Chapter 5

Removal of Heavy Metals, Lead,
Cadmium, and Zinc, Using Adsorption
Processes by Cost-Effective Adsorbents

Meng Xu and Gordon McKay

Abstract Heavy metals have been utilized by human beings for thousands of
years, and they pervade nearly all aspects in modern economic activities. However,
heavy metal ions such as cadmium, lead, zinc, nickel, and copper are detected in
waste streams from mining operations, battery manufacturing, electroplating, and
smelting industries due to their extensive use. The adverse effects of heavy metals
on human health have been studied by international organizations including the
WHO. Although the emissions have declined in most developed countries, in some
parts of the developing world, human exposure to heavy metals is still a severe
problem. Various technologies of heavy metal removal from effluent have been
investigated and reported in literature including precipitation, membrane filtration,
coagulation, adsorption/ion exchange, and electrochemical treatment. In this chap-
ter, adsorption studies of cadmium, lead, and zinc onto various low-cost adsorbent
materials will be reviewed. The equilibrium isotherm, batch kinetic studies, the
effect of variables including contact time, initial pH, adsorbate concentrations,
dosage, and the application of adsorption models will be discussed.
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5.1 Introduction

Heavy metals presented in source and treated water are a severe problem to public
health (Hua et al. 2012). Due to the extensive use of various heavy metals in mining
operations, battery manufacturing, electroplating, and other industries, the surround-
ing underground and surface water are subjected to the risk of metal contamination
(Srivastava and Majumder 2008; Wang et al. 2012). Metals associated with these
industrial activities such as cadmium, lead, zinc, and nickel are not biodegradable and
have the tendency to accumulate in living organisms, leading to diseases and
disorders to human health (Khan et al. 2008; Joseph 2009; Li et al. 2015).

During the past decades of development, to treat heavy metal-contaminated
wastewater, several technologies have been developed and applied, among which
adsorption/ion exchange has been recognized as a promising way to treat industrial
waste effluents with the advantage of easy operation (Fu and Wang 2011). Tradi-
tional treatment processes such as chemical precipitation (Feng et al. 2000) and
electrochemical treatment (Sadrzadeh et al. 2009) are effective when dealing with
high metal concentrated wastewater. However, they fail in certain cases when the
metal concentration is relatively low (Gautam et al. 2014). Membrane filtration
(Blocher et al. 2003) and adsorption can be applied to low concentration metal-
contaminated wastewater, but membrane filtration is extremely expensive when
treating large amounts of industrial effluent and thus can hardly be applied on an
industrial scale (Fu and Wang 2011).

However, an adsorption process can make full use of certain types of adsorbent
materials even when the metal concentration is quite low (Fu and Wang 2011). By
choosing from various types of adsorbent materials, heavy metals can be removed
together or selectively (Dabrowski et al. 2004). Three types of adsorbent materials
have been commercially available in water treatment: activated carbons (Paul Chen
and Lin 2001), zeolites (Hui et al. 2005), and synthetic polymeric adsorbents
(Kennedy 1973). Most activated carbons have a wide range of pore sizes that can
accommodate large organic molecules; zeolite which refers to aluminosilicate
materials with varying ratios of Al to Si tends to have very small pores; synthetic
polymeric adsorbents usually have only micropores. Activated carbons, zeolite, and
synthetic polymeric resins have already been applied successfully in several water
treatment applications, among which activated carbon is the most commonly used
adsorbent material.

Activated carbon can be manufactured from natural or carbonaceous materials
such as coal (Ahmadpour and Do 1996; Chingombe et al. 2005), peat (Ho and
McKay 1999a), coconuts (Sekar et al. 2004), and others by high-temperature steam
activation or other processes. But the temperature needed in carbonization/
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activation process is extremely high at around 600-1200 °C which means high
energy consumption, whereas the yield of activated carbon from biomass is quite
low, usually below 20%, resulting in the relatively high expense to treat large
quantities. Thus cost-effective adsorbent materials are needed to replace traditional
activated carbons.

The adsorption capacities vary a lot depending on the nature of the raw material
as well as the modification process. Apart from the adsorption capability, cost is
also an important parameter in comparing and choosing various adsorbent materials
(Bailey et al. 1999; Janior et al. 2009). The cost of an individual adsorbent material
varies depending on several aspects such as local availability and the degree of
required activation or modification process. In general, “low-cost” adsorbents
should meet the requirements as abundant in nature; need as simple processing as
possible are waste materials or by-products from another industrial process (Bailey
et al. 1999).

Agricultural wastes are usually available in large quantities with cheap price
which meets the requirement as “low-cost” materials (Demirbas 2008). The major
constituents of these materials are lignin and cellulose which may also include other
functional groups of lignin such as alcohols, ketones, aldehydes, phenolic, carbox-
ylic, and ether groups (Junior et al. 2009). To some extent, these groups have the
ability to donate a lone pair of electrons to bind with heavy metals and form
coordination complexes which makes these waste materials potential adsorbents
for heavy metal uptake. Commonly used agricultural wastes include rice husks
(Ajmal et al. 2003; Krishnani et al. 2008), peanut hull (Periasamy and
Namasivayam 1996; Brown et al. 2000; Witek-Krowiak et al. 2011), sawdust
(Yu et al. 2000; Argun et al. 2007), pinus bark and different bark samples (Vazquez
et al. 1994; Al-Asheh et al. 2000), tea leaves (Ahluwalia and Goyal 2005), banana
and orange peels (Annadurai et al. 2003), palm kernel husk (Onundi et al. 2010),
coconut husk (Amuda et al. 2007), modified cotton, modified cellulose (O’Connell
et al. 2008), modified corncob (Vaughan et al. 2001), wool fibers (Balkose and
Baltacioglu 1992), and other agricultural by-products.

In addition to agricultural wastes, industrial waste by-products have also been
considered and researched for the application of heavy metal adsorption. Nowa-
days, industrial activities also generate enormous amounts of by-products and solid
waste materials, some of which can be reused while the others will be sent for
disposal in landfills. Therefore, recycle and reuse of these industrial waste materials
to reduce the quantity of waste have become a hot topic. The most attractive aspect
of these types of materials is that they are usually provided free or at very low price.
During the past decades, many industrial wastes have been investigated with or
without treatment processes, and they have been applied to metal adsorption
systems such as fly ash from the energy combustion industry (Cho et al. 2005;
Hui et al. 2005), bark and sawdust from the timber industry (Yu et al. 2001; Bulut
and Tez 2007), black liquor from the paper industry (Srivastava et al. 1994), red
mud from the aluminum industry (Gupta et al. 2001), and others.

Chitin is another kind of material that has been reported to have the ability to
adsorb heavy metals (Wu et al. 2000). It is plentiful in nature and can also be
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produced from shrimp, prawn, and crab meat canning industries. Moreover, chitin’s
deacetylated derivative chitosan has a higher adsorption capacity than that of chitin.
Chitosan can be produced from chitin using chemical methods or can also be found
naturally in some fungal cell walls (Wu et al. 2001).

Finally, naturally abundant clay (Celis et al. 2000) and minerals with the
potential to be used as adsorbents have gained attention. Clay has a large surface
area which infers it has potential to be an adsorbent material; zeolites are naturally
occurring silicate minerals and possess ion-exchange ability (Ok et al. 2007). In
particular, zeolite presents a strong affinity toward lead and other heavy metals
which makes it an effective adsorbent material.

5.2 Adsorption Process

Adsorption is a surface-based process in which the dissolved species are transported
to the porous solid adsorbent by diffusion and are then adhered onto the extensive
inner surface of the adsorbent. An adsorbate refers to the constituent that is attracted
onto a surface, and adsorbent refers to the solid onto which the constituent is
adsorbed. Adsorbent solids bind dissolved molecules by physical forces
(physisorption), ion exchange, or chemical binding (chemisorption).

As stated in Chaps. 2 and 3, solid-liquid adsorption systems usually involve two
types of experimental investigations: equilibrium isotherm adsorption testes and
batch kinetic rate studies. Equilibrium isotherm model equations such as the
Langmuir model and the Freundlich model are commonly used to describe exper-
imental adsorption data, while the most widely used kinetic models are the pseudo-
first-order model and the pseudo-second-order model. It is important to determine
the best-fit isotherm and kinetic model in order to evaluate the material and to
further develop suitable industrial adsorption system designs (Gerente et al. 2007).

5.2.1 Equilibrium Adsorption Isotherm

Establishing the most appropriate correlation for equilibrium curves is very impor-
tant in the purpose of optimizing the condition of an adsorption system for metal ion
uptake. The maximum capacity of the adsorbent can be predicted under a given set
of conditions, whereby the adsorption capacity is dependent only on the equilibrium
curve established between the adsorbed sites and metal solution concentrations.
These equilibrium adsorption capacity curves can be obtained by measuring the
adsorption isotherm of the metal ions onto the sorbents with fixed pH, dosage, and
temperature. Thus it is necessary to develop isotherm models to fit the experimental
data points in order to obtain the correlations of solid-phase concentration to the
fluid-phase solute concentration. In this section, we recall some of the most used
isotherm models for heavy metal adsorption.
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5.2.1.1 The Langmuir Model

The Langmuir model calculates the amount of molecules adsorbed onto a solid
surface and is often used to describe the solute adsorption (Langmuir 1918). This
model assumes a monolayer adsorption onto a complete homogeneous surface with
a negligible interaction between adjacent adsorbed molecules. The equilibrium
equation is stated as:

KLCe

= 5.1
14+ a.C. ( )

qe

where ¢, is the solid-phase adsorbate equilibrium concentration (mmol/g), C. is the
aqueous-phase adsorbate equilibrium concentration (mmol/L), K (L/g) and ap
(L/mmol) are Langmuir isotherm constants, and the monolayer capacity
qmax = Ky/ay.

The Langmuir equation is apposite to homogeneous adsorption systems where
the adsorption of each adsorbate molecule has equal activation adsorption energy.
When the concentration is very low, a;C. is far smaller than unity; it implies
ge =~ K1 C. which obeys the Henry’s law. Therefore, a linear expression of the
Langmuir equation is:

Ce 1 ar,
Lo_ 41 =C, 5.2
9. Kio Ku 5-2)

where a plot of C./q. versus C, gives a straight line where the slope is a; /K| and the
intercept is 1/K; . The Langmuir equation gives the theoretical monolayer saturation
capacity, gmax as Ky /ay .

5.2.1.2 The Freundlich Model

The Freundlich equation is an empirical equation proposed by Freundlich. It is
commonly used to describe organic components in solution; it assumes that the
adsorption sites are not identical. It usually applies to heterogenous surfaces and
multilayer adsorption on the adsorbate. The equation is:

qe = aFCi}F (53)

where ar is the Freundlich constant, while br is the heterogeneity factor. When bg
equals unity, this model reduces to Henry’s law. The smaller this term is, the more
nonlinear the adsorption isotherm becomes. It is notable that when the value of bg
gets smaller than 0.1, the shape of the isotherm approaches a rectangular isotherm.
But it is often criticized for not reducing to Henry’s law at very dilute concentra-
tions. Also, there is no finite limit for the adsorption uptake when the concentration
is sufficiently increased which is contrary to the plateau observed in most real
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systems. Therefore this model is generally only valid in a narrow range of concen-
trations. A linear expression of the Freundlich equation can be obtained by taking
logarithms of Eq. (5.3):

Ing, =Inag + bpInC, (5.4)

where a plot of In ¢, versus In C, can determine the constant ag and exponent bg.
The Freundlich isotherm is derived by assuming and inserting an exponential decay
energy distribution function in to the Langmuir equation. It is commonly used in the
description of reversible adsorption having heterogeneous surfaces.

5.2.1.3 The Redlich-Peterson Model

The Redlich-Peterson isotherm (Redlich and Peterson 1959) is also an empirical
equation which was proposed by Redlich and Peterson to represent equilibrium
data; it combines elements from both Langmuir and Freundlich equations together
to incorporate three parameters into the equation. It is applied to both homogeneous
and heterogeneous systems.

This equation is widely used as a compromise between the Langmuir and
Freundlich systems. The equation is expressed as follows:

KrpCe
RPC (5.5)

e = 1+ aRpCebRP
where kpgr, apr, and brp are Redlich-Peterson isotherm constants. bgp is between
0 and 1, and when bgp equals to 1, it reduces to Langmuir. It approximates to

Henry’s law at low concentration and to the Freundlich at high concentration.

5.2.1.4 The Sips (Langmuir-Freundlich) Model

The Sips model (Sips 1948) is also known as the Langmuir-Freundlich isotherm. It
considers the case of a molecule occupying two sites. The Sips equation takes the
following form:

Kiraypce™*

T 1+ agpe (56)

e

where K is the Sips isotherm equilibrium constant (L/g), arg is Sips isotherm
constant (L /mmol) U/mr “and ny g is the Sips isotherm exponent, dimensionless. This
equation is a combination of the Langmuir and Freundlich models, it will effec-
tively reduce to a Freundlich isotherm at low adsorbate concentrations, and thus it
does not follow Henry’s law, while it predicts a monolayer adsorption capacity of
the Langmuir isotherm at high adsorbate concentrations.
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5.2.2 Kinetic Studies and Models

Kinetic experiments are carried out to evaluate the potential of the material for
commercial applications. An ideal adsorbent shows properties such as high adsorp-
tion capacity as well as fast removal rate. Kinetic models are used to evaluate the
mechanisms of heavy metal adsorption and its potential rate-controlling steps that
include mass transport and chemical reaction processes (Aksu 2001). Another
purpose for conducting batch kinetic studies is to optimize the operation conditions
for large-scale processes. Various factors such as initial metal concentration, initial
pH of the solution, adsorbent dosage, temperature, particle size, and other process
parameters will affect the adsorption capacity. Kinetic models only concern the
effects of observable parameters on the overall rate of the system. Predicting the
overall rate in the given adsorption system is the most important since the system’s
kinetics determines adsorbate time and the reactor dimensions.

In order to understand the kinetics and the rate-controlling steps, several adsorp-
tion kinetic models have been established: the pseudo-first-order model, the
pseudo-second-order model, the Elovich model, the first-order equation of
Bhattacharya and Venkobachar, the Weber and Morris adsorption kinetic model,
the Weber and Morris adsorption kinetic model, and the Ritchie equation. The two
most widely used models are the pseudo-first-order and the pseudo-second-order
model which can study the heavy metal adsorption kinetics and quantify the extent
of uptake in adsorption kinetics. Some details of the common kinetic models
applied in heavy metal adsorption are given below. Note that this discussion
complements the information provided in Chaps. 2 and 3.

5.2.2.1 The Pseudo-First-Order Model

The pseudo-first-order rate equation is generally expressed as follows:
G = qe[l — exp(—ki1)] (5.7)

where ¢, and g. are amounts adsorbed onto the adsorbent material (mmol/g) at
time ¢ (min) and equilibrium, respectively. &; is the pseudo-first-order rate constant
(min~ ).

The linear expression of this equation can be rearranged as follows:

In(q. —q,) = Ing, — kit (5.8)

From this form of this equation, it is clear that g, should be known in order to fit the
equation to the experimental data in the linear form. However, in many cases ¢, is
unknown after the batch kinetic experimental contact time unless the equilibrium
isotherm has been determined. The amount of adsorbed metal ions is significantly
smaller than the equilibrium amount when the adsorption process tends to be very slow.
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Therefore in most reported literatures, the pseudo-first-order equation does not fit
well with the experimental data for the whole range of contact time but is generally
applicable for the initial 20—30 min of the adsorption process (Gerente et al. 2007).

Apart from the linear method of fitting, some groups use the sum of squared
errors (SSE) method by minimizing the difference of calculated data with the
experimental data:

SSE = Z (Qexp - CIcal)2 (59)

Excel built-in function solver can be used to obtain the unknown ¢, and k; at the
same time. However, some literature results show that the calculated ¢, is still
smaller than that from the isotherm experiments; thus this model equation may still
underestimate the equilibrium capacity. To sum up, the pseudo-first-order model
has been extensively used to describe metal uptake process. However, this model
has the problem of predicting the equilibrium capacity; the calculated g, from this
model equation frequently does not agree with the experimental data. It only gives a
good fit with the experimental data for the first 30 min. After that, the prediction of
the model usually goes below the experimental data. It has been suggested that the
time lag results in the difference in the g. values. The time to overcome the
boundary layer and external resistance controls the process at the beginning, and
this time lag is difficult to quantify. This model equation has been applied to metal
adsorption systems like cadmium, lead, and zinc, but most of the fits are moderate
to poor.

5.2.2.2 The Pseudo-Second-Order Model

The pseudo-second-order model was developed by Ho and McKay (1999b) and is
expressed by the following equation:

kaq3t

=—=c 5.10
1 + kyq.t ( )

q;

where ¢. and ¢, are the amount of metal ions adsorbed (mmol/g) at equilibrium and
at time ¢, respectively; &, is the pseudo-second-order rate constant of adsorption
(g mmol ' min™").

The pseudo-second-order rate constant can be determined by plotting the exper-
imental data #/q versus ¢, and then ¢, and k, can be calculated from the slope and
intercept. In studies on the adsorption of cadmium by chitosan, the pseudo-second-
order kinetic model was much more successful than the pseudo-first order. It has
been suggested that in chemisorption processes, the pseudo-second-order model is
superior to the pseudo-first-order model due to the consideration of adsorbent-
adsorbate interaction in the pseudo-second-order model. The pseudo-second-order
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model has been recognized as the most widely fitted model for the metal adsorption
from effluent.

Theoretically, the rate of an adsorption system should remain constant at a
certain specified temperature; it only changes with the change of the temperature.
However, the literatures show that the rate contact is quite different when the
variables such as initial concentration, pH, or dosage are changed. This might be
a problem for this useful model, and therefore it is important to develop a correla-
tion between the pseudo-first and the pseudo-second-order rate constant with each
variable.

5.3 Low-Cost Adsorbent Materials and Metal Adsorption

In order to reduce the cost of adsorption process, waste materials were taken into
consideration to be recycled and reused as well as cheap raw materials. This section
is mainly focused on four parts: agricultural wastes, industrial wastes, marine
materials, and mineral materials.

5.3.1 Agricultural Waste

Agricultural waste materials are usually abundant and have been proven to be eco-
friendly and economic sources of precursors or adsorbent materials. It has been
reported that various agricultural wastes can be easily converted to value-added
products. Agricultural wastes have been recycled and used in the removal of
different types of pollutants from effluent. The basic components of agricultural
waste materials include hemicelluloses, lignin, lipids, simple sugars, proteins,
hydrocarbons, and starch which contains functional groups that are potential to
become adsorbent materials for heavy metal adsorption. Agricultural waste prod-
ucts can be used directly or after modification. The agricultural wastes can be
directly used for adsorption tests after recycling, washing, and making into the
desired particle size. Another way to reuse the agricultural wastes is to use certain
methods to pretreat the material before use. The pretreatment methods have been
extensively studied in order to enhance the functional groups and therefore increase
the number of active sites for adsorption purposes. The application to remove lead,
cadmium, and zinc by agricultural waste with their experimental conditions and
adsorption capacities has been listed in Table 5.1.

Sugarcane bagasse is a kind of lignocellulosic material which has a complex
configuration with a variety of activated sites; modified sugarcane bagasse has been
reported to be effective in terms of heavy metal removal (Orlando et al. 2002;
Karnitz et al. 2007). After pretreatment with succinic anhydride, carboxylic func-
tions are introduced to succinic anhydride, and the amide functions are formed by
chemical introduction of polyamine. Due to the chelating properties of polyamines
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toward metals such as zinc, cadmium, lead, and copper, the modified succinic
anhydride becomes suitable for the treatment of metal-contaminated wastewater
(Bianchi et al. 1991).

Velazquez-Jimenez et al. (2013) tested the raw and modified Agave salmiana
bagasse for metal adsorption. HCl, HNO;, NaOH, tartaric, citric, and oxalic acids
were used to modify bagasse, respectively, to determine if its concentration of
active groups could be improved. These materials were then tested for the removal
of Cd(II), Pb(Il), and Zn(II) ions from effluent at pH 5, and desorption studies were
performed at pH 2 and 4 at 25 °C. The characterization techniques are used mainly
to identify carboxyl-, hydroxyl-, sulfur-, and nitrogen-containing groups in bagasse.
The carboxylic groups were mainly responsible for metal uptake. The results show
that the adsorption capacity of raw bagasse is about 8, 14, and 36 mg/g for zinc,
cadmium, and lead, respectively. The adsorption capacity was improved around
27-62% after modification with HNOs; and NaOH. However, citric, oxalic, and
tartaric acid did not have significant effects on improving adsorption capacity.

Recently, Demiral and Giingor (2016) used grape bagasse as raw material and
phosphoric acid to activate the material to activated carbon. The obtained activated
carbon has a highest surface area of 1455 m?/g and total pore volume of 0.88 cm*/g
at 500 °C carbonization temperature with an impregnation ratio of 5/1. Then the
activated carbon was used to remove copper with maximum capacity of 43.47 mg/g
at 45 °C. The Langmuir and Dubinin-Radushkevich isotherm equations showed
better fits, while the rate of adsorption was found to conform to the pseudo-second-
order kinetic model. Gurgel and Gil (2009) have introduced two different methods
to prepare two new chelating materials, MMSCB 3 and MMSCB 35, using
succinylated twice-mercerized sugarcane bagasse (MMSCB 1). MMSCB 1 was
activated with 1,3-diisopropyl-carbodiimide and acetic anhydride, respectively, and
later both intermediate were reacted with triethylenetetramine to obtain MMSCB
3 and MMSCB 5. The capacities of MMSCB 3 and MMSCB 5 for copper,
cadmium, and lead uptake from single-component solutions were evaluated at
different contact times, pH, and initial metal ion concentrations. The adsorption
isotherm results show good fit with the Langmuir model, and the maximum
adsorption capacities of MMSCB 3 and MMSCB 5 for copper, cadmium, and
lead were found to be 59.5 and 69.4, 86.2 and 106.4, and 158.7 and 222.2 mg/g,
respectively. Feng et al. (2011) studied the adsorption of cadmium, lead, and nickel
using the grafted copolymerization-modified orange peel (OPAA). The Langmuir
model correlated with the experimental data better than the Freundlich model. From
the Langmuir equation, the maximum uptake capacities for lead and cadmium were
476.1 and 293.3 mg/g, respectively. The adsorption capacity of the modified
material has increased 4.2- and 4.6-fold for lead and cadmium, respectively, in
comparison with the original orange peel. Moreover, the kinetics for lead and
cadmium adsorption followed the pseudo-second-order model.

Afroze et al. (2016) recently studied the adsorption of zinc ions from effluent
using raw and base-modified Eucalyptus sheathiana bark. Bark is a common
by-product from the timber industry; Eucalyptus trees are evergreen and fast-
growing trees which are abundantly available worldwide. The equilibrium
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adsorption studies showed that both the Freundlich and Langmuir models can be
capable of describing the systems for zinc uptake using raw or base-modified
eucalyptus bark. Also, the pseudo-second-order rate equation is found to well
describe the adsorption of zinc for both raw and modified bark. The maximum
adsorption capacity of modified eucalyptus bark for zinc removal at 30 °C was
250.0 mg/g which was quite competitive to other adsorbent materials.

Lentil husk was also recognized as a promising low-cost adsorbent with a
maximum removal capacity of 81.43 mg/g for lead under the optimized condition
of pH (5.0) and temperature (30 °C) with an initial metal ion concentration of
250 mg/L by Basu et al. (2015). The functional groups of lentil husk were modified
by treating with different chemicals to investigate their role in adsorption; chemical
modification of functional groups revealed both hydroxyl and carboxyl groups
played crucial role in the binding process.

Rice husk is another category of agricultural waste; since rice is the most popular
food in Asia, large quantities of rice husk were produced every year. Nowadays,
rice husk is used as energy source for power plants; however, 18% of the total
amount of husk remains as rice husk ash (RHA). It has been investigated that the
major component of RHA is silica, while it also contains some alumina content,
both of which are typically used in zeolite synthesis (Gupta et al. 2011).
Santasnachok et al. (2015) synthesized zeolite from agriculture waste by-product
rice husk ash (RHA). The synthesized material was applied in cadmium-
contaminated wastewater in the initial concentration range of 50-500 mg/L. The
maximum removal capacity of synthesized zeolite Na-A and Na-X for cadmium
was found to be 736.38 and 684.46 mg/g, respectively, at dosage of 0.25 g/L.

5.3.2 Industrial By-Products and Wastes

Industrial by-products are usually considered as useless waste materials and cause
major disposal problems. Fly ash is a waste material generated from combustion
processes. Previously, fly ash is mainly used for road construction or formation of
bricks and cement. However, fly ash contains high percentage of silica and alumina
which makes it possible to be used as precursor of zeolite-type adsorbent material
(Bhatnagar and Sillanpdd 2010). The reuse of fly ash to develop low-cost and
efficient adsorbents for wastewater treatment follows the concept of using waste
to treat waste (Shawabkeh et al. 2004; Belviso et al. 2010). Many studies have been
reported on fly ash, raw fly ash, modified fly ash, or on dispersed TiO,-fly ash and
have been tested as adsorbents for heavy metals removal from wastewater (Gupta
and Ali 2004; Harja et al. 2012; Shyam et al. 2013).

Aluminum industry waste has also been studied under the concept of recycle
waste for water treatment. Red mud is a waste material from the aluminum industry
and has been widely investigated. It is formed during the production of alumina
when bauxite ore is subjected to caustic leaching (Bhatnagar et al. 2011); sodium
hydroxide solution is used in the refining process. And thus this material is highly
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alkaline with a pH as high as 10-13. So it needs to be neutralized before being used
as an adsorbent material. Red mud is mainly composed of fine particles containing
aluminum, iron, silicon, hydroxides, and titanium oxides. Zhu et al. (2007) evalu-
ated the potential of granular red mud (GRM) to remove cadmium from aqueous
solution. The pseudo-second-order model can describe the experimental kinetic
data at initial pH 6.0 and 3.0. The maximum adsorption capacities for GRM were
38.2 mg/g at 20 °C, 43.4 mg/g at 30 °C, and 52.1 mg/g at 40 °C. Gupta et al. (2001)
converted red mud into an inexpensive and efficient adsorbent and used it for the
removal of lead and chromium from aqueous solutions which exhibits good adsorp-
tion capacities. The equilibrium data fits well with both the Freundlich and the
Langmuir model. Red mud was treated with hydrogen peroxide at room tempera-
ture for 24 h in order to oxidize the adhering organic impurities and was then
washed repeatedly with distilled water, followed by an activation process in a
muffle furnace at 500 °C for 3 h. The adsorption results showed that the maximum
uptake for lead took place at pH 4.0.

The steel industry also produces a large quantity of by-products which create
serious disposal problems. Basic oxygen furnace (BOF) slag is a kind of by-product
from steel-making process which is mainly applied for construction applications
including road engineering (Miraoui et al. 2012) and cement production (Han et al.
2015) due to the hydration activity of BOFs. Some authors have investigated the
adsorption of cadmium, lead, zinc, and copper from effluent by BOFs (Xue et al.
2009, 2013). The sieve size of BOFs was controlled under 0.6 mm first and then
treated by acid (0.1 M HCI) and washed by deionized water. The equilibrium
isotherms showed that copper, cadmium, and zinc had similar but relatively higher
adsorption capacity compared to lead in single-element system. The adsorption
affinity is found to follow the sequence Zn > Cu > Pb > Cd in single-element
systems, while the uptake order in the multielement system was Pb > Cu > Zn > Cd.

The paper industry produces a large amount of black liquor, from which lignin
can be extracted. The extracted lignin was characterized and used for lead and zinc
removal (Srivastava et al. 1994). The uptake amount of lead was more than that of
zinc, while the adsorption capacity increases with the increase of pH value.

The waste from the leather-processing industry has also been investigated by
researchers in the application of metal adsorption. Fathima et al. (2005) utilized
animal skins which are high in protein content to complex with iron and then used it
for the removal of chromium(VI). The effect of pH and the initial concentration of
chromium(VI) by iron treated fleshing is studied. The adsorption capacity by iron-
treated material is shown to be greatly improved to 51 mg of chromium(VI) per
gram of treated fleshing, while it is only flesh 9 mg/g for the untreated fleshing.
However, this study has not been applied to other metals to date.

Recently, a newly developed industrial waste material is introduced. The mate-
rial is recycled from waste printed circuit board recycling industry. With the rapid
development of the electronic devices, the lifetime of such devices has become
shorter and shorter resulting in the massive waste electronic devices. Printed circuit
boards (PCBs) are the major component of the abandoned electronic devices.
Recent commercial recycling of PCBs is based on using a mechanical-physical
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technique to separate the PCBs into metallic and nonmetallic fractions which is
quite environmentally friendly compared to the traditional treatment methods. The
metallic fraction is mainly copper which is of high value and can be marketed
easily, while the nonmetallic fraction (NMF) which accounts for 70% of the total
PCB weight has always been considered as a low-value by-product. Hadi et al.
(2013) recycled the nonmetallic part and investigated the activation of this material
for the application of heavy metal adsorption. The optimum condition to activate
the material is to impregnate the raw material with activating agent KOH at weight
ratio of 2 (KOH/NMF = 2) under continuous stirring for 3 h at room temperature.
The resulting slurry was heated to 250 °C for 3 h in a muffle furnace under a
nitrogen atmosphere. The product was then washed with DI water and subsequently
dried at 110 °C. Xu et al. (2014) performed a detailed equilibrium study of this
activated nonmetallic fraction for the adsorption of cadmium. The adsorption
results show that the maximum uptake capacity of this material for cadmium
removal reached to 2.1 mmol/g (initial pH = 4) which shows that this material
can effectively remove cadmium ions from effluent and is highly competitive with
the commercial resins. The Redlich-Peterson model is the best-fit model. Lead
adsorption has also been studied with a maximum capacity of 3.2 mmol/g at initial
pH of 4. Lead also shows higher affinity than cadmium in the binary-component
system (Xu et al. 2015).

Finally, other adsorbent materials derived from industrial waste and their
adsorption capacities for lead, cadmium, and zinc have been listed in Table 5.2.

5.3.3 Marine Materials

Adsorbents have been derived from waste seafood because of the abundant amount
of chitin found the in the exoskeletons of crabs and other arthropods (Rinaudo
2006). Seafood processing produces large quantities of by-products. Chitin is
second to cellulose in terms of polysaccharide quantities in nature. It is also easily
found as waste product from the crab meat canning industry. It has been reported
that chitin or modified chitin can remove metal ions from effluent (Benaissa and
Benguella 2004; Karthik and Meenakshi 2015). Chitosan is a partially acetylated
glucosamine biopolymer that can be found in the cell wall of some fungi such as
Mucorales strain. However, it is mainly derived from deacetylation of chitin and
has been known as the most important derivative of chitin due to the useful features
such as hydrophilicity, biodegradability, and antibacterial property (Rinaudo 2006).
Chitosan can be made by treating the chitin in the shells of shrimp and other
crustaceans with an alkaline substance such as sodium hydroxide, and it is reported
that chitosan chelates six times amounts of metals compared to chitin due to the
exposed free amino groups during deacetylation process. Chitosan has potential for
commercial biomedical applications and has been applied in the treatment of heavy
metal-contaminated wastewaters (Pandey and Tiwari 2015; Chen et al. 2017).
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The high adsorption capacity by chitosan and its derivatives for the removal of
heavy metal ions from aquatic systems is due to the presence of multifunctional
groups; the high hydrophilicity is because a large number of hydroxyl groups on the
glucose units with high chemical reactivity as well as flexible structure of the
polymer chain (Bhatnagar and Sillanpéa 2009).

Compared to chitin, chitosan has superior adsorption ability for heavy metals
due to its higher content of amino groups. Chemical modifications of chitosan such
as carboxyalkyl substitution, aldehyde cross-linking, ligand cross-linking, and
polyamination are accessible to prevent it from dissolution in acidic media
(pH < 2) or to enhance adsorption ability. Sargin and Arslan (2015) prepared
chitosan microcapsules via cross-linking and evaluated their capability for the
removal of copper, cadmium, zinc ions, and other metallic ions. Different pH
values, metal concentrations, temperature, amount of adsorbent, and adsorption
time have been studied. The adsorption equilibrium followed the Langmuir iso-
therm model, and the adsorption capacity of the chitosan/sporopollenin microcap-
sules was found to be 0.15 mmol/g for cadmium and 0.25 mmol/g for zinc.

Seaweed (marine algae) is another kind of abundantly available adsorbent
material. Seaweed does not only grow in saltwater but also in freshwater. Usually,
seaweed materials, especially brown algae, possess a relatively high surface area
and present high binding affinity toward metals due to the functional groups such as
amino, hydroxyl, carboxyl, and sulfate as binding sites in the cell wall structure
(Ozer et al. 2006). Metals can be attracted by an electrostatic force or can form
complexes with the material (Hamdy 2000; Jalali et al. 2002).

The adsorption capacity for metal ions was significantly improved after modifi-
cation. Typical modification methods include acid and acid-base treatment (Suzuki
et al. 2005). The surface chemistry was changed dramatically after the treatment
resulting in different adsorption preferences. Suzuki et al. (2005) used 0.1 M HCl and
0.1 M NaOH to treat Ulva seaweed, respectively. The adsorption isotherm of the
acid-pretreated material was similar to that of the non-treated one, while the adsorp-
tion capacity of the alkali-pretreated material increased a lot. The isotherm model was
well fitted by the Langmuir model with an adsorption capacity of 90 mg/g for the
alkali-pretreated material. The uptake capacities of typical marine material-derived
adsorbents for heavy metal removal have been listed in Table 5.3.

5.3.4 Zeolite and Clay

Zeolites, clays, sediment, and soil are readily available, inexpensive materials, and
thus are good candidates as low-cost adsorbent materials or precursors. Sediment
and soil are mostly used for the removal of organic pollutants such as glyphosate
(Morillo et al. 2000) and herbicides (Kibe et al. 2000) from water, while zeolite and
clay present good adsorption capabilities for metal removal. The removal capacities
for cadmium, lead, and zinc using zeolite and clay as adsorbent materials are listed
in Table 5.4.
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Zeolites are naturally occurring, highly porous aluminosilicate minerals with
different cavity structures, which can also be produced commercially. The porous
structure of zeolite can accommodate various cations including sodium, potassium,
calcium, magnesium ions, and others. These positive-charged ions are loosely held
in the structure and can be easily exchanged with other metal ions in solution and
therefore possess ion-exchange abilities. Zeolites consist of more than 40 natural
species, among which clinoptilolite is the most abundant and frequently studied
one. Sprynskyy et al. (2006) studied the adsorption behavior on raw and pretreated
clinoptilolite for lead and cadmium removal. The maximum adsorption capacity is
4.22 mg/g and 27.7 mg/g for Cd** and Pb**, respectively, at an initial concentration
of 80 mg/L. The experimental data is well fitted with both the Langmuir and the
Freundlich models; the Freundlich model exhibits better fitting at high metal
concentrations. Wingenfelder et al. (2005) investigated the removal of lead, cad-
mium, and zinc from synthetic mine waters by a natural zeolite. Lead can be
efficiently removed from neutral as well as from acidic solutions, whereas the
uptake of zinc and cadmium decreased when the pH is low and the iron concentra-
tions are high.

Clay usually possesses large surface area and negative charge on the structure of
fine-grain silicate minerals. The negative charge can be neutralized by the adsorp-
tion of positive-charged cations which might be the reason that it presents good
adsorption capacities for metal removal (Ali et al. 2012). Various types of clay have
been investigated and modified to enhance their efficiency for heavy metal removal.
Kaolinite and montmorillonite are two of the most important and commonly used
clay minerals that have been reported in heavy metal removal applications.

Gupta and Bhattacharyya (2008) used kaolinite and montmorillonite for cad-
mium and lead removal from water. The uptake capacities increase with the
increase of pH values until the formation of insoluble metal hydroxides. The
adsorption reaction is rapid with maximum uptake amount being observed within
180 min for lead and 240 min for cadmium. Both kaolinite and montmorillonite
follow the Langmuir monolayer model with respect to lead and cadmium; the
removal capacity values are in the range of 6.8-11.5 mg/g (kaolinite) and
21.1-31.1 mg/g (montmorillonite). Different modification methods have also
been developed in order to improve the quality and characteristics of the clay.
Two commonly used techniques are intercalation/pillaring and acid activation.
Intercalation is the insertion of a guest species in the interlayer region of a clay
mineral with preservation of the layered structure (Liu and Wu 2001), while acid
treatments of clay minerals control mineral weathering and genesis (Panda et al.
2010). These treatments can replace exchangeable cations with H ions, A13+, and
other cations. The attached ions can escape out from both tetrahedral and octahedral
sites leaving SiO, groups largely intact (Theocharis et al. 1988). Gupta and
Bhattacharyya (2006) use kaolinite, montmorillonite, and their poly(oxo zirco-
nium) and tetrabutylammonium derivatives to remove cadmium from aqueous
solution. The uptake of cadmium was very fast at the beginning of contact
and slowed down gradually indicating diffusion into the inner surface of the
adsorbent. The pseudo-second order can describe the experimental data better
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than the pseudo-first order. And the equilibrium isotherm data was fitted well by
both the Langmuir model and the Freundlich model. The adsorption behavior was
poor in strongly acidic solution but improved in an alkaline medium, and the uptake
amount continuously increased with the increase of pH values.

5.4 Conclusion

Adsorption plays an important role in removing heavy metals from effluent.
Activated carbon is the most popular adsorbent material and has been used widely
in wastewater treatment for decades. However, commercial activated carbons have
drawbacks in terms of heavy metal removal efficiency and cost problems. So the
overall idea is to find suitable cost-effective alternatives to replace traditional
activated carbon. Under these circumstances, new adsorbent materials, especially
cost-effective adsorbent materials, need to be developed. The low-cost adsorbent
materials usually have the problem of low adsorption capacity; thus cheap and
effective modification methods should be introduced to improve the adsorption
capacity while controlling the cost of activation at the same time.

In this chapter, a wide range of low-cost adsorbent materials have been reviewed
and discussed. Low-cost materials have been divided into four categories based on
the nature of the materials. The common characteristics of these materials are
abundance either naturally occurring or low-value by-products. By analyzing the
composition and developing low-cost treatment methods, they become value-added
materials with good adsorbent properties.
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