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Abstract The rapid growth of the human population and industrialization in the
world has increased the environmental problems such as water, air and land pollu-
tion. Heavy metals can be considered as one of the most problematic pollutants. This
chapter reviews developments and technical applicability of treatments methods for
the removal of heavy metals. We focus on the use of low-cost materials to remove
heavy metals. Isotherm equilibrium models and kinetics are discussed. Designing
adsorption columns under continuous flow conditions are evaluated.
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8.1 Heavy Metals

In recent years, water pollution by heavy metals poses one of the most serious
environmental problems and of the most difficult to solve. Activities such as
extensive use of fertilizers, municipal waste to land, electroplating, energy and fuel
production, and wastewater from manufacturing industries including textile industry
are among the major contributions to the contamination of environment by heavy
metals. These metallic agents, once concentrated in the biosphere, generally persist
and are not broken down. It is reported that cadmium, lead, cobalt, copper, mercury,
chromium, nickel, selenium and zinc are the most important metals related to chain
food contamination (McLaughlin et al. 1999). These metals are carcinogenic to
human beings if consumed in higher quantity. Therefore, heavy metal pollution
poses a great potential threat to the environment and human health.

Heavy metals may be defined as the elements having atomic weights between
63.5 and 200.6 and have a minimum specific gravity of 5 (Srivastava and Majumder
2008). Specific gravity is dimensionless property of matter and its value is obtained
by dividing the density of that substance with the density of water. In addition, other
experimental conditions, such as temperature, for determining the two densities
must be the same. Heavy metals are “trace elements” with individual concentrations
that do not exceed 1,000 mg/kg (0.1 %) of earth’s crust. They are classified as
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essential, beneficial, or detrimental. For instances, iron, zinc, copper, chromium,
iodine, cobalt, molybdenum, and selenium are recognised as essential for human
health, of course with specific recommended daily allowances (RDA) or reference
dose (RfD) set by respective authorities. On the other hand, some heavy metals
are regarded as purely toxic metals such as cadmium, lead, nickel and mercury,
which do not provide any essential or potentially beneficial health effect at any
level of exposure (Nordberg et al. 2002). As arsenic, nickel and lead are metals
of widespread use and frequently found in industrial wastewater, these metals were
discussed in the following section.

8.1.1 Arsenic

Arsenic (As) is a metalloid belonging to group 15 of the periodic table with atomic
number of 33 and atomic weight of 74.92. It is found naturally in the environment
with estimated crustal abundance of 1.8 mg/kg and estimated oceanic abundance
of 3–3.7 mg/L. The common oxidation states for arsenic are 5, 3 and �3, which
appear widely in a variety of minerals. Realgar (As4S4) and orpiment (As2S3) are
the two common arsenic sulfides. Arsenic also occurs as arsenide and sulfaresenides
of heavy metals such as iron, copper, lead, silver, and gold (Yan Chu 1994).
Loellingite (FeAs2), safforlite (CoAs), niccolite (NiAs), arsenopyrite (FeAsS) and
enargite (Cu3AsS4) are some of the examples of minerals containing arsenide and
sulfaresenides. Arsenic can also be found in oxidised form such as in the mineral
arsenolite (As2O3) (Greenwood 1989)

As a result of its toxicity, arsenic compounds are used mainly in wood preser-
vation and insecticides. It is also employed in the making of special glass and
semi-conductors, gallium arsenide (GaAs). GaAs is a semiconductor used in laser
diodes and light emitting diodes (LEDs). While arsine gas (AsH3) has become
an important dopant gas in the microchip industry under strict guidelines. The
widely used of arsenic in aforementioned activities, mining as well as erosion and
weathering of rocks have contributed significantly to the content of this element in
the environment.

Ingestion and inhalation of arsenic and its compounds cause various health ef-
fects. Arsenic interferes with enzyme action, DNA transcription, and metabolism. It
causes chronic weakness, general debility and lassitude, loss of appetite and energy
and sometimes a degree of dementia (Hindmarsh and McCurdy 1986; Yamanaka
et al. 1996). Uptake of significant amounts of inorganic arsenic is associated with
cancer development, especially development of lung, liver and lymphatic cancer.
Prolong exposure to arsenic compounds will also cause dermatological effect
such as hyperpigmentation and hypopigmentation, progressing to palmar/plantar
hyperkeratosis and cause skin cancer eventually (Hindmarsh and McCurdy 1986).
In addition, a very high exposure to inorganic arsenic contributes to infertility and
miscarriages in women and most importantly to note that the lethal dose of arsenic
is reported as 100 mg (Lenntech 2012a).
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8.1.2 Nickel

Nickel (Ni) is a silvery white, hard, malleable and ferromagnetic metallic element
belonging to group 10 of the periodic table with atomic number of 28 and atomic
weight of 58.69. Nickel is a fairly good heat and electric conductor. It is a commonly
found constituent in most meteorites with iron meteorites (siderites). Besides,
nickel is also found sparingly in nature, usually combined with arsenic or iron
and sulfur such as niccolite (NiAs) and pentlandite (NiS�2FeS). The estimated
crustal abundance of Ni is 8.4 � 101 mg/kg and its estimated oceanic abundance
is 5.6 � 10�4 mg/L.

Nickel is corrosion resistant and used primarily for making of stainless steel and
many other corrosion resistant alloys. Typical composition of stainless steel is 8 %
nickel, 18 % chromium and the remaining is iron. In fact, approximately 65 % of
the nickel consumed in the western world is used to make stainless steel (Lenntech
2012b) .Other uses of nickel are in coinage, electroplating and battery production,
foundry products as well as catalyst for hydrogenation process.

Nickel is exposed to human beings through inhalation, ingestion and skin contact.
Workers in the industries related to nickel applications are the main group to
suffer of nickel poisoning via inhalation of nickel-containing aerosols, dusts, fumes,
and mists, especially those involved in production, processing, and use of nickel.
Smokers are also at high risk to nickel inhalation as cigarettes, on average, contain
1–3 �g nickel (ATSDR 1993; Von Burg 1997) and mainstream smoke from one
cigarette contains 0–0.51 �g nickel (Smith et al. 1997). Out of the total inhalation
of nickel, about 20–35 % is deposited in the lungs causing lungs inflammation. On
the other hand, nickel is also exposed to human population through ingestion of
food and drinking water. Drinking water is the main contribution to nickel ingestion
with 27 % nickel in drinking water is absorbed in humans compare to food which
is approximately 1 %. This is because more soluble nickel compounds have higher
absorption efficiencies.

Absorbed nickel is unable to be metabolised by human body. It is eliminated via
urine with the elimination half-time of 28 days for the oral route. In fact, serum and
urine nickel levels are the most useful monitoring of nickel exposure. According to
the Agency for Toxic Substances and Disease Registry (ATSDR) of United States,
the reference values for nickel in healthy adults are 0.2 �g/L in serum and 1–3 �g/L
in urine (ATSDR 2005). For dermal contact of nickel, it causes dermatitis which is
the most adverse health effect associated with nickel exposure. The common dermal
contact of nickel is via nickel alloy and nickel-plated products such as stainless steel,
coin and jewelry.

8.1.3 Lead

Lead (Pb) is a soft, malleable, ductile and dense metal. It has bluish-gray colour
and belongs to group 14 with atomic number 82 and atomic weight of 207.2.
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Though lead do not occur abundantly in nature but it is readily accessible in the
earth’s crust as the mineral galena (PbS), anglesite (PbSO4) and cerussite (PbCO3).
The estimated crustal abundance is 1.4 � 101 mg/kg and the estimated oceanic
abundance is 3 � 10�5 mg/L.

Lead is corrosion resistant, thus historically it was used in plumbing. Nowadays
it is used to line tanks that store corrosive materials such as sulfuric acid (H2SO4)
and as covering for cables. Lead’s high density makes it useful as a shield
against X-ray and gamma-ray radiation and is used in X-ray machines as well
as in the glass of computer and television screens, where it shields the viewer
from radiation (Lenntech 2012c). The other major use of lead is in lead-acid
batteries manufacturing and formation of lead alloys. For instances, solder, an alloy
constituted of half lead and half tin, is a material with a relatively low melting point
that is used to join electrical components, pipes and other metallic items.

Like arsenic, lead is toxic in nature. Lead poisoning in human population is
due to inhalation, ingestion and dermal contact to lead compounds. The emission
of lead particulate in the air is primarily due to anthropogenic activities including
automobiles using leaded gasoline. Lead is also found in soil due to adsorption
at mineral interfaces, weathering and chipping of lead-based paint from buildings,
bridges and other structures. Lead can also leach into drinking water from the leaded
pipes in water distribution systems (Madden et al. 2002).

It is reported that children are more vulnerable to the effects of lead than adults.
Children have higher gastrointestinal absorption of lead (40–50 %) compare to
adults (3–10 %) (ATSDR 2007). A study on the lead content was conducted in
Saratov, a town in Russia which its environment is exposed to lead discharge due
to automobiles and operations of battery and lead glass factories. Blood lead and
environmental samples from 579 children and their homes for soil, water, dust and
paint are collected for lead content analysis. The study included the first pediatric
blood lead screening among Russian children and the result shows that nearly one-
fourth of the children had blood lead levels above the United State level of concern,
10 �g/dL (Rubin et al. 1997). Absorbed and retained of high dose of lead in children
will disturb their neurological development. A well-developed literature argues that
these neurological impacts reduce cognitive ability and lead to behavioral problems
and learning disabilities later in life. Exposure to lead also increases the risk of
kidney failure, disruption of central nervous system, brain damage and even death
in cases of extremely high exposure (Jones 2012).

8.2 Heavy Metal Removal: Conventional
and Emerging Methods

Extensive research and financial resources have been spent on the treatment of
heavy metals pollution especially in industrial wastewater which is contaminated by
heavy metals. These technologies include conventional physico-chemical methods



340 P.-S. Keng et al.

and biological treatments, where the latter have gradually getting momentum
because they are more eco-friendly and cost-effective compare to the conventional
techniques. The physical-chemical methods include chemical precipitation, ion-
exchange, adsorption, membrane filtration, coagulation-flocculation and electro-
chemical methods. Biological treatments involve the use of plants and microbes
in any of the above said methods.

8.2.1 Chemical Precipitation

Chemical precipitation is the most common and effective method used in the
industry for treatment of wastewater because it is relatively easy and inexpensive
to operate (Ku and Jung 2001). This technique is employed in almost 75 % of
electroplating facilities to treat wastewater (Karthikeyan et al. 1996). Generally, the
metals are precipitated as insoluble hydroxides, carbonates, or sulfides and separated
from water by sedimentation and filtration (Table 8.1).

Hydroxide Precipitation

Of all the chemical treatments, hydroxide precipitation is the most preferable
and being extensively used method in the industry, particularly where complex
chemical compounds are not involved and economic recovery is not a consideration.
Lime, Ca(OH)2 and caustic soda, NaOH are the preferred choice of bases used to
precipitate heavy metals as their respective hydroxides. There are numerous factors
govern the efficiency of metal hydroxides precipitation. For instances, the pH of the
metals solution, the electrolyte composition of the effluent, the presence of soluble
and/or insoluble products following reaction with complexing agents, ionic strength,
electrical potential, temperature, and the time of reaction (Lin et al. 2005).

Dean et al. (1972) have found that there is almost complete precipitation and
removal of metals such as cobalt, copper, iron, manganese, nickel, and zinc as
the hydroxide with no special modification. However addition of soda ash (for
lead) or sodium sulfide (for cadmium and mercury) is required to complete the
precipitation of cadmium, lead and mercury. Chen et al. (2009) also reported that
fly ash is used to enhance lime precipitation of metals. The fly ash-lime-carbonation
treatment increased the particle size of the precipitate and significantly improved the
efficiency of heavy metal removal. As a result, the removal efficiency of chromium,
copper, lead and zinc in effluents had achieved 99 % removal. For strong acidic
wastes, limestone (CaCO3) is used as part of the neutralisation together with lime
since limestone is less expensive and it reduces the operational cost significantly.
However, limestone must be evaluated carefully for each acid waste since its
efficiency depends upon particle coating and size, and pH limitation of calcium
carbonate (Dean et al. 1972).
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Another important parameter for precipitation of heavy metals is the adjustment
of optimum pH. Heavy metals, like chromium, copper, lead, manganese and zinc do
not precipitate at pH below 7.0, thus allow their separation from ferric ion (Fe3C)
and aluminium ion (Al3C), which precipitate at pH below 6.5 (Djedidi et al. 2009).
The investigation from Mirbagheri and Hosseini (2005) agreed well with Djedidi
et al. (2009). In their study of Cu(II) and Cr(IV) removal from wastewater using
Ca(OH)2 and NaOH, the Cr(VI) which was converted to Cr(III) using ferrous sulfate
showed the maximum precipitation at pH 8.7 with the addition of Ca(OH)2. At
this pH value, the concentration of chromate was successfully reduced from 30 to
0.01 mg/L. While the maximum precipitation of copper occurred at pH 12.0 for both
Ca(OH)2 and NaOH and the concentration of copper was successfully reduced from
48.51 to 0.694 mg/L.

Although hydroxide precipitation is reported as the most widely used method for
heavy metals removal in industry effluent, it also has some limitations. Hydroxide
precipitation requires a large amount of chemicals to reduce metals to an acceptable
level prior discharge especially if the effluents have high acidity where large
amounts of lime are required for neutralisation. In this case, excessive secondary
sludge, such as gypsum (CaSO4�2H2O) are produced that require further treatment.
These secondary precipitates not only increase the costs of sludge handling but
also give long-term environmental impacts (Kurniawan et al. 2006). Secondly,
some metal hydroxides are amphoteric, and the mixed metals create a problem
using hydroxide precipitation since the ideal pH for one metal may change another
metal back into solution. On top of these, some complexing agents present in
the wastewater will inhibit the efficacy of metal hydroxide precipitation (Fu and
Wang 2011).

Sulfide Precipitation

Sulfide precipitation is another effective method used for removal of heavy metals
from wastewater. It has several advantages over hydroxide precipitation. For
instances, sulfide precipitates are not amphoteric, hence, the sulfide precipitation
process can achieve a high degree of metal removal over a broad pH range com-
pared with hydroxide precipitation. Moreover, the solubilities of the metal sulfide
precipitates are intensely lower than hydroxide precipitates. Metal sulfide sludges
also exhibit better thickening and dewatering characteristics than the corresponding
metal hydroxide sludges, thus reducing the amount and cost of sludges handling
(Fu and Wang 2011). The sulfide precipitation process can be employed using
various sulfide sources, such as solid FeS, CaS, aqueous Na2S, NaHS, NH4S or
gaseous H2S. Some researchers use the degeneration reaction of sodium thiosulfate
(Na2S2O3) as a source of sulfide for metal precipitation (Lewis 2010).

In fact, metal sulfide precipitation is preferable than hydroxide precipitation in
hydrometallurgical processes in recent decades (Bhattacharyya et al. 1979; Lewis
and van Hille 2006). The reasons that support its preferential use are based on
the high degree of metal removal at relatively low pH values; the low solubility
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of sulfide precipitates; favourable dewatering characteristics and the stability of the
metal sulfides formed. In the batch study of metal recovery conducted by Lewis and
van Hille (2006), the maximum metal removal achieved for nickel and cobalt are
99.8 % and 99.9 %, respectively, when the metal: sodium sulfide molar ratio was 1:1.
However, when excess sulfide is used, it compromises metal removal efficiency due
to the formation of aqueous polysulfide species that will re-dissolve in the solution.
The reaction is described as following equation:

MS.s/ C HS�
.aq/ ! MS.HS/�

.aq/ (8.1)

whereby MS: solid metal sulfide
HS�: aqueous sulfide
MS(HS�): aqueous polysulphide complex
Hence, sulfide precipitation is not used as widely as it could due to this limitation.

Moreover, it is rather difficult to control the dosing of sulfide due to the very low
solubility of the metal sulfides and thus the sensitivity of the process to the dose.
The colloidal precipitates that formed during metal sulfide precipitation also tend
to cause some separation problems in either settling or filtration processes (Veeken
et al. 2003).

In order to overcome the disadvantages between hydroxide and sulfide precipita-
tion, nowadays, the combination of these two methods in treatment of heavy metals
is being considered (Marchioretto et al. 2005; Djedidi et al. 2009). The set up for
this treatment is usually a two-stage processes in which hydroxide precipitation
is followed by sulfide precipitation. Djedidi et al. (2009) has reported that the
combination of NaOH and Na2S led to better removal of Pb2C, Zn2C, Cu2C and
Mn2C ions in soil, fly ash and sewage sludge leachates than with NaOH/Na2CO3

or NaOH/Na2HPO4. The metal sulfide precipitations occurred at pH 7.5 with
percentage removal of almost 100 %. This combination technique has reduced the
reagents consumption.

Chemical Precipitation Combined with Other Methods

There are also reports on the combination of chemical precipitation with other
methods in the treatment of heavy metals. González-Muñoz et al. (2006) have
studied precipitation of metals using sulfides followed by nanofiltration as a second
step in order to optimise the reuse of water and the recovery of heavy metal ions
(Zn, Se, As, Cd and Pb). This study showed a promising outcome whereby the
heavy metals are being successfully precipitated and the resultant solution after
these processes can be directly reused in the plant. Ghosh et al. (2011) investigated
a stepwise combination of electro-Fenton process and chemical precipitation to
treat rayon industry wastewater contains chemical oxygen demand (COD) and
Zn2C. The two-step treatment processes refer to electro-Fenton treatment for COD
reduction, followed by removal of zinc by addition of lime, CaO. From the results
obtained with industrial wastewater having a COD of 2,400 mg/L and 32 mg/L
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Zn2C, approximately 88 % COD was reduced by the electro-Fenton method but this
step does not have any appreciable effect on zinc removal. Thus, CaO is added to
precipitate zinc as zinc hydroxide, Zn(OH)2 with removal efficiency of 99–99.3 %
in the range of pH 9–10. Another study in combination of chemical precipitation and
electrocoagulation to remove Cu2C from lithium bromide refrigerant was conducted
by Cheng (2006). Cu2C removal from lithium bromide refrigerant was successfully
achieved by pretreatment with Ba(OH)2 solution followed by electrocoagulation
using carbon steel plates as electrodes. Up to 98.5 % of Cu2C in the contaminated
refrigerant could be removed by this combined treatment.

8.2.2 Ion Exchange

Ion exchange is the process through which an ion is removed out of an aqueous
solution and is replaced by another ionic species. It has been continuously used in
the treatment of heavy metals due to several advantages, such as high treatment
capacity, high selectivity for certain heavy metal ions and most significantly, fast
kinetics and most importantly it reduces the major problem faces in chemical
precipitation – handling and disposal of large amount of sediments and sludge
(Lacour et al. 2001; Abo-Farha et al. 2009, Al-Enezi et al. 2004). Dąbrowski et al.
(2004) concluded that industrial wastewaters containing 0.1 g/L of Cu2C, Cd2C or
Hg2C compounds give 10-, 9- and 5-times larger amounts of sediments, respectively,
and 6 kg of sediments are obtained from one kilogram of chromates.

Strongly acidic resins with sulfonic acid groups (�SO3H) and weakly acid resins
with carboxylic acid groups (�COOH) are the most common cation exchangers.
Hydrogen ions in the sulfonic group or carboxylic group of the resin can serve as
exchangeable ions with metal cations in the wastewater (Lacour et al. 2001; Fu and
Wang 2011). The degree of exchange that occurs depends on the size and ionic
charge of the metal cations, initial metal concentration, nature (both physical and
chemical) of the ion exchange substance, pH and temperature (Lee et al. 2006a;
Al-Enezi et al. 2004). Since resins have different swelling characteristics, the total
exchange capacity on a volumetric basis ranged from 1.0 to 4.0 meq/mL. Abo-Farha
et al. (2009) studied the adsorption behaviour of cation exchange resin purolite
C100 with respect to Ce4C, Fe3C and Pb2C from aqueous system. Purolite C100 is a
polymer of polystyrene-divinyl benzene, with sulfonic acid groups as the functional
groups. They found that the metal ions adsorption sequence can be given as
Ce4C > Fe3C > Pb2C. Another batch study conducted by Lacour et al. (2001) shows
the potential usage of cation-exchange-textiles (CET) – a special class of grafted
textiles carrying different functional groups namely carboxylate(R – COO�,NaC),
sulfonate (R–SO3

�,NaC) or phosphate (R–O–PO3
2�, 2NaC) in removing Cu2C

and Cd2C from the solution. The report reveals the adsorption behaviour of the
CET towards Cu2C and Cd2C is influenced by parameters such as the counter-ion
and functional group nature, the metal concentration and the presence of different
competitors in the solution.
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Besides synthetic resins, natural zeolites also show effective removing efficiency
towards heavy metal from aqueous solutions under different experimental condition
(Inglezakis and Grigoropoulou 2004; Petrus and Warchoł 2005; Barreira et al.
2009). Clinoptilolite is one of the most frequently studied natural zeolites that have
received extensive attention due to its selectivity for heavy metals. (Inglezakis and
Grigoropoulou 2004) reported that the uptake of Pb2C, Cu2C, Fe3C and Cr3C in
aqueous solutions using natural clinoptilolite is influenced by different parameters
following this order: metal cations concentration > volumetric flow rate > particle
size > modification of the material. In fact, modification of the natural sample by
NaCl has led to an increase of removal efficiency by 32–100 %. The study also
focused on the fixed bed reactors design rather that batch systems because kinetics
in beds is influenced by the whole equilibrium curve and diffusion rates in the
material. This indicates the effect of operating conditions carry out in fixed beds
is more representative than that obtained in batch systems. Warchoł and Petrus
(2006) supported the column study of clinoptilolite by investigating heavy metals
removal, ion-exchange equilibrium and column dynamics through mathematical
modeling. In fact, the possibility of replacing expensive synthetic ion-exchangers
by natural zeolites – low cost sorbents with abundant availability has added value to
the application of this method in wastewater treatment.

8.2.3 Membrane Filtration

The ultimate objective of most of the traditional methods in heavy metals treatments
is not the recovery of the metal but rather its elimination. However, recovery of
heavy metals shows greater benefits. It allows re-use of the metals and thus provides
further economic and environmental benefits by reducing the disposal costs and raw
material requirements. In this case, membrane processes exert as an alternative for
heavy metal recovery, as they can achieve high permeate fluxes and high rejection
coefficients with low energy costs and under mild conditions. (Landaburu-Aguirre
et al. 2006). Other advantages of this technique including fewer chemicals are used
in the process, which helps to minimise the negative impacts of those chemicals
on the whole process; produce more reliable performance; simple operation and
convenience since it occupies less floor space in comparison to the conventional
treatment systems (Paul Chen et al. 2006). Besides, there are many studies show
that membrane processes can be easily combined with other separation processes for
better removal efficiency (Blöcher et al. 2003; Mimoune and Amrani 2007; Rivas
and Palencia 2011).

Membrane separation system consists of a membrane that can separate materials
depending on their physical and chemical properties when a driving force, either
a gradient of chemical potential (concentration or pressure gradient) or electrical
potential, is applied across the membrane. A good membrane must have a narrow
range of pore sizes, a high porosity, and a thin layer of material (Paul Chen
et al. 2006). The membrane processes used for wastewater treatment containing
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Table 8.2 Pore size of the
membrane processes

Membrane process Pore size

Microfiltration 0.1–10 �m (>100 nm)
Ultrafiltration 0.005–0.2 �m (5–200 nm)
Nanofiltration 0.001–0.01 �m (<10 nm)

heavy metals including microfiltration (MF), ultrafiltration (UF), nanofiltration
(NF), reverse osmosis (RO) and electrodialysis (ED) depending on the size of the
particle that can be retained (Table 8.2). The membrane techniques that are often
used for heavy metals removal are UF, NF, RO and ED.

Ultrafiltration

Ultrafiltration (UF) is a membrane technique used to separate heavy metals, organic
pollutants or inorganic pollutants from aqueous solution. UF membranes are capable
of retaining species in the range of 300–500,000 Da of molecular weight, with pore
sizes ranging from 0.005 to 0.2 �m (5–200 nm) (Paul Chen et al. 2006). Since the
pore sizes of UF membranes are larger than dissolved metal ions in the form of
hydrated ions or as low molecular weight complexes, these ions would pass easily
through UF membranes. Hence, two important techniques – micellar enhanced
ultrafiltration (MEUF) and polymer enhanced ultrafiltration (PEUF) are proposed
for effectively use in removal of metal ions (Table 8.3).

The combination of surfactants and membranes in separation of dilute polluted
water has led to the development of MEUF. It is considered an economical
alternative available to the conventional membrane separation process, because
it reduces the requirement of higher pressure and high membrane costs. In this
process, surfactants are added into the aqueous stream at levels equal to or higher
than their critical micelle concentrations (CMCs). At this particular surfactant
concentration, surfactant monomers will assemble and form aggregates called
micelles. The anionic micelles, which are negatively charged, can bind to metal
cations, which are positively charged. This micelle solution is then filtered through
an ultrafiltration membrane whose pore size is smaller than the micelle size to reject
the micelles. The metal cations that adsorbed onto the micelles can thus be removed
from the polluted water (Mungray et al. 2012).

MEUF can be used to remove different heavy metals from wastewater containing
single metal, mixture of metals or feed mixtures containing metals and organic
material (Juang et al. 2003; Häyrynen et al. 2012; Rahmanian et al. 2012). As
the binding of metal cations to oppositely charged micelle surface is primarily
electrostatic in nature, it is expected that the ions with the same charge are removed
with a nearly equal rejection in MEUF. Juang et al. (2003) reported that the rejection
of Sr2C, Mn2C, Co2C, Cu2C and Zn2C are 99.1, 78.6, 80.6, 82.1 and 83.7 %
respectively. The comparatively high rejection of Sr2C by the GE membrane in
this system promotes the application of MEUF for selective separation of Sr2C
from low-level waste effluents. Increases of surfactant (sodium dodecyl sulfate) to
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metal ratio increase the rejection because the sizes of micelles are relatively larger
at higher concentration of surfactant compare to the UF membrane. However the
metal rejection shows a decrease of 3–6 % at pH lower than 3 due to competition of
HC trapped on micelle surface with metal ions. A combination process of micellar
enhanced ultrafiltration and activated carbon fibre (ACF) shows nearly complete
rejection of copper from the solution. The coupling of MEUF with ACF has the
potential to overcome the problems caused by excessive surfactant concentration
since activated carbon has proved to be a good adsorbent for surfactants that
contained in the permeate (Bade and Lee 2007).

In PEUF, water soluble polymer is used to bind with metal ions to form
macromolecular complexes which have a larger molecular weight and size than
the membrane. As a result, these macromolecular complexes will be retained
and removed while the non-complexed ions will pass through the membrane. So
far, polymers with carboxylic or amine groups have been extensively studied for
this purpose. PEUF process is more economically competitive because the non-
protonated form of the polymers that bind to the metal ions, will release the metal
ions when an acid is added. This has led to the regeneration and reuse of the polymer.
Hence, pH plays an important role in the binding and removal of metal species from
the solution. Llorens et al. (2004) and Aroua et al. (2007) had conducted studies on
the removal of cadmium and chromium from aqueous solution using PEUF. For both
of the studies, high rejections were obtained at pH 7 or higher and decrease when pH
is lowered for all types of the polymers tested namely chitosan, polyethyleneimine
and pectin.

Reverse Osmosis

Reverse osmosis (RO) is one of the techniques able to remove a wide range of
dissolved species from water. It is not only able to remove suspended solid > 1 �m
(conventional filtration), but also dissolved solids, bacteria, viruses, and other germs
contained in the water. In the application of RO, when the waste stream flows past
the membrane, the solvent (e.g., water) is driven through the membrane (operation
pressure ranges from 10 to 70 bars) while the remaining solutes (e.g., organic or
inorganic components) do not pass through, and become increasingly concentrated
on the feed side of the membrane. The general use of RO is desalination of seawater
for its conversion into potable water. It is reported that more than 20 % of the
world’s desalination process is using this technique (Shahalam et al. 2002). The
RO membranes have pore size ranging from approximate 0.5–1.5 nm (5–15 Å).
The extremely small size of RO pores allows only the smallest organic molecules
and unchanged solutes to pass through the semipermeable membrane along with
the solvent (Paul Chen et al. 2006). Nowadays, many studies have been going on to
utilise RO process in wastewater treatment.

A study by Ozaki et al. (2002) shows that it is successful to remove Ni2C,
Cu2C and Cr6C ions from industrial wastewater using RO membrane separation
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at lower pressures (350–450 kPa). The rejections 99.03 % of Ni2C, 98.75 % of
Cu2C and 99.37 % of Cr6C were achieved at pH 7. Metal rejections are higher
at high pH values (7–9) due to the formation of insoluble complexes with OH�
ions, causing the solute changed to a larger molecule and precipitate onto the
membrane surface. They also found that presence of co-ions such as calcium and
magnesium in the industrial wastewater decreases the rejection. Meanwhile, a pilot-
scale combination of membrane bioreactor (MBR) with RO separation is conducted
by Dialynas and Diamadopoulos (2009). The combination technique shows high
heavy metal removals, whereby Pb and Ni were removed completely, while Cr and
Cu were removed by 89 % and 49 %, respectively. However, the performance of RO
and its life-time are highly sensitive to wastewater properties. The accumulation of
particulate and colloidal matters at the feed side of the membrane surface caused
membrane fouling and permeate flux decline (Lee et al. 2006b).

Nanofiltration

Nanofiltration (NF) is the intermediate process between UF and RO and used to
separate different fluids or ions. It has larger membrane pore structure, 0.001–
0.01 �m (1–10 nm) as compared to the RO membranes, which allows more salt
passage through the membrane. The advantages of NF compared to RO processes
including operation at lower pressure (7–14 bar) but able to produce high recoveries,
thereby conserving total water usage due to a lower concentrate stream flow rate
(Paul Chen et al. 2006). Ortega et al. (2008) studied the removal of various metal
ions from an acidic leachate solution by two different nanofiltration membranes
(Desal5 DK and NF-270). The results show good metal ion rejection (62–100 %)
where divalent ions were better rejected than monovalent ions. In recent years,
Murthy and Chaudhari (2008) have conducted numerous studies on the removal
of heavy metal ions from aqueous solution using NF membrane. They found that
Ni2C can be removed by a thin-film composite polyamide NF membrane. Rejection
of nickel ions increases with increase in feed pressure and decreases with increase
in feed concentration at constant feed flow rate. The maximum rejection of the
metal is found to be 98 % and 92 % for an initial feed concentration of 5 and
250 ppm, respectively (Murthy and Chaudhari 2008). At the same year, Bouranene
et al. (2008) also proved that Co2C and Pb2C ions can be removed by polyamide NF
membrane. The rejection rate of 97 % and 81 % were observed for cobalt and lead,
respectively, at constant permeate flux of 122 ˙ 2 Lh�1 m�2 and ion concentration
of 1,600 mgL�1 in mixed-salt solution. In the following year, Murthy and Chaudhari
(2009) continue to investigate removal efficiency of cadmium and nickel in a
binary system. The maximum observed solute rejection of nickel and cadmium
ions are 98.94 % and 82.69 %, respectively, for an initial feed concentration of
5 ppm.



350 P.-S. Keng et al.

Electrodialysis

Electrodialysis (ED), which requires electrical energy as a driving force, allows
transportation of ions through ion permeable membranes from one solution to
another due to the potential gradient that created. Since ED membranes have the
ability to selectively transport ions having positive or negative charge and reject
ions of the opposite charge, the removal or separation of ions/electrolytes can be
achieved by this technique. Cifuentes et al. (2009) reported on the effectiveness of
ED in separating Cu2C and Fe2C ions and subsequently water recovery in industrial
copper electrowinning operations. Approximately 96.6 % of Cu and 99.5 % of Fe
were separated from the working solution which constituted of initial concentration
of 9 g/L and 5 g/L of Cu2C and Fe2C, respectively. Removal rates for Cu2C and Fe2C
from the working solution increased linearly with cell current density and electrolyte
agitation. Removal of Cr3C from the tanning process in the leather industry is
crucial due to the environmental issue and also to its industry. It is because
presence of chromium ion has a negative effect on the quality of the tanned leather.
Lambert et al. (2006) had proposed a two-step Cr(III) separation–concentration
process. In the first step, a cation-exchange membrane, Nafion®117, modified by
electrodeposition of polyethylenimine was used to separate successfully Cr(III)
from NaCl solutions. In the second step, conventional electrodialysis with three
different membranes permits to increase the concentration of Cr(III) in the solutions
produced in the separation stage.

8.2.4 Adsorption

Adsorption is known as an efficient, convenient and economic method for
wastewater treatment. The flexibility in design and operation, high removal
efficiency and the possibility for most of the adsorbents to be regenerated and reuse
by suitable desorption process have made adsorption process gaining its popularity
(Krishnani et al. 2008; Elouear et al. 2008; Afkhami et al. 2010; Salehi et al. 2012).
Adsorption is a mass transfer process whereby a substance is transferred from a
gas or liquid phase to the surface of a solid and bound by physical and/or chemical
and/or electrostatic interactions. Physical adsorption is caused by the van der Waals
forces whereas chemical adsorption involved the electronic interactions between
specific surface sites and solute molecules. This kind of electrostatic interaction
is generally referred to coulombic attractive forces between ions and charged
functional groups. The three steps involved in the adsorption process are: (i) the
transport of the solute from the bulk solution to the sorbent surface; (ii) adsorption
on the particle surface; and (iii) transport within the sorbent particle.

Activated carbon (AC) is being recognised as one of the most popular adsorbents
used in the removal of heavy metal contaminants. AC has been used efficiently in
both batch and column studies due to its large micropore and mesopore volumes.
This kind of structure also resulted in a high surface area. However, the drawback of



8 Cheap Materials to Clean Heavy Metal Polluted Waters 351

AC is it remains as an expensive material because of depleting source of commercial
coal-based AC. Higher cost is accounted for higher quality of activated carbon.
Another limitation of AC adsorption in heavy metal removal is its high affinity
towards organic molecules. As a result, these kinds of high molecular weight organic
compounds will block the heavy metal ions from reaching the adsorbents bed.

The problems revealed by AC adsorption have led to the production of alternative
adsorbents to replace the costly AC. Attention has been focused on various
adsorbents that have metal-binding capacities, especially if it is a source that is
readily abundant. Besides this, utilization of inexpensive sources is also being
viewed as attractive alternatives. For this, many researchers have shown interest to
convert carbonaceous materials into AC for heavy metals remediation. Momčilović
et al. (2011) prepared activated carbon from the cones of the European Black pine
to remove lead (II) ions from aqueous solutions. The maximum adsorption capacity
of 27.53 mg/g is observed and the optimum adsorbent dosage was established to be
2.0 mg/l. Namasivayam et al. (2007) had converted jatropha husk, an agricultural
solid waste, generated from bio-diesel industries, to jatropha husk activated carbon.
This material is an effective adsorbent for the removal of toxic ions, dyes and
organics. Besides AC, other adsorbents that are used for adsorption of heavy metal
ions include natural minerals, modified biopolymers as well as low cost materials,
which are derived from agricultural waste and industrial by products. Among these
compounds, adsorbent from low cost materials have gained considerable attention
because of their low cost and local availability, which will be elaborated further in
next chapter.

8.2.5 Biological Treatment

The method of biological treatment was introduced in the early years of the
twentieth century. It involved confining naturally occurring bacteria at very much
higher concentrations in tanks. These bacteria, together with some protozoa and
other microbes, are collectively referred to as activated sludge. The initial objective
of biological treatment is to remove small organic carbon molecules by the bacteria.
As a result, the bacteria grow, and the wastewater is cleansed. Lately, this method
is applied in the removal of heavy metals from wastewater where biosorption phe-
nomenon itself plays an important role. Biosorption is a metabolism-independent
binding of heavy metals to living cells, non-living biomass, or microbial extracellu-
lar polymers (Volesky and Holan 1995).

Lipczynska-Kochany and Kochany (2009) have investigated the influence of hu-
mic substances (humate, HS) on the biological treatment of wastewater containing
heavy metals (Cr, Cu, Fe, Mn, Ni, and Zn). Humic substances (HS) are naturally
occurring compounds resulting from microbial and chemical transformation of
organic debris. The removal of ammonia and metals was 99 % and over 90 %,
respectively. Chipasa (2003) studied the accumulation and removal of heavy metals
(Cd, Cu, Pb and Zn) through a biological wastewater treatment system. The results
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revealed that the removal of heavy metals from wastewater is influenced by their
initial contents in the influent. The reduction in heavy metal contents was reported
to follow this sequence: Cd < Pb < Cu < Zn. Biological wastewater treatment is
a complex process depending not only on many biological and physicochemical
conditions but also on process operating conditions and design. Consequently, all
these are also influential variables in controlling the removal efficiency of heavy
metals.

8.3 Utilization of Low-Cost Adsorbents in Heavy
Metals Removal

Heavy metals such as chromium, lead, copper, nickel, zinc and iron are not
biodegradable and they are toxic to human health and environment. Due to their
tendency to accumulate in organisms and cause various disorders and diseases,
these heavy metals are recognized as an emergent class of human carcinogenic
compounds. Besides, the presence of high concentration of these metals in the
environment may lead to serious problems including water pollution and soil
degradation. Obviously, an effective method in heavy metal removal is urgently
needed to lessen the pollution loads before the discharge enters the surface water.

Techniques currently used for the removal of heavy metals from wastewaters are
chemical precipitation, ion exchange, membrane filtration, electrolytic reduction,
coagulation, solvent extraction and catalysis. Owing to the drawbacks found in
these techniques: generation of residues, low efficiency, applicability to a wide
range pollutants, need of pre-treatments and high cost, they may not be suitable
solutions at industrial scale. Since the last decades, adsorption process has been
viewed as a highly effective method for removal of various heavy metals due
to ease of operation. In particular, high surface area materials like activated
carbon, silica aerogel and other mesoporous materials have been proven for their
excellent adsorption capability for heavy metals. Unfortunately, production of these
adsorbents is usually costly, making them not attractive to be applied by small
and medium scale industries. Thus, the use of low cost materials as adsorbent
for metal ion removal from the wastewaters has been highlighted. In general,
the low-cost adsorbent materials are referred to those available at free cost and
exist abundantly in nature. They may also represent the unused resources after
a manufacturing process with serious disposal problems. Apparently, utilization
of naturally occurring material or locally available agricultural waste materials or
industrial by-products as the adsorbents in removing heavy metals from wastewaters
is not only cost effective in heavy metal removal, but it also contributes to a zero
waste situation in the environment.

A numerous studies have been carried out to investigate as well as to further im-
prove the usage of different low cost adsorbent materials for adsorption of individual
or multiple heavy metals in an aqueous solution. These low cost adsorbents range
from industrial by-products, agriculture waste to biosorbents, for example wood
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bark, sawdust, mangoesteen peel, durian husk, oil palm empty fruit bunch, tea leaves
and exhausted coffee etc. In this section, some of the intensively studied low cost
adsorbents such as fly ash, rice husk, wheat straw, chitin and chitosan composites
as well as algae and bacteria were discussed in terms of their efficiency for heavy
metals removal. Recent reported adsorption capacities of the selected adsorbents
are presented in Tables 8.4, 8.5, 8.6, 8.7, 8.8, and 8.9 to give some idea of adsorbent
effectiveness. It is interesting to note that the reported values are strongly dependent
on the experimental condition. Therefore it is advisable for the reader to refer to the
original work in order to have a better understanding on the specific conditions that
have been imposed on the adsorption process.

8.3.1 Fly Ash

Fly ash is a waste material produced during the combustion of various materials,
such as coal, plant biomass and municipal solid waste in the electrical generation
process. This industrial by-product is usually grey in color, abrasive, mostly alkaline
and refractory in nature. It contains mainly silica (SiO2) of �47 %, alumina (Al2O3)
of �25 %, iron oxide (Fe2O3) of �16 %, and calcium oxide (CaO) of �5 % with
varying amounts of carbon, calcium, magnesium and sulphur. The variations that
are commonly found in fly ash, either in terms of their chemical composition or
physical properties is most likely due to different sources of coal as well as diversity
in the design of coal-fired boilers. However, an empirical formula for fly ash based
on the dominance of certain key elements has been proposed as below (Iyer and
Scott 2001): Si1.0Al0.45Ca0.51Na0.047Fe0.039Mg0.020K0.013Ti0.011.

Depending on the ratio of calcium to silica and ratio of alumina to iron in the
ash, fly ash can be classified into two types: Type C and Type F. The Type C fly ash
is normally produced from the burning of low-rank coals, such as lignites or sub-
bituminous coals. This fly ash has cementitious properties as it is self-hardening
upon reacted with H2O. Meanwhile, the Type F fly ash is generated from the
burning of higher-rank coals like bituminuous coals or anthracites. This type of
fly ash is pozzolanic in nature where it is hardening when reacted with Ca(OH)2

and H2O.
In fact, the fly ash has been used effectively as raw material in cement and brick

production, soil amendment and as filler in road works. Besides, the fly ash can be
converted into zeolite, another versatile material which is widely used as catalyst
and adsorbent due to its outstanding high surface area and porosity. However, all the
fly ash produced from the power industry cannot be reused by these applications.
Consequently, most of the fly ash generated is disposed of as landfill, a practice
which is under examination for environmental concerns. Therefore, continuing
research efforts have been made to explore other applications prior to discarding
in order to lessen the environmental burden. Since fly ash is enriched with SiO2

and contains a portion of unburned carbon, this material is potentially used as low
cost adsorbent to remove various hazardous elements from wastewaters. A lot of
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Table 8.4 Adsorption capacities of metals by fly asha

Metals Adsorbent
Adsorption
capacityb

Temperature
(ıC) References

As(III) Fly ash coal-char 3.7–89.2 25 Pattanayak et al. (2000)
Fly ash brown coal-char 25.1–32.1 25 Polowczyk et al. (2011)

As(V) Fly ash 7.7–27.8 20 Diamadopoulos et al.
(1993)

Fly ash coal-char 0.02–34.5 25 Pattanayak et al. (2000)
Cd(II) Fly ash 1.6–8.0 – Ayala et al. (1998)

Fly ash zeolite 95.6 20 Ayala et al. (1998)
Fly ash 0.67–0.83 20 Bayat (2002a)
Afsin-Elbistan fly ash 0.08–0.29 20 Bayat (2002b)
Seyitomer fly ash 0.0077–0.22 20 Bayat (2002b)
Fly ash 198.2 25 Apak et al. (1998)
Fly ash-washed 195.2 25 Apak et al. (1998)
Fly ash-acid 180.4 25 Apak et al. (1998)
Bagasse fly ash 1.24–2.0 30–50 Gupta et al. (2003)
Fly ash 0.05 25 Weng and Huang (1994)
Coal Fly ash 18.98 25 Papandreou et al. (2007)
Coal Fly ash pellets 18.92 – Papandreou et al. (2007)
Bagasse fly ash 6.19 – Ho et al. (1989)
Fly ash zeolite X 97.78 – Apiratikul and Pavasant

(2008b)
NaOH activated fly ash 30.21 20–25 Visa et al. (2012)

Co(II) Fly ash zeolite 4A 13.72 – Hui et al. (2005)
Cr(III) Fly ash 52.6–106.4 20–40 Cetin and Pehlivan (2007)

Fly ash porous pellet 22.88 25 Papandreou et al. (2011)
Bagasse fly ash 4.35 – Gupta and Ali (2004)
Fly ash zeolite 4A 41.61 – Hui et al. (2005)

Cr(VI) Fly ash C wollastonite 2.92 – Panday et al. (1984)
Fly ash C China clay 0.31 – Panday et al. (1984)
Fly ash-chitosan

composite
33.27 15 Wen et al. (2011)

Fly ash 1.38 30–60 Banerjee et al. (2004)
Fe impregnated fly ash 1.82 30–60 Banerjee et al. (2004)
Al impregnated fly ash 1.67 30–60 Banerjee et al. (2004)
Afsin-Elbistan fly ash 0.55 20 Bayat (2002b)
Seyitomer fly ash 0.82 20 Bayat (2002b)
Bagasse fly ash 4.25–4.35 30–50 Gupta and Ali (2004)
Fly ash 23.86 – Bhattacharya et al. (2008)

Cs(I) Fly ash zeolite 443.9 25 Mimura et al. (2001)
Cu(II) Fly ash 0.1825 – Salam et al. (2011)

Fly ash 1.39 30 Panday et al. (1985)
Fly ash C wollastonite 1.18 30 Panday et al. (1985)
Fly ash 1.7–8.1 – Ayala et al. (1998)
Afsin-Elbistan fly ash 0.34–1.35 20 Bayat (2002c)
Seyitomer fly ash 0.09–1.25 20 Bayat (2002c)
Fly ash 207.3 25 Ricou et al. (1999)
Fly ash-washed 205.8 25 Ricou et al. (1999)

(continued)
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Table 8.4 (continued)

Metals Adsorbent
Adsorption
capacityb

Temperature
(ıC) References

Fly ash-acid 198.5 25 Ricou et al. (1999)
Fly ash 0.63–0.81 25 Lin and Chang (2001)
Bagasse fly ash 2.26–2.36 30–50 Gupta and Ali (2000)
Fly ash 0.76 32 Rao et al. (2003)
Fly ash 7.5 – Ricou et al. (1999)
Coal Fly ash pellets 20.92 25 Papandreou et al. (2007)
Fly ash zeolite 4A 50.45 – Hui et al. (2005)
Fly ash 7.0 – Hossain et al. (2005)
Coal fly ash (CFA) 178.5–249.1 30–60 Hsu et al. (2008)
CFA-600 126.4–214.1 30–60 Hsu et al. (2008)
CFA–NAOH 76.7–137.1 30–60 Hsu et al. (2008)
Fly ash zeolite X 90.86 – Apiratikul and Pavasant

(2008b)
Fly ash 7.0 – Gupta (1998)
Fly ash mixed willow

saw dusk
7.7160 ppm/g – Lucaci et al. (2011)

Fly ash mixed white
poplar saw dusk

6.2305 ppm/g – Lucaci et al. (2011)

Hg(II) Fly ash 2.82 30 Sen and De (1987)
Fly ash 11.0 30–60 Banerjee et al. (2004)
Fe impregnated fly ash 12.5 30–60 Banerjee et al. (2004)
Al impregnated fly ash 13.4 30–60 Banerjee et al. (2004)
Sulfo-calcic fly ash 5.0 30 Ricou et al. (1999)
Silico-aluminous ashes 3.2 30 Ricou et al. (1999)
Fly ash-C 0.63–0.73 5–21 Kapoor and Viraraghavan

(1992)
Ni(II) Fly ash 9.0–14.0 30–60 Banerjee et al. (2003)

Fe impregnated fly ash 9.8–14.93 30–60 Banerjee et al. (2003)
Al impregnated fly ash 10–15.75 30–60 Banerjee et al. (2003)
Afsin-Elbistan fly ash 0.40–0.98 20 Bayat (2002c)
Seyitomer fly ash 0.06–1.16 20 Bayat (2002c)
Bagasse fly ash 1.12–1.70 30–50 Gupta et al. (2003)
Fly ash 3.9 – Ricou et al. (1999)
Fly ash zeolite 4A 8.96 – Hui et al. (2005)
Afsin–Elbistan fly ash 0.98 – Bayat (2002c)
Seyitomer fly ash 1.16 – Bayat (2002c)
Bagasse fly ash 6.48 – Ho et al. (1989)
Fly ash 0.03 – Rao et al. (2002)

Pb(II) Fly ash zeolite 70.6 20 Gan (2000)
Fly ash 444.7 25 Yadava et al. (1987)
Fly ash-washed 483.4 25 Yadava et al. (1987)
Fly ash-acid 437.0 25 Yadava et al. (1987)
Fly ash 753 32 Yadava et al. (1987)
Bagasse fly ash 285–566 30–50 Goswami and Das (2000)
Fly ash 18.8 – Diamadopoulos et al.

(1993)

(continued)
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Table 8.4 (continued)

Metals Adsorbent
Adsorption
capacityb

Temperature
(ıC) References

Fly ash zeolite X 420.61 – Apiratikul and Pavasant
(2008b)

Fly ash porous pellet 45.54 25 Papandreou et al. (2011)
NaOH activated fly ash 2,000.0 20–25 Visa et al. (2012)

Zn(II) Fly ash 6.5–13.3 30–60 Banerjee et al. (2003)
Fe impregnated fly ash 7.5–15.5 30–60 Banerjee et al. (2003)
Al impregnated fly ash 7.0–15.4 30–60 Banerjee et al. (2003)
NaOH activated fly ash 18.87 20–25 Visa et al. (2012)
Fly ash 0.25–2.8 20 Bayat (2002a)
Afsin-Elbistan fly ash 0.25–1.19 20 Bayat (2002c)
Seyitomer fly ash 0.07–1.30 20 Bayat (2002c)
Bagasse fly ash 2.34–2.54 30–50 Gupta and Ali (2000)
Bagasse fly ash 13.21 30 Gupta and Sharma (2003)
Fly ash 4.64 23 Weng and Huang (1990)
Fly ash 0.27 25 Weng and Huang (1994)
Fly ash 0.068–0.75 0–55 Weng and Huang (2004)
Fly ash 3.4 – Ricou et al. (1999)
Fly ash porous pellet 17.66 25 Papandreou et al. (2011)
Fly ash zeolite 4A 30.80 – Hui et al. (2005)
Bagasse fly ash 7.03 – Hui et al. (1989)
Fly ash 11.11 – Gupta (1998)
Rice husk ash 14.30 – Bhattacharya et al. (2006)
Fly ash 7.84 – Gupta (1998)
Fly ash 0.1806 – Salam et al. (2011)

aThese reported adsorption capacities are values obtained under specific conditions. Readers are
encouraged to refer to the original articles for information on experimental conditions
bIn the unit of (mg g�1) unless specified

investigations have been reported on usage of fly ash in adsorption of individual
pollutants in an aqueous solution or flue gas. Overall, the results obtained when
using these particular fly ashes are encouraging for the removal of heavy metals
and organics from industrial wastewater. Some of the researches showed that the
unburned carbon in fly ash is partly activated during the combustion process,
resulting in a relatively high surface area and good porosity (Wang and Li 2007;
Lu et al. 2008). These characteristics of unburned carbon are similar to that of
activated carbon, hence fly ash could be a potential adsorbent and substitute of
commercial activated carbon. Recently, biomass fly ash has attracted attention to be
used as adsorbent in wastewaters treatment (Pengthamkeerati et al. 2008). It could
be a better adsorbent as compared to other fly ash due to its higher percentage of
unburned carbon.

In real practical, the fly ash is always submitted to heating treatment and/or
modification before being applied as adsorbent. Adsorption capacities of metals by
different fly ashes are provided in Table 8.4.
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Table 8.5 Adsorption capacities of metals by rice huska

Metals Adsorbent
Adsorption
capacityb

Temperature
(ıC) References

As(III) Copolymer of iron and
aluminum impregnated
with active silica derived
from rice husk ash

146 – Abo-El-Enein et al.
(2009)

As(V) Rice husk 615.11 – Roy et al. (1993)
Quaternized rice husk 18.98 – Lee et al. (1999)

Au(I) Rice husk 64.10 40 Nakbanpote et al. 2002)
Rice husk 50.50 30 Nakbanpote et al. (2002)
Rice husk 39.84 20 Nakbanpote et al. (2002)
Rice husk ash 21.2 – Nakbanpote et al. (2000)

Cd(II) Partial alkali digested and
autoclaved rice husk

16.7 – Krishnani et al. (2008)

Cd(II) Phosphate-treated rice husk 103.09 20 Ajmal et al. (2003)
Rice husk 73.96 – Ye et al. (2010)
Rice husk 21.36 – Roy et al. (1993)
Rice husk 4 – Tarley et al. (2004)
Rice husk 8.58 ˙ 0.19 – Kumar and

Bandyopadhyay
(2006)

Rice husk 0.16 – Munaf and Zein (1997)
Rice husk 0.32 – Marshall et al. (1993)
NaOH activated rice husk 125.94 – Ye et al. (2010)
NaOH activated rice husk 7 – Tarley et al. (2004)
NaOH activated rice husk 20.24 ˙ 0.44 – Kumar and

Bandyopadhyay
(2006)

NaHCO3 activated rice husk 16.18 ˙ 0.35 – Kumar and
Bandyopadhyay
(2006)

Epichlorohydrin treated rice
husk

11.12 ˙ 0.24 – Kumar and
Bandyopadhyay
(2006)

Rice husk ash 3.04 – Srivastava et al. (2008)
Polyacrylamide grafted rice

husk
0.889 – Sharma et al. (2009)

HNO3, K2CO3 treated rice
husk

0.044 ˙ 0.1
mmol g�1

30 Akhtar et al. (2010)

Partial alkali digested and
autoclaved rice husk

9.57 – Krishnani et al. (2008)

Cr(III) Rice husk 1.90 – Marshall et al. (1993)
Rice husk ash 240.22 – Wang et al. (2008)

Cr(VI) Rice husk 164.31 – Roy et al. (1993)
Rice husk 4.02 – Munaf and Zein (1997)
Rice husk ash 26.31 – Bhattacharya et al.

(2008)

(continued)



358 P.-S. Keng et al.

Table 8.5 (continued)

Metals Adsorbent
Adsorption
capacityb

Temperature
(ıC) References

Rice husk-based activated
carbon

14.2–31.5 – Guo et al. (2002)

Formaldehyde treated rice husk 10.4 – Bansal et al. (2009)
Pre-boiled rice husk 8.5 – Bansal et al. (2009)

Cu(II) Rice husk 1.21 – Marshall et al. (1993)
Rice husk 0.2 – Srivastava et al. (2008)
Rice husk 7.1 – Nakbanpote et al. (2007)
Rice husk ash 11.5191 – Feroze et al. (2011)
Raw rice hush 4.90 – Luo et al. (2011)
Expending rice husk 8.02 – Luo et al. (2011)
RH-cellulose 7.7 – Nakbanpote et al. (2007)
Rice husk heated to 300 ıC

(RHA300)
6.5 – Nakbanpote et al. (2007)

Rice husk heated to 500 ıC
(RHA500)

16.1 – Nakbanpote et al. (2007)

HNO3, K2CO3 treated rice
husk

0.036 ˙ 0.2
mmol g�1

30 Akhtar et al. (2010)

Microwave incinerated rice
husk ash (800 ıC)

3.497 – Johan et al. (2011)

Microwave incinerated rice
husk ash (500 ıC)

3.279 – Johan et al. (2011)

Partial alkali digested and
autoclaved rice husk

10.9 – Krishnani et al. (2008)

Tartaric acid modified rice husk 29 27 Wong et al. (2003a)
Tartaric acid modified rice husk 22 50 Wong et al. (2003a)
Tartaric acid modified rice husk 18 70 Wong et al. (2003a)
Tartaric acid modified rice husk 31.85 – Wong et al. (2003b)
Carbonized rice husk 42.1 15 Ye et al. (2012)
Carbonized rice husk 45.5 25 Ye et al. (2012)
Carbonized rice husk 55.2 35 Ye et al. (2012)

Fe(II) Copolymer of iron and
aluminum impregnated
with active silica derived
from rice husk ash

222 – Abo-El-Enein et al.
(2009)

Hg(II) Rice husk ash 6.72 30 Feng et al. (2004)
Rice husk ash 9.32 15 Feng et al. (2004)
Rice husk ash 40.0–66.7 – Tiwari et al. (1995)
Polyaniline/rice husk ash

nanocomposite
Not determined – Ghorbani et al. (2011)

Partial alkali digested and
autoclaved rice husk

36.1 – Krishnani et al. (2008)

Mn Copolymer of iron and
aluminum impregnated
with active silica derived
from rice husk ash

158 – Abo-El-Enein et al.
(2009)

Partial alkali digested and
autoclaved rice husk

8.30 – Krishnani et al. (2008)

(continued)
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Table 8.5 (continued)

Metals Adsorbent
Adsorption
capacityb

Temperature
(ıC) References

Ni(II) Rice husk 0.23 – Marshall et al. (1993)
Rice husk ash 4.71 – Srivastava et al. (2009)
Microwave-irradiated rice husk

(MIRH)
1.17 30 Pillai et al. (2009)

Partial alkali digested and
autoclaved rice husk

5.52 – Krishnani et al. (2008)

Pb(II) Rice husk ash 12.61 30 Feng et al. (2004)
Rice husk ash 12.35 15 Feng et al. (2004)
HNO3, K2CO3 treated rice husk 0.058 ˙ 0.1

mmol g�1
30 Akhtar et al. (2010)

Rice husk ash 207.50 – Wang et al. (2008)
Rice husk ash 91.74 – Naiya et al. (2009)
Copolymer of iron and aluminum

impregnated with active silica
derived from rice husk ash

416 – Abo-El-Enein et al.
(2009)

Tartaric acid modified rice husk 120.48 – Wong et al. (2003b)
Tartaric acid modified rice husk 108 27 Wong et al. (2003a)
Tartaric acid modified rice husk 105 50 Wong et al. (2003a)
Tartaric acid modified rice husk 96 70 Wong et al. (2003a)
Partial alkali digested and

autoclaved rice husk
58.1 – Krishnani et al. (2008)

Tartaric acid modified rice husk 21.55 – Tarley et al. (2004)
Rice husk 6.385 25 Surchi (2011)
Rice husk 5.69 30 Zulkali et al. (2006)
Rice husk 45 – Tarley et al. (2004)
Rice husk 11.40 – Roy et al. (1993)

Zn(II) HNO3, K2CO3 treated rice husk 0.037 ˙ 0.2
mmol g�1

30 Akhtar et al. (2010)

Rice husk 30.80 50 Mishra et al. (1997)
Rice husk 29.69 40 Mishra et al. (1997)
Rice husk 28.25 30 Mishra et al. (1997)
Rice husk 26.94 20 Mishra et al. (1997)
Rice husk ash 14.30 – Bhattacharya et al.

(2006)
Rice husk ash 7.7221 – Feroze et al. (2011)
Rice husk ash 5.88 – Srivastava et al. (2008)
Partial alkali digested and

autoclaved rice husk
8.14 – Krishnani et al. (2008)

Rice husk 0.75 – Marshall et al. (1993)
Rice husk 0.173 – Munaf and Zein (1997)
Rice husk-polyaniline

nanocomposite
24.3 – Ghorbani et al. (2012)

aThese reported adsorption capacities are values obtained under specific conditions. Readers are
encouraged to refer to the original articles for information on experimental conditions
bIn the unit of (mg g�1) unless specified
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Table 8.6 Adsorption capacities of metals by wheat based materialsa

Metals Adsorbent Adsorption capacityb References

Cd(II) Wheat straw 39.22 Farooq et al. (2011)
Wheat straw 14.56 Dang et al. (2009)
Wheat straw 11.60 Tan and Xiao (2009)
Wheat straw 40.48 Dhir and Kumar (2010)
Wheat bran 51.58 Nouri and Hamdaoui (2007)
Wheat bran 15.71 Nouri et al. (2007)
Wheat bran 21.0 Farajzadeh and Monji (2004)
Wheat bran 101 Özer and Pirincci (2006)

Cr(III) Wheat straw 21.0 Chojnacka (2006)
Wheat bran 93.0 Farajzadeh and Monji (2004)

Cr(VI) Wheat straw 295.36 Xu et al. (2011)
Wheat straw 47.16 Dhir and Kumar (2010)
Wheat bran 35 Dupont and Guillon (2003)
Wheat bran 40.8 Wang et al. (2008)
Wheat bran 310.58 Singh et al. (2009)
Wheat bran 0.942 Nameni et al. (2008)

Cu(II) Wheat straw 11.43 Dang et al. (2009)
Wheat straw-citric acid

treated
78.13 Gong et al. (2008)

Wheat bran 12.7 Dupont et al. (2005)
Wheat bran 17.42 Aydin et al. (2008)
Wheat bran 8.34 Basci et al. (2004)
Wheat bran 6.85 Wang et al. (2009)
Wheat bran 51.5 Özer et al. (2004)
Wheat bran 15.0 Farajzadeh and Monji (2004)

Hg(II) Wheat bran 70.0 Farajzadeh and Monji (2004)
Ni(II) Wheat straw 41.84 Dhir and Kumar (2010)

Wheat bran 12.0 Farajzadeh and Monji (2004)
Pb(II) Wheat bran 87.0 Bulut and Baysal (2006)

Wheat bran 62.0 Farajzadeh and Monji (2004)
Wheat bran 79.4 Özer and Pirincci (2006)

Zn(II) Wheat bran 16.4 Dupont et al. (2005)
U(VI) Wheat straw 19.2–34.6 Wang et al. (2011)
aThese reported adsorption capacities are values obtained under specific conditions. Readers are
encouraged to refer to the original articles for information on experimental conditions
bIn the unit of (mg g�1)

8.3.2 Rice Husk

Rice, a cereal grain, is the most important staple food for a large part of the world’s
human population, especially in Asia and the West Indies. In fact, the rice is grown
on every continent except Antarctica and ranks second only to maize (corn) in terms
of worldwide area and production in 2010. In rice milling industries, rice husk which
is the hard outer shell of the rice grain is generated as the major by-product or waste,
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Table 8.7 Adsorption capacities of metals by chitosan and chitosan compositesa

Metal Adsorbent
Adsorption
capacityb

Temperature
(ıC) References

As(III) Chitosan/ceramic alumina 56.50 25 Veera et al. (2008b)
As(V) Chitosan/ceramic alumina 96.46 25 Veera et al. (2008b)
Au(III) Chitosan/cotton fibers (via

Schiff base bond)
76.82 25 Qu et al. (2009b)

Chitosan/cotton fibers (via
C–N single bond)

88.64 25 Qu et al. (2009b)

Cd(II) Chitosan/clay beads 72.31 25 Tirtom et al. (2012)
Chitosan/cotton fibers (via

Schiff base bond)
15.74 25 Zhang et al. (2008)

Chitosan/glutaraldehyde 32.9 25 Vitali et al. (2008)
Chitosan/perlite 178.6 25 Shameem et al. (2006)
Chitosan/PVA 142.9 50 Kumar et al. (2009)
Chitosan/xanthate 357.14 RT Sankararamakrishnan

et al. (2007)
Co(II) Chitosan/clinoptilolite 467.90 25 Dinu and Dragan (2010)
Cr(III) Chitosan/Reactive Blue 2 11.2 25 Vasconcelos et al. (2007)
Cr(VI) Chitosan coated acid treated

oil palm shell charcoal
(CCAB)

60.25 – Nomanbhay and
Palanisamy (2005)

Chitosan coated oil palm shell
charcoal (CCB)

52.68 – Nomanbhay and
Palanisamy (2005)

Chitosan/cellulose 13.05 25 Sun et al. 2009)
Chitosan/ceramic alumina 153.8 25 Veera et al. (2003)
Magnetic chitosan 69.40 – Huang et al. (2009)
Chitosan/montmorillonite 41.67 25 Fan et al. (2006)
Chitosan/perlite 153.8 25 Shameem et al. (2003)

Cu(II) Chitosan/alginate 67.66 – Wan Ngah and
Fatinathan (2008)

Chitosan/cellulose 26.50 25 Sun et al. (2009)
Chitosan/ceramic alumina 86.20 25 Veera et al. (2008a)
Chitosan/clinoptilolite 574.49 – Dragan et al. (2010)
Chitosan/clinoptilolite 719.39 25 Dinu and Dragan (2010)
Chitosan/cotton fibers (via

Schiff base bond)
24.78 25 Zhang et al. (2008)

Chitosan/H2fmbme 113.6 25 Vasconcelos et al. (2008)
Chitosan/heparin 81.04 25 Coelho et al. (2007)
Chitosan/perlite 196.07 – Kalyani et al. (2005)
Chitosan/perlite 104.0 25 Shameem et al. (2008)
Chitosan/PVA 47.85 – Wan Ngah et al. (2004)
Chitosan/PVC 87.9 – Srinivasa et al. (2009)
Chitosan/Reactive Blue 2 57.0 25 Vasconcelos et al. (2007)
Chitosan/sand 10.87 – Wan et al. (2007)
Chitosan/sand 8.18 – Wan et al. (2010)

Fe(III) Chitosan/nano-hydroxyapatite 6.75 – Kousalya et al. (2010)

(continued)
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Table 8.7 (continued)

Metal Adsorbent
Adsorption
capacityb

Temperature
(ıC) References

Hg(II) Chitosan/cotton fibers (via
Schiff base bond)

104.31 35 Qu et al. (2009a)

Chitosan/cotton fibers (via
C–N single bond)

96.28 25 Qu et al. (2009a)

Chitosan/glutaraldehyde 75.5 RT Vieira and Beppu (2006)
Ni(II) Chitosan/clay beads 32.36 25 Tirtom et al. (2012)

Chitosan/calcium alginate 222.2 – Vijaya et al. (2008)
Chitosan/cellulose 13.21 25 Sun et al. (2009)
Chitosan/ceramic alumina 78.10 25 Veera et al. (2008a)
Chitosan/clinoptilolite 247.03 25 Dinu and Dragan (2010)
Chitosan/cotton fibers (via

Schiff base bond)
7.63 25 Zhang et al. (2008)

Chitosan/magnetite 52.55 – Tran et al. (2010)
Chitosan/perlite 114.94 – Kalyani et al. (2005)
Chitosan/PVC 120.5 – Srinivasa et al. (2009)
Chitosan/silica 254.3 – Vijaya et al. (2008)

Pb(II) Chitosan/cellulose 26.31 25 Sun et al. (2009)
Chitosan/cotton fibers (via

Schiff base bond)
101.53 25 Zhang et al. (2008)

Chitosan/magnetite 63.33 – Tran et al. (2010)
Chitosan/sand 12.32 – Wan et al. (2010)

Th(IV) Poly(methacrylic acid)
grafted-chitosan/bentonite

110.5 30 Thayyath et al. (2010)

Zn(II) Chitosan/cellulose 19.81 25 Sun et al. (2009)
aThese reported adsorption capacities are values obtained under specific conditions. Readers are
encouraged to refer to the original articles for information on experimental conditions
bIn the unit of (mg g�1)

accounting for almost 20 % of the rice production. Throughout the world, the annual
generation of rice husk was approximately 120 million tonnes in 2009, leading to
serious environmental problems as the rice husk is usually disposed in the end of
the production.

In nature, rice husk is tough, woody, insoluble in water, has good chemical
stability and high mechanical strength. It is considered as a lignocellulosic agricul-
tural by-product that contains approximately 32 % cellulose, 21 % hemicelluloses,
21 % lignin, 20 % silica and 3 % crude proteins (Nadzi et al. 2007). After a
complete combustion process, the resulted rice husk ash consists of about 96 %
silica (Rahman and Ismail 1993). The high percentage of silica coupled with a large
amount of the structural polymer, lignin has made the rice husk not only resistant to
water penetration and fungal decomposition, but also resistant to the best efforts of
man to dispose it since husk does not biodegrade easily.

Obviously, the utilization of this abundant scaly residue will yield economic
as well as environmental dividends. Therefore, exploration of possible usage of
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Table 8.8 Adsorption capacities of metals by untreated and pretreated algae-based materialsa

Metals Algae Adsorption capacityb References

Al(III) Sargassum fluitans-NaOH
treated

0.950–3.740 Lee and Volesky (1999)

Cd(II) Ascophyllum nodosum (B) 0.338–1.913 Holan et al. (1993)
Ascophyllum nodosum-CaCl2

treated
0.930 Yu et al. (1999)

Ascophyllum nodosum-Divinil
sulfone treated

1.139 Holan et al. (1993)

Ascophyllum
nodosum-formaldehyde
treated

0.750–0.854 Leusch et al. (1995),
Chong and Volesky
(1995)

Ascophyllum
nodosum-formaldehyde
(3CdSO4, H2O) treated

1.121 Holan et al. (1993)

Ascophyllum nodosum-
formaldehyde C urea
treated

1.041 Holan et al. (1993)

Ascophyllum
nodosum-formaldehyde
Cd(CH3COO)2 treated

1.326 Holan et al. (1993)

Ascophyllum
nodosum-glutaraldehyde
treated

1.259 Holan et al. (1993)

Ascophyllum
nodosum-glutaraldehyde
treated

0.463–0.480 Leusch et al. (1995)

Caulerpa lentillifera (G)-dried
macroalgae

0.026–0.042 Pavasant et al. (2006)

Caulerpa lentillifera (G)-dried
macroalgae

0.0381 Apiratikul and Pavasant
(2008a)

Chaetomorha linum (G) 0.48 Hashim and Chu (2004)
Chlorella vulgaris (G) 0.30 Klimmek et al. (2001)
Corallina officinalis (R) 0.2642 Basso et al. (2002)
Durvillaea potatorum (B)

-CaCl2 treated
0.260 Matheickal et al. (1999)

Durvillaea potatorum-CaCl2

treated
1.100–1.130 Matheickal et al. (1999)

Codium fragile (G) 0.0827 Basso et al. (2002)
Ecklonia maxima (B) -CaCl2

treated
1.150 Yu et al. (1999)

Ecklonia radiate (B) -CaCl2

treated
1.040 Yu et al. (1999)

Fucus vesiculosus (B) 0.649 Holan et al. (1993)
Gracilaria edulis (R) 0.24 Hashim and Chu (2004)
Gracilaria Salicornia (R) 0.16 Hashim and Chu (2004)
Laminaria hyperbola

(B)-treated CaCl2

0.820 Yu et al. (1999)

Laminaria japonica (B)- treated
CaCl2

1.110 Yu et al. (1999)

(continued)
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Table 8.8 (continued)

Metals Algae Adsorption capacityb References

Lessonia flavicans (B) -treated
CaCl2

1.160 Yu et al. (1999)

Lessonia nigresense (B)-treated
CaCl2

1.110 Yu et al. (1999)

Padina sp.(B) 0.53 Kaewsarn and Yu (2001)
Padina sp-CaCl2 treated 0.52 Kaewsarn and Yu (2001)
Padina tetrastomatica 0.53 Hashim and Chu (2004)
Porphira columbina (R) 0.4048 Basso et al. (2002)
Sargassum baccularia (B) 0.74 Hashim and Chu (2004)
Sargassum

fluitans-formaldehyde
treated

0.9519 Leusch et al. (1995)

Sargassum
fluitans-glutaraldehyde
treated

1.0676 Leusch et al. (1995)

Sargassum fluitans-protonated
biomass

0.710 Davis et al. (2000)

Sargassum sp. (B) 1.40 Tobin et al. (1984)
Sargassum natans (B) 1.174 Holan et al. (1993)
Sargassum siliquosum (M) 0.73 Hashim and Chu (2004)
Sargassum vulgare-protonated

biomass
0.790 Davis et al. (2000)

Ulva lactuca (G) 0.1.52 Areco et al. (2012)
Cr(IV) Chlorella vulgaris-artificial

cultivation
1.525 Dönmez et al. (1999)

Cr(VI) Chlorella vulgaris 0.534 Aksu et al. (1997)
Chlorella vulgaris 1.525 Dönmez et al. (1999)
Sargassum sp. 1.3257 Cossich et al. (2002)
Sargassum sp. 1.30 Silva et al. (2003)
Scenedesmus obliquus 1.131 Dönmez et al. (1999)
Scenedesmus

obliquus-artificial
cultivation

1.131 Dönmez et al. (1999)

Cu(II) Ascophyllum nodosum-CaCl2

treated
1.090 Yu et al. (1999)

Ascophyllum
nodosum-formaldehyde
treated

0.990 Chong and Volesky
(1995)

Ascophyllum
nodosum-formaldehyde
treated

1.306–1.432 Leusch et al. (1995)

Ascophyllum
nodosum-glutaraldehyde
treated

0.803–0.850 Leusch et al. (1995)

Caulerpa lentillifera (G)-dried
macroalgae

0.042–0.088 Pavasant et al. (2006)

(continued)
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Table 8.8 (continued)

Metals Algae Adsorption capacityb References

Caulerpa lentillifera (G)-dried
macroalgae

0.112 Apiratikul and Pavasant
(2008b)

Chlorella miniata (G) 0.366 Lau et al. (1999)
Chlorella vulgaris 0.295 Lau et al. (1999)
Chlorella vulgaris 0.254–0.549 Aksu et al. (1997)
Chlorella vulgaris 0.758 Dönmez et al. (1999)
Chlorella vulgaris-artificial

cultivation
0.759 Dönmez et al. (1999)

Durvillaea potatorum-CaCl2

treated
0.040–1.310 Matheickal and Yu

(1999)
Ecklonia radiate-CaCl2 treated 0.070–1.110 Matheickal and Yu

(1999)
Ecklonia maxima-CaCl2

treated
1.220 Yu et al. (1999)

Laminaria hyperbola-treated
CaCl2

1.220 Yu et al. (1999)

Laminaria japonica-treated
CaCl2

1.200 Yu et al. (1999)

Lessonia flavicans-treated
CaCl2

1.250 Yu et al. (1999)

Lessonia nigresense-treated
CaCl2

1.260 Yu et al. (1999)

Padina sp-CaCl2 treated 0.8 Kaewsarn (2002)
Sargassum sp. 1.08 Silva et al. (2003)
Sargassum

fluitans-glutaraldehyde
treated

1.574 Leusch et al. (1995)

Sargassum
fluitans-formaldehyde
treated

1.7938 Leusch et al. (1995)

Sargassum fluitans-NaOH
treated

0.650–1.540 Lee and Volesky (1999)

Sargassum fluitans-protonated
biomass

0.800 Davis et al. (2000)

Sargassum vulgare-protonated
biomass

0.930 Davis et al. (2000)

Scenedesmus obliquus (G) 0.524 Dönmez et al. (1999)
Scenedesmus

obliquus-artificial
cultivation

0.524 Dönmez et al. (1999)

Ulva lactuca (G) 0.34 Areco et al. (2012)
Fe(III) Chlorella vulgaris 0.439 Aksu et al. (1997)
Ni(II) Ascophyllum nodosum 1.346–2.316 Holan and Volesky

(1994)
Ascophyllum

nodosum-formaldehyde
treated

1.431–1.618 Leusch et al. (1995)

(continued)
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Table 8.8 (continued)

Metals Algae Adsorption capacityb References

Ascophyllum nodosum-
formaldehyde C CH3COOH
treated

0.409 Holan and Volesky (1994)

Ascophyllum nodosum-
formaldehyde C urea
treated

0.511 Holan and Volesky (1994)

Ascophyllum
nodosum-glutaraldehyde
treated

0.920–1.959 Leusch et al. (1995)

Chlorella miniata 0.237 Lau et al. (1999)
Chlorella vulgaris 0.205–1.017 Klimmek et al. (2001)
Chlorella vulgaris 1.017 Dönmez et al. (1999)
Chlorella vulgaris 0.205 Lau et al. (1999)
Chlorella vulgaris-artificial

cultivation
1.017 Dönmez et al. (1999)

Chondrus crispus (R) 0.443 Holan and Volesky (1994)
Codium taylori (G) 0.099 Holan and Volesky (1994)
Cystoserta Indica (B) 0.76 Pahlavanzadeh et al. (2010)
Durvillaea potatorum-CaCl2

treated
0.17–1.13 Yu and Kaewsarn (2000)

Fucus vesiculosus 0.392 Holan and Volesky (1994)
Fucus

vesiculosus-formaldehyde
treated

0.559 Holan and Volesky (1994)

Galaxaura marginata (R) 0.187 Holan and Volesky (1994)
Galaxaura marginata-CaCO3

treated
0.187 Holan and Volesky (1994)

Nizmuddinia Zanardini (B) 0.76 Pahlavanzadeh et al. (2010)
Padina australis (B) 0.37 Pahlavanzadeh et al. (2010)
Padina gymnospora (B) 0.170 Holan and Volesky (1994)
Padina gymnospora-CaCO3

treated
0.238 Holan and Volesky (1994)

Sargassum fluitans (B) 0.409 Holan and Volesky (1994)
Sargassum

fluitans-epichlorohyridin
treated

0.337 Holan and Volesky (1994)

Sargassum
fluitans-formaldehyde
treated

1.9932 Leusch et al. (1995)

Sargassum fluitans-
formaldehyde C HCl
treated

0.749 Holan and Volesky (1994)

Sargassum
fluitans-glutaraldehyde
treated

0.7337 Leusch et al. (1995)

(continued)
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Table 8.8 (continued)

Metals Algae Adsorption capacityb References

Sargassum glaucescens (B) 0.76 Pahlavanzadeh et al. (2010)
Sargassum natans 0.409 Holan and Volesky (1994)
Sargassum vulgare (M) 0.085 Holan and Volesky (1994)
Scenedesmus obliquus 0.5145 Dönmez et al. (1999)
Scenedesmus

obliquus-artificial
cultivation

0.514 Dönmez et al. (1999)

Pb(II) Ascophyllum nodosum 1.313–2.307 Holan and Volesky (1994)
Ascophyllum nodosum-CaCl2

treated
1.150 Yu et al. (1999)

Ascophyllum nodosum-
Bis(ethenil)sulfone
treated

1.733 Holan and Volesky (1994)

Ascophyllum
nodosum-formaldehyde
treated

1.3755 Leusch et al. (1995)

Ascophyllum nodosum-
formaldehyde C CH3COOH
treated

1.308 Holan and Volesky (1994)

Ascophyllum nodosum-
formaldehyde C urea
treated

0.854 Holan and Volesky (1994)

Ascophyllum
nodosum-glutaraldehyde
treated

1.318 Holan and Volesky (1994)

Ascophyllum
nodosum-glutaraldehyde
treated

0.816–0.898 Leusch et al. (1995)

Caulerpa lentillifera (G)-dried
macroalgae

0.076–0.139 Pavasant et al. (2006)

Caulerpa lentillifera (G)-dried
macroalgae

0.142 Apiratikul and Pavasant
(2008a)

Chlorella vulgaris 0.47 Klimmek et al. (2001)
Cladophora glomerata (G) 0.355 Jalali et al. (2002)
Chondrus crispus treated with

1-chloro-2,3-epoxipropane
1.009 Holan and Volesky (1994)

Chondrus crispus 0.941 Holan and Volesky (1994)
Codium taylori 1.815 Holan and Volesky (1994)
Durvillaea potatorum-CaCl2

treated
0.020–1.550 Matheickal and Yu (1999)

Ecklonia maxima-CaCl2
treated

1.400 Yu et al. (1999)

Ecklonia radiate-CaCl2 treated 0.050–1.260 Matheickal and Yu (1999)
Fucus vesiculosus 1.105–2.896 Holan and Volesky (1994)

(continued)
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Table 8.8 (continued)

Metals Algae Adsorption capacityb References

Fucus
vesiculosus-formaldehyde
treated

1.752 Holan and Volesky (1994)

Fucus vesiculosus-
formaldehyde C HCl
treated

1.453 Holan and Volesky (1994)

Galaxaura marginata 0.121 Holan and Volesky (1994)
Galaxaura marginata-CaCO3

treated
1.530 Holan and Volesky (1994)

Gracilaria corticata (R) 0.2017–0.2606 Jalali et al. (2002)
Laminaria hyperbola-treated

CaCl2

1.350 Yu et al. (1999)

Laminaria japonica-treated
CaCl2

1.330 Yu et al. (1999)

Lessonia flavicans-treated
CaCl2

1.450 Yu et al. (1999)

Lessonia nigresense-treated
CaCl2

1.460 Yu et al. (1999)

Padina gymnospora 0.314 Holan and Volesky (1994)
Padina gymnospora-CaCO3

treated
0.150 Holan and Volesky (1994)

Padina tetrastomatica (B) 1.049 Jalali et al. (2002)
Polysiphonia violacea (R) 0.4923 Jalali et al. (2002)
Sargassum fluitans 1.594 Holan and Volesky (1994)
Sargassum

fluitans-epichlorohyridin
treated

0.975 Holan and Volesky (1994)

Sargassum
fluitans-formaldehyde
treated

1.8244 Leusch et al. (1995)

Sargassum
fluitans-glutaraldehyde
treated

1.6603 Leusch et al. (1995)

Sargassum hystrix (B) 1.3755 Jalali et al. (2002)
Sargassum natans 1.221 Holan and Volesky (1994)
Sargassum natans 1.1487 Jalali et al. (2002)
Sargassum vulgare 1.100 Holan and Volesky (1994)
Ulva lactuca (G) 0.61 Jalali et al. (2002)
Ulva lactuca (G) 0.145 Areco et al. (2012)
Undaria pinnatifida (B) 1.945 Kim et al. (1999)

Zn(II) Ascophyllum
nodosum-formaldehyde
treated

0.680 Chong and Volesky (1995)

Ascophyllum
nodosum-formaldehyde
treated

0.719 Leusch et al. (1995)

(continued)
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Table 8.8 (continued)

Metals Algae Adsorption capacityb References

Ascophyllum
nodosum-formaldehyde
treated

0.8718 Leusch et al. (1995)

Ascophyllum
nodosum-glutaraldehyde
treated

0.138–0.367 Leusch et al. (1995)

Caulerpa lentillifera (G)-dried
macroalgae

0.021–0.141 Pavasant et al. (2006)

Chlorella vulgaris 0.37 Klimmek et al. (2001)
Sargassum

fluitans-formaldehyde
treated

0.9635 Leusch et al. (1995)

Sargassum
fluitans-glutaraldehyde
treated

0.9942 Leusch et al. (1995)

Ulva lactuca (G) 0.145 Areco et al. (2012)

B brown alga, G green alga, R red alga
aThese reported adsorption capacities are values obtained under specific conditions. Readers are
encouraged to refer to the original articles for information on experimental conditions
bIn the unit of (mmol g�1)

the rice husk is of great significance in many rice producing countries. It is quite
unlikely to use rice husk as animal feed because of its relatively low content of
total digestible nutrients (less than 10 %). Besides, the husk has a very low protein
and available carbohydrates values, and yet, at the same time, high in crude fiber and
crude ash. Due to its abrasive character, poor nutritive value, low bulk density and
high ash content which would sometimes cause harmful effect, the rice husk cannot
be considered as a safe and suitable animal feed.

Owing to its excellent properties including good heat insulation, ability in
emitting smell or gases, and resistant to corrosive, the rice husk can be seen as a
potential raw material used to insulate walls, floors and roof cavities. Unfortunately,
the cost of building materials manufactured using rice husk as the aggregate is
considerably high and not economic as compared to that of using other aggregates,
hence its application as building material is not practical in real production.
Recently, the rice husk ash has been used as silica source in synthesis of silica
aerogel, MCM-41 and other silica- based mesoporous materials which have higher
commercial value. Nevertheless, the quality of the resulted materials is hard to be
controlled due to variation of silica content and presence of different elements in the
rice husk ash depending on the rice species and the combustion process.

Thus, efforts have been made to use this cheap and readily available resource as a
low cost adsorbent in the removal of heavy metals from aqueous environment. The
high content of cellulose, a polymer contains three reactive hydroxyl groups has
made rice husk a potential adsorbent material. However, both lignin and silica that
present in rice husk tends to reduce the binding between accessible functional group
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Table 8.9 Adsorption capacities of metals by bacterialsa

Metals Adsorbent
Adsorption
capacityb References

Ag(I) Geobacillus thermodenitrificans 37.86 Chatterjee et al. (2010)
Cd(II) Aeromonas caviae 155.3 Loukidou et al. (2004)

Brevundimonas sp. ZF12 Strain 49.01 Masoudzadeh et al.
(2011)

Enterobacter sp. 46.2 Lu et al. (2006)
Geobacillus thermodenitrificans 42.9 Chatterjee et al. (2010)
Ochrobactrum anthropi – Ozdemir et al. (2003)
Pseudomonas aeruginosa 42.4 Chang et al. (1997)
Pseudomonas putida 8.0 Pardo et al. (2003)
Pseudomonas putida 500.00 Hussein et al. (2004)
Pseudomonas sp. 278.0 Ziagova et al. (2007)
Sphingomonas paucimobilis – Tangaromsuk et al.

(2002)
Staphylococcus xylosus 250.0 Ziagova et al. (2007)
Streptomyces pimprina 30.4 Puranik et al. (1995)
Streptomyces rimosus 64.9 Selatnia et al. (2004a)

Co(II) Geobacillus thermodenitrificans 69.76 Chatterjee et al. (2010)
Cr(III) Geobacillus thermodenitrificans 70.7 Chatterjee et al. (2010)
Cr(VI) Aeromonas caviae 284.4 Loukidou et al. (2004)

Bacillus coagulans 39.9 Srinath et al. (2002)
Bacillus megaterium 30.7 Srinath et al. (2002)
Bacillus coagulans 39.9 Srinath et al. (2002)
Bacillus licheniformis 69.4 Zhou et al. (2007)
Bacillus megaterium 30.7 Srinath et al. (2002)
Bacillus thuringiensis 83.3 Sahin and Öztürk (2005)
Pseudomonas sp. 95.0 Ziagova et al. (2007)
Pseudomonas fluorescens. 111.11 Hussein et al. (2004)
Staphylococcus xylosus 143.0 Ziagova et al. (2007)
Zoogloea ramigera 2 Nourbakhsh et al.

(1994)
Cu(II) Bacillus firmus 381 Salehizadeh and

Shojaosadati (2003)
Bacillus sp. 16.3 Tunali et al. (2006)
Bacillus subtilis 20.8 Nakajima et al. (2001)
Enterobacter sp. 32.5 Lu et al. (2006)
Geobacillus thermodenitrificans 50.0 Chatterjee et al. (2010)
Micrococcus luteus 33.5 Nakajima et al. (2001)
Pseudomonas aeruginosa 23.1 Chang et al. (1997)
Pseudomonas cepacia 65.3 Savvaidis et al. (2003)
Pseudomonas putida 6.6 Pardo et al. (2003)
Pseudomonas putida 96.9 Uslu and Tanyol (2006)
Pseudomonas putida 15.8 Chen et al. (2005)
Pseudomonas putida 163.93 Hussein et al. (2004)
Pseudomonas stutzeri 22.9 Nakajima et al. (2001)

(continued)
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Table 8.9 (continued)

Metals Adsorbent
Adsorption
capacityb References

Sphaerotilus natans 60 Beolchini et al. (2006)
Sphaerotilus natans 5.4 Beolchini et al. (2006)
Streptomyces coelicolor 66.7 Öztürk et al. (2004)
Thiobacillus ferrooxidans 39.8 Liu et al. (2004)

Fe(III) Geobacillus thermodenitrificans 79.9 Chatterjee et al. (2010)
Streptomyces rimosus 122.0 Selatnia et al. (2004b)

Ni(II) Bacillus thuringiensis 45.9 Öztürk (2007)
Pseudomonas putida 556 Hussein et al. (2004)
Streptomyces rimosus 32.6 Selatnia et al. (2004d)

Pb(II) Bacillus sp. 92.3 Tunali et al. (2006)
Bacillus firmus 467 Salehizadeh and Shojaosadati

(2003)
Corynebacterium glutamicum 567.7 Choi and Yun (2004)
Enterobacter sp. 50.9 Lu et al. (2006)
Geobacillus thermodenitrificans 32.26 Chatterjee et al. (2010)
Pseudomonas aeruginosa 79.5 Chang et al. (1997)
Pseudomonas aeruginosa 0.7 Lin and Lai (2006)
Pseudomonas putida 270.4 Uslu and Tanyol (2006)
Pseudomonas putida 56.2 Pardo et al. (2003)
Streptomyces rimosus 135.0 Selatnia et al. (2004c)

Pd(II) Desulfovibrio desulfuricans 128.2 De Vargas et al. (2004)
Desulfovibrio fructosivorans 119.8 De Vargas et al. (2004)
Desulfovibrio vulgaris 106.3 De Vargas et al. (2004)

Pt(IV) Desulfovibrio desulfuricans 62.5 De Vargas et al. (2004)
Desulfovibrio fructosivorans 32.3 De Vargas et al. (2004)
Desulfovibrio vulgaris 40.1 De Vargas et al. (2004)

Th(IV) Arthrobacter nicotianae 75.9 Nakajima and Tsuruta (2004)
Bacillus licheniformis 66.1 Nakajima and Tsuruta (2004)
Bacillus megaterium 74.0 Nakajima and Tsuruta (2004)
Bacillus subtilis 71.9 Nakajima and Tsuruta (2004)
Corynebacterium equi 46.9 Nakajima and Tsuruta (2004)
Corynebacterium glutamicum 36.2 Nakajima and Tsuruta (2004)
Micrococcus luteus 77.0 Nakajima and Tsuruta (2004)
Zoogloea ramigera 67.8 Nakajima and Tsuruta (2004)

U(VI) Arthrobacter nicotianae 68.8 Nakajima and Tsuruta (2004)
Bacillus licheniformis 45.9 Nakajima and Tsuruta (2004)
Bacillus megaterium 37.8 Nakajima and Tsuruta (2004)
Bacillus subtilis 52.4 Nakajima and Tsuruta (2004)
Corynebacterium equi 21.4 Nakajima and Tsuruta (2004)
Corynebacterium glutamicum 5.9 Nakajima and Tsuruta (2004)
Micrococcus luteus 38.8 Nakajima and Tsuruta (2004)
Nocardia erythropolis 51.2 Nakajima and Tsuruta (2004)
Zoogloea ramigera 49.7 Nakajima and Tsuruta (2004)

(continued)
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Table 8.9 (continued)

Metals Adsorbent
Adsorption
capacityb References

Zn(II) Aphanothece halophytica 133.0 Incharoensakdi and Kitjaharn
(2002)

Bacillus firmus 418 Salehizadeh and Shojaosadati
(2003)

Geobacillus thermodenitrificans 48.26 Chatterjee et al. (2010)
Pseudomonas putida 6.9 Pardo et al. (2003)
Pseudomonas putida 17.7 Chen et al. (2005)
Streptomyces rimosus 30.0 Mameri et al. (1999)
Streptomyces rimosus 80.0 Mameri et al. (1999)
Streptoverticillium cinnamoneum 21.3 Puranik and Paknikar (1997)
Thiobacillus ferrooxidans 82.6 Celaya et al. (2000)
Thiobacillus ferrooxidans 172.4 Liu et al. (2004)

aThese reported adsorption capacities are values obtained under specific conditions. Readers are
encouraged to refer to the original articles for information on experimental conditions
bIn the unit of (mg g�1)

on the surface of rice husk and adsorbate ions/molecules. Therefore, considerable
researches have been carried out to modify or treat the rice husk via different
methods prior to the application in heavy metals removal. Adsorption capacities
of metals by untreated and treated rice husk are presented in Table 8.5.

8.3.3 Wheat Straw and Wheat Bran

Wheat (Triticum aestivum) is the major food crop of the world. The World
Agricultural Supply and Demand Estimates (WASDE) has estimated the total
consumption of wheat worldwide was 652 million tons for year 2010. Straw and
bran are generated as by-products in the wheat milling industry. Every year, over
200 million tons of wheat straw are produced and every 100 million ton of wheat
can create 25 million tons of bran. In addition to their use as feed and fuel, large
amounts of redundant wheat straw and bran must be disposed of. Therefore, finding
new applications for these abundantly available waste materials is a challenge to the
wheat production countries.

The wheat straw is a lignocellulosic agricultural waste consisting of about
34–40 % cellulose, 20–35 % hemicellulose, 8–15 % lignin and sugars as well
as other compounds carrying different functional groups like carboxyl, hydroxyl,
sulphydryl, amide and amine. Although the substances are almost similar, the
percentage composition of different substances may vary in different parts of the
world depending on the wheat species and growing conditions. Wheat straw has
been used as fodder and in paper industry to produce low quality boards or packing
materials. The stems are usually burnt directly in some parts of the world for fuel
supply, leading to serious atmospheric pollution and wastage of resources.
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The wheat bran is the shell of the wheat seed that contains most nutrients
of wheat. Despite its high nutritious value, this bran is always removed in the
processing of wheat into flour and discarded as waste. Most recently, wheat bran
is found to be a valuable material which is applicable in fermentation industry,
pharmaceutics and biomedical research. This by-product can also serve as a
potential nutritious and cheap raw material for fermentation industry. In addition,
its amazing properties of anti-oxidative and anti-inflammatory can bring about a
revolution in the fields of melanoma and cancer research. However, more researches
and investigation should be carried out to make its applications realistic in human
daily life.

As attempt to fully utilize these industry by-products, both wheat straw and
wheat bran have been investigated for their adsorption behaviour towards metal ions
(Table 8.6). The high adsorption capability of straw is closely related to high content
of cellulose, presence of different functional groups and porosity of the material.
The reported metal adsorption capacities of wheat based materials could depend on
the structure of wheat bran used in different studies, along with other parameters.

8.3.4 Chitin, Chitosan and Chitosan Composites

Chitin is a naturally and abundant occurring mucopolysaccharide from exoskele-
tons of insects, crustaceans shells, fungi cellular walls, annelids and molluscs.
It is the second most abundant polymerin nature after cellulose. Chitin contains
2-acetamido-2-deoxy-“-D-glucose through a “ (1 ! 4) linkage. Through deacetyla-
tion process of chitin, a type of natural poly(aminosaccharide), so called chitosan
is produced. The chitosan consists mainly of poly (1 ! 4)-2 amino-2-deoxy-
D-glucose unit and this derivative biopolymer has been known as a promising
polymeric material of great scientific interest due to its special characteristics,
for instances, hydrophilicity, biocompatibility, biodegradability, non-toxicity, good
adsorption properties and wide range of applications.

The chitosan has drawn particular attention for its feasible application in a
variety of forms, from flake-types to gels, beads and fibers. Due to high content
of amino and hydroxyl groups in chitosan, this by-product material has been found
to be able on adsorbing several heavy metals, including copper, chromium, silver,
platinum and lead physically or chemically. In fact, chitosan has binding capacities
of more than 1 mmol/g for heavy metals which is far greater than that of activated
carbon. The extend of metal adsorption depends strongly on the chitosan source,
deacetylation degree, nature of metal ion, variations in crystallinity, amino content
and solution pH.

Chitosan can either form gel or dissolve depending on the pH values. Its high
sensitivity towards pH has constituted an obstacle to chitosan’s performance as
a biosorbent in wastewater treatment. To solve this problem, chemical modifica-
tion of chitosan using cross-linking reagents, for instance glyoxal, formaldehyde,
glutaraldehyde, epichlorohydrin, ethylene glycon diglycidyl ether and isocyanates
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have been used to stabilize chitosan in acidic solutions. Several chemical changes
are possible in the chitosan polymeric matrix because of the existence of reactive
amino and hydroxyl groups. It has been demonstrated that the chemical modification
does not only increase the chemical stability of the adsorbent in acidic media,
and especially, decrease its solubility in most mineral and organic acids, but also
enhances its mechanical properties. However, the adsorption ability of the modified
chitosan may be reduced after the cross-linking procedure due to increment in the
rigidity of the structural conformation of the polymer.

A great number of chitosan derivatives have been obtained by introducing
selected functional groups into the polymeric matrix of chitosan in order to
enhance its interaction with variety of metallic ions, thus increase the adsorption
capacity and selectivity for metal ions in solution. The reported chitosan derivatives
are those containing nitrogen, phosphorus and sulfur as heteroatoms, and other
derivatives such as chitosan crown ethers and chitosan ethylenediaminetetraacetic
acid (EDTA)/diethylenetriaminepentaacetic acid (DTPA) complexes. Apart from
that, chitosan composites have also been extensively investigated for heavy metals
removal. Various types of substance have been used to form composite with
chitosan, including activated clay, bentonite, montmorillonite, polyurethane, poly
vinyl alcohol, poly vinyl chloride, kaolinite, oil palm ash and perlite. Table 8.7
shows the heavy metal removal capacities through adsorption process using these
modified chitosan materials.

8.3.5 Algae

The term “algae” refers to a large and diverse assemblage of organisms that
contain chlorophyll and carry out oxygenic photosynthesis. Algae are simple plant-
like organisms, ranging from unicellular to multicellular forms, which are easily
found in aquatic habitats, freshwater, marine and moist soil. The largest and most
complex marine forms are called seaweeds. This abundantly available biomass has
been extensively studied for its variety applications as fertilizer, energy sources,
pollution control, pigment, stabilizing substances, nutrition and biodegradable
plastic production.

Algae can be classified according to several characteristics, including the nature
of the chlorophyll(s) present, the carbon reserve polymers produced, the cell wall
structure, and the motility type. Although all algae consist of chlorophyll a, there are
some, which contain other chlorophylls that differ in minor ways from chlorophylls
a. The presence of these additional chlorophylls is typical of particular algal groups.
Chrysophyta (golden-brown algae and diatoms), Euglenophyta (euglenoids, is also
considered as protozoa), Pyrrophyta (dino-flagellates), Chlorophyta (green algae),
Phaeophyta (brown algae) and Rhodophyta (red algae) are some of the major groups
of algae.

The algal cell is surrounded by thin, rigid cell walls which are usually made of
multilayered microfibrillar framework generally consisting of cellulose and inter-
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sperse with amorphous material (Madigan et al. 2000). These walls are essentially
impermeable to larger molecules or to macromolecules. However, existence of
pores about 3–5 nm wide on the algal cell wall has allowed low molecular-weight
constituents such as water, ions, gases, and other nutrients to pass through freely for
metabolism and growth.

Due to their high surface area to volume ratio, various algae have been in-
vestigated as potential materials for heavy metal removal in aqueous solutions.
Actually, the metal biosorption by algae mainly depend on the components on
the cell, especially through cell surface and the spatial structure of the cell wall.
The cell walls of algae generally contain cellulose, alginic acid and sulphated
polysaccharides. These compounds consist of several functional groups, such as
carboxyl, hydroxyl, sulfate, phosphate, and amino groups which play a very
important role in biosorption process of metal. The mechanism of binding metal
ions by algal biomass is always affected by the biomass characteristics, species and
ionic charges of the targeted metal ions, and other external environmental factors
such as solution pH and temperature.

Among the three groups of algae (red, green and brown algae), brown alga is the
most widely studied. This could be associated to the high sorption capability of the
brown algae as compared to other two algae species (Romera et al. 2006; Brinza
et al. 2007). Very often, the algae undergo treatment in different ways to enhance
their sorption capacity (Romera et al. 2006). Adsorption capacities of metals by
untreated and treated algae are presented in Table 8.8. In brief, algae have been
proven to be both economic and eco-friendly because they are ubiquitous occurrence
in nature, can be regenerated after use and have lesser volume of chemical and/or
biological sludge to be disposed of.

8.3.6 Bacteria

Bacteria are a large domain of prokaryotic microorganisms. They exist at almost
everywhere on the Earth, including in soil, acidic hot springs, radioactive waste,
and deep in the Earth’s crust, as well as in organic matter and the live bodies of
animals and plants. There are about five nonillion (5 � 1030) bacteria present on the
Earth, forming a biomass that exceeds that of all plants and animals. Bacteria have
simple morphology and have a wide range of shapes, ranging from spheres or ovoid
(coccus) to rods (bacillus, with a cylindrical shape) and spirals (spirillum). They are
recognized as microscale organisms whose single cells have neither a membrane-
bounded nucleus nor other membrane-bounded organelles like mitochondria and
chloroplasts. Due to differences in genetics and ecology, however, bacteria may vary
in size as much as in shape. The smallest bacteria are about 0.3 �m, and a few bacte-
ria become fairly large, e.g. some spirochetes occasionally reach 500 �m in length.

In the past decades, there has been an increasing interest to use bacteria in de-
grading or mineralizing several textile dyes. Bacterial decolorization was attributed
to the presence of oxidoreductive enzymes, such as laccase, NADH-DCIP reductase
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and azoreducases in the bacteria. However, the effectiveness of decolorization
using bacteria depends strongly on the adaptability and the activity of the selected
bacterium.

Recently, the feasibility of bacteria as biosorbent in heavy metals was explored.
It has been demonstrated that composition of cell wall of bacteria is one of the
key factors influencing bacterial biosorbing properties. The anionic functional
groups exist in the teichoic acids and peptidoglican of gram-positive bacteria,
lipopolysaccharides and phospholipids of gram-negative bacteria are the important
elements responsible for the metal binding ability of the cell wall. Besides, the metal
binding ability of bacteria would be further increased with the involvement of extra-
cellular polysaccharides. Usually, the availability of this compound depends on the
bacterial species and growth conditions.

Advantages such as availability, small size, ability to grow under controlled
conditions and resiliency to a wide range of environmental situations are some of
the reasons that made bacteria gaining its popularity in the development of new
biosorbents materials. Adsorption capacities of metals by bacterial are provided in
Table 8.9.

8.4 Equilibrium, Continuous and Modelling Studies
of Heavy Metals Adsorption

8.4.1 Batch Adsorption Experiments

An efficient contact between adsorbent and adsorbate for a period of time is desired
in a batch adsorption experiment. This allows the concentration of adsorbate in
solution to attain equilibrium with the adsorbate on the surface. In most of the
cases, particle size, pH, concentration and agitation are the key factors for the
time of equilibrium attainment. Since the last decades, porous adsorbents such
as activated carbon and mesoporous silica materials are widely used in batch
equilibrium operations for their extremely high surface area, bringing into more
effective adsorbent-adsorbate contact and a reducing of diffusional resistance inside
the pores. Separation process is always carried out after the adsorption process. The
adsorbed adsorbate on the solid phase can be separated from the adsorbate residue in
solution via several methods such as settling, filtration, or centrifugation. In industry,
the used adsorbent is either regenerated for further use or disposed, depending on
the cost involved. Both adsorption isotherm and kinetics modelling are commonly
applied in discussion of batch adsorption studies.

8.4.2 Adsorption Isotherm Models in a Batch System

In general, the adsorption isotherms describe how adsorbates interact with adsor-
bents and therefore they are the basic as well as the most necessity in an adsorption
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design. The adsorption isotherms are always referred to adsorption properties and
equilibrium data obtained in an adsorption system. Apparently, establishing an ap-
propriate and correct correlation for the equilibrium data is important to understand
adsorbate-adsorbent interaction, subsequently contributing to improvement of an
adsorption system. Besides, the data must fit to a mathematical model for a reliable
prediction on adsorption parameters. The compliance of data would also allow a
quantitative comparison on adsorption activities of variety adsorption systems under
different operating conditions.

During an adsorption process, adsorbate is adsorbed onto the adsorbent. At
the same time, desorption process of adsorbate from the adsorbent might also
occur with a slower rate. When the rate of both adsorption and desorption
processes is the same, the adsorption equilibrium is said to be achieved. Usually,
the equilibrium condition is characterized in graph of adsorbate concentration in
solid phase versus that in liquid phase. One or more isotherm models may be
used to explain the distribution of adsorbate molecules between the adsorbent
and the liquid phase, which provides information of equilibrium position in the
adsorption process. The suitability, so-called ‘favorable’ degree of an isotherm
model to the adsorption system is often verified from the shape generated in
isotherm graph. The isotherm model is ‘favored’ by the adsorption system if
the value of R2 of graph slope is equal or very close to unity. Besides, the
isotherm shape also gives qualitative information on the nature of the solute–surface
interaction. In adsorption system, the performance of different adsorbents is always
evaluated from their maximum adsorption capacity which can be obtained from
the fitted adsorption isotherm. The capacity information also allows selection of
the most appropriate adsorbent for a particular adsorption application under certain
conditions.

Two- and three- parameter models are widely applied in correlating adsorption
equilibria in liquid phase adsorption, even though they are originally used for gas
phase adsorption. The thermodynamic assumptions made and different equation
parameters used within these models often provide insight into surface properties
and affinity of the adsorbent as well as the adsorption mechanism. Obviously,
a proper correlation of equilibrium data is crucial for an optimized adsorption
condition as well as improved adsorbent’s activities.

Two-Parameter Adsorption Isotherms

There are a number of available two-parameter adsorption isotherms for description
of adsorption equilibria in liquid phase. However, the underlying assumptions
within the model often limit the application of each model for an adsorption
system. Among the models, Langmuir, Freundlich, and Brunauer-Emmet-Teller
(BET) models appear as the most popular isotherms. Further, other two-parameter
models such as Temkin and Dubinin-Radushkevich Jovanovic, Halsey and Hurkins-
Jura are also presented in this text.



378 P.-S. Keng et al.

Langmuir Adsorption Isotherm

The Langmuir model has been intensively applied in quantifying the amount of
adsorbate being adsorbed on an adsorbent as a function of concentration at a
certain temperature in a homogenous adsorption system (Langmuir 1918). This
isotherm assumes the adsorption process happens at specific homogeneous sites on
the surface of adsorbate. Therefore, the Langmuir model is valid for homogenous
adsorption and it is always referred to monolayer coverage of adsorbate over a
homogenous adsorbent surface. For a biosorption process, all the sites on the
adsorbent are equivalent and no further adsorption can occur at a site once the site
has been occupied by an adsorbate molecule. Based on the assumption made, the
adsorption is localized based on lattice model and no further adsorption is allowed
at equilibrium where a saturation point is reached. In addition, the model makes
assumption that the adsorption of each molecule has equal adsorption activation
energy and adsorption enthalpy is independent of surface coverage. The Langmuir
equation is written below:

qe D qmax KL Ce

1 C KL Ce

(8.2)

where qe D mass of adsorbate adsorbed/mass of adsorbent at equilibrium
qmax D mass of adsorbate adsorbed/mass of adsorbent for a complete monolayer
KL D Langmuir constant related to the enthalpy of adsorption
Ce D concentration of adsorbate at equilibrium
Apparently, characteristic of the Langmuir isotherm can be represented by a

plateau in the plot qe versus Ce. In addition, the Langmuir isotherm is traditionally
used in quantifying the maximum uptake and estimating the adsorption capacity
qmax of different adsorbents. Since the Langmuir assumes all the surface sites
possess equal affinity for the adsorbate, the qmax should be temperature independent.
In practical, however, the presence of functional groups in the adsorbent has brought
to modest changes in adsorption capacity with temperature. Besides, some other
factors including the number of active sites on the adsorbent, the chemical state
of the sites, the accessibility of the adsorbate to the sites and the affinity between
the sites such as binding strength has greatly affected the adsorption capacity of an
adsorbent in real situation.

An adsorption process can be classified as physisorption or chemisorption. In
physisorption, physical forces are dominant in the bonding between adsorbates and
the surface. The forces become weaken with increasing of temperature. Therefore,
the exothermal nature of the adsorption process can be proven from the decrease
of KL value with elevating temperature (Ho and Ofomaja 2006; Shaker 2007;
Padmavathy 2008; Djeribi and Hamdaoui 2008). On the other hand, the thermal
energy is needed for the strong interaction between the adsorbate and the adsorbent
in generating new types of electronic bonds in a chemisorption process. Thus, the
rise in temperature is more favourable for the chemisorption which involves the
binding of adsorbates to active sites, making it an endothermic process (Febrianto
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et al. 2009). Usually, the van’t Hoff plots are used to further verify the exothermal
or endothermal nature of the adsorption process by considering the enthalpy of
adsorption. An integrated van’t Hoff equation relates the Langmuir constant, KL

to the temperature as below.

KL D K0 exp

�
��H

RT

�
(8.3)

where K0 D parameter of the van’t Hoff equation
H D enthalpy of adsorption
The determination of the adsorption parameters may not be easy since the Eq. 8.2

is in non-linear form. In order to overcome this problem, the Langmuir equation is
often expressed in different linear forms as following:

Ce

qe

D 1

qmax
Ce C 1

KLqmax
(8.4)
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(8.5)

qe D qmax �
�

1

KL

�
qe

Ce

(8.6)

qe

Ce

D KLq max � KLqe (8.7)

As compared to the non-linear equation, the four Langmuir linear equations
(Eqs. 8.4, 8.5, 8.6, and 8.7) are more favourable among the researchers due to
their simplicity and convenience in acquiring isotherm data. Nevertheless, one
should realise that the isotherm parameters obtained using the four Langmuir linear
equations could be varied in some cases, but they are identical when the non-linear
method is applied (Ho 2006).

In fact, the essential characteristics of the Langmuir adsorption isotherm can be
expressed in terms of dimensionless constant equilibrium parameter, RL (Hall et al.
1966). The RL is also recognized as separation factor and it is defined as:

RL D 1

1 C KLCo

(8.8)

where Co D maximum initial concentration of adsorbate.
The isotherm shape can be interpreted according to the value of calculated RL

(Table 8.10).
Even though the Langmuir adsorption is considered as conventional method in

studying an adsorption system, it has suffered from some disadvantages as the
model ignores adsorbate-adsorbent interactions. In fact, there are two types of
adsorbate-adsorbent interaction, namely direct interaction and indirect interaction
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Table 8.10 Langmuir
adsorption isotherm constant
equilibrium parameter, RL

RL value Type of isotherm

RL > 1 Unfavorable
RL D 1 Linear
0 < RL < 1 Favorable
RL D 1 Irreversible

present in real system. In direct interactions, the adjacent adsorbed molecules
tend to make adsorbing near another adsorbate molecule more or less favourable.
Meanwhile, indirect interaction influences the adsorption behaviour of the nearly
sites by changing surface around the adsorbed site. Since the existence of both
adsorbate-adsorbent interactions has been evidenced in heat of adsorption data, they
should be taken into consideration in proper estimation of the adsorption param-
eters. Furthermore, the Langmuir adsorption model considers only the adsorbate
of smooth and homogenous surface, making it fails to account for the rough surface
of the adsorbate. Since a rough inhomogeneous surface may create different types of
sites and change the properties of the sites, such as heat of adsorption, a significant
deviation from this model is expected in many cases.

Freundlich Adsorption Isotherm

Freundlich isotherm (Freundlich 1906) is the oldest of the non-linear isotherms.
Unlike the Langmuir isotherm which assumes homogenous site energies and limited
levels of adsorption, it suggests adsorption onto heterogeneous surface. Since the
multilayer adsorption is allowed in this model, concentration of adsorbate on the
adsorbent surface rises with increasing of adsorbate concentration in the system.
The Freundlich equation relates the concentration of an adsorbate on the surface of
an adsorbent to the concentration of the adsorbate in the liquid which it is in contact.
The empirical Freundlich equation is mathematically written as:

qe D KFC 1=n
e (8.9)

where qe D mass of adsorbate adsorbed/mass adsorbent
Ce D concentration of adsorbate at equilibrium
KF D Freundlich constant related to adsorption capacity at particular temperature
n D Freundlich constant related to adsorption intensity at particular temperature,

(n > 1)
Equation 8.9 can also be presented in a linearized logarithmic form:

log qe D log KF C 1

n
log Ce (8.10)

KF is important in providing insight on adsorption capacity which appears as the
most significant property of an adsorbent. Usually, adsorption capacity is affected
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by pH and temperature of the system as well as nature of the adsorbent, such as
pore and particle size distribution, specific surface area, cation exchange capacity
and surface functional groups. As shown in Eq. 8.10, both Freundlich constants of
KF and n can be calculated from the intercept and slope, respectively in the graph
of log qe versus log Ce. The KF value depends on the units upon which qe and Ce

are expressed if 1/n ¤ 1. KF is equivalent to qe when Ce equals to 1. In the case
of 1/n equals unity, identical adsorption energy for all sites is observed associated
to linear adsorption occurrence (Site 2001). The constant n is the Freundlich
equation exponent that characterizes quasi-Gaussian energetic heterogeneity of the
adsorption surface (Bansal and Goyal 2005). Usually, larger value of n implies a
stronger adsorbent-adsorbate interaction. For a favourable adsorption, Freundlich
constant n should have values lying in the range of 1–10.

In fact, Freundlich isotherm is one of the most established isotherm models
in biosorption study because it fits nearly all experimental adsorption–desorption
data especially in highly heterogeneous adsorbent systems. Although Freundlich
isotherm is inappropriate over a wide concentration range, this limitation is always
ignored by researchers since moderate concentration is always used in most
biosorption studies.

Brunauer–Emmer–Teller (BET) Model

In 1938, Stephen Brunauer, Paul Hugh Emmett, and Edward Teller had introduced
the first isotherm for multimolecular layer adsorption (Brunauer et al. 1938). This
adsorption theory, so called Brunauer–Emmer–Teller (BET) theory, is extension of
Langmuir theory where it proposes multilayer adsorption of adsorbate on the surface
of adsorbate. This BET model suggests a random distribution of sites covered by
one or more adsorbate molecules by assuming the adsorbent surface consists of
fixed individual sites and molecules can be adsorbed more than one layer on the
surface of the adsorbent. Besides, Langmuir theory can be applied to each layer
and the interaction between each adsorption layer is ignored. In other words, the
same kinetics concept proposed by Langmuir is applicable to this multiple layering
process, i.e., the rate of adsorption and desorption on any layer is equal.

The BET model is widely used in systems involving heterogeneous material
and simple non-polar gases. However, it may not suitable for complex systems
dealing with heterogeneous adsorbent such as biosorbents and adsorbates because
of the assumption of all sites are energetically identical along with no horizontal
interaction between adsorbed molecules. Therefore, this model should not be used in
the interpretation of liquid phase adsorption data for complex solids. The simplified
form of BET equation is given as following:

qe D qmax
KBCe

.Ce � Cs/ Œ1 C .KB � 1/.Ce=Cs/�
(8.11)
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where qmax D mass of adsorbate adsorbed/mass of adsorbent for a complete mono-
layer

KB D constant related to energy of adsorption
Cs D concentration of adsorbate at saturation of all layers
After rearrangement, the Eq. 8.11 can be written into a linear form:

Ce

.Cs � Ce/q
D 1

KBqmax
C
�

KB � 1

KBqmax

��
Ce

Cs

�
(8.12)

Temkin Adsorption Isotherm

After considering the limitation of Langmuir adsorption isotherm, the Temkin
model takes into accounts of indirect interactions of adsorbate-adsorbate molecules
on adsorption isotherms (Temkin 1941). As the surface of adsorbent is occupied by
adsorbate, the Temkin isotherm assumes that the heat of adsorption of all molecules
in the layer would decrease linearly with coverage due to the indirect interactions.
Thus, the Temkin model is dissimilar with Freundlich model which suggests a
logarithmical decrease in adsorption. The Temkin equation is written as below:

qe D RT

b
ln a Ce (8.13)

where a D Temkin isotherm constant
b D Temkin constant related to heat of adsorption
The Temkin equation proposes the increase in degree of completion of the

adsorption centres on an adsorbent may bring to a linear decrease of adsorption
energy. The linearized form of Temkin equation is expressed below:

qe D RT

b
ln a C RT

b
ln Ce (8.14)

Obviously, both constants a and b can be determined from a plot of qe

versus ln Ce. The Temkin equation is useful to analyse the adsorption data at
moderate concentration. Nevertheless, this equation which is originally applied in
gas adsorption system, is not well-suited for a complex phenomenon involved in
liquid phase adsorption. In liquid phase adsorption, the adsorbed molecules are not
organized in a tightly packed structure with identical orientation like what happen in
gas phase adsorption. The system becomes more complicated with the presence of
solvent molecules and the formation of micelles from adsorbed molecules in liquid
phase. Besides, liquid phase adsorption is also greatly influenced by other factors
such as temperature, pH, solubility of adsorbate in the solvent and surface chemistry
of the adsorbent. Therefore, the Temkin equation is seldom used for experimental
data description of complex systems and it receives less attention as compared to
three isotherms discussed previously.
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Dubinin-Radushkevich Adsorption Isotherm

Dubinin and Radushkevich (D-R) adsorption isotherm has been widely used to
express the adsorption isotherms in micropores (Dubinin and Radushkevich 1947).
Based on the assumption made of inhomogeneous surface or constant adsorption
potential, this model is applicable in estimation of porous structure of the adsorbent
and the characteristics of adsorption. Besides, apparent free energy of the adsorption
process can also be determined by using this model. The D-R isotherm is given by:

qe D Qm exp.�K"2/ (8.15)

where Qm D adsorption capacity of adsorbent per unit mass
K D constant related to the affinity coefficient and the adsorption energy
" D Polanyi’s adsorption potential which is correlated to temperature
The D-R equation can be also expressed in a linear form:

ln qe D ln Qm � K"2 (8.16)

By plotting ln qe versus "2, constant K and adsorption capacity, Qm can be
determined from the slope and the intercept, respectively. The constant K, defined
as 1/ˇE, is correlated to the affinity coefficient (ˇ) which is closely related to
the adsorbate-adsorbent interaction. It is also depends on mean free energy of
adsorption (E) per mole of the adsorbate during the transportation process from
infinite distance in solution to the surface of the adsorbent. Therefore, E can be
calculated from the K value using the following equation:

E D 1p
2K

(8.17)

Besides, the mean free energy can be computed using the following relationship:

© D RT ln

�
1 C 1

Ce

�
(8.18)

Since the D-R isotherm is temperature dependent, a characteristic curve with all
the suitable data lying on the same curve is expected by plotting the adsorption
data at varied temperatures (ln qe vs. "2). In other words, the applicability of the
D-R equation in expressing the adsorption equilibrium data is confirmed with the
attainment of the identical curve. Thus, it would be doubtful on the validity of
the ascertained parameters when deviation in the characteristic curve generated
from analyzed data is observed, even though the fitting procedure gives high
correction value. Practically, however, the examination on the characteristic curve
of biosorption systems is rarely done as the experiments are usually conducted at
particular temperature. The D-R isotherm is applicable for not only single adsorbate
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but also bi-adsorbate adsorption system (Jaroniec and Derylo 1981). Unfortunately,
the D-R isotherm is only appropriate for only an intermediate range of adsorbate
concentrations since it may exhibit unrealistic asymptotic behavior.

Jovanovic Adsorption Isotherm

The Jovanovic model keeps the same assumptions contained in the Langmuir model
which suggests monolayer adsorption on homogeneous solid surface. However, this
model considers also the possibility of mechanical contact between the adsorbing
and desorbing molecules (Wrudzinski and Wojciecbowski 1977). A general equa-
tion derived by Jovanovic is shown as below:

qe D qmaxŒ1 � exp.�aC v/� (8.19)

where C D concentration of the adsorbate in the bulk
� D the heterogeneity parameter (with 0 < � < 1) which emphasizes the al-

lowance for
a D constant correlates to function of the sole temperature
The constant a characterizes the magnitude of the adsorbate–adsorbent interac-

tion energy (Quinones and Guichon 1998). It is defined as (Quinones et al. 1999):

a D K exp.Ea=RT/ (8.20)

where K D low-pressure equilibrium constant or Henry constant
Ea D characteristic energy of the distribution
The Jovanovic adsorption isotherm emphases the surface binding vibrations of

an adsorbed species where the rate of desorption is proportional to the adsorbate
surface coverage which can be determined from qe/qmax.

Halsey Adsorption Isotherm

The Halsey model is applicable to multilayer adsorption (Halsey 1948). Its ability
to confirm the heteroporous nature of the adsorbent makes it differs from the
Freundlich adsorption isotherm which is also used for multilayer adsorption. The
Halsey equation is written as below:

qe D Exp

�
ln kH � ln Ce

n

�
(8.21)

where kH D Halsey isotherm constant
n D Halsey isotherm exponent
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Harkin-Jura Adsorption Isotherm

The Harkin-Jura (H-J) adsorption isotherm proposes the presence of a hetero-
geneous pore distribution in the adsorbent (Harkins and Jura 1944). Similar to
Freundlich and Hasley adsorption isotherms, this model is useful in explanation
of multilayer adsorption. The H-J isotherm is expressed as below:

qe D
s

AH

B2 C log Ce

(8.22)

where AH D isotherm parameter
B2 D isotherm constant

Three-Parameter Adsorption Isotherms

In order to have better understanding in adsorbate-adsorbent interaction and ad-
sorption behaviour, models involving more than two parameters are necessary to
interpret the data. It is very often for researchers to make comparison studies
between a series of two-parameter and three-parameter isotherms in describing
the equilibrium data because more than one model might be needed to explain
the biosorption mechanism in some cases. Some commonly used three-parameter
isotherms for the prediction of biosorption experimental data are presented.

Redlich–Peterson Adsorption Isotherm

The Redlich-Peterson (R-P) isotherm is the combination of the Langmuir and
Freundlich equations (Redlich and Peterson 1959). This model proposes a non ideal
monolayer adsorption and the adsorption mechanism is a hybrid of the two models.
The R-P model is applicable in adsorption equilibrium data description over a wide
concentration range. The R-P equation is represented below:

qe D KRP Ce

1 C aRP Ce
ˇ

(8.23)

where KRP, aRP and ˇ are the Redlich-Peterson parameters.
The exponent ˇ ranges between 0 and 1. When ˇ D 0, the equation resembles

Henry’s Law.

qe D KRP Ce

1 C aRP

(8.24)
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If ˇ D 1, the R-P equation is similar to Langmuir equation.

qe D KRP Ce

1 C aRP Ce

(8.25)

In most biosorption cases, the ˇ values are close to unity. Thus, the Langmuir
adsorption is the better model to correlate the adsorption data.

Equation 8.23 can also be expressed in linear form as:

ln

�
KR

Ce

qe

� 1

�
D ln aRP C ˇ ln Ce (8.26)

Since R-P isotherm incorporates three parameters, it is not possible to obtain
the parameters of the R-P isotherms from the linearized equation. To overcome
this problem, the parameters of Eq. 8.26 have to be verified by maximizing
the correlation coefficients between the experimental data points and those from
theoretical model predictions with the solver add-in function of the Microsoft Excel.
Nevertheless, the linear equation of R-P isotherm is useful in determination of the
parameters of the Langmuir and Freundlich adsorption models.

Sips Adsorption Isotherm

Sips isotherm was proposed after considering the continuing increase in the
adsorbed amount with rising concentration (Sips 1948). It has solved the constraint
observed in Freundlich model. In fact, the Sips expression (Eq. 8.27) resembles
the Freundlich adsorption isotherm, and differs only on the finite limit of adsorbed
amount at adequately high concentration of adsorbate.

qe D qmax
.KSCe/

�

1 C .KSCe/
� (8.27)

where KS D Sips isotherm constant
On the other hand, the Sips equation, Eq. 8.27 is similar to the Langmuir

equation, Eq. 8.2. An additional parameter, � which describes heterogeneity of
the system is present in the Sips equation. The heterogeneity could arise from the
adsorbent or the adsorbate, or both of them. When � equals unity, Eq. 8.27 is same
with Eq. 8.5.

Toth Adsorption Isotherm

Both Sips and Freundlich equations have their limitations in describing an ad-
sorption data at certain concentration range. The Sips equation is inappropriate
for adsorption equilibria data expression the low concentration end, while the
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Freundlich equation is invalid at intense concentration. In order to solve this
problem, Toth isotherm which was derived from the potential theory is proposed
(Toth 1971). It makes assumption that most sites have adsorption energy less than
the mean value due to an asymmetrical quasi-Gaussian energy distribution with its
left-hand side widened. This model obeys Henry’s at low concentration and reaches
an adsorption maximum at high concentration. The Toth equation is written as:

qe D qmax
Ce�

at C C t
e

�1=t
(8.28)

where aT D adsorptive potential constant
t D heterogeneity coefficient of the adsorbent (0 < t � 1)
Toth equation is capable to characterize adsorption for heterogeneous systems as

it possesses a heterogeneity coefficient, t. When t D 1, the surface of adsorbent is
homogeneous and the Toth equation is reduced to the Langmuir equation.

8.4.3 Adsorption Kinetics Models in Batch System

The efficiency of the adsorption process is greatly affected by the rate of the adsor-
bate to be attached on surface of adsorbent. Obviously, an excellent adsorbent should
possess not only high adsorption capacity but also fast adsorption rate. Therefore,
kinetic studies involving reaction rate investigation are crucial in identifying the
ideal adsorbent for a particular adsorbate. In fact, kinetic studies are also carried
out to indentify factors affecting the adsorption process, leading to an optimized
adsorption system.

In an adsorption process, the kinetic models are always used to examine the rate
determining mechanism as well as the role of adsorption surface, chemical reaction
involved and/or diffusion mechanisms. In general, the adsorption mechanism is
illustrated as the following steps: (i) bulk diffusion which involves transportation of
adsorbate from the bulk solution to the surface of the adsorbent; (ii) film diffusion
of adsorbate through the boundary layer to the surface of the adsorbent; (iii) pore
diffusion or intraparticle diffusion of adsorbate from the surface to within the
particle’s pores; lastly (iv) adsorption of adsorbate on the active sites that available
on the internal surface of the pores. In most of the cases, the bulk diffusion in step
(i) is negligible by providing sufficient stirring to avoid particle and solute gradients
in the batch system. Thus, the adsorption dynamics can be approximated by three
consecutive steps [(ii)–(iv)] only. A rapid uptake always occurs in adsorption
process which is the step (iv) of the mechanism. This immeasurable fast process
can be considered as an instantaneous process especially in the case of physical
adsorption. As a result, the overall rate of adsorption process is determined by either
film or intraparticle diffusion in steps (ii) and (iii), respectively, or a combination of
both.
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By considering the film diffusion is the rate-controlling step in adsorption
mechanism, the change of adsorbate concentration with respect to time can be
presented as follows:

dC

dt
D �kLA.C � Cs/ (8.29)

where C D bulk liquid phase concentration of adsorbate at any time t
Cs D surface concentration of adsorbate
kL D external mass transfer coefficient
A D specific surface area for mass transfer
During the initial stage of adsorption, it is assumed that the transport is mainly

due to film diffusion mechanism and the intraparticle resistance can be ignored. At
t D 0, C D C0 and the surface concentration of adsorbate, Cs is negligible. With the
assumptions made above, Eq. 8.29 can be simplified as:

�
d.C=C0/

dt

�
D �kLA (8.30)

Unlike physical reactions, the adsorption rate may be controlled by its own
kinetic rates in the case of chemical reactions. As the adsorption kinetics provide
valuable insights to the practical application of the process design and operation
control, a complete modeling of kinetics should consider the diffusion equations,
boundary conditions and adsorption isotherm equation. It has caused a complicated
system of equations. This problem is, however, possible to be resolved by separating
the diffusion steps. The diffusion mechanisms can be considered independently by
assuming initial adsorption rate is controlled by intraparticle diffusion and it is
characterized by external diffusion.

The kinetic studies are carried out practically in batch reactions using various
adsorbent dosages, particle sizes of adsorbent, initial adsorbate concentrations,
agitation rate, pH values and temperatures along with different adsorbent and
adsorbate types. A linear regression is used to determine the best-fitting kinetic
rate equation. The compliance of experimental data to the kinetic rate equations
is often confirmed using the linear least-squares method that applied to the linearly
transformed kinetic rate equations. Lagergren model, pseudo-second-order kinetic
model, Elovich model and intraparticle diffusion model are the four commonly
applied kinetic models among the researchers.

Lagergren Model

Lagergren model, which is also recognized as pseudo-first order kinetic model,
appears as simplified kinetic model which has been widely used in adsorption
kinetics examination (Lagergren 1898). The well fitting of experimental data to the
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pseudo-first order kinetic model suggests film diffusion is the rate-limiting step.
Based on solid capacity, the Lagergren first-order rate expression is presented as
follows:

dq

dt
D k1.qe � qt / (8.31)

where qe D adsorption capacity at equilibrium state
qt D adsorption capacity at time t
k1 D rate constant of pseudo-first-order adsorption
At t D 0, qt D 0, and at t D t, qt D qt, Eq. 8.31 can be integrated as:

ln.qe � qt/ D ln qe � k1t (8.32)

Equation 8.32 can be written in non-linear form as below:

qt D qe.1 � exp.�k1t// (8.33)

A straight line of ln(qe�qt) versus t is good indicator of the applicability of this
kinetic model. The qe value obtained by this method should be compared with the
experimental value to identify the deviation. A time lag resulted from external mass
transfer or boundary layer diffusion at the beginning of the adsorption process may
cause the difference in qe values. If a large discrepancy in the qe values is observed,
even though the least square fitting process yields high correlation coefficient, a
reaction still cannot be classified as first-order. In this case, qe and k1 can be
estimated via non-linear procedure fitting of Eq. 8.33. On the other hand, both rate
constant and equilibrium adsorbate uptake can be determined from the straight-line
plots of ln (qe �qt) against t of Eq. 8.32 at different initial adsorbate concentrations.

Pseudo-Second-Order Kinetic Model

Ho and McKay introduced the pseudo-second order model on the basis of the
adsorption capacity of the solid phase (Ho and McKay 1999). The well fitting of
experimental data to the pseudo-second order kinetic model suggests chemisorption
is the rate-limiting step. Similar to Lagergren model or pseudo-first order kinetic
model, this model takes account of all the steps of adsorption including external film
diffusion, intraparticle diffusion and adsorption. In particular, this pseudo-second
order model is useful to the adsorption systems using various adsorbent dosages
and adsorbate concentrations. This model is written as:

dq

dt
D k2.qe � qt /

2 (8.34)

where k2 D rate constant of pseudo-second-order adsorption
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At t D 0, q D 0, and at t D t, qt D qt, integration of Eq. 8.34 with the boundary
conditions yields

1

qe � q
D 1

qe

C k2t (8.35)

The linear form of Eq. 8.35 is shown as below:

t

q
D t

qe

C 1

k2q2
e

(8.36)

It is noteworthy that pseudo-second order model enables the determination of
adsorption capacity, pseudo-second-order rate constant, and initial adsorption rate
without prior knowledge of experimental parameters.

Elovich Model

The Elovich model is a kinetic model for chemisorptions that has been widely used
to describe the adsorption of gas onto solid systems (Zeldowitsch 1934; Rudzinski
and Panczyk 2000). Since last decade, this model has also been applied to discuss
the adsorption behaviour of heavy metal removal from aqueous solutions (Cheung
et al. 2001). The Elovich equation is generally expressed as:

dqt

dt
D ˛ exp.�ˇqt / (8.37)

Where ˛ D initial adsorption rate
ˇ D the desorption constant
By assuming ˛ˇt � t and by applying the boundary conditions qt D 0 at t D 0

and qt D qt at t D t, Eq. 8.36 can be simplified into (Chien and Clayton 1980):

qt D 1

ˇ
ln.˛ˇ/ C 1

ˇ
ln.t/ (8.38)

If the adsorption data fit the Elovich model, a plot of qt against ln(t) should yield
a linear relationship. The ˇ and ˛ can be calculated from the slope and intercept,
respectively.

Intraparticle Diffusion Model

By assuming intraparticle diffusion is the only rate determining step, the in-
traparticle diffusion model correlates adsorption capacity to effective diffusivity
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of adsorbate within the particle (Weber and Morris 1963). The well fitting of
experimental data to the intraparticle diffusion model suggests pore diffusion is the
rate-limiting step. The model mathematically is expressed in the equation below:

qt D f

 
Dt

r2
p

!1=2

D KWM t1=2 (8.39)

where qt D adsorption capacity at time t
D D effective diffusivity of solutes within the particle
rp D particle radius
KWM D intraparticle diffusion rate constant
Theoretically, the plot of q versus t1/2 should give a straight line passing through

the origin. The slope of the straight line provides the intraparticle diffusion rate
constant KWM . However, detection of multi linear plots from adsorption data may
imply the occurrence of some other mechanisms during the adsorption process.
Accordingly, a significant external resistance to mass transfer surrounding the
particles in the early stage of adsorption is evidenced by the first shaper portion.
Meanwhile, the intraparticle diffusion happens in the second linear portion, which
is a steady adsorption stage. Eventually, the final equilibrium stage is achieved
when the rate of intraparticle diffusion becomes slow associated to extremely
low solute concentration in solution in the third portion. Apparently, a good
correlation of rate data in this model is important to rationalize the adsorption
mechanism, subsequently to determine KWM values by linearization the curve
q D f (t0.5).

The rate of diffusion within the particle is much slower compared to that of
movement of the adsorbate from solution to the external solid surface. This is
because of the restraining chemical attractions between adsorbate and adsorbent as
well as the greater mechanical hindrance to movement exist at the surface molecules
or surface layers. Usually, adsorbate molecules reach at the adsorbent surface more
fast than they can diffuse into the solid adsorbent, resulting in accumulation of the
adsorbate at the surface. Therefore, a (pseudo)-equilibrium may be established.
Nevertheless, further adsorption of adsorbate can occur at the same rate as the
surface concentration is reduced by inward adsorption.

8.4.4 Continuous Packed-Bed System in Biosorption
of Heavy Metals

The batch adsorption method is only application for adsorption system involving
small volumes of adsorbate. Thus, continuous flow treatments should be applied
for large scale application of biosorption process. In this method, adsorbates in
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solution are flown continuously from either the top or the bottom of a stationary
bed of solid adsorbent which is more recognized as column. Since this method
has closer simulation of commercial systems in industry, it is commonly used
in the assessment of the suitability of an adsorbent for a particular adsorbate. After
the adsorption process, the adsorbent can be easily separated from the effluent
and the used adsorbent is usually regenerated. Among the different experimental
set-ups, the packed-bed column is possibly the most effective device for continuous
operations.

In a down-flow packed bed column, the adsorbate solution is in contact with
adsorbent when it moves through the column. As flowing down the column,
adsorption process occurs where most of the adsorbate is adsorbed gradually from
liquid onto the adsorbent. As a result, concentration of adsorbate in the effluent
is either very low or even untraceable at the end of the column. Depending on
the value of adsorbate concentration desired for its lower boundary, the length of
the adsorption zone in the column is somewhat random. When more adsorbate
solution is fed into the column, concentration of adsorbate in the effluent increases
slowly due to equilibrium and kinetic factors. Usually, the adsorption zone will shift
down the column like a slowly moving wave when the upper portion of packing
adsorbent is saturated with adsorbate. Ultimately, the lower edge of the adsorption
zone reaches the bottom of the column, resulting in a significant rise in adsorbate
concentration in the effluent. As little additional adsorption takes place with the
entire bed approaching an equilibrium state with the feed at this breakthrough
point, the flow is stopped. However, one should realize that the equilibrium between
adsorption and desorption process is seldom achieved under this continuous flow
condition. In most cases, the breakthrough point increases with increasing of bed
height, reducing of adsorbent’s particle size and deceasing of flow rate.

A breakthrough curve, which is plot of adsorbate effluent concentration versus
time, is applicable for description of continuous packed bed performance. The
general position of the breakthrough curve along the time or volume axis is
indicative of loading behaviour of the adsorbate to be removed from a solution in a
fixed bed. A normalized concentration as a function of time or volume of effluent
(Veff) for a given bed height is used to represent the breakthrough position. In real
practical, the normalized concentration is referred to the ratio of effluent adsorbate
concentration to inlet adsorbate concentration (C/C0). An adsorption isotherm is
favoured with infinite adsorption rate the breakthrough curve approaches a straight
vertical line. The breakthrough curve becomes less sharp as decreasing of the mass
transfer rate. Since mass transfer is always finite, a breakthrough curve of S-shape
would be expected. Both the breakthrough point and breakthrough curve are greatly
influenced by nature of the adsorbate and the adsorbent, geometry of the column
and operating conditions.

In order to evaluate and predict the dynamic behavior of a continuous packed-bed
system, a number of simple mathematical models underlying different assumptions
have been established. Some commonly used models in characterization of the fixed
bed performance for biosorption process are presented here.
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Adams–Bohart Model

The Adams-Bohart model was developed by assuming the adsorption rate is
proportional to adsorbent concentration and its residual capacity (Bohart and Adams
1920). This model was originally applied to describe the relationship between C/Co

and t for the adsorption of chlorine on charcoal in fixed bed column. With the
assumption of the adsorption rate is limited by external mass transfer, the model
equation is expressed below:

ln
C

C0

D kABC0t � kABN
Z

U0

(8.40)

where C D adsorbate concentration remaining at each contact time
C0 D initial adsorbate concentration
kAB D Adams–Bohart kinetic constant
N D adsorbate concentration in the bulk liquid
Z D bed depth of column
U0 D linear velocity calculated by dividing the flow rate by the column’s

sectional area
Equation 8.40 is generally valid in the initial part of the breakthrough as it is

derived based on the assumption of low concentration field where C < 0.15Co. Thus,
this model is always utilized in describing the initial part of the breakthrough curve
only. The plot of ln C/C0 against t at a given bed height and flow rate provides
values that characterizes operational parameters of the column. As increasing of t,
concentration of metal in the bulk liquid tends to approach a saturation condition
where maximum capacity of adsorption is achieved.

The Adams-Bohart model is applicable in fixed bed column of different biosorp-
tion applications due to its ability to provide solution of the differential equations
for mass transfer rate in solid and liquid phases. Consequently, its overall approach
is suitable for quantitative description of other systems regardless the phase of
adsorbate.

Bed Depth/Service Time Model

The Bed-Depth-Service-Time (BDST) model is often used to examine the capacity
of fixed bed at various breakthrough values (Bohart and Adams 1920). By assuming
a direct adsorption of adsorbate onto the surface of the adsorbent, this model
correlates the service time (t) with the process variables by ignoring intraparticle
mass resistance and external film resistance. The BDST model states that the service
time of a column is given by:

t D N 0

C0U0

Z � 1

KaC0

ln

�
C0

C
� 1

�
(8.41)

where N0 D adsorption capacity
Ka D rate constant in BDST
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At 50 % breakthrough
�

Co

C

	D 2, and t D t0.5, the Eq. 8.41 can be written as

t0:5 D
�

No

CoUo

�
Z (8.42)

or

t0:5 D constant � Z (8.43)

A straight line passing through the origin is expected in a plot of BDST at 50 %
breakthrough against bed depth using Eq. 8.43 if the adsorption data fits the model.
Obviously, this model has solved the constraint in Adams and Bohard model which
is only appropriate for initial part of the breakthrough.

Yoon–Nelson Model

Yoon-Nelson (Y-N) model suggests the decrease rate in the probability of adsorption
for each adsorbate molecule is comparative to the probability of adsorption of
adsorbate and the probability of adsorbate breakthrough on the adsorbent (Yoon and
Nelson 1984). This model can be applied without knowing the detailed information
about adsorbent type, characteristics of both adsorbate and adsorbent, and physical
properties of adsorption bed adsorbent. Therefore, it appears as a reasonably simple
theoretical model. Expression of the Y-N equation for a single-component system is
given as:

ln
C

C0 � C
D kYN t � �kYN (8.44)

where t D time required for 50 % adsorbate breakthrough
� D breakthrough (sampling) time
kYN D Yoon and Nelson rate constant
The parameters � and kYN for the adsorbate can be obtained from the intercept

and slope, respective of the ln C/(C0 � C) versus sampling time (t) plot. These values
are important for the calculation of theoretical breakthrough curves for a single-
component system.

Thomas Model

The Thomas model is widely used for determination of rate constant for the
maximum adsorption capacity of an adsorbate in a column. This model is derived
based on assumption of Langmuir kinetics of adsorption-desorption and no axial
dispersion (Thomas 1944). The Thomas equation takes into account of the rate
driving force obeys second order reversible reaction kinetics, and it is written as:
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C

C0

D 1

1 C exp.kT h=Q.q0X � C0Veff //
(8.45)

Where kTh D Thomas rate constant
Q D flow rate
q0 D maximum solid-phase concentration of the solute
X D amount of adsorbent in the column
Veff D effluent volume
The Thomas equation can also be presented in linear form as below:

ln

�
C0

C
� 1

�
D kT hq0X

Q
� kTH C0

Q
Veff (8.46)

By plotting ln [(C0/C) � 1] versus t at a given flow rate, the kinetic coefficient
kTh and the adsorption capacity of the bed q0 can be determined. The Thomas model
allows the prediction of the concentration-time profile or breakthrough curve for the
effluent, hence contributing to a successful design of a column sorption process.

Clark Model

Clark (Clark 1987) proposed a new simulation for study of a continuous packed-
bed system based on the (i) hypothesis of the flow is piston type (Hamdaoui 2006);
and (ii) the combination of both mass transfer concept and Freundlich adsorption
isotherm (Ayoob and Gupta 2007). By ignoring the phenomenon of dispersion, the
equation is expressed as:

C

C0

D
�

1

1 C Ae�rt

�1=n�1

(8.47)

with

A D
�

C n�1
0

C n�1
break

� 1

�
ert break (8.48)

and

R.n � 1/ D r and R D KC l

U0

v (8.49)

where Cbreak D outlet concentration at breakthrough (or limit effluent concentration)
tbreak D time at breakthrough
n D Freundlich parameter
kCl D Clark rate constant
� D migration rate



396 P.-S. Keng et al.

Both constants of the model A and r of a particular adsorption process on a fixed
bed and a selected treatment objective can be obtained from Eq. 8.49 by non-linear
regression analysis. These values are critical for the prediction of the breakthrough
curve according to the relationship between C/C0 and t in Eq. 8.47.

Wolborska Model

Wolborska model is a simplified adsorption representation which emphasizes on
the general mass transfer for the diffusion mechanism for low concentration range
only for breakthrough curve (Wolborska 1989). Due to its limitation in describing
the whole adsorption process, this model is seldom applied by the researchers. The
equation for the mass transfer in the fixed bed adsorption is as follow:

ln

�
C

C0

�
D ˇaC0

N0

t � ˇaZ

U0

(8.50)

with

ˇa D U 2
0

2D

��
1 C 4ˇ0D

U0

� 1=2

� 1 (8.51)

where ˇa D Kinetics coefficient of the external mass transfer
N0 D saturation concentration
Z D height of column
U0 D specific velocity
D D axial dispersion coefficient
Kinetics coefficient of the external mass transfer ˇa can be estimated through

the breakthrough curve. When the flow rate of solution through the bed is high or
in short beds, axial diffusion D is negligible and ˇa D ˇ0. The Wolborska model
resembles Adams-Bohart model if the coefficient ˇa/N0 is equal to kAB.

8.4.5 Response Surface Methodology

Response surface methodology (RSM) is a multivariate technique that mathemat-
ically fits the experimental domain studied in the theoretical design through a
response function. It is used for designing experiments, building numerical models,
evaluating the effects of variables and searching for the optimum combinations of
factors for a system (Myers and Montgomery 2002).

Generally, the targeted response in a designed of experiments is governed by
several independent variables. The response refers to the performance measure or
quality characteristic of the product or process, whereas independent variables are
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sometimes called input variables. An experiment is a series of tests, called runs, in
which changes are made in the input variables in order to identify the reasons for
changes in the output response.

Conventional methods of investigating a process by varying one factor whilst
maintaining all other factors involved at constant levels does not describe the
combined effect of all the factors involved. This method is also time consuming
and of low efficiency as it requires a number of experiments to determine the
optimum levels, which are unreliable. These limitations of a classical method can
be eliminated by optimising all the affecting parameters collectively by statistical
technique such as RSM (Elibol 2002).

Two commonly used designs in RSM are central composite design (CCD) and
Box-Behnken design (BBD) (Garg et al. 2008; Fu et al. 2009; Cerino Córdova et al.
2011). BBD is an independent quadratic design that does not contain an embedded
factorial or fractional factorial design. In this design, the treatment combinations are
at the center and midpoints of edges of the process space. These designs are either
rotatable or near rotatable and require three levels of each factor. BBD is considered
as an efficient option in RSM and an ideal alternative to CCD because it involved
less input variables. Because of fewer treatment combinations, BBD is also a more
time and energy saving design as compared to CCD.

Whilst CCD contains an imbedded factorial or fractional factorial design with
center points that is augmented with a group of ‘star points’ that allow estimation
of curvature. The star points represent new extreme values (low and high) for
each factor in the design. The CCD is rotatable and requires five levels for each
factor.

The similarity in both designs is that it allows the estimation of all the
regression parameters required and represent in quantitative form as linear (first-
order polynomial model), quadratic or cubic function (higher order polynomial
models). The equations below show the linear and quadratic models which are most
commonly used in RSM. A first-order model with n experimental runs carrying out
on k design variables and a single response y can be expressed as follows:

y D ˇ0 C ˇ1xi1 C ˇ2xi2 C : : : : : : : : : C ˇkxik C "i .i D 1; 2; : : : : : : ; n/ (8.52)

where y (predicted response) is a function of the design variables x1, x2, : : : ,xj,
ˇ0 is the constant coefficient, ˇ1, ˇ2 : : : , ˇj is the linear coefficients, and " is the
experimental error. This model is appropriate for describing a flat surface with or
without tilted surfaces.

When there is a curvature in the response surface, the first-order model is
insufficient to describe the response and in this case, a higher order polynomial
such as the quadratic model may be used. This is represented by Eq. 8.53.

y D ˇo C
nX

iD0

ˇi Xi C
XX

i<j

ˇij XiXj

nX
iD1

ˇi i Xi
2C 2 (8.53)
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Fig. 8.1 3D response surface plot showing effect of amount of substrates on the percentage yield
of palm-based wax ester production (Keng 2008)

where y is the predicted response, ˇ0 is the constant coefficients, ˇ1 is the linear
coefficients of the input factor xi, ˇij is the quadratic coefficients between the input
factor xi and xj, ˇii is the interaction coefficients of input factor xi and " is the
experimental error. (Box and Hunter 1957). The second-order model is important
to provide a good prediction throughout the region of interest. It is rotatable so the
variance of the predicted response is the same at all points. Since the objective of
RSM is optimisation and as the location of the optimum is unknown prior to running
the experiment, it makes sense to use the design that provides equal precisions of
estimation in all directions (Tan et al. 2008).

Generally, to perform experimental optimisation with RSM, it involves three
major steps: (1) design and perform the experiments; (2) response surface modeling
through regression analysis; (3) optimisation and checking the adequacy of the
model. In the first step, important independent input variables and desired responses
with the design constrains are identified and experimental design are adopted.
Such designs are generated using computer software like Statistica, SAS or Design
Expert. This is followed by regression analysis and statistical analysis of variance
(ANOVA) of the experimental data in order to identify parameters that are signif-
icantly affects the desired response and develop a mathematical model having the
best fit to the data obtained. Lastly, optimal combination of parameters is identified
and confirmation experiments are conducted to verify the optimal parameters and
mathematical model generated. For visualisation of the investigated factors, contour
and response surface plots in 3D are generated that show the linear, interaction and
quadratic effects of two or more parameters (Fig. 8.1).
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8.5 Conclusion

Removal of heavy metals from aqueous environment is indeed a challenging
problem in the control of environmental pollution. A wide range of treatment
technologies such as chemical precipitation, ion exchange, membrane filtration and
adsorption can be employed to remove heavy metals but these treatment methods
still suffer from some inherent limitations. For instance, chemical precipitation,
which has been traditionally and widely used to remove heavy metals from
contaminated sources, is often associated with huge sludge production. Ion ex-
change process is generally applicable to treat or remove heavy metals at low
concentration. As for membrane filtration, problems such as membrane fouling,
high maintenance cost and low permeate flux are often unavoidable. Taking all
these into considerations, the adsorption process thus appeared as one of the most
promising methods.

Various low cost adsorbents have been investigated intensively in order to avoid
the usage of costly activated carbon. It is evident that in most of the reported
works, the study is still being centralised in the maximum adsorption capacities
of the materials. While most of the low cost adsorbents have shown its potential
in heavy metals removal without any modifications, but it is interesting to note
that their removal capabilities can generally be improved through certain chemical
modifications. Also, more than one factors such as pH, contact time, initial influent
concentration, temperature, adsorbent dosage and etc. can significantly affect the
adsorption process.

Numerous equations based on two-parameter or three parameter adsorption
isotherms have been employed to describe the adsorption process under equilibrium
condition. These include Langmuir, Freundlich, Brunauer-Emmet-Teller (BET),
Temkin, Dubinin-Radushkevich, Jovanovic, Hasley, Harkin-Jura, Redlich-Peterson,
Sips and Toth models. As for the kinetics studies, the two commonly used rate
expressions are the pseudo-first and pseudo-second order kinetic models. In most
of the cases, especially those involve chemisorption, pseudo-second order kinetic
model is able to provide a better description than the pseudo-first order kinetic
model as the former takes the interaction of adsorbent-adsorbate through valency
forces into consideration.

To overcome the limitation of batch condition which is applicable only to the
treatment under equilibrium condition, it is necessary to carry out flow tests using
columns to obtain a design models which would be applicable to commercial
systems. Besides this, developing an appropriate mathematical model through
statistical approach is also important to obtain the optimum operating condition of
the adsorption system.

Several low cost adsorbents can be seen as attractive alternatives for the removal
of heavy metals based on their outstanding removal ability. However, in most of
the cases, attention seems to be focused on the maximum adsorption capacity of
the low cost adsorbents and the model pollutants are mainly synthetic types. In
order to fully utilize the application of these materials in wastewater treatment, their
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removal efficiency should be further tested in effluents from industries. Besides, the
characterization of the adsorbents as well as the study of the sorption mechanism
is equally important. More effort is required to provide insight into the direction
of modeling, the effects of adsorbent recycling and regeneration and the recovery
of heavy metals from wastewater. The possibility of immobilized these adsorbents
can also be viewed as a feasible approach as suspended system requires a filtration
step which is not suited for practical applications. If modification is needed, it is
desirable to have a material with a wide range of metal affinities as this will be
particularly useful for industrial effluents which carry more than one type of metals.
Further research involving the combination of methodologies/system should also
be encouraged as this would minimize or overcome the problem associated with a
single treatment process.
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Vetenskapsakademiens. Handlingar 24:1–39

Lambert J, Rakib M, Durand G, Avila-Rodrı́guez M (2006) Treatment of solutions containing
trivalent chromium by electrodialysis. Desalination 191:100–110
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Momčilović M, Purenović M, Bojić A, Zarubica A, Rand̄elović M (2011) Removal of lead(II) ions
from aqueous solutions by adsorption onto pine cone activated carbon. Desalination 276:53–59

Munaf E, Zein R (1997) The use of rice husk for removal of toxic metals from waste water. Environ
Technol 18:359–362

Mungray AA, Kulkarni SV, Mungray AK (2012) Removal of heavy metals from wastewater using
micellar enhanced ultrafiltration technique: a review. Cent Eur J Chem 10(1):27–46



408 P.-S. Keng et al.

Murthy ZVP, Chaudhari LB (2008) Application of nanofiltration for the rejection of nickel ions
from aqueous solutions and estimation of membrane transport parameters. J Hazard Mater
160:70–77

Murthy ZVP, Chaudhari LB (2009) Separation of binary heavy metals from aqueous solutions by
nanofiltration and characterisation of the membrane using Spiegler–Kedem model. Chem Eng
J 150:181–187

Myers RH, Montgomery DC (2002) Response surface methodology: process and product opti-
mization using experiments, 2nd edn. Wiley, New York

Nadzi BS, Nyahumwa C, Tesha J (2007) Chemical and thermal stability of rice husks against alkali
treatment. BioResources 3(4):1267–1277

Naiya TK, Bhattacharya AK, Mandal S, Das SK (2009) The sorption of lead(II) ions on rice husk
ash. J Hazard Mater 163:1254–1264

Nakajima A, Tsuruta T (2004) Competitive biosorption of thorium and uranium by Micrococcus
luteus. J Radioanal Nucl Chem 260:13–18

Nakajima A, Yasuda M, Yokoyama H, Ohya-Nishiguchi H, Kamada H (2001) Copper biosorption
by chemically treated Micrococcus luteus cells. World J Microbiol Biotechnol 17:343–347

Nakbanpote W, Thiravavetyan P, Kalambaheti C (2000) Preconcentration of gold by rice husk ash.
Miner Eng 13:391–400

Nakbanpote W, Thiravavetyan P, Kalambaheti C (2002) Comparison of gold adsorption by
Chlorella vulgaris, rice husk and activated carbon. Miner Eng 15:549–552

Nakbanpote W, Goodman BA, Thiravetyan P (2007) Copper adsorption on rice husk derived
materials studied by EPR and FTIR. Colloids Surf A Physicochem Eng Aspects 304:7–13

Namasivayam C, Sangeetha D, Gunasekaran R (2007) Removal of anions, heavy metals, organics
and dyes from water by adsorption onto a new activated carbon from Jatrophahusk, an agro-
industrial solid waste. Trans IChemE B Process Saf Environ Prot 85(B2):181–184

Nameni M, Moghadam MRA, Aram M (2008) Adsorption of hexavalent chromium from aqueous
solutions by wheat bran. Int J Environ Sci Technol 5:161–168

Nomanbhay SM, Palanisamy K (2005) Removal of heavy metal from industrial wastewater using
chitosan coated oil palm shell charcoal. Electron J Biotechnol 8:43–53

Nordberg GF, Sandström B, Becking G, Goyer RA (2002) Essentiality and toxicity of metals. In:
Sarkar B (ed) Heavy metals in the environment. Marcel Dekker, New York

Nourbakhsh M, Sag Y, Özer D, Aksu Z, Kutsal T, Çaglar A (1994) A comparative study of various
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