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ABSTRACT

Agricultural waste materials have gained attention as alternatives to conventional
adsorbents in the removal of trace metals from wastewater due to their low cost.
However, most of the agricultural materials are pulverized before use. The ground
material, most often, is too soft and consequently, there is a need to convert into
more user friendly forms. In this study, the immobilization of maize tassel powder into
beads for solid phase extraction of Ag, Au and Cu from aqueous solutions was,
therefore, investigated.
Tassel beads were formed by blending tassel powder with poly (vinyl alcohol) (PVA),
polysulfone (PSF) and gelatine. SEM, TGA, BET and Zeta potential was done on
tassel powder and beads. Batch experiments were done to assess the adsorption of
tassel powder and tassel beads for Ag, Au and Cu. The effects of various parameters
(pH, contact time, flow rate, competitive cations and others) were investigated.
Regeneration of the adsorbed metals was carried out using acids. Column
experiments were conducted to assess the impact of flow rate, bed height and metal
ion concentration on the adsorption of Ag, Au and Cu with tassel powder and tassel
beads. The developed methods were, thereafter, applied to wastewater samples.
SEM of tassel powder revealed elongated particles, while that of the beads revealed
similar particles bound by the immobilizing agents with some pseudo pores. EDX
scan for powdered tassel revealed the presence of O and Si, while the scan for
PVA/tassel and PSF/tassel beads revealed O, Si, K, and Ca, O, Si, P, S, Cl, K, and
Ca respectively. TGA of tassel powder, PVA, PVA/tassel, PSF and PSF/tassel
thermally decomposed between 300-400 oC, 300-540 oC, 520 oC and 300 oC
iv

respectively. The adsorption-desorption curves for both PSF/tassel and PVA/tassel
were of BET type IV. The BET surface area for PVA/tassel could not be obtained and
that for PSF/tassel was 3.90 m2/g. Zeta potential measurement of tassel, PVA tassel
and PSF tassel showed a wide range of pH values. In the batch experiments, the
order of impact on metal adsorption was as follows: pH, contact time, metal ion
concentration, adsorbent dosage, particle sizes, temperature and agitation. The
experimental results closely fitted the Freundlich isotherm. Competitive interaction
with the adsorbent was observed between Ag, Au and Cu. However, the presence of
Ca2+ and K+ in solution had negligible effect on the adsorption of Ag, Au and Cu.
Nitric acid was found to be the best regeneration agent. The breakthrough curves
showed that the adsorption of Cu with PVA/tassel beads was more favourable than
the PSF/tassel beads and closely fitted the Adams-Bohart model. However, the
adsorption of Ag best fitted the Thomas model, and Au closely fitted both models. The
adsorption of Au and Cu from wastewater was in line with the Thomas and the
Adams-Bohart models.
PVA was considered the best immobilizing agent for tassel powder. The immobilized
beads were successfully applied and can be effectively used in the place of powdered
tassel.
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CHAPTER 1

1.

INTRODUCTION

1.1

WATER CONTAMINATION BY TRACE METALS

Water plays a global role in an enormous variety of ways. More importantly, it plays a
fundamental role on a regional and local scale where it has a profound effect on the
environment and socio economic development. It is a prerequisite for many human
activities and, as such, it must be managed and protected accordingly. Consequently,
water quality monitoring is a foundation stone of any serious effort to manage water
resources on any scale. Water contamination, water shortages and misuse of water
are the major challenges facing the water sector globally. However, water
contamination from either natural or from various human activities appears to be the
most challenging since treatment is most often, expensive and time consuming.
Therefore, the treatment of contaminated water has become a major research focus
area within the research fraternity.

The most common treatment method for wastewater is dilution before discharging
into the receiving streams and rivers. However, this method does not take care of
trace metals and their speciation products which are not biodegradable and
consequently, they tend to accumulate by either physical and/or by biological
processes in the food chain (Bailey et al., 1999; Kumar, 2006; Tulonen et al., 2006;
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Sud et al., 2008). They also accumulate in soil because of their high affinity for soil
organic matter (Chen et al., 2008).

The recovery of metals, particularly precious metals is deemed very necessary since
they contribute greatly to the economy of a country. Conventional methods such as
hydrometallurgical processes (adsorption by ion exchange resins, solvent extraction
and precipitation) and pyrometallurgical processes for metal recovery have been
widely employed to recover precious metals from aqueous solutions (Kobya et al.,
2005; Kumar, 2006; Sud et al., 2008; Witek-krowiak et al., 2010; Kwak et al., 2010).
These methods, however, present a number of challenges which include high
operating cost, low selectivity, incomplete removal of the analytes, production of large
quantities of secondary waste and reduction in the efficiency of metal concentrations
lower than 100 mg/L (Kobya et al., 2005; Kumar, 2006; Sud et al., 2008; Witekkrowiak et al., 2010). Most of these drawbacks can be overcome by the use of
adsorbents. The advantage of adsorption is its cost effectiveness and it produces
high quality effluent (Najim, 2009).

The most common and widely used adsorbent is commercially activated carbon due
to its high adsorption capacity (Najim, 2009). Commercially activated carbon is,
however, quite expensive and this has limited its use and hence the search for less
expensive adsorbent materials. The use of some materials such as chitosan, zeolites
and other agricultural waste products as alternative adsorbents has been investigated
by other researchers (Li & Bai, 2005; Kumar et al., 2009; Wang & Peng, 2010).
Agricultural waste materials such as palm kernel husk, modified cellulosic material,
2

corn cobs, residual lignin, wool, apple residues, olive mill products, polymerized
orange skin, banana husk, pine bark, sawdust, and others, have also been reported
for the removal of toxic metals from aqueous solutions (Bailey et al., 1999; Lakatos et
al., 2002; Doyurum & Celik, 2006; Mohan and Pittman, 2006; Ahluwalia & Goyal,
2007; Šćiban et al,. 2008). Some of these materials have been used in solid phase
extraction (SPE).

Briefly, solid phase extraction involves passing a liquid sample containing the analyte
through a column, a cartridge, a tube or a disk containing a solid adsorbent material
(Newman et al., 2008). After adsorption of the analyte on the stationary phase, the
analyte is stripped off using appropriate solvent and analysed. Extraction with a solid
phase is a better alternative to the traditional liquid–liquid extraction (LLE), because it
eliminates the use of toxic and expensive solvents. Solid phase extraction also
reduces disposal costs and extraction time (Camel, 2003; Ayob & Habibollah, 2008;
Newman et al., 2008; Faraji et al., 2009).

1.2

MOTIVATION FOR THE STUDY

In this study, the possibility of immobilizing maize tassel powder into beads and
applying it as a solid phase extraction sorbent for the recovery of copper, silver and
gold from aqueous solution was investigated. Maize tassel, the male part of the maize
plant as shown in Figure 1.1, produces pollen grains for fertilizing the female part of
the maize plant. The tassel is usually cut off after pollination and ploughed into the
soil as compost. Maize tassel is a readily available waste material which is currently
3

available at no cost. The use of maize tassel as an adsorbent material gives the
alternative of recovering metals cheaply and it places an economic value on this
material.

Silver (Ag), gold (Au) and copper (Cu), were selected for this study due to their
economic importance as precious metals. These metals have been implicated in
several water pollution problems in South Africa due to their use in many industries,
such as metal plating, mining operations, the photographic industries and many
others (Hutchinson and Meema, 1987; Jeyaseelan et al., 1997; Bailey et al., 1999;
Öze et al., 2006).

Maize tassel

Figure 1.1:

Maize plant with the tassel at the apex

Silver and gold are recognized along with platinum and palladium as international
form of currency under ISO 4217 (Nilanjana, 2010). Silver is an important precious
metal which is used in the manufacture of silver jewellery, silver coins, silverware,
photographic development and others (Jeyaseelan et al., 1997; Tunçeli & Türker,
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2000; Nakiboglu et al., 2003; Wang et al., 2003; Bing et al., 2010). Furthermore, it has
good antibacterial properties and its compounds and alloys are widely used in dental
and pharmaceutical preparations (Tunçeli & Türker, 2000). Methods employed for
silver removal from aqueous solution include, precipitation, ion exchange, reductive
exchange and electrolytic recovery (Cotton & Ikinson, 1972; Lambert & Murr, 1996).

Gold (Au) mining is one of the largest contributors to the South African economy. Au
is used for the manufacture of jewellery, in electronics and in anti arthritis drugs
(Nilanjana, 2010). The most common methods for recovering gold include:
amalgamation with mercury, cyanidation followed by carbon in pulp (CIP) adsorption.
These methods make use of hazardous chemicals such as mercury and cyanide
which pose a health threat to the public (Hylander et al., 2007). During processing,
reasonable quantities of precious metals are lost from wastewater. This is a great
economic concern since water for such processes is scarce and in high demand.

Copper (Cu) is a naturally occurring transition metal, which can be found in rocks, and
soil. Copper is a widely used metal as it is one of the easiest metals to work with
(Nadaroglu et al., 2010). It is usually found in large concentrations near mines, landfill
sites and waste disposal sites (Chakravarthy et al., 2008). The wide usage of Cu has
resulted in a large quantity being discharged from industries such as metal plating,
mining operations, and tanneries (Bailey et al., 1999; Larous et al., 2005; Öze et al.,
2006; Han et al., 2009; Rahman & Islam 2009). Some of the methods used to recover
Cu from aqueous waste streams include coagulation, chemical precipitation, ion
exchange, membrane filtration, and electrochemical techniques (Periyasamy &
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Namasivayam, 1996; Chakravarthy et al., 2008; Šćiban et al,. 2008; Feng et al.,
2009).

1.3

RESEARCH PROBLEM

The current technologies employed in the recovery of silver (Ag), gold (Au) and
copper (Cu) are expensive and they involve the use of toxic chemicals. Consequently,
their applications in the recovery of these metals from aqueous solutions are limited.
This poses a need for less expensive and environmentally benign recovery methods.

Agricultural waste materials have gained attention as alternatives to conventional
adsorbent materials due to their low cost as well as the functional groups they
possess on their surfaces. The challenge with agricultural materials is that most of
them have to be converted into powder before use. The ground material is usually too
fibrous and too soft to be used without any modification (Vijayaraghavan & Yun,
2008). The nature of the powder materials renders it difficult to be separated from
treated aqueous streams and, therefore, cannot easily be regenerated (Kapoor &
Viraraghavan, 1998). When in powdered form, these materials also tend to clog tubes
and thus prevent free flow of water. In order to apply these materials successfully on
a large scale, it becomes necessary to bind them to inert substances which make
them hard enough to withstand pressure without losing their capacity to remove
metals from aqueous solution (Vijayaraghavan & Yun, 2008).
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Zvinowanda (2009), used FTIR to identify the functional groups present on the maize
tassel. The following functional groups were identified: O–H stretching vibrations
(3466), C–C–H stretching vibrations (2921, 2853), C–H first stretch overtone (1734,
1643), CH2 bending (1456, 1401), and C–O valence vibrations (1036). It has been
characterized as an adsorbent based on the presence of these functional groups that
are capable of adsorbing metals from aqueous solutions (Zvinowanda et al., 2008a).
Maize tassel has so far been used in powdered form on a laboratory scale for the
adsorption of Pb(II) and Cr(II). The powdered maize tassel is, however, not very easy
to work with hence the need for immobilization.

1.4

HYPOTHESIS

Maize tassel can be used as a solid phase extraction sorbent for the recovery of Ag,
Au and Cu from aqueous solutions based on the presence of functional groups on the
surface of tassel which can act as ligands.

1.5

OBJECTIVES OF THE STUDY

1.5.1 General objectives

The main objective of this study was to investigate the possibility of using maize
tassel powder as a solid phase extraction sorbent for the recovery of Ag, Au and Cu
from aqueous solution. The surface characteristics of maize tassel and its ability to
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remove Ag, Au and Cu from aqueous solutions needed to be established before the
preparation of maize tassel beads.

1.5.2 Specific objectives

The specific objectives of the study were to:



develop a method for the removal of Ag, Au and Cu from simulated wastewater,
using maize tassel powder;



develop a method for the recovery of the adsorbed metals from the tassel powder;



immobilise maize tassel powder into beads;



characterize the surface of both powdered and beads tassel; and



apply the developed methods to industrial wastewater.
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CHAPTER 2

2. LITERATURE REVIEW

2.1.

WATER CONTAMINATION BY TRACE METALS

The contamination of water by trace metals is a major environmental and social
concern. Trace metal contaminants emanate from industries such as metal plating,
mining, tanneries, painting, car radiator manufacturing and from fertilizer and
fungicidal sprays used for agricultural purposes (Bailey et al., 1999; Kumar, 2006;
Sud et al., 2008).

Copper (Cu) bearing mine waste contributes significant quantities of dissolved copper
into wastewater (Hsu et al., 2009). Cu is also introduced into water bodies from metal
cleaning and plating baths, pulp-paper, petroleum, refining and fertilizer industries
(Periasamy and Namasivayam, 1996; Özer et al., 2004; Bouzid et al., 2008; Zhu
et al., 2008; Demirbas et al., 2009).

The presence of silver in the environment is relatively low compared to other metals.
It is usually produced as a secondary metal during the mining of Cu, Zn, As and Sb
(Absalan & Merdjardi, 2003; Eckelman & Graedel, 2007; Christou & Anthemidis 2009;
Bing et al., 2010). This is due to its presence in ore with these metals (Eckelman &
Graedel, 2007). Silver has been said to pose a threat as a water pollutant due to the
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lack of recycling of wastewater from the mining of silver in South Africa (Christou &
Anthemidis, 2008). Of all anthropogenic sources of silver, the photographic industry is
the largest consumer of silver accounting for about 47% of discharged silver (Wang
et al., 2003).

Gold is naturally present on earth in very small quantities. The approximate
concentration of Au is 4 ng/g in rocks and 1 ng/g in soils. About 0.05 ng/mL and
0.2 ng/mL were reported in seawater and river water by Parzynska (2005). Although
gold is present in small quantities, the amount lost into industrial effluent is quite
significant. Up to 50 mg/L of gold are discharged with gold plating bath effluents
(Pethkar & Paknikar, 1998).

2.2.

TOXICITY OF TRACE METALS

Every metal has a unique way in which it affects human health and the environment.
Cu is an essential micronutrient for human life, but it is, however, detrimental in large
quantities (Yu et al., 2000; Han et al., 2009; Hsu et al., 2009). Low levels of copper
are essential to plants, animals and human life, but high levels of this element can
cause irritation to the nose, mouth, and eyes. WHO (2004) estimated that the average
copper requirements are 12.5 µg/kg of body weight per day for adults and about
50 µg/kg of body weight per day for infants. WHO (2004) found the lowest copper
concentration associated with effects to be about 5 mg/L. Once copper is absorbed
into the gastrointestinal tract, it enters the blood and muscle, liver and brain. High
levels of copper can cause stomach intestinal distress, kidney damage, anemia and
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even death (Larous et al., 2005; Faraji et al., 2009; Rahman and Islam 2009; Hsu
et al., 2009). It can also cause Wilson disease and insomnia (Zhu et al., 2008).
Inhalation of copper increases the risk of lung cancer (Chakravarthy et al., 2008).

Contact with gold through inhalation, can cause skin and eye irritation if exposure is
prolonged or excessive. If Au is ingested, it can be solubilised by amino acids,
particularly cysteine or glutathione, which contain a thiol group known to complex
electropositive metals. The metal salts which form from the solubilisation of gold may
reach the epidermis and react with native protein. Gold in metallic form can also be
present in the human body due to prolonged skin contact. Systemic contact with gold
can result in elemental gold deposits in various tissues of the body. Gold used for
dental purposes can be dissolved by oral fluids which may result in oral lesions such
as erythema, mucosal erosions, lichen planus, stomatitis and others (Hostynek,
1997).

High levels of silver are toxic to human cells and such levels may cause argyria,
which is a condition characterised by a permanent discolouration of the skin to
blue–gray (Hill et al., 2010). When silver is ingested, it can be absorbed into the liver
and as a result be excreted into the bile. Ionised silver can be deposited in the renal
glomerula basement membrane and mesangium (Kim et al., 2010). Sarcomas,
anemia and enlargement of the heart may result from long term industrial or medical
exposure to silver and its compounds. Mild allergic reactions may occur as a result of
skin contact with silver. Exposure to dust containing silver compounds may result in
breathing problems, lung and throat irritation and stomach pain (Irwin, 1997).
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2.3.

TECHNOLOGIES FOR WASTEWATER TREATMENT AND TRACE METAL
RECOVERY

2.3.1. Chemical precipitation

In chemical precipitation, metal ions are reacted with chemicals to form insoluble
metal precipitates. The precipitates are then separated from the water by
sedimentation or filtration. Precipitation processes include hydroxide precipitation and
sulphide precipitation. The hydroxide precipitation is the most widely used
precipitation technique due to its relative simplicity, low cost and the ease of pH
control. The solubilities of the various metal hydroxides are minimized in the pH range
of 8–11. The disadvantages of hydroxide precipitation include, the generation of low
density sludge which in turn presents dewatering and disposal problems. Since some
metal hydroxides are amphoteric, problems may arise when working with a
combination of metals because the ideal pH for one metal may put another metal
back into solution; if the wastewater being treated contains complexing agents, they
are most likely to inhibit the precipitation process. The sulphide precipitation method
produces metal sulphide precipitates with solubilities which are much lower than the
hydroxide precipitates. Sulphide precipitation can be operated over a wide range of
pH values because its precipitates are not amphoteric. The sulphide precipitation
method is, however, not safe because acid sulphide precipitates results in the
formation of toxic hydrogen sulphide fumes (H2S). Metal sulphide precipitates tend to
form colloidal precipitates which present separation problems (Fu & Wang, 2011).
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2.3.2. Ion exchange

This method involves the use of ion exchange resins which are either synthetic or
natural. Ion exchange sorbents exist as either cation or anion exchangers. These
materials have the ability to exchange their cations with the metals in the wastewater.
The most common cation exchangers are strongly acidic resins with sulphonic acid
groups and weakly acid resins with carboxylic acid groups. The hydrogen ions in the
sulphonic or carboxylic groups of the resin serve as the exchangeable ions. As the
heavy metal containing solution comes in contact with the resin, the metal ions in the
solution are exchanged for the hydrogen ions on the resin.

This process is unfortunately affected by parameters such as pH, temperature, metal
concentration and contact time. Ionic charge also affects the process. Sorption of a
basic compound is conducted at low pH values and the sorbed ions are recovered at
high pH values by a mixture of an organic solvent with a suitable buffer or ammonium
solution. Acidic compounds are sorbed at high pH values and desorbed by acid
modified organic solvents (Llaka et al., 1989). The disadvantages associated with ion
exchange method include, secondary pollution due to regeneration of resins with
chemical reagents and this process is also expensive. Besides ion exchange resins,
some of the following materials have been used as cation exchangers (Fu & Wang,
2011).
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2.3.2.1 Zeolites

Zeolites are naturally occurring crystalline aluminosilicates consisting of a framework
of tetrahedral molecules linked to each other by shared oxygen atoms. Zeolites
consist of a wide variety of species such as clinoptinolite and chabazite. Clinoptilolite
has proven to have a higher selectivity for certain heavy metal ions as compared to
other natural zeolites (Babel & Kurniawan, 2003; Fu & Wang, 2011).

2.3.2.2 Clays

Clays can be classiffied into three basic types, namely, kaolinite, mica and smectite
(montmorillonite) (Babel & Kurniawan, 2003; Fu & Wang, 2011). Smectite clays have
extremely small crystal sizes, varying internal chemical composition, a large cation
exchange capacity, large chemically active surface area, varying types of
exchangeable ions and surface charge and are able to interact with both inorganic
and organic liquids. These properties make smectite among the best ion exchange
materials (Odom, 1984).

2.3.3. Membrane filtration

This method employs the use of different types of membranes as filtration material for
contaminants from aqueous media. Membranes are mostly desired for their high
removal efficiency, ease of operation and minimal requirement of operating space (Fu
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& Wang, 2011). The different types of membrane processes include ultrafiltration,
reverse osmosis, nanofiltration, electrodialysis and flotation.

2.3.3.1 Ultrafiltration

Ultrafiltration functions at low transmembrane pressures in order to remove dissolved
and colloidal material from aqueous media. The pores of ultrafiltration membranes are
larger than dissolved metal ions, which makes it easy for the metal ions to pass
through the pores (Fu & Wang, 2011).

2.3.3.2 Reverse osmosis

The reverse osmosis process uses a semi-permeable membrane which allows only
treated liquid to pass through it and it rejects the contaminants. A wide variety of
contaminants can be removed from aqueous solution by reverse osmosis. This
method, however, needs high energy due to the pumping pressures and restoration
of membranes (Fu & Wang, 2011).

2.3.3.3 Nanofiltration

This process involves the use of a bulk material with specific sized pores as filtration
membranes. Nanofiltration process consumes relatively minimum amount of energy
and it is easy to operate and reliable. It is also capable of removing a large amount of
pollutants (Fu & Wang, 2011).
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2.3.3.4 Electrodialysis

Electrodialysis separates ions across charged membranes from one solution to
another using an electric field as the driving force. Ion exchange membranes are
mostly employed for this process. The problems involved with the use of membranes
involve the high operating cost, the complexity in operation and the production of
membrane fouling (Fu & Wang, 2011).

2.3.4 Flotation

Flotation is used to separate heavy metals from aqueous solution by use of bubble
attachment (Fu & Wang, 2011). The main flotation processes include, dissolved air
flotation, ion flotation and precipitation flotation.

2.3.4.1 Dissolved air flotation

In the dissolved air flotation method, micro-bubbles of air are allowed to attach to the
suspended particles in the water. This allows the particles to rise through the water
and accumulate at the surface where they can be easily removed as sludge (Fu &
Wang, 2011).
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2.3.4.2 Ion flotation

This method is based on the impartation of ionic metal species in wastewater by use
of surfactants and the subsequent removal of the species by air bubbles (Fu & Wang,
2011).

2.3.4.3 Precipitation flotation

This method is based on the formation of precipitates and subsequent removal by
attachment to air bubbles. The precipitation may occur through metal hydroxide
formation or salt formation with a specific anion. The flotation techniques are limited in
use by the high initial capital cost, high operation and maintenance cost (Fu & Wang,
2011).

2.3.5 Electrochemical treatment

This method involves the plating – out of metal ions in elemental state on a cathode
surface. Electrochemical treatment is seldom used due to its large capital cost and
the high energy consumption. The main processes of electrochemical treatment
include: electrocoagulation, electroflotation and electrodeposition (Fu & Wang, 2011).
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2.3.5.1 Electrocoagulation

Electrocoagulation involves the generation of coagulants by electrically dissolving
aluminum or iron ions from aluminum or iron electrodes. The metal ion is generated at
the anode and hydrogen gas is released at the cathode. It is the hydrogen gas which
floats the flocculated particles out of the water (Fu & Wang, 2011).

2.3.5.2 Electroflotation

Electroflotation is a separation process which occurs at the solid/liquid interface in
which pollutant are floated to the surface of a water body by tiny hydrogen gas and
oxygen gas bubbles generated from the electrolysis of water (Fu & Wang, 2011).

2.3.5.3 Electrodeposition

Electrodeposition is more advantageous because it does not present permanent
residues during the treatment process. The electrochemical methods are high in
capital cost and they demand a high electricity supply (Fu & Wang, 2011).

2.4

ADSORPTION

Adsorption is the process in which an analyte is transferred from one phase (gas or
liquid) onto a solid phase (Liska, 1993; Dabrowski, 2001; Bhatnagar and Sillanpaa,
2010; Foo & Hameed, 2010). Adsorption is recognized as the most efficient and
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widely used water treatment method due to its simplicity, economic viability, technical
feasibility and social acceptance (Foo & Hameed, 2010; Bhatnagar & Sillanpao,
2010). The adsorption of molecules depends primarily upon the surface structure of
the solid material, which includes porosity and surface area, and the chemical
composition of the material (Llaka et al., 1989). The transfer of analytes is stimulated
by operating conditions such as pH, temperature and others (Liska, 1993). The
adsorption process proceeds by a decrease in free energy until it reaches the
minimum value. The analyte is partitioned between the two phases according to
Nernst’s Law (Llaka et al., 1989). The law states that when at a constant temperature,
a solute distributes itself between two immiscible phases, and then the ratio of its
concentrations in the two phases is constant. The law is expressed in the form:

C1
k
C2

(eqn. 2.1)

where C1 and C2 are the molar equilibrium concentrations of the third component in
the first and second phases respectively. The constant k is the distribution coefficient,
which is temperature dependent.
The mechanism of adsorption is governed by the types of interactions between
solutes and active sites on the adsorbent. When high energy is released in the
retention process, the elution of analytes becomes difficult because of the energy
required to break the covalent bonds (Llaka et al., 1989). According to Dabrowski
(2001), adsorption occurs either as a result of van der Waals interaction, in which
case it is physical adsorption (physisorption), or it can have the character of a
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chemical process which is chemical adsorption (chemisorption). However, if
conditions are favourable both processes can occur simultaneously. As a rule,
physisorption is a reversible process that occurs at a temperature lower or close to
the critical temperature of an adsorbed substance. On the other hand, chemisorption
usually occurs at temperatures much higher than the critical temperature and it is a
specific process which can only take place on some solid surfaces for a given
substance. Generally, every solid material having an affinity for some organic
compounds can serve as an adsorbent. Such materials possess active sites on their
surfaces which enables them to adsorb molecules of compounds when in contact with
the surface.

2.5

FACTORS THAT INFLUENCE THE ADSORPTION PROCESS

In order for a material to be classified as an adsorbent, its adsorption capacity must
be evaluated under analytical parameters such as different pH conditions, at different
time intervals, agitation speed and temperature. The adsorption dosage and the
performance of the material under different solution concentrations must also be
evaluated.

2.5.1 pH

The pH of a solution is the most important factor of adsorption because it affects the
surface charge of the adsorbent as well as the degree of ionization of the materials
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present in the solution. The hydrogen and hydroxyl ions are adsorbed quite slowly,
and, therefore, the adsorption of other ions is affected by the pH of the solution. The
change of pH affects the adsorptive process through dissociation of functional groups
on the active sites of the adsorbent (Prilio et al., 2009). Prilio et al. (2009) explain that
adsorptive surfaces remove anions favourably at lower pH due to the presence of H +
ions, whereas the surface is active for the adsorption of cations at higher pH due to
the presence of OH- groups. Absalan and Mehrdjardi (2003) studied solid phase
extraction of Ag using 2-mercaptobenzothiazole immobilised on surfactant coated
alumina. They managed to achieve complete Ag removal over a pH range of 1.0 –
6.0.

2.5.2 Contact time

A large number of vacant surface sites are available for the adsorption during the
initial stage and with the lapse of time, the remaining vacant surface sites are difficult
to be occupied due to the repulsive forces between the solute molecules on the solid
phase and in the bulk liquid phase (Prilio et al., 2009). Most authors find the
adsorption of metals to increase with increasing contact time up to a certain point
(Feng et al., 2009; Aydin et al., 2008).
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2.5.3 Agitation

Agitation influences the distribution of the solute in the bulk solution and the formation
of the external boundary film. Increase of adsorption with agitation can be attributed
to the decrease in boundary layer thickness around the adsorbent as a result of
increasing the degree of mixing. Increased agitation speed enhances interactions of
the adsorbate with the functional groups of the adsorbent (Demirbas et al., 2002).

2.5.4 Adsorbent dosage

The adsorbent dosage determines the capacity of an adsorbent for a given initial
concentration of the adsorbate. It is generally expected that the amount of metal ions
adsorbed should increase with increasing amount of adsorbent. However, Özer et al.
(2004), explained that decrease in the amount of metal adsorbed with increasing
amount of adsorbent, could be attributed to the unsaturation of the adsorption sites
during the adsorption process. Özer et al. (2004) further explained that the other
cause may be the aggregation of sorbent particles at higher concentrations, which
would lead to the decrease in surface area and an increase in the diffusion path
length. Particle interaction at high adsorbent doses may also help to desorb some of
the loosely bound metal ions form the sorbent surface and thus result in the metal
ions going back into solution. Kalavathy and Miranda (2010) studied the adsorption of
copper from aqueous solution using modified and unmodified rubber wood saw dust.
They observed that adsorption capacity decreased with an increase of adsorbent
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dosage. They argue that, the actual number of active sites per gram of adsorbent
does not increase proportionately hence there is sometimes a regular decrease in
adsorption capacity with increasing amount of adsorbent. Mukhopadhyay et al. (2006)
studied the biosorption of Cu (II) using Aspergillus niger biomass. Their results for the
influence of biomass dose showed that the amount of metal bound per gram of
biomass in mg/g decreased with increasing biomass concentration. Their explanation
for this is that it was due to the interference between binding sites at higher
concentrations or insufficiency of metal ions in solution with respect to available
binding sites. Aydin et al. (2008) noticed that an increase in adsorption dosage was
accompanied by a decrease in amount of metal adsorbed. They attribute this to
adsorption sites remaining unsaturated during the adsorption reaction. Yu et al.
(2000) suggest that when adsorption increases with increasing adsorbent dosage, it
means that there is a great availability of exchangeable sites.

2.5.5 Solution concentration

Generally, at lower concentrations all ions present in solution can interact with the
binding sites on the surface of the adsorbent. At higher concentrations low adsorption
may be due to saturation of adsorption sites. When there are more metal ions in
solution they tend to compete for available binding sites. At times the amount
adsorbed increases with increasing concentration. This is rarely encountered in
adsorption, but may be as a result of an increase in the concentration gradient (Özer
et al., 2004). Aydin et al. (2008) attributed an increase in adsorption with increasing
metal ion concentration to a high driving force for mass transfer, meaning that the
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more concentrated the solution is the better the adsorption. Najim et al. (2009)
reported that at lower concentration, the ratio of initial metal ions to the available
surface area is low and results in low adsorption.

2.5.6 Temperature

According to Meena et al. (2005), the increase in adsorption with increasing
temperature may be attributed to either increase in the number of active surface sites
available for adsorption on the adsorbent or the decrease in the thickness of the
boundary layer surrounding the adsorbent, such that the mass transfer resistance of
the adsorbate in the boundary layer decreases. Meena et al. (2005) reported that the
decrease in adsorption capacity at higher temperature may be attributed to the
deactivation of the adsorbent surface or the destruction of some active sites on the
adsorbent surface due to rupturing of the bonds. Aman et al. (2008), observed an
increase in the amount of metal ion adsorbed with increasing temperature. Gupta and
Ali (2000) observed a similar trend of increasing adsorption with increasing
temperature, and from this, they concluded that the adsorption was endothermic.

2.6 ADSORPTION ISOTHERMS

The adsorption equilibrium is usually described by an isotherm equation whose
parameters express the surface properties and affinity of the adsorbent (Zhang et al.,
2010). The Freundlich and Langmuir adsorption isotherms are often used to interpret
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the adsorption phenomenon at the solid-liquid interface in batch mode (Tseng et al.,
2009).

2.6.1 Langmuir isotherm

This isotherm model assumes that uptake of metal ions occurs on a homogenous
surface by monolayer adsorption without any interaction between adsorbed ions. This
means that all the adsorption sites have equal adsorbate affinity and that the
adsorption at one site does not affect the adsorption on the opposite site (Zhang
et al., 2010). The isotherm is described by equation 2.2.

Ce
C
1

 e
Qe bQm Qm

(eqn. 2.2)

where Qm is the quantity of adsorbate required to form a single monolayer on unit
mass of adsorbent (mg/g); Qe is the amount adsorbed on unit mass of the adsorbent
(mg/g) when the equilibrium concentration is Ce (mg/L) and b is the Langmuir
constant that is related to the apparent energy of adsorption. This equation shows
that a plot of (Ce/Qe) vs Ce should yield a straight line if the Langmuir equation is
obeyed by the adsorption equilibrium. The slope and the intercept of this line then
yield the values of constants Qm and b respectively. The Langmuir equation can also
be analysed on the basis of a dimensionless equilibrium parameter RL, given by
equation 2.3:
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RL 

1
bC 0

(eqn. 2.3)

The values of RL lie between 0 and 1 for a favourable adsorption, while RL > 1
represents an unfavourable adsorption and RL = 1 the linear adsorption. The
adsorption is irreversible if RL = 0 (Zhang et al., 2010). Senturk et al. (2007) found the
adsorption of Au on amberlite XAD-200 used in SPE to fit well to the Langmuir
isotherm with an R2 value of 0.9983. When Absalan and Mehrdjardi (2003) studied
SPE of Ag, they found the adsorption to fit well to both the Langmuir and Freunlich
isotherms, with R2 values of 0.9466 and 0.9158 respectively.

2.6.2 Freundlich isotherm

This model states that the ratio of the amount of solute adsorbed onto a given mass
of sorbent to the concentration of the solute in the solution is not constant at different
concentrations. The heat of adsorption decreases in magnitude with increasing
adsorption (Zhang et al., 2010). This indicates that the adsorption sites on the surface
of the adsorbent posses different adsorption energies (Tseng et al., 2009). The linear
Freundlich isotherm is expressed by the following equation:

1
log Qe  log K f  log Ce
n

(eqn. 2.3)

where Qe and Ce represent the solid phase and liquid phase concentrations at
equilibrium respectively. Kf and n are the Freundlich constants indicating the relative
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adsorption capacity of the adsorbent related to the bonding energy and the adsorption
intensity respectively. A plot of ln Qe versus ln Ce yielding a straight line indicates the
confirmation of the Freundlich isotherm for adsorption (Zhang et al., 2010). The
Freundlich isotherm usually enables fitting the experimental data for a wide range of
concentrations; this model takes into account the heterogeneity and exponential
distribution of the active sites as well as their energies (Chou, 2010). When the value
of n is equal to unity, the adsorption sites are homogenous in energy, and no
interaction takes place between the adsorbed species. If n<1, the adsorption process
is mostly physical and if n>1, the adsorption process is chemical (Chou, 2010). Kwak
et al. (2010) found the adsorption of gold to fit well to the Freundlich isotherm with an
R2 value of 0.9906 with C.cladosporiodes beads.

2.7 COLUMN ADSORPTION STUDIES

Batch experiments are usually done to evaluate the ability of a material to adsorb as
well as the adsorption capacity of the material. The data obtained from batch
experiments are only limited to laboratory scale and thus do not provide data which
can be accurately applied in industrial systems. Column experiments are necessary
to provide data which can be applied for industrial purposes (Wang et al., 2003).

2.7.1 Adsorption capacity of column
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The adsorption zone of the column is the area in the column in which adsorption
takes place. As the metal solution begins to move up through the column, the effluent
concentration rises with time. The point at which the concentration of metal in the
effluent rises to an appreciable value for the first time is called the breakpoint. The
time at which the break point is reached is called the break through time. The break
through time (tb) is the time required to reach 50% of the initial concentration (C0).
The time at which metal concentration in the effluent exceeds 99% of the inlet
concentration is called the exhaustion time (te).The breakthrough capacity can be
calculated according to the Treybal equation, which is represented by equation 2.4:

Q50%  tb xflowratex

C0
m

(eqn. 2.4)

where Q50% is breakthrough capacity, tb is the break through time and C0 is the initial
metal ion

concentration,

m the

mass of

adsorbent

in

the

bed

in

mg

(Kiran & Kaushik, 2008). An ideal breakthrough curve is shown in Figure 2.1, where
C0 is the initial concentration in the effluent, Cb, the breakpoint, which occurs when
the concentration of the effluent reaches 50% of the initial concentration C0.
Saturation is reached when the concentration C1 approaches C0.

2.8 FACTORS THAT INFLUENCE COLUMN PERFORMANCE

The factors which have been found to influence the performance of the column
include pH of solution, flow rate of solution through the column, the initial
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concentration of the solution and the height of the material when packed in the
column.

2.8.1 Flow rate

It is generally accepted that when the column is fed at a slow flow rate, the adsorbate
is given enough time to be in contact with the adsorbent which often results in higher
removal percentages. A faster flow rate results in the adsorbent being saturated at a
much faster rate which tends to result in lower adsorption percentages as compared
to slower flow rate. The reason for variations in the slope of the breakthrough curve
and adsorption capacity is that at higher flow rate, the rate of mass transfer tends to
increase (Han et al., 2007; Han et al., 2008).

2.8.2 Initial concentration

Adsorption is usually expected to be at its highest in the first few samples taken and
begins to increase with time causing a rise in the breakthrough curve. The curve
flattens at the point where the amount of final concentration is equal to the amount of
initial metal concentration which signals the exhaustion point of the adsorbent
(Han et al., 2007; Han et al., 2008). Futalan et al. (2011), explained that an increase
in initial metal ion concentration results in a decrease in breakthrough time and
exhaustion time. This in turn results in a decrease in the volume treated as well as a
decrease in metal ion removal. A low influent concentration causes the slow transport
of ions through the system due to the lower concentration gradient, which implies a
29

decreased diffusion coefficient and decreased mass transfer driving force (Futalan
et al., 2011).

C0
C1
Exhaustion
point
Break point
Cb
Vb
Figure 2.1 : Schematic diagram of an ideal breakthrough curve (Kiran &
Kaushik, 2008)

2.8.3 Bed height

The bed height of the column is determined by the diameter of the column and the
amount of adsorbent packed in the column. When a small amount of adsorbent is
packed in the column, the adsorbate is given a minimum amount of time to be in
contact with the adsorbent which results in low adsorption amounts. An increase in
bed height results in an increase of contact time and, therefore, higher removal is
expected (Han et al., 2007; Han et al., 2008). Futalan et al. (2011) found the
adsorption of Cu to increase with increasing bed height, as well as increase in volume
of effluent treated and the amount of copper removed.
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2.9 COLUMN MODELS

The three most important models that explain the behaviour of the adsorption column
are Adams-Bohart model, Thomas model, Yoon-Nelson model.

2.9.1 Adams-Bohart model

This model is based on surface reaction theory, and it assumes that adsorption is a
continuous process wherein equilibrium is not attained instantaneously and that the
rate of adsorption is proportional to adsorption capacity (Kiran & Kaushik, 2008;
Ahmed & Hameed, 2010; Kalavathy et al., 2010). The Adams-Bohart model uses
equation 2.5 to evaluate the performance of a continuous column:

t

C
No Z
1

ln  i
CiV KCi  Cb

1





(eqn. 2.5)

where Ci is the initial metal ion concentration in mg/L, Cb the breakthrough metal ion
concentration in mg/L, t is the time to breakpoint in min, No the sorption capacity of
adsorbent in mg/L, Z the bed height of column in cm, V the linear velocity in cm/min
and K the rate constant L/mg min (Kiran & Kaushik, 2008). This equation gives the
linear relationship between bed depth and service time. A plot of t versus Z from the
experimental data gives the value of No as the slope and K as the intercept (Kiran &
Kaushik, 2008; Ahmed & Hameed, 2010; Kalavathy et al., 2010). Salamatinia et al.
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(2008) found the Adams-Bohart model to be best fitting to the adsorption of Cu and
Zn.

2.9.2 Thomas model

This model also called the reaction model is based on the following assumptions:
Negligible axial and radial dispersion in the fixed bed column; adsorption is described
by a pseudo second-order reaction rate principle which reduces to the Langmuir
isotherm at equilibrium; constant column void fraction; constant physical properties of
the biomass and the fluid phase; isothermal and isobaric process conditions; the
intra-particle diffusion and external resistance during the mass transfer processes are
considered to be negligible. Based on these assumptions, the Thomas model is given
by equation 2.6.

 K 

 Ct  1
    exp  th Q0 m  C0V 
 C0  1
 f 


(eqn. 2.6)

where Kth is the Thomas rate constant in L mg-1 h-1, Q0 is the maximum adsorbent
concentration in mg/g, V is the volume of the solution, m is the mass of adsorbent in g
and f is the flow rate in mL/h. Kth and Q0 can be determined from a plot of ln[(C0/Ct) -1]
against time (Kiran & kaushik, 2008; Ahmed & Hameed, 2010; Kalavathy et al.,
2010).
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2.9.3 The Yoon-Nelson model

This model is based on the assumption that the rate of decrease in the probability of
adsorption of molecules is proportional to the probability of the adsorbate adsorption
and the adsorbate breakthrough on the adsorbent. The model is expressed by the
following equation:

C

ln  t  Ct   K ynt  K yn
 C0


(eqn. 2.7)

where C0 and Ct are the initial and final concentrations in mg/L respectively. Kyn
(1/min) is the rate velocity constant,  حin min is the time required for 50% adsorbate
breakthrough. A plot of ln(Ct/C0 –Ct) against time (t) gives the values of Kyn and ح
from the intercept and the slope respectively (Ahmed & Hameed, 2010). The AdamsBohart, Thomas and Yoon-nelson models have been successfully applied by
Salamantinia et al. (2008) for the adsorption of Cu(II) and Zn(II).

2.10 MATERIALS USED AS ADSORBENTS

Metal removal from aqueous solution has been achieved with different materials
including, commercially activated carbon, chitosan, microoganisms, industrial waste,
agricultural waste material and others.
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2.10.1 Granular activated carbon (GAC)

GAC is among the first solid materials to be used as adsorbent and has gained status
as the most successful adsorbent, because it has a large porous surface area, with
controllable pore structure, thermally stable and it can be applied to a wide variety of
contaminants (Mohan & Singh, 2002; Keskinkan et al., 2003; Kumar 2006; Foo &
Hameed, 2010). GAC is however, quite expensive and requires complexing agents to
improve its ability for removing inorganic material from wastewater (Mohan & Singh,
2002; Babel & Kuniawan, 2003; Kumar, 2006; Sud et al., 2008). Activated carbon has
been used to recover gold from aqueous solution, but the elution of the gold from
activated carbon requires high temperatures and special kilns to reactivate the carbon
(Nilanjana, 2010). The heterogeneous nature of activated carbons used in adsorption
caused problems such as irreversible sorption, affinity for some groups of compounds
only and catalytic activities of the carbon surface (Foo & Hameed, 2010). Activated
carbon is also not easily regenerated and as a result there has been a search for less
expensive adsorbent material.

2.10.2 Chitosan

Chitosan is a derivative of chitin (Osifo et al., 2009). It has a molecular structure
similar to that of cellulose. It is produced by alkaline N-deacetylation of chitin, which is
a major component of crustacean shells and fungal biomass. It is available from
seafood processing waste (Jin & Bai, 2002; Babel & Kurniawan, 2003). The use of
chitosan has been limited by its cost. According to Babel and Kurniawan (2003), the
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market price of chitosan is nearly comparable to that of GAC. Chitosan is more useful
compared to other adsorbents because it can be modified into flakes, beads and
membranes (Osifo et al., 2009).

2.10.3 Microorganisms

Following the need for less expensive and yet effective adsorbents as alternatives to
commercially activated carbon, living organisms were used to accumulate metal ions
through metabolic activity. It was later realized that dead biomass posses a much
higher metal binding capacity than living organisms. It was then that the interest in the
use of biomass for metal removal from aqueous media developed. The use of
biomass for metal sorption is denoted by the term “biosorption”. Microorganisms are
capable of removing metals from solution in three different ways, namely: biosorption
onto the surface, intracellular uptake and chemical transformation. Semra et al.
(2004) used Staphylococcus saprophyticus for adsorption of Cr, Pb and Cu. They
achieved 88.66 mg/L Cr6+, 100 mg/L Pb2+ and 44.94 mg/L Cu2+. Algae are gaining
much attention compared to most microorganisms because they are relatively cheap
to process and they possess a high metal binding capacity (Opeolu et al., 2010).
Pethkar and Paknikar (1998) used Cladosporium Cladosporiodes fungal biomass to
adsorb Au from aqueous solution. They manage to adsorb 100 mg/g of gold.
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2.10.4 Industrial waste

Industries produce solid waste in large quantities most of which cannot be used any
further and thus causes disposal problems (Bhatnagar & Silanpao, 2010). Industrial
waste includes materials such as fly ash and blast furnace slag. Fly ash is a product
from power stations and cement products. It is composed of metallic oxides, silicates
and other particulate matter. Semra et al. (2010) used fly ash to remove silver from
aqueous solution. They achieved maximum Ag adsorption of 98%. Li et al. (2009)
used adsorbents derived from a high carbon containing fly ash for adsorption of
arsenic (As). The maximum adsorption capacity was found to be 19.46 mg/g. Weng
and Huang (2004), found the adsorption capacity of fly ash for adsorption of Zn(II) to
be 99%.

Blast furnace slags are mixtures of alkali-earth silicates and alumino-

silicates formed at high temperatures in blast furnaces. Dimitrova (2002) used
granulated blast furnace slag for adsorption of lead (Pb). Red mud is a waste product
of aluminum production. Not only is this waste material toxic, but also, a large amount
continues to be dumped in holding ponds for which a large area of land is required.
Gupta et al. (2001) used red mud to adsorb Pb and Cr from aqueous solution. Gupta
and Sharma (2002) also used red mud for adsorption of cadmium and zinc from
aqueous solution. They achieved maximum adsorption of
60% and 65% removal for Cd and Zn respectively. Bouzid et al. (2008) used sewage
sludge for copper adsorption.
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2.10.5 Agricultural waste

Agricultural materials, plant tissue and industrial waste have attracted much attention
as biosorbents mainly because they are abundant and posses metal binding
functional groups such as carboxylates, hydroxyls, amines and others. The functional
groups of these materials bind heavy metal ions through replacement of hydrogen
ions with metal ions or by donating an electron pair from the functional groups to form
complexes with metal ions in solution (Lesmana et al., 2009; Bhatnager & Sillanpao,
2010). A number of studies have been conducted on the adsorption of metals by
agricultural materials. Demirbas et al. (2009) used hazel nut shell to adsorb Cu from
wastewater. Yu et al. (2005) and Kalavathy and Miranda (2010), studied the
adsorption of Cu from aqueous solution using saw dust. Periasamy and
Namasivayam (1996) used peanut hull carbon for adsorption of Cu and achieved a
maximum removal of 65.6 mg/g. Senthilkumar et al. (2010) studied the adsorption of
Cu onto cashew nut shell from aqueous solution; they found the maximum adsorption
capacity to be 20.00 mg/g at pH 5. Benaissa and Elouchdi (2007) reported the use of
sunflower leaves to remove copper; they achieved maximum removal at pH 5–6.
Nakbanpote et al. (2000) used rice husk heated at 300 oC for adsorption of Au and
achieved maximum recovery of 21.12 mg/g. Soleimani and Kaghazchi (2008) used
hard shells of apricot stones to recover gold from aqueous solution from which they
achieved 98% adsorption after three hours. Mishra et al. (1997) reported the use of
rice husk for adsorption of Zinc (II) ions. Activated sugar bagasse was used by Syna
and Valix (2003) to remove gold from aurocyanide solution.
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2.10.6 Maize tassel

A typical maize plant is partitioned into a female flower, the ear, and a male flower,
the tassel. The female part of the plant grows on the maize cob. Tassel appears at
the top of the plant where it produces pollen grains for fertilizing the cob. An individual
tassel can shed pollen for two to ten days depending on the genotype and the
environment in which the plant grows. The maize plant has been successfully used
for phytoremediation of heavy metals (Wuana & Okieimen, 2010). The surface
properties of maize tassel have been described by Zvinowanda et al. (2008a). Maize
tassel powder has been applied to remove lead (Pb), selenium (Se), strontium (Sr),
uranium (U), and vanadium (V) from borehole water contaminated with mine
wastewater (Zvinowanda et al., 2008b; Zvinowanda et al., 2009). Maize tassel has,
however, not been used in any form for the recovery of Ag, Au or Cu.

2.11 ADSORBENT IMMOBILISATION

Agricultural products are most attractive because with their use comes the
minimisation of waste in the environment and they are readily available. Agricultural
products are, however, generally not mechanically strong enough and they are
composed of a wide variety of particle sizes. Immobilising such material creates
material of the correct size, mechanical strength, rigidity and porosity (Beolchini et al.,
2003). Immobilisation can be achieved by either chemical or physical means. In
chemical immobilisation, the biosorbent is entrapped in polymeric matrices. For this
purpose, materials such as poly(vinyl alcohol) (PVA), polysulfone (PSF), gelatin
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polyacrylamide and natural polysaccharides (alginates, k-carrageenan, and agarose)
have been used (Khoo & Ting, 2001). Some chemical immobilising agents are
described. Biosorbents are immobilised physically by adsorption to inert support
materials such as glass beads, polyurethane foam cubes and coir fiber (Bai &
Abraham, 2003; Akdogan & Pazarlioglu, 2011). This method is mostly suitable for
immobilising microorganisms, since they possess the ability to attach themselves
physically to solid supports.

2.11.1 Poly(vinyl alcohol) (PVA)

PVA is an odourless and tasteless translucent, white or cream coloured granular
powder. PVA is a well known water-soluble and biodegradable synthetic polymer. It is
produced commercially from polyvinyl acetate. The acetate groups are hydolysed by
ester interchange with methanol in the presence of anhydrous sodium methylate or
aqueous sodium hydroxide. It is classified into two groups namely, partially
hydrolysed and fully hydrolysed. The properties of PVA include good surface
alignment effects, compatibility with water, low cost and inexpensive processing
(Chou, 2010). It has been found to be non-immunogenic, non-mutagenic and noncarcinogenic for humans (Pourciel et al., 2003). PVA is applied in the food industry as
a binding and coating agent. As a component of tablet coating formulations, it
protects the active ingredients from moisture, oxygen and other environmental
components, while at the same time masking their taste and odour (Saxena, 2004). It
is frequently used in the textile industry for nylon and as a raw material for PVA fibres.
PVA is also used as an ophthalmic lubricant in the pharmaceutical industry, and in the
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adhesives, emulsion paints, paper coating and detergent based industries (Pourciel
et al., 2003). PVA is sometimes incorporated into a water soluble fabric in the
manufacture of degradable protective apparel, laundry bags for hospitals, rags,
sponges, sheets, covers and physiological hygiene products. PVA is relatively
insoluble in organic solvents and its solubility in aqueous solutions is adaptable to its
necessary application (Demerlis & Schonecker, 2003). PVA is able to form physically
crosslinked hydrogels by a variety of methods, namely, chemical crosslinking,
irradiation and freeze-thaw technique (Khoo et al., 2001; Lui et al., 2010). Absalan
and Mehrdjardi (2003) used PVA and calcium alginate to immobilise fungal biomass
which was used to extract Au. The PVA beads were found to be more effective than
the calcium alginate beads. They achieved 80% Au removal with the PVA beads after
about 33 h and with the calcium alginate beads, it took 265 h to achieve 80%
removal.

2.11.2 Polysulfone (PSF)

PSF is an amorphous, rigid, heat resistant and chemically stable thermoplastic
material (Huang & Yang, 2006; Vijayaraghavan & Yun, 2008). PSF remains stable
over a wide range of temperatures, from 100 oC to over 160 oC. PSF is used as a
thermoplastic material in fabricating membranes for use in water ultra- filtration
systems and gas separation, such as in stripping carbon dioxide from natural gas
streams and producing highly pure nitrogen from air. PSF is also used in ion
exchange membranes in electro-membrane processes such as electro-dialysis and
polymer electrolyte membrane electrolysis (Summers et al., 2001; Zhao et al., 2003;
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Huang & Yang, 2006). PSF can be prepared from 2,2–bis(4–hydroxyphenyl) propane
and 4,4–dichlorodiphenyl sulphone by nucleophilic aromatic substitution. Beolchini et
al. (2003) used PSF to immobilize Sphaerotillus natans which was used to adsorb Cu.
Hardin and Edmassu (2005) immobilized wood, grass, compost and peat moss with
PSF for adsorption of Cd, Cr and Pb. Vijayaraghavan and Yun (2008) immobilized
Corynebacterium glutamicum with PSF for use in adsorption of reactive black 5 from
aqueous solution. Kapoor and Viraraghavan (1998) used PSF to immobilize
Aspergillus niger biomass which was used to remove Cd, Cu, Pb and Ni.

2.11.3 Gelatine

Gelatine is a water soluble protein which results from partial hydrolysis of collagen
(Young et al., 2005; Vujcic et al., 2011). It is a nontoxic and biodegradable matrix with
hydroxyl, amino and carboxyl functional groups effective in the formation of crosslinks by in-organic and organic compounds (Vujcic et al., 2011). Collagen is extracted
from the bone, skin, tendon, cartilage, intestine and other mammalian tissues or
organs (Hu et al., 2009). Gelatine is used in the medical field as a plasma expander,
for wound dressings, adhesives and for controlled drug delivery (Haider et al., 2007).

2.12 ADSORBENT CHARACTERISTICS

The capacity of an adsorbent depends on the amount of active sites on the solid
material, which in turn, depends upon the type of solid material used (Llaka et al.,
1989). The most important characteristics of a good adsorbent are: functionality,
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particle size and shape, surface area, pore size, chemical inertness, regeneration
ability, cost effectiveness and availability.

2.12.1 Functionality

The functionality of an adsorbent is an expression of the sorbent’s affinity for various
organic compounds as well as some inorganic species such as metal ions. This
depends on the nature of functional groups bonded on the surface of the adsorbent.
The affinity of the adsorbent can be estimated in both static and dynamic modes. The
dynamic mode is most preferred for the SPE due to its dynamic nature (Llaka et al.,
1989; Witek-krowiak et al., 2010).

2.12.2 Particle size and shape

The size and shapes of the particles influence the hydrodynamic conditions in the
column and are related to the value of the surface area. Columns packed with smaller
particles yield higher adsorption values than those packed with larger particles
because smaller particles have large surface areas. On-line systems usually require
large particles to be used to avoid clogging of the pre-column with dirty samples. This
decreases the performance of the on-line SPE. Particle sizes ranging from 306–0 µm
are commonly used in offline systems (Llaka et al., 1989).
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2.12.3 Surface area

Adsorbents with high surface area per mass unit have a higher number of active sites
and are, therefore, most effective. The surface area can be increased by a porous
structure of the sorbent, or by the proper spherical orientation of the hydrocarbon
chains. The preferred adsorbents are those which are porous and having a large
surface area. In the case of chemically bonded phases, the surface area can be
enlarged by properly wetting the adsorbent (Llaka et al., 1989).

2.12.4 Pore size

The pore size of an adsorbent is inversely proportional to its surface area. When the
pore diameter is comparable with the diameter of the molecules, it becomes difficult
for the molecules to penetrate into the pores. Adsorbents with large pore sizes are
most desirable. Large molecules may block pores making them inaccessible to
smaller molecules and thus reduces the amount of analyte adsorbed (Llaka et al.,
1989).

2.12.5 Chemical inertness

Adsorbent stability is one important characteristic of a good adsorbent. Catalytic
properties of the active sites may initiate a change of the original analytes and can,
therefore, lead to false identifications. The use of homogeneous materials reduces
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catalytic properties. The limits of temperature and pH values must be known to avoid
other possibilities of variation. Extreme pH values in both the acidic and basic regions
can change the nature of bonded phases (Llaka et al., 1989; Witek-Krowiak et al.,
2010).

2.12.6 Regeneration ability

When an adsorbent material has metal ions loaded on it, it becomes a hazardous
substance. The metal adsorbed onto the adsorbent should be eluted and recovered
for reuse. It is of much benefit if the adsorbent material can be repeatedly recycled
and reused (Witek-Krowiak et al., 2010; Zhang et al., 2010).

2.12.7 Cost effectiveness

Materials such as activated carbon are quite expensive. This is one of the major
reasons why there is a need for less expensive adsorbent material. It is very desirable
that an adsorbent material should be very affordable (Witek-Krowiak et al., 2010).

2.12.8 Availability

A material which is considered a good adsorbent should be readily available (WitekKrowiak et al., 2010). Waste materials are more desirable since they would be in line
for no further use.
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2.13 SOLID PHASE EXTRACTION (SPE)

Solid phase extraction (SPE) involves passing a liquid sample containing the analyte
through a column, a cartridge, a tube or a disk containing a solid adsorbent material.
There are two basic approaches to SPE, namely: on-line and off-line SPE. In on-line
SPE the output column is connected directly to the analytical column so that elution
and separation of analytes are performed in one step. It is a prerequisite to filter the
sample to remove the suspended solid particles in order to prevent clogging prior to
forcing the sample through the column. This may cause part of the analyte to be
trapped by the filter material and it is, therefore, lost for further analysis (Liska, 1993).
Change in the sample could occur when it is transported from the field to the
laboratory. Such changes could occur due to interphase transfers from the liquid into
the gaseous phase. Leaks could occur from the gaseous phase out of the container.
Adsorption on the walls of the container could also bring about a change to the
sample (Llaka et al., 1989).

In off-line SPE, the elution and separation of analytes are done separately. The eluate
from the column are collected at the output and stored for analysis. The SPE column
is usually packed with sorbent of particle size ranging from 40–60 µm to ensure an
effective pre-concentration and to avoid problems with the back pressure due to
suspended solids in the water sample. The off-line SPE is much more flexible as
compared to on-line, because the operator can optimize the amount of sorbent, the
type and volume of eluting solvent, the number of clean-up steps and their working
conditions and the scheme of the eluent fractionation (Liska, 1993). Ghaedi et al,
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(2009) used SPE procedure to preconcentrate Cu, Fe, Pb, and Zn by adsorption in
column packed with sodium dodecyl sulfate coated alumina modified with complexing
agent. They were able to use the column packed with only 1.0 g of sorbent for
sequence of ten experiments without losing sorption behaviour. Bagheri et al. (2003)
used otadecyl silica membrane disks modified with pentathia–15–crown–5 for Au
adsorption using SPE technique. Christou and Anthemidis (2009), studied SPE for
determination of trace Ag in micro–column packed with polytetrafluoroethelyne
(PTFE) turnings.

2.13.1 SPE procedure

SPE is carried out in six different steps which are: conditioning of adsorbent, sample
application, removal of interference, removal of water, elution of sorbed analytes and
regeneration of adsorbent.

2.13.1.1 Conditioning of adsorbent

This step enables the wetting of the adsorbent and the solvation of the functional
groups (Poole et al., 2000; Camel, 2003). This is done to obtain a proper environment
for the sorption process (Llaka et al., 1989). It also removes possible impurities and
the air present in the column and fills the voids with solvent (Camel, 2003). The
activation solvent is removed with several volumes of water or a suitable buffer. If an
excess amount of solvent is used, the sorbent can be over soaked which most likely
results in reduction of recovery (Llaka et al., 1989; Liska, 1993).
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2.13.1.2 Sample application

This is the most important step, whereby the sample is applied to the sorbent
material. The volume of sample used should be chosen in relation to the amount of
sorbent used and to the values of the breakthrough volume and the total analyte
concentration (Llaka et al., 1989; Liska, 1993). The sample may be applied to the
column by gravity, pumping, aspirated by vacuum or by an automated system. The
sample flow rate should be low enough to enable efficient retention of the analytes,
and high enough to avoid excessive duration (Poole et al., 2000; Camel, 2003).

2.13.1.3 Removal of interference

This is done by flushing the column with pure water or water modified with an organic
solvent to remove unwanted matrix after application of the sample (Llaka et al., 1989;
Liska, 1993; Poole et al., 2000). Ion exchangers and metal loaded sorbents can be
flushed with an organic solvent which removes the neutral molecules adsorbed onto
the surface while the ions remain captured. The eluent should be analysed to ensure
that no loss of analyte occurred (Llaka et al., 1989; Liska, 1993).

2.13.1.4 Removal of Water

It is essential that the water that was used to remove interferences be removed from
the system. The solid should, however, not be over dried to avoid a decrease in
recovery of analyte (Llaka et al., 1989).
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2.13.1.5 Elution of Sorbed analytes

This step can be achieved with a single solvent or a mixture of solvents. The elution is
usually performed by flushing the SPE column with the proper mobile phase, using
vacuum or pump, syringe or centrifugal force (Llaka et al., 1989; Liska, 1993; Poole
et al., 2000).

2.13.1.6 Regeneration of adsorbent

Hydrophobic sorbents can be regenerated by flushing the column with a single or a
mixture of several organic solvents. Ion exchangers are regenerated with acid or base
solutions. Care should be taken when using regenerated adsorbents. Some
regenerated adsorbents have a tendency of yielding an amount of desorbed analyte
which is greater than the sorbed amount (Llaka et al., 1989; Liska, 1993).

2.14 ADVANTAGES OF SPE

2.14.1 Sampling in the field

The SPE procedure eliminates the process of carrying large amounts of sample from
the field to the laboratory. This eliminates large sample glass bottles which can easily
break during transportation. The possibility of changes to the sample whilst in transit
is minimized to a great extent because the analyte being transported is sorbed onto
the solid material in the cartridge (Llaka et al., 1989).
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2.14.2 Speed and simplicity

The off-line SPE system only requires an SPE catridge, which is usually very small,
and sample introduction equipment which most of the time is a syringe. The on-line
system is a bit more sophisticated since it may require extra equipment such as
pumps, centrifuge and vacuum pump (Llaka et al., 1989; Liska, 1993).

2.14.3 Non-emulsion formation

With liquid-liquid extraction (LLE), emulsions are often observed during extraction of
biological liquids or wastewater. SPE completely eliminates emulsion formation (Llaka
et al., 1989).

2.14.4 Safety

The traditional LLE requires the use of large amounts of chemical reagents which
exposes the operator to possible hazards posed by those chemicals as well as the
byproducts of a combination of those chemicals with the sample matrix. SPE
minimizes

exposure

to

both

possibly

(Llaka et al., 1989).
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2.14.5 Low cost

Costs are reduced during manufacture of SPE columns because they are very small
and, therefore, require small amounts of material to be used in the production. The
SPE column due to its minute nature is packed with only a small amount of adsorbent
mostly only up to 1 g, the cost in terms of adsorbent is reduced. Additionally, only a
few volumes of solvent are required and the adsorbent can be regenerated and
reused (Llaka et al., 1989).

2.14.6 Flexibility

There are almost no limitations in terms of the mobile phase chosen to elute the
analyte from the adsorbent (Llaka et al., 1989; Liska, 1993).

2.14.7 High sample throughput

Due to the large amount of extraction solvent used in LLE, there is only a smaller
amount of sample that can be accommodated at a time. The solid phase procedure
allows for a large amount of sample through the system per small amount of solid
adsorbent (Liska, 1993).
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2.15 SURFACE ANALYSIS TECHNIQUES

2.15.1 X–ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) also known as electron spectroscopy for
chemical analysis (ESCA) is widely used to investigate the chemical composition of
surfaces. XPS can determine the different bonding states of carbon present by shifts
in the binding energy of the C (1s) peak (Herrera & Videla, 2009; Cormia, 2011). XPS
is based on the photoelectric effect. The sample under investigation is irradiated with
a low energy X–ray beam which causes photoelectrons to be emitted by the
specimen which have energies which are characteristic of the elements from which
they are derived (Harris & Trigg, 1988).

2.15.2 Scanning electron microscopy (SEM)

In SEM, electrons are accelerated in a vacuum until their wavelength is extremely
short. Beams of these fast moving electrons are focused on an object and are
absorbed or scattered by the object so as to form an image on an electron sensitive
photographic plate (Cormia, 2011). In SEM analysis, a thermo-ionic emission of an
electron beam is directed over the sample to produce characteristic signals that
provide information on crystalline array, chemical composition, magnetic structure
and the electric potential of a sample. Non-conductive samples must be sputter
coated with a conductive metal film to avoid the build up of local electron
concentrations that impede the formation of clean images (Herrera & Videla, 2009).
51

SEM is sometimes used in combination with an energy-dispersive X–ray
spectroscopy (EDX), which is able to give the chemical composition of an image
produced by SEM.

2.15.3 Brunauer Emmet and Teller (BET)

The BET method is based on the measurement of quantities of gas physically
adsorbed on to a surface at equilibrium pressure (Coleman & Hench, 2000). In
physical gas adsorption, an inert gas, mostly nitrogen is adsorbed on the surface of a
solid material. This occurs on the outer surface, and in case of porous materials, also
on the surface of pores. Adsorption of nitrogen at a temperature of 77 K leads to a
BET isotherm, which is mostly measured over porous material. Monolayer formation
of gas molecules on the surface is used to determine the specific surface area, while
the principle of capillary condensation can be applied to assess the presence of
pores,

pore

volume

and

pore

size

distribution.

(http://www.solids-

solutions.com/porosity/122/ physical gas adsorption/134). The amount of adsorbate
required for surface coverage of a complete monolayer of molecules of a specimen,
Nm, is estimated by the BET equation:
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C 
Nm
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(eqn. 2.8)
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where N is the amount of gas adsorbed , P is pressure, P0 is saturation pressure and
C is the BET constant. (P/P0)/n[1-(P/P0)] plotted against (P/P0) gives a rectilinear plot
for the form y= a + bx where a is the intercept and b is the gradient. The monolayer
capacity is then,

Nm 

1
b
a

(eqn. 2.9)

and the BET constant is given by:

b
C   1.
a

(eqn. 2.10)

The surface area; sBET of the sample is then estimated as,

sBET  NmLam

(eqn. 2.11)

where L is avogadro’s constant and αm the molecular cross-sectional area occupied
by an adsorbed molecule in a complete monolayer. Pore volume is estimated from
the amount of nitrogen taken up by the samples in the range 0.994 < P/Po < 0.999
(Dollimore, 1976; Coleman & Hench, 2000).
Figure 2.2 shows the six adsorption isotherms as described by Brunauer Emmert and
Teller. Type I isotherms are obtained when adsorption is limited to, at most, only a
few molecular layers. This is a condition encountered in chemisorption which is an
indication that all adsorption sites are occupied. In the case of physical adsorption,
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type I, isotherms are obtained on microporous material. Type II adsorption isotherms
are typically obtained in case of non-porous or macroporous powders. Unrestricted
monolayer-multilayer adsorption occurs. It is at the inflection point (point B in Figure
2.2) of the isotherm where monolayer coverage is complete and multilayer adsorption
begins. Type III isotherms are characterised by heats of adsorption which are less
than the adsorbate heat of liquefaction. The adsorbate interaction with an adsorbed
layer is greater than the interaction with the adsorbent surface as the adsorption
proceeds. This isotherm type is reversible and less frequently encountered.
Type IV isotherms are typical of mesoporous materials. The hysteresis loop is
associated with the occurrence of pore condensation. As pores are being filled, the
slope increases as a result of increased uptake of adsorbate. The knee of the
isotherm occurs near the completion of the first monolayer. Type V isotherms show
pore condensation and hysteresis. The initial part is related to adsorption isotherms of
type III indicating relatively weak attractive interactions between the adsorbent and
the adsorbate. This type of isotherm is also associated with pores in the same range
as those of type IV isotherms. Type VI isotherm represents stepwise multilayer
adsorption on a uniform, non-porous surface, particularly by spherically symmetrical
non–polar adsorptives. The sharpness of the steps depends on the homogeneity of
the adsorbent surface, the adsorptive and the temperature (Lowell & Shields, 1991;
Hess, 2005).
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Figure 2.2: BET classification of adsorption isotherms (Hess, 2005)

2.15.4 Thermo gravimetric analysis (TGA)

TGA is a measurement of the amount and rate of change in the mass of a sample as
a function of temperature or time in a controlled atmosphere. The measurements are
used to determine the thermal and/or oxidative stabilities of materials as well as their
compositional properties (Rauma et al., 2006; Sichina, 2010). The sample is
programmed through a predetermined temperature at varied degrees in an inert
atmosphere. TGA usually uses the linear temperature-time relationships:
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Tv  T0  t

(eqn. 2.12)

where Tv, T0 and α are the temperature at time t, the initial temperature, and the
heating rate respectively (Bahng et al., 2009). The advantage of using TGA is that it
can be operated at very high temperatures and the transition and reaction
temperatures can be determined.

2.15.5 Fourier Transform Infrared spectroscopy (FTIR)

FTIR gives information on chemical groups containing highly polar bonds, or bonds
whose dipole moment changes during vibration (Vikman & Sipi, 2003). FTIR
technique is based on the absorption of infrared photons that excite vibrations of
molecular bonds. Infrared radiation is used to irradiate a sample. According to the
chemical composition of the sample, the radiation is absorbed and results in a
specific spectrum. The spectrum can be used to identify and characterise samples
(Schmitt & Flemming, 1998; Evans Analytical Group, 2009; Nauman et al., 2010).
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2.15.6 Zeta potential (ζ)

The formation of an interfacial charge when a solid surface is in contact with an
aqueous solution causes a rearrangement of the local free ions in the solution to
produce a thin region of nonzero net charge density near the interface. The
arrangement of charges at the solid-liquid interface and the balancing counter ions in
the liquid is usually referred to as the electrical double layer. There is a thin layer of
counter ions immediately next to the charged solid surface, called the compact layer.
The counter ions in the compact layer are immobile due to the strong electrostatic
attraction. Counter ions outside the compact layer are mobile. This part of the
electrical double layer is called the diffuse layer. The Zeta potential is the electrostatic
potential at the boundary dividing the compact layer and the diffuse layer. Techniques
for measuring Zeta potential are based on either one of three electrokinetic effects,
being: electrophoresis, electroosmosis and the streaming potential (Sze et al, 2003).

2.16 TECHNIQUES FOR MEASURING TRACE METALS

Trace metal analysis in aqueous solutions is usually done with atomic spectroscopy,
differential pulse polarography and ion chromatography. The atomic spectroscopy is
the most widely used techniques because it is relatively less expensive and it is more
user friendly.
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2.16.1 Atomic spectroscopy

Flame spectroscopy is a widely used technique due to its reliability and simplicity.
Three types of flame spectroscopy exist, namely: atomic absorption, atomic emission
and atomic fluorescence. Atomic absorption and emission are most commonly used
for metal analysis.

2.16.1.1 Flame Atomic Absorption Spectrometry (FAAS)

FAAS is based on the fact that ground state metals absorb light at specific
wavelengths. It is composed of a hollow cathode lamp (containing the element to be
analysed), a sample delivery system, monochromator, a detection system (which
detects the signal from the sample) and a readout device. When a sample is
aspirated into the flame, the solvent is evaporated by the heat produced from the
flame (McMahon, 2007). The analysed substance is atomised in a flame of either airacetylene or nitrous oxide–acetylene (Ma & Gonzalez, 2011). The metal ions are then
converted to atomic state. Some of these atoms can absorb radiant energy of a
characteristic wavelength and become excited to a higher electronic state, or they
may absorb energy from the flame and become thermally excited. The hollow
cathode lamp provides the light source needed to excite the electrons. The atoms
lose their excitation energy either as heat by collision with other atoms or as radiation
of a characteristic wavelength as the electron returns to a lower excited state or to the
ground state (McMahon, 2007). The amount of light absorbed at an appropriate

58

wavelength is measured against a standard curve (Ma & Gonzalez, 2011). A
schematic diagram of FAAS is shown in Figure 2.3.
The advantages of FAAS include high sensitivity, selectivity, speed, determination of
a large number of elements in various kinds of matrices (Greany, 2005; Santos et al.,
2010). The FAAS is also very cost effective. Apart from the fact that it is a very user
friendly technique, the FAAS was used in this study as the main technique for
analysis because of its ability to analyse individual elements, which allows for less
interferences or cross contamination from other elements. Uzum et al. (2001)
compared FAAS to GFAAS and ICP–AES for the determination of Cu, Fe, Pb, Ni, Cd
and Bi at µg/L levels in wastewater. Their results showed that FAAS has high
tolerance to interferences matrix ions.

lens

lens

Monochromator

Hollow cathode
lamp

Readout

Atomized sample

Amplifier
Detector

Figure 2.3: Diagram of flame atomic absorption spectroscopy (McMahon, 2007)
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2.16.1.2 Graphite furnace Atomic absorption spectroscopy (GFAAS)

The graphite furnace consists of a graphite tube in a vacuum chamber heated by an
alternating current to 3000 oC (L’vov, 1970). The graphite furnace operates on the
same principle as FAAS, except that the element to be analysed is placed into a
special boat inside the furnace. The atomised sample passes through apertures in the
tube and is deposited against the cold parts of the graphite chamber (McMahon,
2007). A schematic diagram of GFAAS is shown in Figure 2.4.

Hollow
Cathode lamp
Grating

Detector

Electrically heated
cuvette

Figure 2.4: Diagram of graphite furnace atomic absorption spectroscopy
(McMahon, 2007)

2.16.2 Inductively coupled plasma mass spectrometry (ICP or ICP–MS)

The ICP instrument employs a plasma as the ionisation source and a mass
spectrometer analyser to detect the ions produced. Liquid samples are introduced by
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a peristaltic pump to the nebuliser where the sample aerosol is decomposed in the
plasma to form analyte atoms which are simultaneously ionised. This system uses a
high temperature plasma discharge to generate positively charged ions when the
sample is transported to the base of the plasma (Santos et al., 2010). The ions
produced are extracted from the plasma into the mass spectrometer region. The
analyte ions are then focused by a series of ion lenses into a quadrupole mass
analyser, which separates the ions based on their mass to charge ratio. The ions are
measured with an electron multiplier (Santos et al., 2010). The ICP is a very fast
technique for measuring many elements in a short period of time, it is, however, very
expensive and it operates on argon gas which is also very expensive. A schematic
diagram of ICPMS is shown in Figure 2.5.

+
+

+

+

+

Axial plasma
source
Cone
separator

Quadrupole
MS analyser

Detector

Figure 2.5: Diagram of inductively coupled plasma mass spectroscopy (McMahon,
2007)
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In the current study, the capacity of maize tassel to remove Ag, Au and Cu was
conducted using batch and column experiments. As outlined above, several
researchers have applied the similar processes to evaluate the impact of contact
time, pH, temperature, particle sizes, agitation speed, adsorbent dosage and metal
ion concentration on the adsorption of various metals from aqueous solution. It is
essential that the surface properties of a material is known and such studies can be
conducted using instruments such as ESCA, FTIR, SEM, TGA, EDX, BET and others.
These are well tested surface tools and, therefore, have been used in the present
study with the exception of ESCA and FTIR since detailed studies on their use to
characterize the surface of maize tassel have been reported (Zvinowanda et al.,
2009). As described earlier, FAAS is the most common and still regarded very
adequate instrument for trace metal analysis because it is less expensive, reliable
and more user friendly. Consequently, FAAS was used in the present study.
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CHAPTER 3

3.

MATERIALS AND METHODS

3.1

CHEMICALS

Gold

(III)

chloride

hydrate

(HAuCl4.x

H20),

polysulfone

(C27H22O4S)n.

poly(vinyl alcohol) (C2H4O)n, N,N-Dimethylformamide (C3H7NO), 99%, ethanol
(C2H6O) and Chitosan (low-, medium-, and high- molecular weight), were purchased
from Sigma-Aldrich, USA. Gelatine coarse, chemically pure was purchased from
Laboratory supplies (PTY) LTD, South Africa. Sodium hydroxide pellets (NaOH) and
silver nitrate (AgNO3 99%) were purchased from Merck, South Africa. Copper (II)sulphate-5-hydrate

(CuSO45H2O),

methanol

(CH3OH),

acetone

propanone

[(CH3)2CO], hydrochloric acid (HCl 32%), and nitric acid (HNO3 55%) were supplied
by SMM Instruments, South Africa. Glass beads 3 mm (soda glass) were supplied by
Promark chemicals, Germany.

3.2

INSTRUMENTATION

pH measurements were carried out with a Knick pH meter 766 Calimatic, (SMM
Instruments Vorna Valley, South Africa). The glassware and tassel petals were dried
using a Labcon oven model: FSOM4 (South Africa). The tassel-aqueous solution
mixtures were agitated using a Labcon shaking water bath (Laboratory Marketing
Services, South Africa). Unless otherwise stated, analysis of metal concentrations
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were done using a Varian 220FS flame atomic absorption spectrometer (FAAS)
coupled to an SPS5 (sample preparation system) and a sample introduction pump
system (SIPS). Maize tassel petals were ground into powder with a hammer mill
(Laboratory Mill 3 100 Stockholm, Sweden). Aqueous samples were pumped through
the column with a Watson Marlow 101U/R peristaltic pump (Watson-Marlow limited,
England). Textural analysis was performed using surface area and porosity analyzer
(ASAP2020 V3. 00H, Micromeritics Instrument Corporation, USA). Microstructure was
determined using a JSM–5800LV (JEOL, Japan) scanning electron microscope and a
JSM-7500F (JEOL, Japan). Thermal analysis was performed with a Perkin Elmer
TGA 4000, USA. Zeta potential measurements of the powder and immobilised tassel
at different pH values were done with a Malvern Zetasizer NanoZS (Malvern
Instruments, UK).

3.3

METHODS

3.3.1 MAIZE TASSEL POWDER PREPARATION.

The maize tassel petals were obtained from the Tshwane University of Technology
farm in Pretoria, South Africa by plucking from the mainly woody maize plants from
Bonaccord, as shown in Figure 3.1. The material was first air dried for seven days
and then thoroughly rinsed with copious amounts of deionised water until the petals
were clear of dust. The material was then placed in an air powered drying hood to
remove dripping water. Finally the tassel was dried in an oven with the temperature
set at 105 oC for 24 h to expel any moisture present. The dried material was then
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milled by a hammer mill model Laboratory Mill 3 100 (Stockholm, Sweden).
Thereafter, the milled tassel was sieved to a particle size of 500 μm sieve, as shown
in Figure 3.2.

Figure 3.1:

Map of South Africa (left) showing Bonaccord (right)
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Figure 3.2:

3.4

Maize tassel powder preparation procedure

PREPARATION OF TASSEL BEADS

3.4.1 Gelatine

Approximately 20 mL of 0.5 M HCl was added to an 80 mL beaker, and 3.0 g of
gelatine added to the HCl in batches of 1.0 g with continuous stirring until a thick
mixture was formed. Thereafter, 5 g of powdered un-sieved maize tassel was added
to the gelatine mixture in batches of 1.0 g with continuous stirring until a thick paste
was formed. Glass beads were added to the gelatine-tassel mixture and rolled into
shape covered with the paste. The beads were heated in an oven for 1 h at 100 oC
and, thereafter, stored in an airtight container before use. Gelatine beads which were
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to be used for the blank experiment were prepared in the same way except that tassel
powder was not added to the mixture. The preparations are shown in Figure 3.3. The
gelatine/tassel beads were not used in any further experiments as they leached the
tassel powder during the washing process.

(a)

Figure 3.3:

(b)

Samples of gelatine granules (a) and the gelatine/tassel beads (b)

3.4.2 Poly(vinyl alcohol)

About 8.51 g PVA was added to a 250 mL beaker containing 100 mL deionised water.
The mixture was stirred with a magnetic stirrer at 800 rpm at 80 oC for 5 h. Upon the
formation of a thick white mixture, 10 g of un-sieved tassel powder was added to the
mixture. The temperature was reduced to 50 oC. The mixture was stirred for another
1 h until the tassel powder blended well with the PVA. The mixture was removed from
the heater and allowed to cool. Once cooled, the mixture was carefully moulded into
beads and placed into a beaker containing 99% methanol. The beads were removed
from the methanol after 1 h and rinsed with deionised water until there was no colour
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leaching from the beads. Thereafter, the beads were air dried and stored in an airtight
container before use. The PVA beads which served as the blank were prepared in the
same way minus the addition of maize tassel powder. The preparations are shown in
Figure 3.4.

(a)

Figure 3.4:

(b)

Samples of PVA beads (a) and the PVA/tassel beads (b)

3.4.3 Polysulfone

Approximately 10 g of polysulfone pellets were added to a 250 mL conical flask
containing 100 mL N, N-Dimethylformamide (DMF). The mixture was stirred with a
magnetic stirrer at 800 rpm at 50 oC for 2 h until the PSF pellets had completely
dissolved in the DMF. An amount of un-sieved tassel powder weighing 10 g was
added batch wise into the mixture. The temperature was reduced to 40 oC and the
mixture was stirred for 1 h until the tassel powder had completely blended with the
PSF–DMF mixture. The mixture was removed from the heater and allowed to cool.
Upon cooling, the mixture was carefully moulded into small individual beads. The
beads were placed into a 50% ethanol mixture. The beads were removed from the
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ethanol and rinsed with deionised water. The beads were then placed in a conical
flask containing deionised water and shaken for 16 h to dislodge the DMF from the
beads. The beads were rinsed again with deionised water and then air dried. Upon air
drying, the beads were stored in an airtight container before use. Blank PSF beads
were prepared in the same way except that tassel powder was not added to the
mixture. The beads are shown in Figure 3.5.

(b)

(a)

Figure 3.5:

3.5

Samples of PSF beads (a) and PSF/tassel beads (b)

CHARACTERISATION OF ADSORBENT

3.5.1 Microstructure and elemental analysis

The surface morphology of the samples were analysed by SEM at an accelerating
voltage of 2 KV. One bead of the following, PVA/tassel bead, PVA bead, PSF/tassel
bead, PSF bead; and a 0.2 g of tassel powder, PVA/tassel powder, PSF/tassel
powder, PVA powder and PSF granules were separately mounted onto double sided
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tape and placed on a special SEM stage. The samples were sputter coated with
carbon to avoid charging. The surface morphology of the samples was obtained with
SEM mode. The instrument was then changed to EDX mode to obtain the elemental
composition of the samples.

3.5.2 Thermal analysis

The thermal stability of the samples was studied in air in an inert atmosphere.
Samples were subjected to a number of heating temperatures and an air flow of
50 mL/min. Approximately 0.1 g of tassel powder was placed into the sample holder
of the TGA instrument. The sample holder was then placed in its position and the
hood of the instrument covered. The thermal stability of the material was evaluated
over a temperature range of 30 – 300 oC. The same procedure was applied to PVA
powder, PVA/tassel powder, PSF powder, PSF/tassel powder.

3.5.3 Surface area and porosity Analysis

The specific surface area of PVA/tassel and PSF/tassel were determined from
adsorption-desorption isotherm of Nitrogen. The analysis bath temperature was set at
-196.971 oC. The Brunauer–Emmett–Teller (BET) surface area and pore size of
PVA/tassel and PSF/tassel were measured at 77 K using an Accelerated Surface
Area and Porosimetry System, ASAP 2020, from Micromeritics Co., (DuPont, USA).
The samples were degassed overnight in vacuum at 105 oC and specific surface
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areas were derived from N2 gas adsorptions–desorption isotherms (p/p0 = 0.05 to
0.20).

3.5.4 Zeta potential

An amount of the mixtures of PVA/tassel and PSF/tassel was ground into powder
using a pestle and mortar. About 50 mL of deionised water was added to a series of
100 mL volumetric flasks. The pH of the water was adjusted to 1, 5, 7 and 9, and
about 1.0 g of tassel powder added into solution with the aforementioned pH range.
The same procedure was repeated for PVA/tassel, PSF/tassel and PVA powder. The
different mixtures were agitated for 4 h at 200 rpm and 30 oC. The Zeta potential
measurements were then determined on the mixtures.

3.6

BATCH EXPERIMENTS

The metal solutions of Ag (I), Cu (II) and Au (III) were prepared by weighing known
amounts of the metal salts into a 1000 mL volumetric flask and dissolving with double
deionised water. Working solutions of the desired concentration were diluted as
required. The pH of the metal solutions was adjusted accordingly. 1 g, of adsorbent
was equilibrated with 100 mL of a known concentration of metal solution in 250 mL
conical flasks in a water bath at varied temperature and agitation speed. After
predetermined time intervals, the flasks were removed from the water bath, and the
samples filtered through a 125 mm filter paper (Machery Nagel 640 we ashless) into
100 mL volumetric flasks. The process used is shown in Figure 3.6. FAAS was used
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to determine the concentration of un–adsorbed metal concentration in solution. Cu
was used as the test metal when the capacity of the beads was evaluated. The
conditions that were established from the batch experiments using powdered tassel
for Cu(II) adsorption were thereafter applied in subsequent experiments with tassel
beads. The amount of metal sorbed by weight of tassel powder was calculated using
equation 3.1.

 mg 
V
  C 0  C e 
qe 
m
 g 

(eqn. 3.1)

where qe is the equilibrium adsorption capacity in mg/g. C0 is the initial metal
concentration in mg/L. Ce is the equilibrium metal concentration in mg/L. V is the
volume of aqueous solution in mL and m is the dry weight of the adsorbent in g/L.
The percentage of metal sorbed was calculated using equation 3.2.

 C  Ce 
 *100
%removal   0
C
0



(eqn. 3.2)

where C0 and Ce are the initial and equilibrium metal concentrations in mg/L
respectively.
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Figure 3.6: Batch experiment flow diagram

3.7

EFFECT OF OTHER IONS AND COMPETITION BETWEEN ANALYTES

In order to analyse the effect of other species on the adsorption of Cu, Ag and Au
from

aqueous

solution

by

tassel

powder,

the

solutions

of

these

metal

concentrations (mg/L) of calcium Ca2+ and potassium K+ were added. Adsorption
experiments were then carried out on the mixed solution as per batch experiments
described earlier and the filtrate analysed for unadsorbed metals. In order to test for
competitive binding among the analytes of interest mixtures of Ag, Au and Cu were
prepared accordingly and adsorption experiments were run with tassel powder. The
filtrate was then analysed for unadsorbed metals.

3.8

DESORPTION OF METALS FROM TASSEL POWDER

The pre-used tassel was rinsed with deionised water and then oven dried at 105 oC
for 12 h. The residue material portions were weighed individually and then divided
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into triplicates. The tassel was transferred into 250 mL conical flasks into which 50 mL
of leaching solution was added. The quantity of metal recovered was calculated using
equation 3.3.

C 
Qer   1 V2
 m2 

(eqn. 3.3)

where Qer is the quantity of metal recovered in mg/g. C1 is the concentration of metal
recovered from leachate in mg/L, m2 is the dry mass of tassel in mg and V2 is the
volume of stripping solution in mL.

3.9

COLUMN EXPERIMENTS

The metal solutions were prepared as described in earlier experiments. The diameter
of the column used was 25 mm with a length of 33 cm. The column was packed with
a known amount of adsorbent and supported with glass beads and glass–wool as
required, to provide support at the bottom and to prevent flotation at the top. The pH
of the solution was adjusted according to the optimum pH from the batch studies. The
effect of bed height, initial metal concentration and flow–rate were studied. All
experiments were conducted at room temperature. Metal solution was pumped
through the column at constant flow rate with a peristaltic pump. The direction of flow
was from bottom to top. The treated metal solution was collected at the outlet at
different time intervals and stored for analysis. The concentration of un-adsorbed
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metal in solution was analysed with FAAS. The column experimental setup is shown
in Figure: 3.7.

Direction of flow
Glass-wool
Glass beads
Adsorbent
Peristaltic pump

Metal
solution
Figure 3.7:

3.10

Treated
solution

Column experimental setup

APPLICATION OF DEVELOPED METHOD TO ENVIRONMENTAL SAMPLES

A photographic waste solution was obtained from a photograph development shop in
the central business district (CBD) of Tshwane; the profile of the sample was carried
out using ICP. Batch experiments were done on the sample for recovery of Ag by
adding 100 mL of sample into a series of 250 mL conical flasks. The pH was adjusted
to 2; the samples were dosed with 0.2 g of tassel powder and agitated at 150 rpm for
3 h. Another batch of samples was first diluted and the above procedure was
repeated. The sample was also run through a column containing 5 g PVA/tassel
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beads for Ag adsorption. Another sample was obtained from a mine dump in
Emalahleni which is situated in the Mpumalanga province of South Africa. The profile
of the sample was done using ICP. From the profile, the metals of interest were Au
which was present in the ppb range and Cu of which the levels were up to 5 ppm. The
pH of the sample was first adjusted to 2 to accommodate the optimum recovery of Au
and then it was adjusted to pH 3, for other samples to accommodate the optimum
recovery of Cu. The samples were dosed with 0.2 g of tassel powder and agitated at
150 rpm for 3 h. The samples were analysed with ICP and FAAS.

3.11

COMPARISON OF METAL REMOVAL BY MAIZE TASSEL AND CHITOSAN

Tassel powder was compared to chitosan by adding 0.2 g of low molecular weight,
medium molecular weight, high molecular weight chitosan and tassel powder to a
series of conical flasks containing 50 mL of 20 mg/L Cu solution. Cu solution was
used in this case since chitosan has been used to remove Cu from wastewater. The
samples at pH 4 were shaken at 150 rpm at a temperature of 25 oC. After a period of
1 h the samples were filtered into 50 mL volumetric flasks and analysed for remaining
Cu in solution by FAAS.
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CHAPTER 4

4.

RESULTS AND DISCUSSION

In this chapter, the surface properties of maize tassel, batch and column experiments
and adsorption models are discussed. All batch experiments studied the effects of
parameters such as contact time, pH, temperature, adsorbent dose, particle size,
shaking speed and solution concentration on the adsorption of the metals studied.
The results of the batch experiments are presented. It is worth mentioning that the
adsorption studies for the metals were done individually. However, in order to prevent
excessive presentation of figures, the plots for the metals studied have been put
together since similar reaction conditions were used for the metals.

4.1

SURFACE ANALYSIS OF ADSORBENT

4.1.1 Scanning electron micrographs (SEM)

Figure 4.1 shows scanning electron micrographs (SEM) of powdered tassel (a),
PVA/tassel bead (b) and PSF/tassel bead. The powdered tassel appears as
elongated fibrous material. The particles of the powdered tassel can be seen to be
tightly bound by both the PVA and PSF, although the elongated shape was still
maintained. At a closer look, the PSF appeared to have pores.
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(a)

(c)

(b)

Figure 4.1: SEM images of (a)maize tassel powder, (b)PVA-tassel bead and
(c)PSF-tassel bead

4.1.2 Energy dispersive X-ray spectrophotometry (EDX)

The powder and bead tassel observed in Figure 4.1 as well as PVA and crushed PSF
were also characterized by energy dispersive X-ray spectrophotometry (EDX) shown
in Figures 4.2 to 4.6. The carbon peak in all spectra may be partly due to the carbon
which was used to sputter coat the samples to prevent charging during analysis and
also that the samples are mostly organic and therefore have C,H and O. The
powdered tassel scan revealed the presence of oxygen (O) and silicon (Si), but there
were other species (O, Fe, Mg, Al, Si, P, Zr, Au, S, Cl, K and Ca) present on the
surface of the powdered tassel which were revealed by earlier analysis done by
Zvinowanda et al. (2008). The O and Si remained on the surface of the tassel even
after it was bound into beads (Figure 4.4 and 4.6). The presence of potassium (K),
calcium (Ca), phosphorus (P) and chlorine (Cl) on the PSF/tassel bead (Figure 4.6)
was due to the undetected species on the tassel surface. PVA powder and crushed

78

PSF were also analysed in order to see which elements were present on their
surfaces. PVA (Figure 4.3) comprised O and Na. Sulphur (S) appeared as the most
abundant element of PSF (Figure 4.5), with other elements (O, Al, Si and Ca) in
much smaller quantities.

Figure 4.2:

EDX scan of tassel powder

Figure 4.3:

EDX scan of PVA powder
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Figure 4.4:

EDX scan of PVA/tassel

Figure 4.5:

EDX scan of crushed PSF

Figure 4.6:

EDX scan of PSF/tassel
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4.1.3 Thermal Gravimetric Analysis

The thermal stability of tassel was studied in air at heating range from 50 oC to
1000 oC at 30 oC/min. The mass of the sample used was 11.976 mg. A one step
degradation between 300 oC and 400 oC was observed for tassel powder, as can be
seen in Figure 4.7. This point can be associated with the loss of moisture and volatile
compounds.

Figure 4.7:

TGA curve of tassel powder

Figure 4.8 shows the TGA curve for PVA powder. A sample of 10.1 g PVA was
analysed for its thermal stability in air at heating range from 50 oC to 1000 oC at
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30 oC/min. The PVA showed a 2 step degradation process. The 2 step degradation
occurred at 300 oC followed by 540 oC. This result is similar to those reported by
Mohsin et al. (2011), on PVA. The first degradation step was associated with the loss
of water. The second degradation step was considered to be due to the carbonation
of polymer matrix. The TGA curve for PVA/tassel is shown in Figure 4.9. PVA/tassel
showed a one stage degradation step similar to that of pure tassel. The degradation
occurred at 520 oC. This point can be attributed to the further loss of water and
volatile compounds.

Figure 4.8:

TGA curve of PVA

A two-stage degradation was exhibited by PVA as can be seen in Figure 4.8. The first
degradation occurred at 300 oC followed by

another degradation at 540 oC. The

observed two steps in Figure 4.8, was not repeated in Figure 4.9 (PVA/tassel).
Instead, a one-step degradation occurred at 520 oC. this temperature is significantly
higher than that observed for PSF/tassel in Figure 4.11.
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Figure 4.9:

TGA curve of PVA/tassel

The TGA curve for PSF is shown in Figure 4.10. PSF shows a one step degradation.
The degradation of PSF occurred around 380 oC. This one step degradation of PSF
was also reported by Rudnik and Dobkowski (1995). They attributed this to C–S bond
scission followed by elimination of SO2 and two phenyl radicals. The TGA curve for
PSF/tassel shown in Figure 4.11. PSF/tassel also exhibited a one step degradation
like that of pure PSF. This degradation occurred around 300 oC.
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Figure 4.10: TGA curve of PSF

Figure 4.11: TGA curve of PSF/tassel
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4.1.4 Surface area, pore volume and pore size analysis

The specific surface area of PVA/tassel and PSF/tassel were determined from
adsorption–desorption isotherm of Nitrogen (N2 ). The Nitrogen adsorption–desorption
plot for PVA/tassel is shown in Figure 4.12 and that for PSF/tassel in Figure 4.13. The
PVA/tassel and PSF/tassel adsorption–desorption curves were both of Type IV which
is representative of mesoporous samples (Coleman & Hench, 2000). The first part of
the isotherm is characteristic of monolayer adsorption which is completed at the
inflection point where capilary condensation begins within the mesopore structure
(Sing, 1995).This implies that PVA/tassel and PSF/tassel consist of pores which are
intermediate between micropores and macropores. The widths of mesopores are in

Quantity Adsorbed
(cm3/g STP)

the range 2–50 nm (Sing, 1995).

5
4
3
2
1
0
0

0.5

1

1.5

Relative Pressure (P/P0)
Figure 4.12: Adsorption-Desorption curve for PVA/tassel
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The BET surface area plot for PVA/tassel could not be obtained because there were
fewer than 2 points available for BET calculations. It was possible that the N2
molecules were unable to penetrate the whole existing pore space of the sample.
These results agree well to that reported by Odler, (2003) who used water vapour and
N2 to determine BET surface area of hydrated portland cement and related material.
They could not detect the BET surface area of some materials with N 2, but the same
could be determined with water vapour. Thus the BET values obtained with N 2
indicated only the magnitude of that surface which is located in pores accessible to N2

Quantity Adsorbed
(cm 3/g STP)

.
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Relative Pressure (P/P0)
Figure 4.13: Adsorption-Desorption curve for PSF/tassel

The BET plot for PSF/tassel (Figure 14) showed good linearity with a correlation
coeffient

of

0.9973,

slope

of

0.958±0.029 g/cm3 STP,

Y-intercept

of

0.156±0.004 g/cm3 STP, C of 7.15 and Qm (specific pore volume) 0.897 g/cm3 STP.
The average pore diameter calculated from the adsorption branch was 79.687 nm
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and that from the desorption branch was 57.248 nm. The BET surface area obtained
was 3.9052 m2/g.

1/[Q(P 0/P-1)]
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Figure 4.14: BET surface area for PSF/tassel

4.1.5 ZETA POTENTIAL

The Zeta potential measurements of tassel powder, PVA/tassel powder and
PSF/tassel powder at different pH values is shown in Figure 4.15. The Zeta potential
of tassel powder was positive at pH 1 and it became negative at pH 5, 7 and 9. The
addition of PVA and PSF changed Zeta potential of the tassel slightly. Since the Zeta
potential for PVA/tassel started at zero and became negative at about pH 2 and more
negative at pH 5, 7 and 9. In the case of PSF/tassel, Zeta potential became negative
after pH 5, 7 and 9. The surfaces of the powders were positive and negative at lower
and higher pH values respectively. The negative Zeta potential values suggested a
wide range of pH values in which the material can adsorb metal ions. Jin and Bai,
(2002) conducted Zeta potential of PVA, chitosan/PVA and chitosan at different pH
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values. Their results showed that chitosan has positive Zeta potentials in acidic
conditions and negative Zeta potentials in basic conditions.

Zetapotential

5
0
-5

0

5

10

Tassel
PVA/Tassel
PSF/tassel

-10
-15
-20
pH

Figure 4.15: Zeta potential measurements of tassel, PVA/tassel
and PSF/tassel powders

4.2

BATCH EXPERIMENTS OF AG(I), AU(III) AND CU(II)

4.2.1 Effect of contact time

When the effect of contact time was studied for Ag(I), 0.2 g of 500 µm tassel powder
was added to a series of 250 mL conical flasks each containing 100 mL of 5 mg/L
AgN03 solution. The pH of the solution was adjusted to 4 and the samples
equilibrated at 130 (rpm) at 25 oC. Three conical flasks containing sample were
removed from the water bath every 5 min in the first 30 min. Thereafter three flasks
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containing samples were removed from the bath on an hourly basis. The effect of
contact time on Au(III) was studied by adding a 40 mg/L solution into a series of
250 mL conical flasks containing 100 mL solution and the pH adjusted to 3. Portions
of 1.0 g tassel powder were added to the flasks which were equilibrated at 30 oC at
150 rpm. In the case of Cu(II), the effect of contact time was done with an initial Cu
(II) concentration of 20 mg/L with the pH adjusted to 4.5. 100 mL of solution was
added into a series of 250 mL conical flasks and then 1.0 g of tassel powder was
added into each flask. The temperature of the water bath was set at 25 0C and the
shaking speed set at 150 rpm. In the first 20 min three flasks containing samples
were removed after every 5 min from the water bath, and thereafter samples were
removed on an hourly basis. The plots of effect of contact time on Ag(I),Au(III) and
Cu(II) adsorption are shown in Figure 4.16.

Figure 4.16: Effect of contact time on the adsorption of Ag(I), Au(III)
and Cu(II) with tassel powder
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As can be seen in Figure 4.1, it was observed that the adsorption of Ag(I) increased
rapidly until point of saturation was reached in a period of 1 h. However, equilibration
time was prolonged for 3 h in order to be sure that maximum adsorption was attained.
The adsorption of Au(III) onto tassel powder was more gradual and can be seen to
be more time dependant than Ag(I) and Cu(II). From Figure 4.1, it took 3 h to reach
point of saturation for Au(III). The uptake of Cu(II) increased rapidly in the first 30 min
after which no increase was noticed. The very short amount of time required for the
Cu(II) to saturate the adsorption sites of the tassel implies a strong affinity of tassel
for Cu(II). Feng et al. (2009) observed that Cu(II) adsorption increased sharply with
increasing contact time from 0–30 min. Thereafter, they observed a gradual increase
until equilibrium was reached at 120 min. Aydin et al. (2008) found adsorption of Cu
(II) to increase with increasing contact time and reached maximum capacity after 3 h.
Acar and Eren (2006) also found the adsorption of Cu(II) to increase with increasing
contact time and was remarkably high in the first 10 min.

4.2.2 Effect of pH

When the effect of pH was studied for Ag(I) the same conditions used for the effect of
contact time were applied except that the pH of the samples were varied from
pH 2, pH 4, pH 6 pH 8 and pH 10 which were all equilibrated for 3 h to ensure
maximum adsorption. The conditions which were used during contact time for Au(III)
were applied for the study of pH except that the samples were equilibrated for 3 h
with the pH of the samples varied from pH 2, pH 4, pH 6, and pH 8. The same
conditions used for the effect of contact time were applied for Cu(II), except that the
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samples were equilibrated for 1 h at pH 1, pH 4, pH 6 and pH 7. Figure 4.17 shows
the plots of effect of pH on adsorption of Ag(I), Au(III) and Cu(II).

Figure 4.17: Effect of pH on the adsorption of Ag(I), Au(III) and
Cu(II) with tassel powder

Maximum Ag(I) recovery from the synthetic solution was achieved at pH 2, after
which the amount of Ag(I) removed from the solution decreased as the pH increased.
The results are similar to those reported by Tunceli and Turker (2000), who found the
maximum Ag(I) removal from synthetic aqueous solution using Amberlite XAD-16 to
occur at pH 2. pH 2 was thereafter used in subsequent experiments for Ag(I). A
similar trend was observed for Au which can be seen in Figure 4.17. pH 2 was then
used in subsequent experiments for Au(III). Minimum Cu(II) adsorption took place at
pH 1, The observed low adsorption of Cu can be explained as follows: The
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concentration of H+ ion in an acidic solution is relatively high and they tend to fill up
the binding sites on the sorbent’s surface. The H+ ions also create a repulsive
electrostatic force for the on-coming cations. Adsorption was, therefore, low in highly
acidic solutions (pH 1). Maximum Cu(II) adsorption was achieved at pH 4 and,
therefore, adsorption of Cu was most favourable in less acidic solutions because such
solutions contained few competing H+ ions and consequently, electrostatic repulsions
were low. A further increase in pH caused the removal percentage to decrease
because copper may have precipitated at pH 7. These results coincide with what has
been reported by Yu et al. (2000) who studied the adsorption of Cu (II) using sawdust
varying pH of solution from 2.0 to 10. They observed that the adsorption increased
with increasing pH up to pH 7. Thereafter, the adsorption began to decrease as the
pH increased above 7. Feng et al. (2009) also found the adsorption of Cu (II) to
increase with increasing pH. They achieved minimum adsorption of 21.1% at pH 2
and maximum adsorption of 94.6% at pH 6. The adsorption was seen to decrease
when the pH was increased above 6.

4.2.3 Effect of temperature

The conditions obtained in 4.2.1 and 4.2.2 were applied to assess the effect of
temperature on the adsorption of metal ions. The effect of temperature for Ag(I) was
studied at 0 oC, 10 oC, 15 oC, 30 oC, 40 oC, 50 oC, 60 oC, 70 oC, 80 oC and 90 oC.
Temperature studies for Au(III) were done at 10 oC, 20 oC, 30 oC, 40 oC and 50 oC.
With Cu(II), the samples were equilibrated at varying temperatures of 20 oC, 25 oC,
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30 oC, 40 oC and 50 oC. The results of the temperature experiments are shown in
Figure 4.18.

(oC)

Figure 4.18: Effect of temperature on the adsorption of Ag(I), Au(III)
and Cu(II) with tassel powder

From Figure 4.18, the temperature seemed to have a significant impact on the
adsorption of Ag(I) since the amount of metal ions adsorbed increased with
increasing temperature until at 30 oC, after which the amount adsorbed began to
decrease. The optimum operating temperature of 30 oC was used in further
experiments. Au(III) and Cu(II) appeared to not be too dependant on temperature.
Both Au(III) and Cu(II) showed very slight increases in the amount adsorbed with
increasing temperature. Hence, 25 oC was taken as the optimum temperature for both
Au and Cu(II).
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4.2.4 Effect of metal ion concentration

The effect of metal ion concentration for Ag(I) was studied at 12 mg/L, 20 mg/L,
40 mg/L, 60 mg/L, 80 mg/L and 100 mg/L, while the effect of Au(III) concentration
was studied at 5 mg/L, 10 mg/L, 20 mg/L, 40 mg/L, 60 mg/L, 80 mg/L and 100 mg/L.
Cu(II) concentrations of 20 mg/L, 40 mg/L, 60 mg/L, 80 mg/L and 100 mg/L were
used for the study of effect of concentration on Cu(II) adsorption. The effects of
different metal ion concentrations on the adsorption of Ag(I), Au(III) and Cu(II) are
shown in Figure 4.19.

Figure 4.19: Effect of metal ion concentration on the adsorption of
Ag(I), Au(III) and Cu(II) with tassel powder
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As can be seen in Figure 4.19, the amount of Ag(I), Au(III) and Cu(II) adsorbed
increased with increasing solution concentration. However, the increase observed for
Ag(I) was more rapid than the other two metals, Au(III) and Cu(II). In fact the
adsorption of Au(III) and Cu(II) were more or less the same as can be seen in
Figure 4.19. The manner in which these metals are adsorbed onto tassel powder is
rarely observed. However, some researchers have reported similar results and have
attributed this to a high driving force for mass transfer (Özer et al., 2004;
Mukhopadhyay et al., 2006; Aydin et al., 2008; Najim et al., 2009). Mukhopadhyay
et al. (2006) observed that as the metal ion concentration increased, biosorption
capacity also increased when they studied the adsorption of Cu(II) using Aspergillus
niger biomass. Aydin et al. (2008) observed that sorption capacity increased with
increasing metal ion concentration. Najim et al. (2009) also observed an increase in
the amount of metal adsorbed with increasing metal concentration.

4.2.5 Effect of agitation

For the effect of agitation on Ag(I) and Au(III) adsorption, the samples were
equilibrated at 50 rpm, 100 rpm, 150 rpm, 200 rpm and 250 rpm. For Cu(II) the
samples were equilibrated at 20 rpm, 40 rpm, 60 rpm, 80 rpm, 100 rpm, 150 rpm,
200 rpm and 250 rpm. Figure 4.20 shows the effect of agitation on adsorption of
Ag(I), Au(III) and Cu(II).
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Figure 4.20: Effect of agitation speed on the adsorption of Ag(I), Au(III)
and Cu(II) with tassel powder

From Figure 4.20, the agitation speed did not affect the adsorption of Ag(I) much, but
increase above 200 rpm caused a decrease in the adsorption process. Consequently,
200 rpm was then taken as the optimum operating speed for Ag(I) and used in further
experiments. A similar trend was observed for Au(III). This implies that the sorption of
these metals onto tassel powder is not dependant on agitation. The amount of Cu(II)
ions adsorbed increased with increasing agitation; this implies that the increase in
shaking speed enhanced the contact between the active sites and the metal ions
(Demirba et al., 2002). The results obtained for the adsorption of C(II) agree to the
results reported by Acar and Eren (2006), who studied the adsorption of Cu(II) on
sawdust with agitation speed of 100 and 200 rpm. 200 rpm was chosen as the
shaking speed for copper in further experiments.
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4.2.6 Effect of particle sizes

Different particle sizes of tassel (500 ≤ 300 µm; 300 ≤ 150 µm; 150 ≤ 50 µm and
50 ≤ 0 µm) were used to study the effect of adsorbent particle sizes on the adsorption
of Ag(I), Au(III) and Cu(II) (Figure 4.21). Batches of 100 mL Ag(I) and Au(III) solutions
were dosed with 0.2 g of the various particle sizes and Cu(II) dosed with 1.0 g of
each.

(µm)

Figure 4.21: Effect of particle size on the adsorption of Ag(I), Au(III)
and Cu(II) with tassel powder

From Figure 4.21, the 150 ≤ 50 µm particle sizes adsorbed the highest amount of
Ag(I); this can be attributed to the possession of large surface area, although not
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determined. With Au(III), the 500 ≤ 300 µm particle sizes adsorbed the most amount
and with Cu(II) 50 ≤ 0 µm particle sizes exhibited the highest amount followed by the
150 ≤ 50 µm. These particle sizes (50 ≤ 0 µm and 150 ≤ 50 µm) had large surface
areas. This trend was also observed for Au(III), although adsorption picked up
marginally at 500 µm. with respect to Cu(II) no significant difference was observed as
can be seen in Figure 4.21.

4.2.7 Effect of adsorbent dose

Figure 4.22 shows the plots of the effect of adsorbent dose on the adsorption of Ag(I),
Au(III) and Cu(II) with tassel powder. For the effect of adsorbent dose Ag(I), Au(III)
and Cu(II) solutions were dosed with 0.2 g, 0.5 g, 1.0 g, 2.0 g and 5.0 g of tassel
powder. The amount of metal ions adsorbed for Ag(I), Au(III) and Cu(II) was observed
to decrease with increasing amount of adsorbent. This may be attributed to the
unsaturation of adsorption sites during the adsorption process. A similar trend has
been reported in other studies (Mukhopadhyay et al., 2006; Aydin et al., 2008;
Kalavathy and Miranda 2010). For all the metal ions, the highest adsorption was
within less than 0.5 g. This is a great advantage because a minimum amount of
adsorbent will be required per 100 mL of wastewater. Furthermore, the presence of
available active sites is independent of the adsorbent dose.
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Figure 4.22: Effect of adsorbent dosage on the adsorption of Ag(I),
Au(III) and Cu(II) with tassel powder

4.3

ADSORPTION ISORTHERMS

The adsorption of Ag(I), Au(III) and Cu(II) from aqueous solution using maize tassel
powder was modelled using the Langmuir and Freundlich isotherms. The Langmuir
isotherm plots for Ag(I), Au(III) and Cu(II) are shown in Figure 4.23. The experimental
curves for all three elements do not fit to those predicted by the Langmuir isotherm.
This means that the uptake of the ions did not occur through monolayer adsorption,
but through another process. The R2 values for Ag(I), Au(III) and Cu(II) were 0.017,
0.324 and 0.474 respectively.

Figure 4.24 shows the Freundlich isotherm plots for Ag(I), Au(III) and Cu(II). The
experimental curves are closely fitted the predicted Freundlich isotherm. This means
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that the surface of maize tassel used in the present study was heterogeneous. The R2
values for Ag(I), Au(III), and Cu(II) were 0.904, 0.747 and 0.925 respectively. The
values for the Freundlich constant n which were determined from the intercept of the
plot, were 0.9358, 0.5338 and 0.7446 for Ag(I), Au(III) and Cu(II) respectively. The n
values were all less than 1 for all three metals, which implies that the adsorption
process was mainly physical in all three cases. Seeing that both the R 2 and n values
for Au(III) are less than the values for Ag(I) and Cu(II), it means that the adsorption of
Ag(I) and Cu(II) on maize tassel was more favourable than that of Au. Xiong and Wu
(2003) found that the adsorption of Cu (II) fitted the Freundlich isotherm with R2 value
of 0.9987. Avci et al. (1996) however, found the adsorption of gold to fit well to the
Freundlich isotherm. Pethkar and Paknikar (1998) also found the adsorption of Au(III)
to fit well to the Freundlich isotherm with an R2 value of 0.9906.

Figure 4.23: Langmuir isotherm plot for the adsorption of Ag(I), Au(III)
and Cu(II) with maize tassel powder
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Figure 4.24: Freundlich isotherm plot for the adsorption of Ag(I), Au(III)
and Cu(II) with maize tassel powder

4.4

COMPETITION BETWEEN AG(I), AU(III) AND CU(I)

Mixtures of Ag(I), Au(III) and Cu(II) at high (100 mg/L) and low (10 mg/L)
concentrations were prepared to study the effect of ionic competition between the
elements in solution. The first batch was adjusted to pH 2 to accommodate Ag(I) and
Au(III), and the second batch adjusted to pH 4 to accommodate the adsorption of
Cu(II). The samples were dosed with 0.2 g, 0.5 g, 1.0 g, 2.0 g and 5.0 g of unsieved
tassel powder. Figure 4.25 shows the adsorption for 100 mg/L solution at pH 2 and
Figure 4.26 the adsorption for 10 mg/L at pH 2. The adsorption for 100 mg/L at pH 4
and 10 mg/L at pH 4 is shown in Figures 4.27 and 4.28 respectively. In Figure 4.25,
Ag(I) and Au(III) were adsorbed more than Cu(II) at both pH values. These three
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elements are in the same group on the periodic table, so they show some common
properties. The same trend of decreasing adsorption with increasing adsorbent dose
which was observed with the individual batch studies was still observed with the
mixtures. Chen et al. (2011) studied adsorption from mixtures of Au(III) and Cu(II),
and Ag(I) and Cu(II) at different pH values using chitosan and silk sericin. Their
results showed that Au (III) was adsorbed more than Cu(II) from the Au(III)/Cu(II)
mixture. Similarly, Ag(I) was adsorbed more than Cu(II) from the Ag(I)/Cu(II) mixture.
The observed trend could be attributed to increase in ionic radii from Cu(II) to Au(III).
The bigger the ionic radius the closer the ion is to the active site. Favourable pH 2
may also have contributed to the observed trend.

Figure 4.25: Adsorption of Ag(I), Au(III) and Cu(II) from 100 mg/L solution at pH 2
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Figure 4.26: Adsorption of Ag(I), Au(III) and Cu(II) from 100 mg/L solution at pH 4

With the 10 mg/L solution, the same trend of decrease in adsorption with increasing
adsorbent dose was still observed. At pH 2, Ag(I) and Au(III) are adsorbed more than
Cu(II). pH 2 was the optimum pH obtained for both Ag(I) and Au(III). The role of pH
on ionic competition is repeated in Figure 4.28, where the adsorption of Cu(II) was the
highest. These observations support the earlier report on the effect of pH on the
adsorption of these metal ions. Cu(II) was most adsorbed at pH 4 since this was the
optimum pH obtained during individual element batch studies.
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Figure 4.27: Adsorption of Ag(I), Au(III) and Cu (II) from 10 mg/L solution at pH 2

Figure 4.28: Adsorption of Ag(I), Au(III) and Cu(II) from 10 mg/L solution at pH 4
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4.5

EFFECT OF OTHER IONS ON THE ADSORPTION OF AG(I), AU(III) AND
CU(II)

The effects of K+ and Ca

2+

on the adsorption of Ag(I), Au(III) and Cu(II) with maize

tassel was studied in batch mode in various concentrations. The amounts of Ag(I),
Au(III) and Cu(II) adsorbed increased with increasing concentration as can be seen in
Figures 4.29 (a) and (b); 4.30 (a) and (b); 4.31 (a) and (b). The concentrations of K+
and Ca

2+

showed no signs of removal and increased more than the initial

concentration of the solutions used. The presence of these metals in solution
marginally influenced the adsorption of Ag(I), Au(III) and Cu(II) with maize tassel. The
observed increase in K+ and Ca

2+

may have come from the maize tassel since

elemental analysis of maize tassel showed the presence of K + and Ca 2+.
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Figure 4.29: Influence of K+ (a) and Ca2+ on the adsorption of Ag(I)
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Figure 4.30: Influence of K+ (a) and Ca2+ (b) on the adsorption of Au(III)

Figure 4.31: Influence of K+ (a) and Ca 2+ (b) on the adsorption of Cu(II)
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The non interference of K+ and Ca

2+

to the adsorption of Ag (I), Au (III) and Cu(II)

may have been due to the smaller ionic radii possessed by K + and Ca

2+

. The larger

ionic radii possessed by the Cu(II) group may have prevented the K + and Ca

2+

ions

from reaching the active sites. However, the interference of K+ appeared to be more
effective than Ca 2+, particularly for Ag(I) and Cu(II).

4.6

DESORPTION OF AG(I), AU(III), AND CU(II) FROM MAIZE TASSEL

The adsorbed Cu(II) was leached from the tassel with 0.2 M, 0.5 M, 1 M and 5 M
HNO3 as well as with 1 M, 2 M and 5 M citric acid (C6H8O7 ). The amount of Cu(II)
recovered (qer(mg/g) from the tassel with HNO3 and C6H8O7 are shown in Tables 4.1
and 4.2 respectively. The highest (qer(mg/g) value was achieved with 0.2 M HNO3.
there was, however, not much difference in qer values obtained with the HNO3 and
C6H8O7 . HNO3 was preferred over C6H8O7 as a desorption solvent, because the qer
values for HNO3 decreased with increasing concentration. The less concentrated the
leaching solution was the more favourable it was for use. HNO3 was used throughout
the study as a desorption agent.
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Table 4.1: Desorption of Cu(II) with HNO3
Desorption Co
Conc (M)

(mg/L)

Ce(mg/L)

Dose(g)

V(mL)

qer(mg/g)

%Recovery

0.2

15.69

13.90

0.2

0.05

3.475

88.59

0.5

14.12

12.22

0.2

0.05

3.055

86.54

1.0

14.52

12.00

0.2

0.05

3.0

82.64

5.0

13.77

10.77

0.2

0.05

2.6925

78.22

Table 4.2: Desorption of Cu(II) with C6H8O7
Desorption Co
Conc (M)

(mg/L)

Ce(mg/L)

Dose(g)

V(mL)

qer(mg/g)

%Recovery

1

13.98

11.91

0.2

0.05

2.977

85.19

3

12.32

11.72

0.2

0.05

2.93

95.12

5

13.84

13.62

0.2

0.05

3.46

98.41

Table 4.3 shows the desorption of Ag(I) from maize tassel with 0.5 M, 1 M, 1.5 M and
2 M HNO3. The recovery of Ag(I) was very low compared to the recovery of Cu(II).
HNO3 was not considered a good desorption agent for Ag(I) from maize tassel.
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Table 4.3: Desorption of Ag(I) with HNO3
Desorption

Co

conc(M)

(mg/L)

Ce(mg/L)

dose(g) V(mL)

qer(mg/g) %Recovery

0.5

10.01

0.56

1.0

0.05

0.028

5.59

1.0

9.8

0.22

1.0

0.05

0.011

2.25

1.5

9.44

0.45

1.0

0.05

0.023

4.77

2.0

60

10.59

1.0

0.05

0.529

17.65

Table 4.4 shows the desorption of Au(III) from maize tassel with 0.2 M, 0.5 M, 1 M
and 5 M HNO3. The qer values obtained for Au(III) were less compared to those for
Cu(II), but were much more than those for Ag(I). The qer values are decreasing with
increasing concentration.

Table 4.4: Desorption of Au(III) with HNO3
leaching

Co

conc(M)

(mg/L)

Ce(mg/L)

dose(g) V(mL)

qer(mg/g) %Recovery

0.2

10

6.45

0.2

0.05

1.6125

64.5

0.5

10.33

4.55

0.2

0.05

1.1375

44.1

1

10.57

5.63

0.2

0.05

1.4075

53.3

5

9.62

5.22

0.2

0.05

1.305

54.3
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4.7

BATCH EXPERIMENTS WITH TASSEL BEADS

Figure 4.32 shows the adsorption of Cu(II) with PVA, PSF, PVA/tassel and
PSF/tassel beads. About 1.0 g of PVA, PSF, PVA/tassel and PSF/tassel beads were
added to a series of conical flask containing 50 mL of 20 mg/L Cu(II) solution at pH 4.
The mixtures were agitated for 1 h at 200 rpm and 25 oC. Cu(II) was used as the test
metal, because it has been extensively studied and it is one of the easiest metals to
work with. The PVA and PSF beads did not adsorb a significant amount of Cu(II) from
solution. This qualifies them as good solidifying agents since they add very little to the
adsorption process. Hardin and Admassu (2005) reported that PSF did not take part
in the adsorption process. The amounts of Cu(II) adsorbed by PVA/tassel and
PSF/tassel beads were 0.492 mg/g and 0.536 mg/g respectively. As can be seen in
Figure 4.32 PSF/tassel beads adsorbed more Cu(II) than the PVA/tassel by
0.044 mg/g.

0.6
qe (mg/g)

0.5
0.4
0.3
0.2
0.1
0
PVA

PSF

PVA/tassel PSF/tassel

Figure 4.32: Adsorption of Cu(II) with PVA, PSF, PVA/tassel and PSF/tassel beads
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4.8

COLUMN STUDIES

4.8.1 Effect of flow rate on Cu(II) adsorption with PVA/tassel beads

The effect of flow rate on Cu(II) adsorption with PVA/tassel beads packed in a column
was studied at 0.8 mL/min and 2.33 mL/min (Figure 4.33). The breakthrough volume
and exhaustion point for 2.33 mL/min came earlier than 0.8 mL/min. The
breakthrough volume for 0.8 mL/min was achieved at 1680 mL in 2100 min, for
2.33 mL/min the breakthrough volume was reached at 1540 mL at 660 min. The
breakthrough curve occurred much faster with an increase in flow rate, because the
adsorbate had little contact with the adsorbent with slow flow rate. There was
however only a difference of 140 mL between the two breakthrough curves, and
because it took less time with the faster flow rate it was used throughout the column
studies.

Figure 4.33: Effect of flow rate on Cu(II) adsorption with PVA/tassel beads
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4.8.2 Effect of metal ion concentration on Cu(II) adsorption with PVA/tassel beads

When the influent concentration was increased from 20 mg/L to 40 mg/L and the
pump rate was at 2.33 mL/min, the breakthrough volume for 40 mg/L occurred before
the 20 mg/L (Figure 4.34). With 40 mg/L, the breakthrough volume was reached at
840 mL with 360 min and for 20 mg/L the breakthrough was reached at 1540 mL
within 660 min. The faster breakthrough time for 40 mg/L indicated that less
adsorption took place in the column and the effectiveness of the adsorbent material
was reduced due to more metal ions being fed through the column at a time.

Figure 4.34: Effect of metal ion concentration on Cu(II) adsorption
with PVA/tassel beads
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4.8.3 Effect of bed height on Cu(II) adsorption with PVA/tassel beads

When the effect of bed height was studied, the influent concentration was kept at
20 mg/L and the flow rate at 2.33 mL/min (Figure 4.35). The bed height was varied at
4 cm and 8 cm. The 4 cm breakthrough occurred at 1540 mL in 660 min, and came
much faster than the 8 cm breakthrough which occurred at 6020 mL in 2580 min.
Increase in bed height resulted in an increase of contact time and, therefore, more
adsorption was achieved.

Figure 4.35: Effect of bed height on Cu(II) adsorption with PVA/tassel beads

4.8.4 Adsorption of Ag(I) and Au(III) on PVA/tassel beads

The adsorption of Ag(I) in packed bed column was studied with 12 mg/L solution at
pH 2. The bed height was 4 cm and the flow rate was at 2.33 mL/min (Figure 4.36).
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The adsorption of Au(III) was studied with 20 mg/L at pH 2, with the flow rate and bed
height at 2.33 mL/min and 4 cm respectively. The breakthrough volume for Ag(I)
occurred at 2660 mL in 1140 min and that for Au(III) at 1960 mL in 840 min.
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Figure 4.36: Breakthrough curves for Ag(I) and Au(III) in different
columns with PVA/tassel beads

4.8.5 Effect of flow rate on adsorption of Cu(II) with PSF/tassel beads

The parameters studied for PVA/tassel beads were also studied for PSF/tassel
beads. The effect of flow rate on adsorption of Cu(II) with PSF/tassel in packed bed
column was studied with flow rates 0.8 mL/min and 2.33 mL/min (Figure 4. 37). The
Cu(II) concentration was 20 mg/L at pH of 4 and bed height of 4 cm. The
breakthrough volume for 0.8 mL/min was reached at 1632 mL in 2040 min and came
before the breakthrough for 2.33 mL/min. The shift in the breakthrough curve is
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however, minimal such that using the faster flow rate rendered adsorption with
PSF/tassel beads time efficient.

Figure 4.37: Effect of flow rate on Cu(II) adsorption with PSF/tassel beads

4.8.6 Effect of metal ion concentration on adsorption of Cu(II) on PSF/tassel beads

The effect of influent metal ion concentration on adsorption of Cu(II) on PSF/tassel
beads was studied with concentrations of 20 and 40 mg/L solutions (Figure 4.38). The
pH was at 2, the flow rate was 2.33 mL/min and the bed height was 4 cm. The
breakthrough curve for 40 mg/L was reached 2100 mL in 900 min and that for
20 mg/L was reached at 700 mL in 300 min. The breakthrough curve was significantly
affected by an increase in concentration from 20 mg/L to 40 mg/L resulting in the
breakthrough occurring faster. The reason for this was that the adsorption beads
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saturated much quicker when the influent concentration was high. Futalan et al.
(2011) found the adsorbent to saturate quicker with increase in Cu(II) concentration.

Figure 4.38: Effect of metal ion concentration on Cu(II) adsorption with
PSF/tassel beads

4.8.7 Effect of bed height on adsorption of Cu(II) on PSF/tassel beads

The effect of bed height on adsorption of Cu(II) on PSF/tassel beads was studied with
20 mg/L solution at pH 2. The bed heights were 4 and 8 cm and the column was
pumping at 2.33 mL/min (Figure 4.39). The breakthrough for 4 cm was at 2100 mL in
900 min and that for 8 cm was at 3220 mL in 1380 min. The breakthrough time and
exhaustion points increased with increasing bed height. The reason for the increase
was that as the bed height increased the length of time spent in the column also
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increased. This resulted in more adsorption taking place. Futalan et al. (2011) found
the adsorption of Cu(II) to increase with increasing bed height. Salamantini et al.
(2008) also found the adsorption of Cu(II) and Zn(II) to increase with increasing bed
height.

Figure 4.39: Effect of bed height on Cu(II) adsorption with PSF/tassel beads

4.8.8 Comparison of the adsorption of Cu(II) with maize tassel powder, and beads

Figure 4.40 compares the adsorption of Cu(II) at 20 mg/L on maize tassel powder,
PVA/tassel beads, PSF/tassel beads, PVA beads and PSF beads. The influent
solution was at pH 2, pumped at a flow rate of 2.33 mL/min. The columns were
packed up to 8 cm. As can be seen in Figure 4.40, the contribution of blank PVA and
PSF beads to the adsorption process was considered insignificant as already seen
with the results for batch experiments with the beads. The breakthrough values for
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tassel powder, PVA/tassel beads and PSF/tassel beads occurred at 5660 mL in
2340 min, 6020 mL in 2580 min and 3220 mL in 1380 min respectively. The
breakthrough curve for PSF/tassel beads occurred faster than that for tassel powder
followed by the PVA/tassel beads. The slower breakthrough times for tassel powder
can be attributed to the large surface area exhibited by the small tassel particles. The
PVA/tassel beads and PSF/tassel beads had similar surface area. The PVA/tassel
beads, however, have the characteristic of expanding and closely sticking to each
other when exposed to liquid samples. This characteristic allowed for maximum
contact of the adsorbate with the PVA/tassel beads. The PSF/tassel beads, however,
when packed into the column had voids and thus, some solution went through the
column without much contact with adsorbents. Further experiments with PSF/tassel
beads were discontinued following this observation.
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Figure 4.40: Adsorption of Cu(II) with maize tassel powder and beads
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4.9

MODELING OF BREAKTHROUGH CURVES

4.9.1 Thomas model

The behaviour of the column was modelled using the Thomas model. The influence
of flow rate, concentration and bed height on the adsorption of Cu(II) with PVA/tassel
beads are shown in Figures 4.41, 4.42 and 4.43 respectively. With respect to flow
rate and solution concentration (Figures 4.41-4.42) the R2 values for 0.8 mL/min and
2.33 mL/min were 0.841 and 0.81 respectively for flow rate; while those for
concentration were 0.368 and 0.637 for 20 mg/L and 40 mg/L respectively. However
a near perfect fit of the Thomas model was observed with plots on the bed height of
8 cm. The 8 cm breakthrough curve yielded an R2 value of 0.9272.

Figure 4.41: Thomas model plot on the influence of flow rate for the
adsorption of Cu(II) with PVA/tassel beads
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Figure 4.42: Thomas model plot on the influence of concentration
for the adsorption of Cu(II) with PVA/tassel beads

Figure 4.43: Thomas model plot on the influence of bed height for
the adsorption of Cu(II) with PVA/tassel beads
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The Thomas model plots for Ag(I) and Au(III) are shown in Figure 4.44. The
experimental results for both Ag(I) and Au(III) were closely related to those predicted
by the Thomas model. The R2 values for both Ag(I) and Au(III) were 0.9901 and
0.9105 respectively.

Figure 4.44: Thomas model plots on the adsorption of Ag(I) and Au(III)
with PVA/tassel beads

4.9.2 Adams-Bohart model

The experimental results shown in Figures 4.45 (flow rate), 4.46 (concentration) and
4.47 (bed height) show the Adams-bohart model plots for the adsorption of Cu(II) with
PVA/tassel beads. The results were found to be closely related to those predicted by
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the Adams-Bohart model. This model assumes that the adsorption process is
continuous and the equilibrium is not attained instantaneously (Kalavathy et al.,
2010). The R2 values for the flow rates 0.8 mL/min and 2.33 mL/min were 0.9745 and
0.9952 respectively (Figure 4.45). The R2 values for concentrations
20 mg/L and 40 mg/L were 0.9952 and 0.9411 respectively (Figure 4.46). The R2
values for bed heights 4 cm and 8 cm were 0.9952 and 0.9606 respectively (Figure
4.47). The results obtained for Cu(II) are similar to those reported by Salamantini
et al. (2008). They used sodium hydroxide-modified oil palm front in a fixed–bed
column for the adsorption of Cu(II) and Zn(II). The results showed that the adsorption
of both metals fitted the Adams–Bohart model.

Figure 4.45: Adams-Bohart model plot for influence of flow rate on the
adsorption of Cu(II) with PVA/tassel beads
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Figure 4.47: Adams-Bohart model plot for influence of bed height
on the adsorption of Cu(II) with PVA/tassel beads
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The Adams-Bohart model plots for the adsorption of Ag(I) and Au(III) with PVA/tassel
beads are shown in Figure 4.48. The initial concentration of Ag(I) was
12 mg/L at pH 2, and that for Au(III) was 20 mg/L at pH 2. The bed heights were
4 cm with a flow rate of 2.33 mg/L in both cases. The adsorption of Au(III) was found
to be a closer fit to the prediction of Adams-Bohart with R2 value of 0.9676. Ag(I)
adsorption showed a better fitting to the Thomas model than the Adams-Bohart model
with an R2 value of 0.8886.
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Figure 4.48: Adams-Bohart model plots for the adsorption of Ag(I)
and Au(III) with PVA/tassel beads
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4.10

COLUMN REGENERATION

4.10.1 Desorption of Cu(II) from tassel powder and beads

The adsorbed Cu(II) was leached from tassel powder, PVA/tassel beads and
PSF/tassel beads with 0.1 M HNO3 with a flow rate of 2.33 mL/min. The observation
from Figure 4.49 was that 300 mL of 0.1 M HNO3 was required to leach all the
adsorbed Cu(II) from 10.0 g tassel power and 10.0 g PVA/tassel powder; while
500 mL of 0.1 M HNO3 was required to leach all the Cu from PSF/tassel beads
preloaded with 20 mg/L of Cu(II) as feed concentration.

Figure 4.49: Desorption of Cu(II) from tassel powder, PVA/tassel beads
and PSF/tassel beads
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4.10.2 Desorption of Ag(I) and Au(III) from PVA/tassel beads.

Ag(I) and Au(III) were also leached from PVA/tassel beads with 0.1 M HNO3
(Figure 4.50). About 500 mL of acid was required to completely leach out the
adsorbed Ag(I) from the beads preloaded with 12 mg/L Ag(I) solution. To completely
leach out Au(III) from the beads preloaded with 20 mg/L as feed solution, 350 mL of

Concentration (mg/L)

0.1 M HNO3 was required.
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Figure 4.50: Desorption of Ag(I) and Au(II) from PVA/tassel beads

4.10.3 Reuse of PVA/tassel and PSF tassel beads

The pre-used beads were washed with 500 mL deionised water and again loaded
with 20 mg/L Cu(II) solution. The solution was at pH 4 and the feed rate at 2.33 mg/L,
the bed height was kept at 8 cm. The breakthrough and saturation times were
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gradually decreased in the case of both bead types (Figure 4.51). This implies that
the beads may have deteriorated during the leaching process.
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Figure 4.51: Breakthrough curves for the adsorption of Cu with beads
during the second cycle

4.11

APPLICATION OF DEVELOPED METHOD TO ENVIRONMENTAL SAMPLES

4.11.1 Application of method to wastewater from a mine dump.

The method developed for Au(III) and Cu(II) in the column experiment was applied to
the wastewater from the mine dump. The elemental profiling of the wastewater from
the mine dump was done with ICP. The profile is shown in Table 4.5 below.
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Table 4.5: Elemental profile of wastewater from a mine dump
Metal

Concentration (mg/L)

Au

1.64

Cu

5.4

Pb

3.26

Zn

12.23

The following elements were found in the sample at very low levels
B, Ca, Cd, Ce, Cl, Eu, Fe, Gd, K, La, Mn, Na, Nd, Sc, Si, Sr, Ti, Y, and Yb.

4.11.1.1 Adsorption of Au(III), Cu(II), Pb(II) and Zn(II) from mine dump water

Figure 4.52 shows the breakthrough curves for Au(III), Cu(II), Pb(II) and Zn(II). The
bed height of column was 8 cm. The solution was adjusted to pH 2 and fed through
the column at a rate of 2.33 mL/min. The breakthrough volume for Au(III) was
reached first, followed by Pb(II), Cu(II) and Zn(II). The adsorption onto PVA/tassel
beads was much more favourable for Zn(II) at the beginning, but after the
breakthrough was reached the saturation point was quickly obtained. The
breakthrough time for Cu(II) came before that of Zn(II), but its saturation point came
way after that of Zn(II). The adsorption of Au(III) was less favourable as ions were in
competition with other ions in solution.
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Figure 4.52: Breakthrough curves for the adsorption of Au(III), Cu(II) Pb(II)
and Zn(II) using PVA/tassel beads

4.11.1.2 Application of Thomas model

Thomas model graphs for Au(III), Cu(II), Pb(II) and Zn(II) are shown in Figure 4.53.
The R2 values for Au(III) , Cu(II) and Pb(II) were 0.8932, 0.8622 and 0.8618
respectively. The Thomas model was not the best model to describe the adsorption of
Au(III) , Cu(II) and Pb(II). However, the model best described the adsorption of Zn(II)
with an R2 value of 0.9804. This implies that the adsorption of Zn(II) on PVA/tassel
beads obeys second order reversible reaction kinetics.
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Figure 4.53: Thomas model plots for the adsorption of Cu(II), Au(III) Pb(II) and
Zn(II) in wastewater from a mine dump using PVA/tassel beads

4.11.1.3 Application of Adams-Bohart model

Adams-Bohart model was applied to the breakthrough curves for Au(III), Cu(II), Pb(II)
and Zn(II). The plots are shown in Figure 4.54. The R2 values for Au(III), Cu(II) and
Pb(II) were 0.9733, 0.9065 and 0.9624 respectively. This implies that the adsorption
process was continuous and equilibrium was not attained instantaneously.
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Figure 4.54: Adams-Bohart model plots for the adsorption of Cu(II), Au(II),
Pb(II) and Zn(II) in wastewater from a mine dump using PVA/tassel
beads

4.11.1.4 Regeneration of Adsorbent

The adsorbed Au(III), Cu(II), Pb(II) and Zn(II) were desorbed from the beads with
0.1 M HNO3 (Figure 4.55). About 550 mL of 0.1 M HNO3 was required to leach all the
adsorbed Cu(II). For Au(III), volumes of 350 mL and 400 mL of 0.1 M HNO3 were
required to leach the metals from the beads.
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Figure 4.55: Desorption of Au(III), Cu(II), Pb(II) and Zn(II) from PVA/tassel beads

4.12

APPLICATION OF DEVELOPED METHOD FOR THE REMOVAL OF AG(I)

4.12.1 Batch experiments with tassel powder

The optimum working conditions obtained using simulated Ag(I) solution was applied
to the removal of Ag(I) from photographic development waste solution. The elemental
profile of the photographic waste is shown in Table 4.6.
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Table 4.6: Elemental profile of photographic fix spent solution
Metal

Concentration (mg/L)

Silver (Ag+)

1000.00

Potassium (K+)

7177.86

Sodium (Na+)

1323.00

Iron (Fe3+)

1213.00

Magnesium (Mg2+)

42.00

Copper (Cu2+)

0.45

Nickel (N)

0.57

Zinc (Zn2+)

1.43

The concentration of Ag(I) in the raw solution was 1000 mg/L at pH 8.68. The pH of
the solution was adjusted to 2.0 as per developed method. After subjecting the raw
solution to treatment with 1.0 g tassel, the results showed minimal silver removal. It
was, therefore, deemed necessary to dilute the solution and evaluate the removal
rate. The solution was diluted with de-ionised water by a ratio of 1:1. The diluted
solution which was at a concentration of 500 mg/L was subjected to treatment with
1 g, 2 g, 3 g, 4 g and 5 g unsieved tassel at pH 2 for 48 h. Maximum removal of 57%
was achieved with 5 g tassel powder due to the availability of more binding sites
compared to the other doses (Figure 4.56).
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Figure 4.56: Effect of adsorbent dose on the removal of Ag(I) in photographic
fix spent solution with unsieved tassel at pH 2 for 48 h

The solution was further diluted to 53.77 mg/L and equilibrated for 48 h after adjusting
the pH values to 2, 4, 6 and 8 as per Figure 4.57. Maximum adsorption was achieved
at pH 4.This pH value is in agreement with that reported by Jayaseelan and
Sathananthan (1997) who used the electrolysis method to remove silver from
photographic waste. They found maximum silver removal to occur at pH 4.5.
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Figure 4.57: Effect of pH on the removal of Ag(I) from photographic fix
spent solution

Figure 4.58 shows the percentage removal at different time intervals. The 3 h interval
was the optimum time obtained during method development. With the very little
removal exhibited after 3 h, the time was increased to 24 h and then further to 48 h. It
was noticed that the silver removal increased with time until point of saturation was
reached after 48 h with a maximum of 50% removal. Hill et al. (2010) studied the role
of sodium thiosulphate (Na2(S2O3), which is the major chemical used in photographic
fixer to stabilise silver ions in solution, on the reduction of Ag(I) in solution. From their
study, they observed that high concentrations of Na2(S2O3) decreased the amount of
Ag(I) removal by photocatalysis, due to the tendency of Na 2(S2O3) complexing with
Ag(I) ions. The fix spent solution used in this study contained 1323.00 mg/L Na+ and
most probably S042- (although not measured in the present study) may have
contributed to the low removal.
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Figure 4.58: Effect of contact time on the removal of Ag(I) from photographic
fix spent solution with 5 g unsieved tassel

4.12.2 Column Experiments for the removal of Ag(I) from fix spent solution

The raw fix spent solution was run through columns packed with 5 g and 10 g
PVA/tassel beads (Figure 4.59). The solution was adjusted to pH 4 as per the
observations from the batch experiments. The breakthrough curve for 4 cm came
earlier than the breakthrough curve for 8 cm meaning that less adsorption took place
when the bed height was decreased.
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Figure 4.59: Breakthrough curves for the adsorption of Ag(I) from
photographic fix spent solution with PVA/tassel beads

4.12.3 Modelling of breakthrough curves

The experimental results were modelled with Thomas and Adams-Bohart models.
The Thomas model gave low R2 values (Figure 4.60). The Adams-Bohart model was
a better model to describe the adsorption of Ag(I) from fix spent solution with
PVA/Tassel beads (Figure 4.61). The R2 values of the Adams-Bohart model were
0.853 and 0.9451 for the 5 g and 10 g beads respectively.
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Figure 4.60: Thomas model plots for the adsorption of Ag(I) with PVA/tassel beads

Figure 4.61: Adams-Bohart model plots for the adsorption of Ag(I) with
PVA/tassel beads
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4.12.4 Desorption of Ag(I) from PVA/tassel beads with 0.1 M HNO3

The adsorbed Ag from the photographic fix spent solution was leached with 0.1 M
HNO3 (Figure 4.62). Most of the Ag was leached from the beads with 200 mL HNO3

Concentration (mg/L)

from the 4 cm beads and 500 mL HNO3 from the 8 cm beads.
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Figure 4.62: Desorption of Ag(I) from PVA/tassel beads with 0.1 M HNO3

4.13

COMPARISON OF METAL UPTAKE BY MAIZE TASSEL POWDER AND
CHITOSAN

The efficiency of tassel powder was compared to that of chitosan adsorbent (Figure
4.63). The amount adsorbed with low molecular weight, medium molecular weight
and high molecular weight were 4.99 mg/g, 4.94 mg/g and 4.85 mg/g respectively.
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The amount adsorbed by tassel powder was 7.56 mg/g. Tassel powder can be
considered a good alternative to chitosan, considering that tassel exhibited a higher
adsorption capacity for Cu (II) than chitosan and that tassel is currently freely

qe (mg/g)

obtained whereas chitosan is rather comparatively costly.
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Figure 4.63: Adsorption of Cu(II) with chitosan and tassel powder
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CHAPTER 5

5.



CONCLUSIONS

This study investigated the possibility of immobilizing maize tassel powder into
beads and using it as a solid phase extraction sorbent to recover Ag(I), Au(III) and
Cu(II) from aqueous solutions. A method was first developed by employing maize
tassel in powder form to remove Ag(I), Au(III) and Cu(II) from simulated water in
batch experiments. The effects of contact time, pH, temperature, adsorbent dose,
metal ion concentration, agitation speed and particle sizes were investigated. The
adsorption of Ag(I) was found to be best at pH 2, 30 oC with an adsorbent dose of
0.2 g and agitation time of 1 h at 250 rpm. The conditions for Ag(I) were similar to
those of Au(III) except that a 3 h time interval was required at 25 oC for Au. With
Cu(II), the pH 4, 1.0 g adsorbent, agitation speed of 250 rpm at 25 oC and time
interval of 30 min, favoured the removal.



The results obtained from batch studies were modelled using Langmuir and
Freundlich isotherms. The experimental results were closely related to those
modelled by Freundlich isotherm. It can be deduced that the adsorption of Ag(I),
Au(III) and Cu(II) on tassel powder was of a heterogeneous nature.
Batch studies were further conducted with mixtures of Ag(I), Au(III) and Cu(II). The
competition between these elements was very high because they are elements of
the same group and, therefore, possess similar properties.
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Nitric and citric acid were evaluated in terms of their ability to leach the adsorbed
metals from the tassel. Nitric acid was considered a better desorption agent as it
required less concentrated solution to leach the metals.



The influence of Ca

2+

and K+ on adsorption of Ag(I), Au(III) and Cu(II) with maize

tassel was investigated. The presence of both Ca(II) and K(II) in solution was
found to have no major effect on the adsorption of Ag(I), Au(III) and Cu(II),
because they were found to be present in the maize tassel and may have leached
into solution during adsorption.



The tassel was immobilized with gelatin, PVA and PSF. No experiments were
conducted with gelatin beads as the tassel leached during the washing process.



Surface analysis was done on PVA/tassel and PSF/tassel as well as tassel
powder. SEM of tassel revealed elongated particle. Binding with PVA and PSF did
not affect the shape or the chemical species as revealed by EDX. The TGA curves
for tassel powder, PVA powder, PVA/tassel, PSF and PSF/tassel show that the
materials are all thermally stable up to 300 oC. PSF/tassel and PVA/tassel were
found to be mesoporous in nature. Zeta potential measurement of the tassel,
PVA/tassel and PSF/tassel were mostly negative, which implies a wide range of
pH values in which tassel can adsorb metal ions. PVA and PSF successfully
solidified the tassel, but the PVA beads were preferred above the PSF beads due
to PSF leaching out tassel particles during the experiments.
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Batch and column experiments were conducted with PVA/tassel beads,
PSF/tassel beads PVA beads and PSF beads. The blank beads were found to
have contributed very little to the adsorption process. The PVA/tassel beads
performed better than the PSF/tassel beads in batch experiments. The effects of
flow rate, concentration and bed height were studied for adsorption of Cu(II) in
packed bed column with PVA/tassel and PSF/tassel beads. Feed rates of
0.8 mL/min and 2.33 mL/min were evaluated. Better adsorption was achieved at
0.8 mL/min as the adsorbate was allowed enough time to be in contact with the
adsorbent. The 2.33 mL/min flow rate was, however, preferred over the
0.8 mL/min because there was a difference of only 140 mL between the
breakthrough times and the 0.8 mL/min flow rate resulted in longer service time.
When the initial metal concentration was increased, the adsorption decreased. An
increase in bed height caused an increase in adsorption. The optimum conditions
obtained were applied for adsorption of Ag(I) and Au(III) in packed bed column
with PVA/tassel beads. The adsorption of Ag(I) was much more favourable than
that of Au(III).



The efficiencies of PVA/tassel and PSF/tassel were compared to that of tassel
powder in packed bed column. From the breakthrough curves it was observed that
the breakthrough volume of PVA/tassel beads lasted longer, meaning that more
adsorption was achieved. The breakthrough curves were modelled with Thomas
and Adams-Bohart models. The adsorption of Cu(II) on PVA/tassel beads was
found to fit closely to the Adams-Bohart model.
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The adsorbed metals were desorbed with 0.1 M HNO3. Desorption was achieved
with less than 600 mL HNO3. The regenerated PVA/tassel and PSF/tassel were
re-used. The adsorption capacities of the beads were significantly decreased
during the second cycle.



The developed methods were applied to environmental samples obtained from a
mine dump and a photo development shop. The adsorption of Au(III), Cu(II) and
Pb(II) from the mine dump water was fitting to the Thomas model. The adsorption
of Ag(I) from the photographic waste water was closely fitting to the Adams-Bohart
model. The adsorbed metals from environmental samples were successfully
leached with less than 600 mL of leaching solution.



This work has demonstrated that maize tassel powder immobilised into beads can
be used as SPE, simply because SPE is a tool that can be used for
preconcentration

of

analytes.

Tunçeli

and

Türker (2000)

preconcentrate silver using ambelite XAD–16 resin.
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