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Abstract

The problem of pollution by heavy metals is currently attracting global attention because of the
deleterious effects it has on the environment and especially on human health. The prohibitive cost
of the contemporary methods of their removal coupled with the fact that such methods are usually
unsustainable has prompted the quest for environmentally friendly, sustainable, readily available
and cost effective methods for the removal of heavy metals from contaminated wastewaters and
soils.

Previous studies have been carried out on natural and rest-product materials but it was mostly
comparative, trying to find out which of them adsorbs best. In this study, batch experiments are
conducted with fiber ash to find out if it could be used to purify contaminated waters and the metals
under consideration were Cd, Cu, Ni, Pb and Zn. During the batch runs, there was a manipulation of
the different environmental parameters (pH, sorbate/sorbent mass ratio, metal concentration, mass
of sorbent) to find how they influence the adsorption potentials of fiber ash.

Fiber ash was found to be efficient for all the considered metals at a neutral pH of 7.0 while poor
adsorption at a slightly acidic pH of 5.6 was observed for Ni and Cd. The ash studied is

recommended as an effective adsorbent for heavy metals at a neutral pH of the solution of the
contaminated water.
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1 INTRODUCTION

Population expansion and increased industrialization have contributed to the release of
increased heavy/trace metals content of many municipal wastewater treatment plant effluents and
surrounding soils. Heavy metals discharged in wastewaters can be toxic to aquatic life and cause
natural waters to be unfit as potable water sources. The ubiquitous nature of heavy metals, their
toxicity even in trace quantities (for e.g. Cd damages the kidneys, Pb adversely affects red blood
cells, the nervous system and the kidneys), their tendency for bioaccumulation in food chain, their
non-biodegradability, their ability to undergo transformations, the economic impact and the stricter
environmental regulations related to heavy metals discharges have prompted the development of
processes for the removal of heavy metals from wastewaters and soils.

Contributions among many other sources come from facilities such as food processing
industries, hospitals, printers, plastics and rubber, schools and universities, water treatment, metal
fabrication and plating, battery manufacturing, photography shops, X-ray laboratories, leather
tanning, paint etc., which are discharging heavy metals into the environment at an unprecedented
and constantly increasing rate (P. Mavros et al., 1992).

Various methods for the removal of heavy metals from wastewaters include chemical
precipitation, ion exchange, electro-dialysis, reverse osmosis, membrane filtration and absorption
(R1). Adsorption, an all-encapsulating term which we are going to employ in this study was one of
the recognized efficient processes of heavy metals removal from aqueous solutions. In spite of the
usefulness and effectiveness of alumina, silica, iron oxide and activated carbon as absorbents of
heavy metals, their prohibitive costs have restricted their widespread use. Therefore some studies
have been carried out with the intention of developing new and especially cheap materials and
sustainable adsorbents for the removal of heavy metals from wastewaters. These materials should
have high affinity, selectivity and capacity towards metals. Fly ash was one of the materials that
was extensively studied and approved as a good absorbent. Its selection results in a two-fold
benefit, i.e, the disposal of this ash which is a rest product and its usage as a low cost adsorbent for
the treatment of wastewater and soils (Vinod K. G. et al., 2003).

Fiber ash, the main material of this study, is quite similar to fly ash in basic constituents but
there are some slight differences in the percentages. The main constituents of ashes are SiO,, Al,O3
and CaO with fiber ash having a higher percentage of the latter. In one of the studies it was
suggested that fly ash would be an even better absorbent if its percentage of CaO increases. Fiber
ash is a residual product of the production of toilet tissues, household towels, napkins etc of the
SCA Hygiene Products in Sweden.

This project unlike most of the pioneer projects which were rather mostly aimed at rating the
absorbent potentials of some chosen natural materials for heavy metals, seeks to understand the
contribution of the various parameters that influence adsorption by fiber ash (pH, sorbent mass,
sorbate concentration while that of temperature was left out for technical reasons) using batch
experiments for adsorption of the following heavy metals; Ni, Cu, Zn, Pb and Cd. This study sought
to determine the optimal conditions for the selected parameters that would simultaneously give the
highest removal of heavy metals with the lowest desorption. The experimental procedures were
carried out at constant pH (either 5.6 or 7.0) in order to favour the adsorption of the metallic ions
and to avoid precipitation within the milieu.



1.1.1 Background of the study

Fiber ash (used in this study) is a residual product of toilet tissues, household towels, facial tissues
and napkins of the company SCA Hygiene Products AB. The main raw materials are wood and
paper pulp. Basically, CaO, SiO,, and Al,Os are the three main constituents. This makes fiber ash
similar to fly ash (from incineration plants) on which many adsorption studies have been carried out
(Rio, 2002), the main difference being that the percentage CaO is much higher in fiber ash than in
fly ash. Also, the presence of the mineral Gehlenite is what endows fiber ash with better adsorption
qualities.

Previous investigations have been carried out in Chalmers to investigate the use of natural and rest-
products materials as filters for metal-laden wastewaters and contaminated soils (Chauvet 2003,
Kalmykova, 2004). This was prompted by the search for sustainable material (cost effective,
environmentally sound and technically feasible) as against synthetic options which had prohibitive
costs though efficient. This cost widely reduced the scale of application of these remediation
methods. Precipitation, the commonest technology for metal expulsion falls below the stringent
standards for the removal of toxic metals but the necessary polishing phases involves increased
expenses to that of an already expensive sludge management (Petterson, 1989; Brown et al., 2000a).

This project therefore sets to investigate the effect of the following; different environmental
conditions, different metals, varying pH and varying absorbent masses on the adsorbent properties
of fiber ash as well as the contact time. It equally checks whether a mixture of fiber ash and peat
will make a better adsorbent. The parameter, temperature, was not considered for technical reasons.

1.1.2 Objectives of the project

The objectives of this study are to carry out batch experiments with fiber ash in order to:

1. to check if ash could be used to purify contaminated soils and water

2. to find out how a manipulation of the different environmental conditions (pH,
sorbate/sorbent mass ratio, metal concentration, mass of sorbent) influences the
adsorption potentials of fiber ash

Pilot studies of fiber ash as an adsorbent showed its exceptionally high adsorption capacity
compared to natural materials or even commercial adsorbents. Findings from this study will be a
breakthrough in a greater project in the search for natural and rest products as possible alternatives
for synthetic adsorbents based on sustainability and cost effectiveness.

1.1.3 Scope and Limitations of the Study

This study was purely laboratory based and results from previous study show that laboratory
findings overestimated the adsorption efficiency of these natural rest-products as compared to when
carried out in-situ. This pioneer study is aimed at finding out how a manipulation of the following
parameters; pH, adsorbent mass, environmental conditions affect the adsorption potentials of fiber
ash on the following five heavy metals, (Cd, Ni, Cu, Zn and Pb). Temperature was not included
among these parameters for technical reasons. Langmuir and Freudlich adsorption isotherms were
not empirically determined for the systems in the study but rather this information was extracted
from previous literature.



In general, contaminated wastewaters contain more than one heavy metal. This study was done on
single metal synthetic solutions which is a limitation because from the point of view of
environmental protection, adsorption studies from multi-metal systems to which much work has

been dedicated is imperative.



2 REVIEW OF RELATED LITERATURE

The study of fiber ash is relatively new and there is not much literature associated with it. However,
many other types of ashes have been investigated for their sorption properties and adsorptive
capacity on heavy metals (Bayat, 2002; Ricou-Hoeffer et al., 2001; Rio et al., 2002). Examples
include fly ash, coal ash, bagasse, bottom ash etc. A large proportion of these literatures contained
results of batch experiments for the following parameters; contact times, pH, metal concentrations,
metal/adsorbent mass ratio, adsorbent/lime mixtures (Apak et al., 1998; Ricou-Hoeffer et al., 2000).
In these studies, many authors reported the successful removal of copper, zinc, nickel, cadmium and
lead. All these ashes are known to have basically these three main components; SiO,, Al,O3and
CaO but their proportions vary (see Table 1 for their specific differences). These are also the three
main components of fiber ash and therefore we can adopt the same results from fly ashes. Fly ashes
in one of the studies were used for reducing trace metal concentrations in a wastewater treatment
plant (Gupta and Torres, 1998) but generally there has been no in-depth investigation on the
mechanism of adsorption of heavy metals onto fly ashes. The ability of fly ash to remove metal
cations from wastewater has been demonstrated in many literatures (Bhattacharya and
Venkobachar, 1984; Panday and Singh, 1985; Yadava et al., 1987) but for a limited number of
metals. The mechanism or the removal was assumed to comprise of four steps (ref); (i) surface
precipitation where most hydrolysable heavy metals are removed via co-precipitation of their
insoluble hydroxides forming successive layers on the sorbent surface; (ii) flocculation by
adsorption of hydrolytic products; formed on adsorbent surfaces as kinetic intermediates including
[Feo(OH)4]*, [Fes(OH)aI™*, [Als(OH)s]** and [Alg(OH)40] “*act as more effective flocculants than
their parent ions due to their higher charge and strong specific absorptivities (iii) chemical
adsorption based on surface complex formation, where metal ions are usually removed as
uncharged hydroxides condensed onto the surfaces of —OH group bearing adsorbents ie, aluminium
oxide, silica gel, ferric oxides and (iv) ion exchange, where the acid pre-treated sorbents may
function as synthetic cation exchangers, (Apak et al., 1998).

Table 1. Main Components in Fiber and Fly ashes

Fiber ashes Fly ashes

% TS % TS
SiO, 28.9 44.9
Al,O3 20.7 22.0
CaO 43.7 5.7

(Rio et al., 2002)

Several trends in the adsorptivity of the selected metals by ashes had been have been put forward by
several authors and this depended on properties such as ionic size, redox potential etc. Depending
on parameters such as ion exchange, chemical adsorption, surface precipitation or flocculation, a
relative trend for the retention of the selected metals was proposed.

Generally, the experiments were carried out in single or multiple, natural or synthetic metal
solutions. Many parameters were taken into consideration in the study for the adsorption capacities
for the various types of ashes but it cannot be said with total certainty that this parameter is solely
responsible for adsorption. Most of the parameters are linked and the process of adsorption is
continuous. Majority of the literature quoted here are for other ashes as the adsorption study for
fiber ash is relatively new and literature is limited. Many authors mentioned various parameters
which include; calcium content, carbon content, pH, amount of adsorbent, initial concentration of
metal, contact time, ash origin, the distribution ratios of the metals, inter-competition among metals,
surface physical and chemical characteristics and processes such as ion exchange, chemical
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reaction, etc. As earlier stated, most of these parameters and processes are interlinked, existing as a
continuum, as will be noted later on.

Table 2 Overview of selected studies on metal adsorption by different ashes including fiber ash.

Author/year Metals | Cy, Time, | Experimental conditions/Relevant pH L/S,
mg/L | hours | findings ml/g
.time of final pH attainment depended on
(Mavros et al., 1993) | Ni 50 1/6 the amount of ash added 50-9.0 variable
.at lower mass of ash, addition of Ni ions | adjusted by
into ash caused pH to drop adding H,SO,
.hydrolytic metal precipita-tion reaction
Resat Apak et al., Cu,Pb, | 29 8 7-12, not 50
1996 Cd controlled
.metal cations hydrolyse with increase in
Julia Ayala et al., Cd,Cu | 0.1- 3 pH 5.0 adjusted by | 100
1998 1.6 .Cd and Cu removal capa- city depended | H,SO,4 or
on pH NaOH
.adsorption increases with increase in
P. Ricou-Hoeffer et Ni, Cu, | 500 24 sorbent 5.0 controlled | 50
al., 2000 Zn, Cd, .adsorption of Cu is endoth- by 1M HNO;
Pb ermic
.Cu removal could also be as a result of
Chien-Jung et al., Cu 0.1M |3 precipitation 5.0 controlled | 100
2000 .Carbon fraction of ash influenced Cu by 0.1 HNO;3
removal at pH 5.
.Cd adsorption is greatest at pH 10
Belgin Bayat et al., Cr,Cd |55Cr, |2 3.0-8.0 and |50
2002 6 Cd adjusted by
dilute 0.1
NaOH and
HNO;
Removal of Ni & Zn increased with an
Belgin Bayat et al., Ni,Cu, | 25Ni, |2 increase of the metal initial concen- 3.0-80 and |50
2002 Zn Cu& tration. adjusted by
302Zn .Removal of pollutants is pH dependent dilute 0.1
NaOH and
HNO,
.Lime was added to increase stability of
Pb, Cu, | 100 metallic ions 2.7-4.7 10
Sebastien R et al., Cr, Ni, 24 adjusted with
2002 Zn, Cr 1M & 0.1M
HCI
.At reaction time 10mins, the bottom ash
Young-Sook et al., Cu, Ni 100 6 exhibits higher adsorption efficien- 3.8-6.3 2-100
2002 cy of Cu than that of Ni.
Adsorption rate of heavy metal increases
with decre-
asing bottom ash particle size.
Adsorption increases with pH
(Gupta and Sharma, Zn 0.000 | 24 .50 to 60% of adsorption occurs within 1.0-6.0and 10
2003) 3- first one hour controlled by
0.003 dilute NaOH
M and HNO;
Adsorption is influenced by pH,
P. Ricou-Hoeffer et Ni 500 24 metal/adsorbent mass ratio and ash type 5.0 controlled | 100




al., 2000

by 10M NaOH
and HCI 36%

(Kalmykova et al.,
2006)

Pb, Cu,
Zn, Cr,
Cd

.Grain size of adsorbent is an important
factor in sorption.

.Increase in pH increases the extent of
precipitation

Adsorption is dependent on the CaO
content

6 — 12 adjusted
with 1M
NaOH

20




3 THEORETICAL CONCEPTS

3.1 Adsorption Theory; Fundamentals

Adsorption has been defined by many authors but conventionally it is accepted as a phenomenon
where molecules of the contaminants dissolved in water attach themselves to the surface of
individual soil particles (McKay, 1996). In our case, the interaction of H" and metal ions between
the solid fiber ash and the surrounding aqueous solution is the main focus. The surface attachment
can be physical, chemical or exchange adsorption. Physical adsorption is caused by Van der Waals
forces and is the easiest to separate because these forces are weak. It does not include the sharing or
transfer of electrons and is essentially reversible. It has a low degree of specificity; thus adsorbed
molecules are free to cover the entire surface of the adsorbent. A physically adsorbed molecule
keeps its identity and upon desorption returns to the fluid phase in its original form. Chemical
adsorption is formed by chemical bonding and requires significant efforts to separate. It is
essentially irreversible. Chemically adsorbed species are fixed as specific sites and are linked to
reactive parts of the adsorbent surface, confining the adsorption to a monolayer. The extent of
chemical adsorption is dependent on the reactivity of the adsorbent and adsorptive (Jenny, 2006;
Faust et al., 1987; Faust et al., 1988; Rouquerol et al., 1999). What is mostly obtained out in the
field is actually an intermediate of physical and chemical adsorption, with both pore structure and
reactive functional groups contributing to metal removal. Exchange adsorption is caused by the
electrical attraction between adsorbate and the surface.

Metals exist in soil solutions as free metal ions, in soluble complexes with inorganic and organic
ligands or associated with inorganic or organic colloidal material (Shuman, 1991). Examples of

inorganic ligands in soils are anions (SO, CI', OH, PO, COZ™). Organic ligands include low

molecular weight aliphatic, aromatic, amino acids and soluble constituents of fulvic acids. Colloidal
particles include iron and manganese oxides, clay minerals and organic matter.

There are several processes that govern metal retention in soil. The removal of metal ions from
aqueous solutions involves in principle the concentration of the solute on the solid surface governed
by the following; precipitation, inclusion, adsorption, solid formation which are all distinguished by
the type of association between metal and host mineral (Sposito, 1989). As adsorption proceeds,
solutes are simultaneously adsorbed and desorbed. Eventually the rates of both processes will attain
an equilibrium state called the adsorption equilibrium. At equilibrium, no change can be observed in
the concentration of the solute on the solid surface or in the bulk solution. The position of
equilibrium is characteristic of the entire system and is independent on the solute, adsorbent,
temperature and pH among others (Faust and Aly, 1987). During this process therefore, metals can
precipitate as pure solids; CdCOs, Pb(OH),, ZnS,, or co-precipitate producing mixed solids, e.g.
(FexCr1x)(OH)3 or the occurrence of solid formation when metals are compatible with the host
elements and can replace them throughout the mineral, example as in the substitution of Cd for Ca
in CaCOs. Metals have been shown to be able to adsorb onto organic matter, clay minerals, iron and
manganese oxides and hydroxides, calcium carbonates and amorphous aluminosilicates, the organic
matter in this case consisting of biochemicals and humic substances. They provide acid functional
groups, carboxylic, phenolic, alcoholic and amino groups as adsorption sites.
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Figure 1. Types of bonds involved in the adsorption of heavy metals to particulate surfaces
(Sposito, 1989).

Sorption is the general term used to describe the distribution of a substance in a media, between the
solid and a dissolved phase, assuming that precipitation does not occur (Christensen, 2002). The
substance sorbed is called sorbate and the media on which the phenomenon occurs is called
sorbent. Sorption comprises two processes which are different from each other from a
chemical/physical point of view; Absorption, which refers to bonding within the solid structure of
the sorbent, and Adsorption which is the bonding to the surface of the particles. In this study, we are
going to use the terminology “adsorption” though no insistence will be made on their difference.

Sorption to mineral surfaces and complexation by humic substances are two important processes
influencing the cycling of potentially toxic trace metals in the environment (Adriano, 2001). In
general, the bioavailability and mobility of trace metals depends strongly on chemical speciation.
The toxicity of a metal is commonly directly proportional to the activity of the free metal ion. The
mobility of trace metals in soils and aquatic environments is controlled mainly by their distribution
between immobile solid phases, mobile colloidal particles and dissolved species (Kretzschmar et
al., 1999). A gquantitative assessment of the sorption behaviour of trace metals in aqueous systems
containing clays and humic substances is therefore essential for understanding the biogeochemistry
of trace metals.

Removal of heavy metals from water is possible by a number of processes such as chemical
precipitation, ion exchange and others earlier mentioned. Adsorption is just another effective and
selective process, capable of removing low metals from solutions. Sorption (adsorption) is related to
three processes of the soils; Permanent negative charges, pH dependent charge of the surface and
Adsorption of hydrophobic compounds. Permanent negative charge is usual for clay minerals and
weakly soluble salts arising from “broken bonds” on the crystal surface and isomorphic
substitutions. For example, AI** can substitute for Si** in a silica oxide, Mg®*and Fe®* ions can
substitute for AI** in aluminosilicate clays resulting in permanent negative charge. pH dependent
charged surfaces are associated with the edges of clay minerals, surfaces of oxides, hydroxides and
carbonates and with organic matter. The charge arises from the association and dissociation of
protons from surface functional groups. Negative charges are then produced due to dissociation at
higher pH values. At low pH values, functional groups accept a proton, resulting in neutral or
positive charged ions. For all pH dependent charged surfaces, as the pH decreases, the number of
negatively charged sites also decreases. Under more alkaline conditions, the majority of sites will be
negatively charged. On the other hand, adsorption of hydrophobic compounds is thought to be
relevant for fulvic and humic acids. Their hydrophobic groups can bind to a particle surface while
hydrophilic groups can serve as adsorption sites.



Metal adsorption behaviour is often described by a surface complexation model. (see figure 1). The
three different complexes or bonding between metals and solid surface that can be formed are as
illustrated in figure 1 above. Metals in diffuse ion association or in outer sphere complex are
surrounded by coordination and are not directly bonded to the surface. These types of bonds
represent “non specific” sorption when bonding is general and is related to the electrostatic strength;
the attraction between dipoles. These reactions are rapid and reversible with only weak forces
depending on the electronic configuration of the surface group and the adsorbed ion. They are
therefore in exchangeable state or defined as “non-specific” sorption. Metals associated with
exchangeable sites may, depending on the environment, be relatively mobile (Yuliya, 2004;
Chauvert, 2003; McLean, 1992)

In inner sphere complexation, the metal is bound directly to the surface by an ionic and/or covalent
binding, which implies a much higher bonding energy than in non-specific sorption. This adsorption
mechanism is often called specific sorption because it depends on the electronic configuration of
both metals and surface. At low concentrations, metals are adsorbed to the specific adsorption sites.
With increasing concentration of the metal, the specific sites are saturated and the exchangeable
sites are filled and become potentially mobile: affinity of metals for an adsorbent surface being
concentration dependent.

3.2 Potential of Ash as an Adsorbent Material

The suitability of fly ash as an adsorbent for heavy metals ions from aqueous solutions has been
examined by several authors (Ayala et al., 1998; Bayat, 2002). There is little literature on the
adsorptive potentials of fiber ash but since it has the same composition as many of the studied fly
ashes that have been proven to be able to adsorb heavy metals, it can be reasonably assumed that
the same process of adsorption occurs with it. Basically, CaO (44%), SiO, (30%) and Al,O3 (21%)
are the main constituents and this makes it very similar to fly ashes from incineration plants that
have already been studied for their adsorptive properties (Rio, 2002). However as illustrated in
Table 1 above, CaO is in a bigger proportion in fiber ashes than in typical fly ashes. Previous
studies showed that fly ashes with higher CaO content would have a better adsorption capacity (see
explanation in equations 2 & 3). It would be reasonable therefore, to imply that fiber ash can be
even a better adsorbent than fly ash.

Most of the previous studies agreed that metal ions might adsorb on ash because of its high content
of silica and alumina. These are present on the surface of ash as the functional group oxidized as
Si0; and Al,Os. The silica surface is known to have a high affinity towards metal ions (Bayat,
2002; Gangpoli et al) but the central ion of silicates (Si**) has a strong affinity for electrons.
Therefore the oxygen atoms that are bound to the silicon ions have a low basicity, causing the silica
surface to act as a weak acid. The oxygen atoms react with water forming surface silanol (SiOH)
groups. The acidity of these groups determines the dependence of the charge of silica surface on
pH. This makes ashes a strong alkali material when added to water. At low pH, a positively charged
silica prevails and at high pH a negative surface dominates. Fiber ash has higher percentage CaO
(CaCO:s3) content and this makes fiber ash a strong alkali material when added to water. Accordingly
therefore, maximum adsorption of metals is observed at pH range 6-8 and therefore it can be
expected that metal ions can be removed from aqueous solutions by precipitation and electrostatic
adsorption since pH range (6-8) is known to contribute to the electrostatic interaction of the
adsorbate with the surface, silicate, alumina and iron sites. Metal adsorption ions through SiO, bond
may also involve the aminosilicates in ashes as shown below (Ricou-Heffer et al., 1999)

In acid solutions;
SiOH...H-O-H [MG(OH2)3]2+ €—» Si-OMe+H30 ..o 1)



Ashes with high CaO contents are thought to have higher adsorption efficiency due to the formation
of Ca and Si complexes such as Calcium silicates (2CaO*SiO,)

In neutral solutions;
mCaSiOsHSIiO; + MeOH" <€—» mCaSiOsMeSiOz+Hz0.......cecevvveneennen. (2)

In alkaline solutions;
mCaSiO3HSIO; + Me(OH), <«—» mCaSiO3MeSiO;+ H,O+OH .............. 3)

Recent studies using Scanning Tunneling Microscope (STM) have pointed to the presence of
Gehlenite (CazAl;SiO-) in fiber ash. The elements present in gehlenite include Al(19.68%),
Ca(29.23%), 0(40.84%), and Si(10.24%) in the following proportions SiO, (21.91%), Al,O3
(37.19%), CaO (40.90%). Looking from the constituents of fiber ash as shown in table 1 and the
aforementioned for gehlenite, there is a great similarity not only in the basic constituents but also of
the percentage composition, making it the most prominent adsorption determining component in fly
ash. X-ray diffraction of ash showed the presence of the following compounds in descending order
of magnitude beginning with Gehlenite (Ca,Al,SiO7), Anorthite(CaAl,SiOg), Calcite(CaCOs3),
Calcium Silicate(Ca,SiO,), Potassium aluminium oxide(K3AlO3) and Wollastonite(CaSiOs).

Gehlenite is a very interesting compound from a crystal-chemical point of view. Mineralogically,
amorphous gehlenite (Ca,Al;Si0Oy) is prepared by solid-state reaction of kaolinite with CaCO3 and
aluminium hydroxide. Kaolinite [Al,Si,0s(OH)4] is a type of clay, an aluminosilicate hydrate.
Recent studies index gehlenite (a layered-structure of the CaO-Al,03-SiO; system) as having
showed high heavy metal ion uptake ability and a maximum sorption for Ni** (Jha et al., 2004). It
showed high uptake selectivity for transition metals that makes it an effective candidate for the
uptake of heavy metal ions from wastewaters. Also, layered-structures are thought to be more
suitable than other structures as host materials for cation uptake because the release of the host
cations may occur more readily and efficiently from the layered structures. Also, the fact that Ni**
uptake capacity in one of the studies increases linearly with the basicity i.e. pH, is an indication that
the presence of CaO in layered structures plays a major role in the uptake of Ni** from an aqueous
solution.

Adsorption of metal ions from aqueous solution onto oxides and clay minerals has been a subject of
interest in chemistry, geology and environmental sciences as well as other research areas. Clays are
known for their ability to effectively remove heavy metals by specific adsorption and cation
exchange in solution. They are fine particles with large surface reactivities and large surface areas.
These particles have a diameter less than 1um with a significant percentage of their atoms at the
particle surfaces. The importance of surface properties in this case increases in proportion to the
surface area of the clay particles and to its surface charge density or number of charged sites per
unit area or weight. The three (3) causes for surface charge of clay being generally negative
include; 1) isomorphous substitution in the crystal lattice — AI** replacing Si** in the tetrahedral
layer or Mg®* replacing AI** in the octahedral layer, 2) lattice imperfections or defects such as
deficit in the octahedral AI** or interlayer K* which leads to net negative surface charge and 3)
broken or unsatisfied bonds at crystal plate corners and edges which lead to the ionization of surface
groups, usually resulting in a net negative surface charge due to exposed 0% and OH". This is the
chief source of surface charge for gehlenite.

Different uptake mechanisms have been reported of heavy metal ions by clay/aluminosilicate
hydrates depending on the pH. Kaolinite (gehlenite) is a 1:1 clay mineral type with a chemically
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simple structure; the tetrahedral sites are occupied by silicon and the octahedral sites by aluminium.
The tetrahedral sheet carries a small permanent negative charge due to isomorphous substitution of
Si*" by AI**, leaving a single negative charge for each substitution. Both the octahedral and the
crystal edges have a pH-dependent variable charge caused by protonation and deprotonation of
surface hydroxyl groups. Thus tetrahedral sites of kaolinite become permanently negatively charged
and allow electrostatic interaction with positively charged ions. Actually it is the layer edges where
the OH groups exhibit acid-base behaviour which is primarily and predominantly responsible for
interaction with heavy metals. Cation adsorption mainly occurs on proton-bearing surface
functional groups such as silanols and aluminols via covalent bonding. Also the organic component
of kaolinite may be responsible for some heavy metal retention but not of any significance.
Confirmation of the occurrence of ion replacement reaction of Ca®* by Ni?* has been reported with
emphasis on the fact that it is not an exchange reaction since the reverse reaction does not occur
(Jha et al., 2004; Okada et al., 2003). Ni**is thought to condense on the fiber ash (gehlenite) surface
by ion replacement with Ca**. This is what obtains at lower pH but at higher pH, precipitation is
said to dominate. Metal adsorption decreases with decreasing pH reason being that the increasing
H* ion concentrations compete more effectively with fixed metal cation concentrations for
adsorption sites on gehlenite. With the isomorphous substitution of tetrahedral AI** for Si**, there is
the creation of a negative charge within the lattice. Therefore, mono and divalent cations are weakly
held and readily exchangeable, hence the occurrence of cation exchange which could be almost pH
independent.

An increase in the pH of natural systems tends to favor the removal of most trace elements
(especially cations) from solution. Their removal is usually by adsorption and or precipitation in
solids that become insoluble with increasing pH. The adsorbing solid may already be present in the
waste water or may be solids that have precipitated, such as metal carbonates and Al, Fe(ll1) and
Mn(IV) oxyhydroxides. The trace elements may precipitate in their own pure solids, but most often
are coprecipitated as trace species in their own pure solids.

It is maintained that heavy metal and ligand adsorption onto clays occur as a result of ion exchange,
surface complexation, electrostatic interaction and hydrophobic interaction. Gehlenite’s presence in
one study with waste ash was known to decrease the amount of Pb leaching and its introduction into
this through an inorganic matrix with silica content was encouraged. Therefore its existence in ash
is aplus.

Because clays are able to exchange their alkali metal cations with protons, they are said to be
efficient scavengers for heavy metals and this therefore makes fiber ash an efficient adsorbent
(Stumm, 1992).

3.3 Factors affecting heavy metal adsorption on ash

The extent of heavy metal adsorption on fiber ash is a product of many factors combined. These
factors include ; Kinetics, pH, adsorbent nature, grain size distribution of the ash, temperature, clay,
organic matter, redox potential, iron and manganese oxides and calcium carbonate content (Sposito,
1989; Chauvert, 2003; Yuliya, 2004).

Adsorption is a rapid process that can be described by an equilibrium equation. A kinetic
investigation is recommended to avoid too short or unnecessarily long contact time between solid
and liquid. It depends on temperature but unfortunately for logistical reasons, the thermodynamics
aspect of this study was not delved into.
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3.3.1 pH

The number of adsorption sites on fiber ash is pH dependent. Several studies have shown that
cationic metal adsorption increases with pH (Harter, 1983). This as a matter of fact only occurs
when the pH is greater than 7, the reason being partly due to preferential adsorption of the
hydrolyzed metal in comparism to the free metal ion, nature of bonding and surface variable
charges. Also, the proportion of the hydrolyzed metals increases with pH as seen in the hydrolysis
of Cu occurring at pH6, Cd at pH8 and Zn at pH5.5. pH also impacts on adsorption sites which are
known to be pH dependent. As pH reduces, the number of negative sites reduces. Also, as pH
begomes more acidic, metal cations have to compete for available negatively charged sites with
Al’" and H”.

The effect of pH on metal cation adsorption is principally the result of changes in the net proton
charge on particles. As pH increases, the amount of H* (and its associated positive charge) decrease
and the electrostatic attraction of the adsorbent for a metal cation is enhanced (Sposito, 1989). pH is
a very important parameter to control during batch experiments.

3.3.2 Initial concentration

Another significant factor influencing adsorption on ash would be the initial concentration of the
metals in the aqueous solution. Literature from previous studies attests that the greater the initial
concentration, the longer the contact time required for the removal of these metal contaminants.
However, this does not mean that equal initial concentration for different metals implies that they
will be equally removed from solution, quantity wise (Jenny, 2006).

3.3.3 Redox Potential

A chemical reaction in which electron transfer takes place is called a reduction-oxidation (redox)
process. The redox potential of a system is the measure of the electrochemical potential or
availability of electrons within the system (Sposito, 1989). A metal is said to be “reduced” when it
gains electrons and loses in valency, while it is said to be oxidized when it loses electrons and gains
in valency. Since most trace/heavy metals have more than one oxidation state they are said to be
directly affected by changes in redox potential of the matrix. Anaerobic conditions often lead to
reduction while aerobic leads to oxidization and so therefore, redox potential is closely related to
microbial activity.

Redox reactions greatly affect contaminant transport in slightly acidic to alkaline conditions. For
example, Fe(l1l) precipitates as a high adsorptive solid (Ferric hydroxide), while Fe(ll) is very
soluble and does not retain other metals. Generally therefore, oxidizing conditions favor retention of
metals while reducing conditions accelerate migration.

3.3.4 Presence of cations

Alkaline and earth-alkaline metals such as Na, Ca and Mg together with NH;, Fe** and Mn**
compete with heavy metals for adsorption sites, especially for non-specific sites. The contrary
seems to be true for specific sites as trace cationic metals enjoy preferential adsorption over major
cations and so also for trace anionic metals over major anions (SO, , NO ;). However, when such
specific sites are saturated, exchange reactions dominate and competition for these with major ions
becomes important, e.g. Cu, Cd, Pb and Ni compete Ca (Harter, 1992; Yuliya, 2004). Also, there is
competition among trace metal for adsorption sites such as Cu which is known to interfere with the
adsorption of Zn and Cd (Kuo and Baker, 1980). The presence of competing metals is another
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factor affecting adsorption. The preference by fiber ash for adsorption of one metal over another has
been investigated by a few authors and properties such as electronegativity, ionic radius and redox
potential are said to be of great influence.

The grain size distribution of the adsorbent (fiber ash) is an important factor as it represents the
surface area of contact between the aqueous and solid phases. Generally, the smaller the grain, the
higher the contact area as well as the number of adsorption sites. This would mean that the smaller
the grain size, the higher the adsorption capacity.

3.3.5 Complex formation

Metal cations are known to form complexes with inorganic and organic ligands resulting in
complexes with lower positive charge and free metal ions that may be uncharged or negatively
charged. This decrease in positive charge of the complexed metal reduces adsorption to a negatively
charged surface but there is an exception to this rule; this being the preferential adsorption of
hydrolyzed metals (MeOH") vs the free bivalent metal (James and Healy, 1972). For example, the
presence of CI"and SO 2™ inhibit the adsorption of Cd, Ni, Cu and Zn to form complexes with CI

that decrease their adsorption (Hirsch et al., 1989). Also, high phosphate levels inhibit adsorption of
Cu and Zn.
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4 METHODOLOGY

4.1 Outline of the study

The study comprised:

Pilot batch experiment

Kinetic experiment

Reproducibility experiment

Adsorption studies for Cd, Ni, Zn and Cu at pH 5.6 and 7
Adsorption of Cd at different initial concentrations

abkrownE

4.1.1: Pilot batch experiment

Pilot experiment was conducted to decide amount of ash and metal to be used in the following
experiments. A batch experiments with 0.1, 0.2, 0.3, 0.5, 0.75, 1 gram ash and 0.5L of 100ug/L Cd,
in 0.02M acetate buffer of pH 5.7. pH was adjusted manually with HNO3 and experiment was run
for 12 hours. The aim of this pilot batch experiment carried out by Julia was to determine the mass
of adsorbent and the initial concentrations of the synthetic metal solutions appropriate for use
through out the experiment. The synopsis of reviewed literature as projected by table 2 was a
guiding tool.

4.1.3: Kinetic experiment

Kinetic experiment was conducted to decide time needed to reach adsorption equilibrium. batch
experiment with 0.1 g ash and single metal solution of Pb, Zn, Cu, Ni, Cd 100ug/L was run for 24
hours and samples taken after 0.5; 1; 2; 3; 4; 6; 7; 10; 24 hours. Acetate buffer solution of pH 5.6
was used.

4.1.4: Reproducibility

This is the repetition of a chosen experiment and it is generally done three times and the mean value
is noted. The reasons for reproducibility experiments are, first of all to demonstrate that the material
is homogeneous enough for only one tests to be done through out the laboratory experiments, that
the materials will behave the same if subjected to the same conditions and that the laboratory
procedure is accurate. This would imply that the results have proven to be the same even if done in
another laboratory since the values are accurate enough, valid and representative.

4.1.5: Adsorption studies for Cd, Ni, Zn and Cu at pH 5.6 and 7

Limited literatures exist for adsorption studies on fiber ash as it is a relatively new material under
study for its adsorptive potentials with respect to cost effectiveness and sustainability. Since fly ash
has same basic constituents as fiber ash and much has been researched on it, an extrapolation of the
parameters applied for fly ash was made to fiber ash. Based on our review of such literatures, we
selected pH 5.6 and 7.0, both of which are fairly acidic and basic conditions, but most especially are
the commonly existing ones. The Following experiments were conducted with 0.1, 0.2, 0.3, 0.4, 0.5
gram ash and 0.5L of 100ug/L metal, in 0.02M acetate buffer of pH=5.6 and 0.02M phosphate
buffer of pH=7. The pH was adjusted manually with HNO3; and NaOH. The experiment was run for
6 hours. The differences in their adsorptive capacities under these two pHs and the implications of
these differences will be better x-rayed in the next chapter.

The removal of pollutants (heavy metals) from contaminated waters and soils by adsorption is
highly dependent on the Ph of the solution, which affects the surface charge of the adsorbent, and
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the degree of ionization and speciation of the adsorbate (Panday et al., 1985; Weng at al., 1990).
Apparently therefore, the amount of metal removal by adsorption increases with an increase in pH
level for up to about pH 8.0 for Ni(ll), pH 7.0 for Zn(I1) and pH 6.0 for Cu(ll). These results
correspond to the pH values at which the maximum removal is observed under equilibrium
conditions. To avoid precipitation of the metal ions therefore, all the experiments were conducted at
pH values less than 8.0. pH 5.6 and 7.0 to be precise were the selected pH.

4.1.6: Adsorption of Cd at different initial concentrations

There may not be any particular reason for the choice of Cd for adsorption experiments at various
or different initial concentration. However it is worth noting that Cd is the most toxic among the 5
trace metals under study. The rational for such a study is in consonance with the study objectives,
one of which remains “finding out how a manipulation of metal concentrations influences the
adsorption capacity of fiber ash”.

4.2 Materials Used

4.2.1 Characterization of Fiber ash adsorbent.

Fiber ash was characterized in a previous related study (Claire Chauvert, 2003). Ash is the rest
product from recycled paper production, wood and paper being the main raw materials. Basically
Ca0, SiO; and Al,O3 are the three main constituents though it contains some amounts of various
metals particularly Ba, Cr Cu, Ni, Pb, S, Sr, Zn and Zr. It has a pH of 12.6 in nanopure water,
making it a strong alkali when mixed with water. It has extremely low hydraulic conductivity of
about 1.10™'m/s. See Appendix 1 for a complete table of its constituents as analyzed by the
company SCA Hygiene Products AB.

4.2.2 Characterization of Peat adsorbent

This had also been conducted previously for a related study (Kalmykova et al,) and the material for
this experiment was sphagnum peat of the same batch. It had a pH of 4.02 in nanopure water,
humification degree H3, water content 77.5%, bulk density 0.0955gcm-3, saturated hydraulic
conductivity 0.034cm min and cation exchange capacity of 30.85meq/100g. The humic substance
composition was 78% humic acid and 22% fulvic acid.

4.2.3: Stock Solutions used

The synthetic metal solutions or stock metal solutions for this study were prepared by dissolving
nitrate salts for the each of the prioritized metals (Cu, Cd, Ni, Pb and Zn). All the chemicals were of
analytical reagent grade and were obtained from Merck, Germany.

4.2.4: Buffer Preparation

Chemicals:

-Acetate buffer (pH 5.6): Potassium acetate and acetic acid
-Phosphate buffer (pH 7.0): Na;HPO,4, HNO3
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4.3 Experimental set up and Procedure

Sorption studies were done in this case to evaluate the heavy metal retentive capability of fiber ash
as well as a peat-ash mixture. These studies could also be used to generate adsorption coefficients
for the fiber ash as well as the peat/fiber ash mixture. The set up in our case was basically a batch
experiment, which consist of a number of flasks in which are put adsorbent, adsorbate and buffer
solutions. Batch adsorption experiments were conducted to investigate the adsorptive characteristics
and capacity of fiber ash. The principle of a batch experiment involves the placing in these beakers
known mass of adsorbent with adsorbate (metal) solution of recorded initial pollutant concentration.
It is capped and the contents are stirred at a determined speed by motor-run paddles. This runs for a
predetermined time otherwise known as the equilibrium time, which was 6 hours based on
preliminary kinetic studies. The equilibrium time is defined as the contact time required for the
concentrations of the prioritized metals (Cd, Cu, Ni, Pb and Zn) in the synthetic solutions to reach
an equilibrium value. During this time interval, there are periodic checks of the pH of the entire
solution and any deviation from the accepted or defined normal is adjusted by applications of dilute
HNO3 solution or NaOH solution, depending on the direction of the deviation on the pH scale. The
pH was monitored at the beginning, at determined intervals and at the end to ensure little
fluctuations. It was read with the aid of a pH meter.

Samples for analysis of dissolved metals are collected in 12ml PE tubes following separation of
adsorbent and the solution through filtration, by use of a 0.45um cellulose acetate filter with the
help of a vacuum pump. These samples were preserved with 1% concentrated suprapure HNO3 and
rhodium (Rh) was added before the analysis as internal standard. The metal concentrations were
determined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The advantage of this
technique’s wide usage is that it is easy to operate and the data can be easily handled. This
instrument can detect ultratrace compounds with a limit detection of about 0.1ngml™, for a large
number of analytes in a very short time period. Its basic working principle simply put, is that the
sample enters a plasma and gets ionized. The ions are directed under vacuum to a mass
spectrometer and sorted into the mass- to- mass ratio. Finally the ions are detected by an electron
multiplier (Fischer 1997). This ICP-MS however has some setbacks which include among others,
results being sensitive to the adsorbent/solution ratio used- real adsorbent/solution ratios cannot be
used in batch experiments, uncertainty in the scaling of results to real systems, sensitivity of results
to the mixing rate, separation techniques can affect results and the coefficients generated are not
often adequate to the metal behavior inflow through systems (Yuliya, 2004).
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Figure 2 Flow Chart of the Experimental Procedure

Buffer solution containing synthetic metal solution
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5 RESULTS AND DISCUSSION

5.1 Pilot experiment

Pilot experiment was conducted to decide amount of ash and metal to be used in the following
experiments. A batch experiments with 0.1, 0.2, 0.3, 0.5, 0.75, 1 gram ash and 0.5L of 100ug/L Cd
were conducted and results are presented in Table 3. The percentage of metal adsorbed and the
adsorption capacity were calculated according to:

_C*

0% — 100-C *100 |
Co

Where Cy is the initial metal concentration and C is the final metal concentration in the

solution;

o (C,-C)ug/L*0,5L
- g ,
Where Q, ng/g is the adsorption capacity, Cy is the initial metal concentration and C is

the final metal concentration in the solution; 0.5 L is the volume of the solution, m is the
mass of adsorbent in the beaker.

Table 3 Results of the pilot batch experiment
Co m, g C % Q

94.20 0.1 82.68 12.2 57.59

0.2 76.26 19.0 44.86

0.3 61.89 34.3 53.85

05 52091 43.8 41.29

0.75 10.38 89.0 55.88

1.0 5.93 93.7 44.14

From the result of the pilot batch experiment an initial concentration of 100 pg/L of metal and
adsorbent masses 0.1-0.5 were decided to be used in the following experiments.

5.2 Kinetic experiment

In order to decide the time necessary to reach the equilibrium state in the adsorption experiment a
Kinetic experiment was conducted. Adsorption was measured as a function of time and results are
presented in Table 8 in Appendix and on a Figure 3.
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Figure 3 Adsorption of metals onto fiber ash as a function of time

Even though equilibrium seems to be reached in 3 first hours, 5 hours was chosen as experiment
time to ensure that equilibrium is reached.

5.3 Reproducibility experiment

In order to check the reproducibility of the results three identical adsorption experiments were done
on Cd adsorption onto ash. Standard deviation in percentage was used as indication of the
variability of the results. The range of variability was 5-13 %, which is acceptable for experimental
data. The range of variability for the parameters reported as result, i.e. uptake and adsorption
capacity is very low and 0-0.4 %. These results demonstrate that results are reproducible; ash
material is homogeneous enough for only single tests to be done through out the laboratory
experiments, and that the material behave the same way if subjected to the same conditions and that
the laboratory procedure is accurate.

Table 4 Reproducibility of the results

Reproducibility of final concentrations
Mass Final concentration, C, Average STD,
of ash, Mo/L %
g
0.1 17.48 1425 1578 15.84 10
0.2 995 1053 118 10.76 9
0.3 10.18 12,97 1296 12.04 13
0.4 2.55 2.64 2.82 2.67 5

Reproducibility of uptake. %

Mass Uptake. % Average STD.
of ash. % % % %
g

0.1 95.4 96.2 95.8 95.81 0.4
0.2 97.4 97.2 96.9 97.15 0.3
0.3 97.3 96.6 96.6 96.82 0.4
0.4 99.3 99.3 99.3 99.29 0

Reproducibility of adsorption capacity

Mass Adsorption capacity. Average STD.
Ha/g %

19



of ash. Q1 Q2 Q3
g
0.1 1803 1820 1812 1812 0.4
0.2 920 919 916 919 0.3
0.3 613 609 609 610 0.4
0.4 470 470 469 469 0

5.4 Adsorption of Cd, Ni, Pb, Zn and Cu

Results of the adsorption tests for pH 5.6 are presented in Table 5 and at pH 7 in Table 6. All the
metals were removed at high degree at pH 7 in the efficiency order Pb > Cd > Cu > Zn > Ni.
However, adsorption was lower at lower pH = 5.6. Lead and Cu were adsorbed relatively well,
while Ni and Cd were only slightly adsorbed. Zinc leached from the ash. These results suggest that
some of the ash surface is positively charged at pH 5.6 and adsorption at pH lower than 7 is not
effective. It should be noted, that fiber ash is a very alkaline material and only a very acidic water
would bring solution with ash to as low pH as 5.6. Uptake, in %, of metal increased with the ash
dose, as the same amount of metal, namely 50 pg/L was adsorbed by increasing amount of the

adsorbent. In contrast, the adsorption capacities decreased with the ash does, as adsorbent surface is

more efficiently utilised at lower amount of adsorbent.

Table 5 Adsorption of metals onto fiber ash at pH 5.6

Adsorben  Pb, % Q, Ho/g Zn, % Cu, % Q, Ho/g Ni, % Q, Ha/g Cd, % Q, Ha/g
t, g removed removed removed removed removed
0.1 45.99 206.56 -16.96 17.79 122 -2.28 -9.20 0.49 1.85
0.2 65.89 147.96 -1.64 31.76 109 -10.37 -20.90 4.67 8.84
0.3 77.23 115.62 -11.89 47.32 107.99 8.24 11.07 13.26 16.73
0.4 84.16 94.49 -10.63 57.36 98.18 0.56 0.56 14.29 13.53
0.5 87.30 78.41 -33.52 74.07 101.42 22.82 18.40 20.07 15.20

Table 6 Adsorption of metals onto fiber ash at pH 7

Adsorbent,  Pb, % Q, Zn, % Cu, % Q, Ni, % Q, Cd, %

g removed pg/g  removed removed pMg/g  removed pg/g  removed Q Koy

0.1 99.6 425 62.3 222 75.7 282 35.0 123 82.7 294
0.2 99.3 212 71.5 128 86.0 160 45.0 79.0 91.2 162
0.3 99.9 142 83.5 99.3 88.5 110 57.2 67.1 94.8 112
0.4 99.9 106 77.9 69.5 89.6 83.6 65.0 57.1 96.6 85.8
0.5 99.9 85.2 80.3 57.3 90.3 67.4 71.0 499 98.1 69.8
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5.5 Adsorption of Cd at different initial concentrations

Dependence of adsorption on initial metal concentration was investigated in the series of batch
experiments with increasing Cd concentration. The results are presented in Table 7. More than 90%
of Cd was removed in all the experiments. The uptake in % decreased only slightly with
concentration. In contrast, the adsorption capacities increased proportionally to the amount of metal.
This indicates that adsorption capacity obtained is a relative value, dependent on the experimental
conditions, but the potential adsorption capacity would be higher. That nearly all the metal was
removed from the water phase means that the adsorbent is not saturated and may adsorb much more
of the metal.

Table 7 Adsorption of Cd at different initial concentrations

Co, MM Uptake,% Q, mM/g

1 99.33 1.80
5 95.79 8.53
10 96.81 20.00
50 92.27 70.45
100 94.14 133.7
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6 CONCLUSIONS AND RECOMMENDATIONS

Adsorption of heavy metals by fiber ash was investigated in batch experiments. Kinetic and
equilibrium experiments were conducted. Study of the adsorption as a function of time showed that
three hours was sufficient time to achieve equilibrium in the adsorption system with ash. This is in
line with most of the reported equilibrium times for other types of ashes. Uptake of metals, in
percentage, and adsorption capacities, as amount of metal adsorbed per unit mass of adsorbent was
calculated. Metals were adsorbed in the efficiency order Pb > Cd > Cu > Zn > Ni. However, ash
was found to be efficient for all the metals at neutral pH, while poor adsorption for Ni and Cd was
observed at slightly acidic pH of 5.6. Zinc was leached from the ash at pH 5.6. Uptake was found to
increase with the ash dose in the beaker, while adsorption capacity decreased.

The material proved to be an effective adsorbent in the range of metal concentrations studied of 1-
100 pM. Almost all the metals were removed from the solution regardless of the increase in initial
metal concentration. These results indicate that the adsorbent is not fully used and much higher
adsorption capacities may be obtained.

The fiber ash studied is recommended as en effective adsorbent for heavy metals at neutral pH of
the solution with the contaminated water. As fiber ash is an alkaline material and has pH of 12 in
water, it may be effectively used to treat even very acidic contaminated waters, for example acid
mine leachates.
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Appendix 1

Composition of the Ashes
Results from SGAB Analytica

TS* % 99.5
SiO, %TS 28.9+0.1
Al,Os %TS 20.1+0.1
CaO %TS 43.7+0.1
Fe,O3 %TS 1.14 +0.01
K,0 %TS 0.868 + 0.002
MgO %TS 2.01+0.01
MnO, %TS 0.0711 £ 0.0001
Na,O %TS 0.257 £ 0.001
P,05 %TS 0.380 + 0.003
TiO; %TS 0.353 £ 0.001
Sum %TS 98.4
LOI** %TS 2.4
As mg/kg TS 4.40
Ba mg/kg TS 249
Be mg/kg TS 2.18
Cd mg/kg TS 0.994
Co mg/kg TS 8.36
Cr mg/kg TS 87.1
Cu mg/kg TS 200
Hg mg/kg TS <0.1
La mg/kg TS 14.1
Mo mg/kg TS <6
Nb mg/kg TS 19.0
Ni mg/kg TS 43.5
Pb mg/kg TS 31.6
S mg/kg TS 2240
Sc mg/kg TS 1.53
Sn mg/kg TS <20
Sr mg/kg TS 468
V mg/kg TS 21.7
W mg/kg TS <60
Y mg/kg TS 14.3
Zn mg/kg TS 253
Zr mg/kg TS 346

* Total Solid
** Lost of Ignition
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Appendix 2

Table 8 Results of the kinetic experiment

Time, %, %, %, %, %,
hours | Pb removed | Zn removed | Cu removed | Ni removed | Cd removed
Co 64.48 105.86 72.50 98.13 89.98
0.3 | 66.13 -255 | 97.32 8.07| 71.37 156 | 92.84 5.39 | 89.58 0.45
1 57.94 10.15| 101.17 4.43 85.87 -18.45 91.29 6.97 87.70 2.54
2| 52.64 18.36 | 97.26 8.12| 67.95 6.27 | 92.83 540 | 91.54 -1.74
3| 56.15 12.91 | 105.79 0.07| 68.34 5.74 | 90.99 7.28 | 92.22 -2.48
4| 5497 14.75 | 104.61 1.18 68.74 5.19 91.41 6.85 93.91 -4.37
6| 54.68 15.20 | 107.92 -1.95| 67.38 7.06 | 90.89 7.38 | 88.46 1.69
7| 55.47 13.98 | 108.56 -2.55 | 69.05 476 | 90.84 7.43 | 92.47 -2.77
10| 58.32 9.55 | 120.73 -14.04 | 72.73 -0.32 | 94.17 4.04 | 96.46 -7.20
24 121.68 -14.95 93.64 457 | 91.98 -2.22
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