the
BODs values at wastewater treatment plants indicat@fgignt reduction after the treatment
processes the final effluent values were outsidegbhommended limit.

4.1.2 Concentrations of metal cations

Lead concentrations were high at Limbe WWTP (bathihe raw wastewater and the final
treated wastewater, 0.056 to 0.090 mg/L), Nasotea®t (before and after industrial area,
0.116 to 0.118mg/L) and Soche WWTP (final treatestewater, 0.104 mg/L). The values
were much higher than the given WHO drinking wagardeline of less than 0.01 mg/L.
Although the study did not look at pollution sowda terms of specific activities taking
place in the given areas, suggestions of the sew@however made in this work. Possible
sources of the lead contamination are leachingeafl Icompounds into the streams from
uncontrolled disposal of contaminated wastes incihe Lead is used in storage batteries
where an alloy of 91% lead and 9% antimony formes shpporting grid for the oxidizing
agent (Pb® and the reducing agent (spongy lead). It is Jikbhat these batteries are simply
disposed after use instead of being recovered aogtcled. Lead is also used in solders,
fusible alloys, bearing metals, pigments and chalmidDuring the study, Malawi was still
using ‘leaded petrol’ (petrol in which tetraethgbd or tetramethyl-lead has been added as
antiknocks). The lead released in the vehiculassioins could be deposited on surrounding
water bodies and soils. This could be a major dmming factor to the high lead
concentrations at Mudi (near MDI) because the semggdoint was under a bridge on a high
traffic road. Lakudzalaet al (1999) also reported high lead concentrations atdiM

confluence with Nasolo stream.
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Cadmium was detected at most of the sampling poariging from 0.002 to 0.015 mg/L.
Most of the values were above the WHO guidelineO08 mg/L). Cadmium, in the recent
past, has been mainly used for protective coatomgsteel. Although cadmium coatings are
being replaced, it is common to find cadmium coatederials in Malawi. Disposal of such
materials could be contributing to the high concaidns of cadmium in the streams.
Cadmium is also used in small quantities in allagd batteries and some of its compounds
are used in polyvinyl chloride (PVC) products teyent degradation. There were increases
in cadmium concentrations of the stream water g@iéssing through industrial areas (Nasolo
and Limbe streams) suggesting that there couldobéribution of cadmium contamination

from the industries through discharge of incompjetieeated wastewater.

Zinc concentrations varied between 0.166 and 0:880L which were below the WHO
suggested limit (3 mg/L). There were no significdifferences between points of the same
stream or WWTP at the 95% level of confidence. Tilghest concentration (0.630 mg/L)
was observed for Nasolo stream (after passing tfirandustrial site). This could have

resulted from a suspected broken sewer line duhagampling.

Chromium levels varied from 0.013 to 0.479 mg/Lhwialues above the WHO guideline of
0.05 mg/L recorded at Soche WWTP raw wastewat&380mg/L), Nasolo (0.479 mg/L),

Limbe (0.054 mg/L) and Mudi streams after passimgugh industries. Chromium is mainly
used in the production of non-ferrous alloys antbetium plating. High concentrations of
hexavalent chromium (up to 56 mg/l) have been detexd in matchstick production

effluent in the city where potassium dichromateuged as an oxidizing agent (Kuyeli,
unpublished). Such effluents may end up in streahes)ce, the identified chromium

pollution

Concentrations of iron were between 0.761 and 7t280L. There was a significant increase
in Nasolo River after the industrial area due ® shispected broken sewer line (p = 0.0478)
and also in Mudi stream after the industrial agea 0.0004). Significant iron level reduction
was observed at Soche WWTP (p = 0345) probablytadweagulation processes during the
wastewater treatment. Soche WWTP is a conventibiwdbgical filter plant; hence, there
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could be natural coagulation of the iron on thaesoof the trickling filters. Iron has a lot of
uses particularly in a wide variety of steels; leents absolute concentrations even in natural
water bodies tend to be higher than the conceatrsitof heavy metals such as lead and
cadmium. Iron is also an essential element; theseits guideline limit in drinking water is
quite high (1-3 mgl/l).

Nickel concentrations ranged from 0.123 mg/L ta38.3ng/L and they were all well above
the WHO guideline (0.02 mg/L). Nickel is used intlioderrous and non ferrous alloys.
Electroplated nickel is an ideal undercoat for etgdated chromium and smaller amounts of
nickel are used as catalyst in the hydrogenationnsaturated vegetable oils and in storage
batteries. Uncontrolled disposal of nickel contagnieffluents from industries could

contribute to these high concentrations of nickel.

Manganese concentrations ranged from 0.045 mg.747 mg/L. The concentrations for

Nasolo stream, Limbe stream and Mudi stream (@isising through industrial areas) were
higher than the WHO guideline (0.4 mg/L). Signiitananganese level increases were
observed in all the streams after passing thromglustrial areas and reduction at Limbe
WWTP after wastewater treatment. Almost all steetmtain some manganese which
increases the hardness of the steel. Wastewatenspgroduction of steels could therefore be

a source of manganese pollution in the water bodies

Sodium concentrations at all sites were within $shggested WHO maximum limit of 200
mg/L above which the water may have unacceptalsie.t&ignificant increases in sodium
levels were noted after Mudi and Nasolo streamsg@sded through industries which could
due to addition of sodium salts to the streamshayihdustries. Potassium concentrations
ranged from 5.60 mg/L to 38.30 mg/L with notablereased levels in water of Soche
WWTP (final effluent), Limbe stream (after passittgough industrial area) and Mudi

stream (after passing through industrial area).
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4.1.3 Concentrations of nitrates and phosphates

The concentrations of nitrates and sulphates ataafipling points were lower than the safe
limits for drinking water, 50 mg/L and 250 mg/L pestively (WHO, 2004); thus, indicating

that there was no danger due to nitrates and patsplko the water consumers.

Nitrate concentrations were significantly reducefterawastewater treatment at Limbe
WWTP but an increase was observed (from 0.95 t661 7 = 0.0001) at Soche WWTP. The
nitrate reduction at Limbe WWTP could be due teediruptake by phytoplankton (Lai and
Lam, 1997) in the stabilization ponds. Since SOBAYTP is a conventional biological filter
plant, organic forms of nitrogen in domestic wagte8uent at the plant) are decomposed by
bacteria to ammonium ions which are then oxidiaechitrate (Walstad, 2003); hence, the

increase in nitrate concentration at the Soche WWTP

Phosphate concentrations were significantly abbeesafe limit of 0.5 mg/L (WHO, 1963).
The high phosphate levels may be due to leachirago€ultural wastes including fertilizers
into the streams (since there were extensive fayrastivities along the river banks during
the study). It is also possible that the use ofsphate additives in detergent formulations
which get leached into the streams through wastwaenerated industrially, domestically
or from cloth dyeing and garment industries opagatvithin the city may contribute to the

high concentrations of phosphates.

4.2 Characterisation and metal sorption studies of the mixed alkaline
clays (Paper Il and I11)

4.2.1 Clay characterisation

The powder x- ray diffraction patterns for both tlaev and purified alkaline Tundulu clays

(RTC and PTC respectively) are shown in Figureari® 13. The analysis of the d-values for
the peaks point at an occurrence of illite, disogdekaolinite and carbonate fluoroapatite
(JCPDS, 1974: 21-145; 19-272). The kaolinite igl ¢aibe disordered because of the weak

reflection at d-value of 7.17 A which is quite inse in well crystallized kaolinite (Brindley
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and Brown, 1980). The carbonate fluoroapatite ctiftes atd values of 2.78, 2.68 and 2.24
A are all weak indicating that fluoroapatite is tlo¢ dominant component of the sample. The
reflections at 4.32 and 3.33 A could be due to gmes of halloysite which has 1:1 layer
structure as kaolinite but differs from kaolinitg laving a sheet of water molecules between
the layers (Gustaffsoet al, 2005). The 3.33 A peak is rather explained dsrd brder peak
from illite. The broad intense reflections at 12&t% 9.97 A indicate that the material could
also contain mica, smectite or vermiculite mixegela(ML) minerals (Brindley and Brown,
1980). The probability for mica occurrence in thaycfraction is quite restricted because
mica is a primary phyllosilicate (Gustafssehal, 2005) and instead illite ought to be
abundant. Clearly there must be some kind of MLarais especially as there is a prominent
peak at 24 A. Clear evidences for illite are thakseat 10.00, 5.00 and 3.33 A. In this case
the 9.97 A peak could be the one from mica. Thegmee of calcite is detected in the RTC
(reflections at 3.03, 2.28 and 2.09A) but no trawfes in the PTC, which has been treated for
removal of calcite and iron compounds. This imptiest calcite is fully removed during the
clay purification process. Another explanation d&proad peak at 4.46 A (or 4.47 A) instead
of badly crystallized kaolinite is that it couldroe from dioctahedral mica with a peak in the
interval 4.45 — 4.49 A. Because there is a peak bed the probability could be rather high
for the occurrence of a mica peak at 4.46 A. Paiemtric titrations of the Tundulu mixed
clay indicated that the clay is very alkaline. Tihgial pH values of the clays were greater
than 9 for both the RTC and PTC and concentratairacib-base active site{s, SOH tot},

were 3.2x16 moldm® (5.3x10* mole/g) and 5.1xIH moldm?® (8.5x10° mole/g)
respectively. The RTC revealed pH buffer properiiethe pH region of 4.0 and 6.0 and also
in the region of 7.0 and 8.0. The buffering propart the range of 4.0 to 6.0 could be
attributed to low water soluble organic acids sashoxalic, citric, formic and lactic acids
(Anonymous, 2005). Deprotonation of water solutdeboxylic groups of humic acids could
also contribute to buffering in this range (McBrid€©94). In the pH region of 7.0 to 8.0,
buffering property could mainly be attributable $oluble inorganic phosphates (since
dihyrogen phosphate has a pKa of 7.2) (Anonymo@85Q These water soluble organic and
inorganic acids were removed during the purificatiprocesses; hence, the absence of
buffering properties in the PTC sample. Howeuae, RTC curve in the pH region of 4.45 to

7.0 was not as smooth as it would have been ircéise of absolute absence of any water
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soluble acids. This seems to suggest that soméaesoccurred contributed to dissolutions
and deprotonation of small amounts of acids rethifiem the purification processes. In
addition to the clay minerals, the presence of miganatter in the RTC probably rendered
the RTC more effective at cation adsorption thas RTC (McBride, 1994). pkcvalues

were 9.94 and 9.66 for the PTC and RTC respectiwlich was consistent with the high

alkaline nature of the clays.
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Figure 12: PXRD patterns of Raw Tundulu Clays (RB@Y Purified Tundulu Clays
(PTC). ML = Mixed clay mineral , DKL = Distortecaklinite, HA = Halloysite, ILL =
Illite
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Figure 13: PXRD patterns of Raw Tundulu Clays (RTa@@d Purified Tundulu Clays
(PTC). CA = Calcite, CFAP = Carbonate fluoroagatiiA = Halloysite, ILL = lllite

63




4.2.2 Effect of pH on metal sorption by the mixed alkaline clay and structural

determination

Mixed alkaline clays (1.43 g/L) have shown to coetely remove chromium(lll), copper(ll),
zinc(ll), cadmium(ll), mercury(ll) and lead(ll) eahs from aqueous solutions within specific
pH ranges for each metal solution. The resultscatéd that 100% chromium(lll) removal
was achieved between pH 3 and 5 (initial conceptranf 5.2 mg/L). Copper(ll) removal
from (initial concentration of 3.8 mg/L) was acheelvbetween pH 4 and 6.8 (from about
20% to 100%). About 92% of zinc(ll) removal (fromtial concentration of 3.9 mg/L) was
achieved at pH 7.58. Only 90% removal of cadmium(iiom initial concentration of 3.4
mg/L) was attained even at high pH of 10. Mercujyobrption was almost pH independent
with sorption capacity fluctuating between 30 an@ %. Using an initial solution
concentration of 4.9 mg/L, complete sorption ofdigh cations was achieved at pH of about
7.5. Clearly most of the metal sorption processesuiwed below the pkic of the clay
indicating formation of inner sphere complexes andin irreversible absorption process
(Stumm, 1992). Insignificant sorption of arsenatswbserved at all pH values. Since clay
minerals are either neutral or do posses permaregdtive charges (Gustafssairal, 2005),
their cation exchange capacity is a result of teer@anent negative charge or the acid base
reactions of their surface hydroxyl groups. Sin&Accurs as BAsOs, H,ASOs, HASO”
and AsQ* in the pH ranges below 2, 3-6, 8-10 and abovedshectively (Gustafssaat al,
2005, it is not surprising that the clay-arsenteiactions were not favourable for adsorption.

The clay minerals used in this work are classifisceither 1:1 or 2:1 clay minerals (Section
4.2.1). Kaolinite (A}(OH)4(Si,Os)) is an example of 1:1 clay mineral which is corsgub of
silica tetrahedral layer (80s) bonded to aluminium octahedral layer {24(OH),) forming a
sheet. The sheets are held together by hydrogedidmpnesulting in a non-expandable
structure. lllite, which is a typical 2:1 clay mmag comprises sheets built from two silica
tetrahedral layers sandwiching aluminium octaheldngr. The sheets are held togethgr
weak van de Waals forces making it easy for otlhemngcal species to enter the interlayer
region (Harter, 1998). There are three types ofstatine surfaces onto which metal
adsorption can occur on the clays: a hydroxyl plassociated with the alumina octahedral

layer, an oxygen plane on the silica tetrahedrgérlaand particle edges formed from the
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incomplete or irregular lattice structure. 2:1 claynerals have permanent negative charge
due to isomorphous substitution of aluminum(lll)r fsilicon(lV) in the silica layer or
magnesium(ll) for aluminum(lll) in the alumina lay@&ustafssort al, 2005). The pig;cof

this mixed clay was 9.94 and its cation exchangeaci#y was 19.73 cmgKg (Section
4.2.1). The high pHc indicate that the surfaces are highly alkaline #msl could influence
metal hydrolysis and precipitation as additionaltahesorption mechanisms (Baes and
Mesmer, 1986). Given the heterogeneous natureeotitys it is likely that several metal
sorption mechanisms take place simultaneously rgakivre determination of metal/clay

component interaction difficult on such material.

Our EXAFS studies of the metal sorbed clays shotkatl the high alkalinity of the clays
promoted hydrolysis of the heavy metals which tipeecipitated and got sorbed on the
surface. In all cases it was shown that oxygen stootupy the first shells of the metal
atoms on the surface (Paper Ill). In the sorptibcloomium(lll) cations, presence of the
trimer, [Cu(OH)4(H-0)o°", was detected at pH 3.24. The formation of indefin
<Cr(OH)LCr(OH)Cr> chains with double hydroxo bridges where eduformium also binds
two water molecules/hydroxide ions fulfilling antalkedral configuration was identified at
high pH. This shows that such polymeric structymescipitate out and/or get sorbed onto the
clay surfaces. EXAFS analysis of copper(ll) treatkys both at pH 7 and pH 4.7 indicated
an inner sphere octahedral first shell of oxygéoma with Jahn-Teller distortion and
average distances of 3.12 A. The correspondingy Ele-O-P scattering distance of 3.23 A
was also obtained. These results suggest thatapeeq(ll) is sorbed to the clay mixture
through the phosphate groups of the non-clay compioof the mixture, fluoroapatite. In the
study of copper(ll) sorption mechanism on kaolinikyun and Hayes (2004) showed
formation of outer sphere surface complex with teagonally distorted Cugoctahedral
structure. Polymeric ZnQedge sharing tetrahedral species were observetherclay
surfaces suggesting that precipitation is the masha through which zinc(ll) species are
sorbed on the alkaline clay surface at low and pighvalues. In the sorption of cadmium(Il)
cations it was found that mononuclear precipitgecges with octahedral Cd@onfiguration
were formed on the clay surfaces. However, it wadaar whether the cadmium(ll) ion was

sorbed to the clay surface as the hydrated iorf drwas partly hydrolysed based on the
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EXAFS data. Formation of cadmium surface precipitdias also been observed on
montmorillonite at high pH by Takamatstial. (2006). Their EXAFS study on sorption of
cadmium ions on montmorillonite revealed two sapttypes, an outer sphere complex at
low pH and surface precipitate at high pH. The EXAdnalysis of the cadmium treated clay
at pH 5.4, in this study was not performed becdheeCd K-edge (26711 eV) is above the
beam energy range at Max-Lab where all the othmpkss at low pH were analysed. It was
observed that the clays affect the speciation afcorg(ll) which was easily hdrolysed and
sorbed as linear mercury(l), O-Hg-Hg-QEbmplexes at low pH and mononuclear linear O-
Hg-OH« (x = 1 or 2) complexes at high pH values. Thisastrary to the observation by
Brigatti et al (2005) who studied sorption of mercury(ll) on nraotillonite and vermiculite
and found that Hg-O (montroydite-like) structureswlarmed on both surfaces at low pH

instead of the reduced linear mercury(l) in thigkvo

4.3 Sorption of heavy metal cationsin crude water and sodium chloride

extracts of Moringa oleifera and stenopetala (Papers|V and V).

The sorption of chromium(lll), copper(ll), zinc(IBnd cadmium(ll) to different forms of
Moringa crude extracts as a function of pH is presentegaper(lV). Generally, metal
binding increased with rising pH. The chromium(k&moval mostly occurred between pH 3
and 5 withM. stenopetala extract showing better sorption capacity at eadtvalue than the
extracts oM. oleifera. Two stages of copper(ll) sorption were observéti all extracts; the
first stage occurred between pH 4 and 6 and theenwlH was raised to above 8. Above this
pH (8), sorption of copper(ll) in water extracts Mf stenopetala (MSC-DW) and sodium
chloride extracts ofl. stenopetala (MSC-SC) analeifera (MOC-SC) increased to over 80%
while sorption in water extracts &fl. oleifera (MOC-DW) still remained low. Most of
zinc(ll) sorption in MSC-SC and MOC-SC occurredhinta narrow pH range of 4 and 4.5
while zinc(ll) sorption in MSC-DW and MOC-DW occed between pH 4 and 7.
Cadmium(ll) sorption started at pH 6 with most bbccurring between pH 6 and 8. The
results were consistent with metal ion uptake bystrtmomasses (Igwet al, 2005). A

possible mechanism of metal uptake entails exchahfgdrogen ion at the substrate by the
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metal ion (Igweet al, 2005). Such an exchange reaction would therdfersfluenced by
the relative concentration of the exchangeable dgein ion on the substrate and the
hydrogen ion concentration (as measured by pH) ha tmedium. The higher the
concentration of acid in the medium (lower pH) there difficult it is for deprotonation of
the substrate; consequently there would be insggmf binding of the metal (Ajmadt al,
2000). Characterization of the seed powdetHNMR gave chemical shifts at 1.2, 1.3, 1.9,
2.8,4.8,5.2, 54,55 7.1 and 7.4 ppm indicapngsence of amide (-CO-N-H), benzenoid
(Ar-H), amino (R-NBH), saturated and unsaturated alkyl fragments ih bbtoleifera (MO)
andstenopetala (MS). A singlet chemical shift at 1.5 ppm in MSpbpably due to sulfhydryl
(R-SH) fragment, was observed. A forest of peaksvdéen chemical shift 3.2 and 4.2 ppm
was observed, which were difficult to assign to amylecular fragments. This may explain
why MS showed slightly better metal sorption capathan MO at most pH values. The
heavy metal sorption ability d¥l. stenopetala andM. oleifera could thus be attributable to
coordination or complex formation between the me&tions and pH dependent oxygen and

nitrogen anionic sites of thdoringa proteins or free amino acids (Costal, 1997).

The Hg(ll) Ls-edge EXAFS analysis of water extractdvbfoleifera treated with mercury(Il)
showed a selenium K-edge absorption peak at ab2668lL eV revealing presence of
selenium in theMoringa extracts in addition to the organic fragments ol in theéH-
NMR study.

The EXAFS function for chromium in thiloringa and the corresponding FT (Paper V)
fitted very well with hydrolysed chromium (existingither as [GI(OH)s(H20).g>" or
<Cr(OH)LCr(OH)Cr> ) as was the case with the chromium on clay& FT showed light
back-scatterers, certainly oxygen, at short digiac97 A, and a heavier back-scatterer,
most probably chromium, at ca. 3.0 A, and a smabertribution at ca. 3.8 A, most probably
multiple scattering within the expected Gr@ore. The copper(ll) EXAFS spectrum was
consistent with an octahedral oxygen shell withnJaaller distortion. The equatorial (within
the square planar) Cu-O bond was 1.97 A whereaswtbeaxial Cu-O bond lengths were
2.29 A. The goodness of fit parameters improvedi@ntly after adding CIIT distance
and Cu-O-C three - leg scattering path at 2.96 06 A, respectively suggesting that the
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equatorial oxygens around the Cu were part of caflate groups in théloringa extracts
whereas the axial oxygens could be from water nuidsc The EXAFS spectrum for the
mercury(ll) treatedvioringa was dominated by a shell of light-back-scatterar®und the
mercury at bond length , 2.15 A. The distance &6 & was consistent with Hg-N bond of
Hg®* in amide groups. This indicated that mercury(IBswsorbed on thBloringa extracts
through nitrogen (probably from amino acids) asdbeor atom. The EXAFS spectrum of
the Hg treatedMoringa also showed presence of significant concentraifagelenium in the
Moringa extracts. It would therefore be expected that Hgracts strongly with selenium
since selenium is a soft ligand and Hg is a soitl &8hriveret al, 1992). However, no
HgllBe distances were observed. This indicated thatnitiegen donor groups, in the

Moringa extracts, are significantly much more than therseim.
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5. PRACTICAL APPLICATIONSOF THE WORK, LIMITATIONS,
FUTURE RESEARCH AND CONCLUSIONS

It is becoming essential to understand and manag@recious water commodity in a wise
and cost effective manner in the world. This wods lstudied one of the main aspects of
water management; namely, pollution control. Ineortb effectively use a metal adsorbent
for the removal of the metal from contaminated watlkee adsorbent must satisfy at least
three requirements:

I. metal adsorption must be thermodynamically possible

ii. adsorbent must not lead to adverse effects sucimtemluction of other pollutants

including bacterial growth into the treated waterd

iii. kinetic limitations must not prevent use of theatsnt even at very short contact time.

Studies in Papers II-V address the first requirdamdrhe identified clay properties,
characteristic pH ranges within which the clays Balinga extracts sorb heavy metals, and
the sorption mechanisms will assist in design gpithosation of local cost effective heavy
metal remediation in contaminated water. The treatnmethods may be applicable both at
household level by use of clay packed filtratiohuoans and in wastewater treatment plants
by dosing of clays at a selected stage of thentresat process. Introduction of adverse effects
in treated water is not expected to be a problewesihe clays are pre-treated as explained in
Section 3.1.4. However further filtration and diaation stages may be needed after
treatment if the water is to be used for domestippses such as drinking. The extraction of
Moringa coagulating compounds, rather than direct us@éeMoringa seed powder or filter
cake reduces introduction of high loads of orgammpounds that may increase the BOD of
the treated water.

The third requirement may be part of pilot studiésthe materials. Trials on use of the
materials in heavy metal removal using a lab-seedstewater treatment plant are thus
proposed as part of further work. Such trials neethvolve dynamic experiments, which
include determining the best position for dosingtled clays orMoringa (such as at the

sedimentation tank or at the tertiary stage of ewaater treatment process) and calculations
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of proper flow rates to improve contact time. Farttexperiments using columns should also

to be carried out to asses the outlet metal cormtgonis from given inlet concentrations at

given column load of the clays or tiMoringa. The management of the metal containing

sludge should be included in future study.

The major findings of this study are:

Water and wastewaters in streams and wastewatatmieat plants within the
Blantyre City in Malawi contain high levels of hgametals such as lead, chromium,
cadmium, nickel and manganese which may be atétbtd discharge of incomplete
treated wastewater from industries within the eityl agricultural activities along the
river banks. Although BOPvalues at wastewater treatment plants in Blan&yee
significantly reduced after the treatment procesBedinal BODQ values of effluents
are not within recommended limits.

The Tundulu alkaline mixed promote surface hydrglys the heavy metals within
characteristic pH ranges for given metals (pH range3 to 5 for chromium(lll),
above 7 for zinc(ll), 4 to 8 for copper(ll), 6 a®dfor cadmium and above 7.6 for
lead(ll) ) and their consequent removal. Qualigtmineralogical characterisation of
the clays revealed that they contain illite, distdrkaolinite, mixed layer minerals
and non-clay mineral carbonate fluoroapatite. Tlherbapatite in the clay mixture
enhances the sorption of copper(ll) through fororatf Cu-O bonds with the oxygen
part being contributed by phosphate groups of padit

Sodium chloride and water extractsMf oleifera andM. stenopetala have positive
heavy metal uptake within characteristic pH rangésabove 4 for chromium (ll1), 6
for copper(ll), 4 for zinc(Il) and 7 for cadmiumyl

EXAFS studies of metal ricM. oleifera extracts show that copper(ll) interacts with
oxygen atoms of carboxylate groups in the extradtde mercury interacts with
nitrogen atoms of amide groups. Uptake of chromioynthe extracts is through

hydrolysis mechanism.
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