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Abstract

Cadmium is known to be toxic for living organism even if it is present in low levels. Generally it is associated with zinc and
copper minerals and is produced as a byproduct of these industries. It enters the environment from electroplating, smelting, alloy
manufacturing, pigments, plastic, cadmium-nickel batteries, fertilizers, pesticides, mining, pigments and dyes, textile operations
and refining industries. Various ways of cadmium removal are: precipitation, ion exchange, solvent extraction and adsorption.
The present review specifically describes various types of adsorbents which have been used for removing cadmium from
aqueous solutions. General emphasis has been on the utilization of agricultural, industrial wastes and low cost synthetic oxides
as adsorbents. In most of the studies batch mode data has been evaluated by determining the kinetic, isothermic and
thermodynamic parameters. A number of studies have also addressed the mechanism of adsorption process employing
instrumental techniques such as XRD, FTIR, SEM etc. Modeling of column data has also been reported by some researchers.
More attention needs to be given for regeneration/reuse/ safe disposal of the loaded adsorbents wherein the data are insufficient.
The engineering aspects also need attention for commercial application of various adsorbents.
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1. Introduction

Cadmium occurs naturally in the environment by the gradual process of erosion and abrasion of rocks and soils, and from
singular events such as forest fires and volcanic eruptions. It is therefore naturally present everywhere in air, water, soils and
foodstuffs. The best known cadmium mineral is greenockite, cadmium sulfide (77.6% Cd). Other minerals are otavite, cadmium
carbonate (61.5% Cd) and pure cadmium oxide (87.5% Cd). Greenockite (CdS) is nearly always associated with sphalerite (ZnS).
As a consequence, cadmium is produced mainly as a byproduct from mining, smelting, and refining of sulfide ores of zinc.

Cadmium is one of the heavy metals, which is highly toxic to human, plants and animals. The metal is of special concern
because it is non-degradable and therefore persistent. The main anthropogenic pathway through which cadmium enters
environment is via wastes from industrial processes such as electroplating, smelting, alloy manufacturing, pigments, plastic,
cadmium-nickel batteries, fertilizers, pesticides, mining, pigments and dyes, textile operations and refining (Grayson and Othumer,
1978; Forstner and Wittman, 1981; Salim et al.,1992; Cheung et al., 2000; Wu et al, 2010). All over the world cadmium
contaminated waste waters and effluents are being generated either directly due to Cd production or through secondary sources. A
major past disaster ‘Itai-Itai’ due to contamination of cadmium in Jintsu river of Japan is well known. Various regulatory bodies
have set the maximum limits for the discharge of toxic heavy metals in the aquatic systems. However, the metal ions that are being
added to the water stream are at a much higher concentration than the prescribed limits by industrial activities, thus leading to the
health hazards and environmental degradation. In order to solve heavy metal pollution in the environment, it is important to bring
applicable solutions. Thus the treatment or purification of contaminated water and effluents is one of the major areas of active
research. According to WHO’s recommendation Cd(II) limit in drinking water is 0.005 mg/L. The present paper reviews various
techniques being followed and research efforts being made for removal of Cd(Il) from aqueous solutions with a special emphasis
on the adsorption technique.
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2. Different techniques for cadmium remediation

There are various physical and chemical methods used to treat mining and industrial effluents containing Cd(II). Those methods
can be broadly divided into the following categories: chemical methods, membrane, ion exchange, solvent extraction and
adsorption techniques.

2.1 Chemical methods
The chemical methods for cadmium remediation include precipitation and cementation techniques.
2.1.1 Precipitation

A variety of specialized treatment techniques for the removal of heavy metals prior to their discharge into the environment have
been developed (Clifford et al., 1986). Among them, the simple precipitation of metals as insoluble hydroxides, carbonates, or
sulfides is used in about 75% of electroplating facilities to treat wastewater (Karthikeyan et al., 1996). Of all the treatment
techniques, heavy metal hydroxide precipitation is the most commonly employed because of its low cost and simplicity. This
process is quite simple as the pH of the effluent is increased by using lime (CaO) or caustic soda (NaOH) to precipitate and hence
immobilize the heavy metals as their respective hydroxides. US patent of Schlage Lock Company (1975) describes a process to
remove cadmium from plating effluents by adding barium acetate. Rickelton (1998) found a selective method of removing
cadmium by precipitation as its diisobutyldithiophosphinate complex. A three-step precipitation process has also been reported
(Islamoglu et al., 2006) which included (a) acid treatment with nitric acid (HNOs3), cyano-metal complexes were decomposed in
acidification step and complete removal of iron was achieved, (b) alkali precipitation by sodium hydroxide (NaOH), large portion
of Cd was recovered as pure Cd(OH), and (c) as a polishing step sulfide precipitation by sodium sulfide (Na,S) was applied.
Cadmium can also be precipitated by addition of lime and magnesium (Lin et al., 2005)

2.1.2. Cementation

General reaction for cadmium cementation with other metal ions is represented by the Eq. (1)
Cd*' +M°=M*" + Cd° (1)

where M is a bivalent metal.

Ku et al. (2002) reported that cadmium could be removed from solutions by cementation with zinc powder. The optimum pH
found was 4-5. The reaction rate was approximately first order with respect to both the amount of zinc and the concentration of
cadmium ion. Among the surfactants used in this study, only the presence of sodium dodecyl sulfonate, an anionic surfactant,
noticeably enhanced the cementation rate of cadmium by zinc powder. The presence of ethylene-diaminetetraacetic acid (EDTA)
in aqueous solutions inhibited the removal of cadmium by zinc due to the possible formation of Cd-EDTA chelates, which possess
higher redox potential than that of free cadmium ions. Gould et al.’s report (1986) revealed that cadmium could be removed by
cementation with magnesium. They reported that the order of kinetics depended on the initial concentration. It was half order up to
25 mM (migration control mechanism) and first order (diffusion control) beyond 25 mM.

Younesi et al. (2006) studied cementation of cadmium ions by zinc powder in a batch reactor at low and high concentrations at
pH 5.2-5.4 and it was shown that the reaction was first-order. XRD and SEM analysis confirmed that the deposited layer was
metallic with no evidence of basic zinc sulphate or re-dissolution of cadmium. The experiments demonstrated that at initial
cadmium concentrations of > 1000 mg/L, the ash diffusion control model prevailed, while at concentrations < 500 mg/L, the data
had good agreement with the film diffusion model. For concentrations between 500 mg/L and 1000 mg/L, a combination of ash
diffusion and film diffusion models controlled the reaction rate. Statistical data analysis was performed and different reaction rate
constants were estimated from the equations for high and low initial cadmium concentrations.

2.2. Membrane separation technique

Liquid membrane process incorporates a dispersed emulsion including organic membrane and aqueous internal phase in a
continuous external phase (W/O/W). The solute in the external phase penetrates through the membrane phase, in which carrier is
added to solubilise otherwise insoluble solute in the membrane phase. The transferred solute by the carrier reacts with a stripping
agent at the interface of the membrane and internal phases and will be trapped in internal phase. The emulsion phase is then broken
in a demulsifier and the oil phase is recycled for reusing in the emulsification process. Various types of membrane processes are
employed to remove cadmium from aqueous solutions such as liquid membrane, (Urtiaga et al., 2000) hollow fiber supported
liquid membrane, (Breembroek et al, 1998) supported liquid membrane, (Swain et al, 2006) emulsion liquid membrane
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(Mortaheb et al., 2009). But these processes tend to suffer from the instability of the membranes in salty or acidic conditions and
fouling by inorganic and organic substances present in wastewaters.

The use of the electro-dialysis technique for the treatment of a synthetic waste water containing approximately 0.0089 mol/L
cadmium and 0.081 mol/L cyanide was studied using a five-compartment electro-dialysis cell (Marder et al., 2003). Electrolysis
allows the removal of metal ions from the solution in a solid metallic form for recycling. The advantage of this method is that there
is no need for additional chemicals, and hence, there is no sludge generation. However, it is inefficient at low metal concentration.

2.3. lon exchange technique

Ion exchange operations are essentially chemical reactions between an electrolyte in solution and an insoluble electrolyte with
which the solution is contacted. The ion exchange between heavy metal ion and hydrogen ion is shown in Eq. (2)

M*"+2RH = R,M + 2H" )

Where M is bivalent metal and R is the aliphatic portion of the cation exchanger. Mitchenko et al. (1998) studied the removal of
mercury, cadmium, calcium, copper, nickel and zinc with modified commercial VP-1 AP polyvinylpyridine resins with 1,3-dichlor-
5-dimethyl hydantoin. Cadmium(II) adsorption from aqueous sulphate medium on Lewatit TP260 cationic (di-Na") ion exchange
resin was investigated (Alguacil 2003). It was reported that cadmium(II) adsorption on the resin was governed by the Langmuir
equation, whereas cadmium(II) uptake was particle diffusion controlled. The moving boundary particle diffusion model fitted the
initial metal adsorption on the resin. The adsorptivity of NsO; (N, N-di(sec-octyl) acetamide) levextrel resin to cadmium in HBr
and NaBr-H,SO, media has been studied (Chen et al., 1998). The results showed that the adsorption of the NsO5 levextrel resin to
cadmium was carried out in pseudo-first-order reaction and followed Freundlich isothermal adsorption equation. Many researchers
(Ahmed et al., 1998; Blokhin and Taushkanov, 1994; Koivula ef al., 2000; Malla et al., 2002; Dabrowski ef al., 2004; Wang and
Fthenakis 2005; Pehlivan and Altun, 2006; Kocaoba , 2007) studied cadmium removal using different resins such as Amberlite IR
120 (Kocaoba , 2007), dolamite (Kocaoba , 2007), Dowex 50 W (Pehlivan and Altun , 2006), Amberlite IRC 718 (Malla et al.,
2002) etc. Ion exchange usually requires a high capital cost equipments as well as high operational cost due to the use of chemicals
for resin regeneration. Hence it is not a popular method for Cd(II) remediation from wastewaters.

2.4. Solvent extraction technique

Solvent extraction is a powerful technique used mainly for recovering /separating metal ions from aqueous solutions having
higher concentrations to obtain high pure solutions. The principle of solvent extraction is that when a metal ion solution is
contacted with a solvent, the metal ion is distributed between the two phases. Liquid-liquid extraction from aqueous media by
using specific extractants is also applied for separation of cadmium (Nogueira and Delmas., 1999; Gupta et al., 2001; Takeshita et
al., 2003; Jia et al., 2004; Takeshita et al., 2004). Reddy et al. (2006) reported the use of different solvents (TOPS 99, Cyanex 923,
Cyanex 272, Cyanex 302 and Cyanex 301) diluted in kerosene to remove cadmium from sulphate solutions. Complete process
flow sheet for the separation and recovery of Cd(Il), Co(Il)and Ni(II) was proposed. The extraction of cadmium and zinc from
thiocyanate solutions with bis-2-ethylhexyl sulphoxide (EHSO) in benzene has also been studied (Reddy ef al., 1996). Carboxylic
acids have also been used to remove cadmium (Preston., 1994).

The disadvantage of this method is that the large amount of solvent of the extracted phase should be refreshed in a costly
stripping step. It may not be advisable to adopt this technique to remove heavy metals whose concentration is very less as the
recovery cost will be very high.

Some of the data on cadmium removal using various techniques described above are given in Tablel. It is observed that the both
precipitation and solvent extraction give removal efficiencies as high as 99%. Usually the precipitation reactions are very fast and
the rates are not measured. In case of solvent extraction the contact time for organic and aqueous phases are only a few minutes
and this separation technique is governed more through the distribution co-efficient for efficient separation. High cost of solvents
coupled with solvent losses during continuous operations remains to be a costly affair especially for water treatment. The
efficiency of membranes depend on the nature of membrane as mentioned in Tablel. Cadmium removal from solutions containing
other bivalent metals like zinc, nickel or cobalt using carrier solvents such as TOPS 99 and D2EHPA+TRPO is > 98.5 whereas
Cyanex 923 is much less efficient (85.8% removal). Some of the ion exchange resins like Amberlite IRC-718, Amberlite IR-120
are extremely efficient for cadmium zinc separation when compared to Dowex 50W or S-950. But it remains a fact that this
technique is more relevant for separation of cadmium from multi cation containing solutions rather than for remediation of Cd(II)
for treatment of waste waters.

2.5 Adsorption technique

Conventional techniques have their own inherent limitations such as less efficiency, sensitive operating conditions, production of
secondary sludges and costly for their disposal (Maran and Protton, 1971). Another powerful technique for heavy and toxic ions
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remediation is adsorption. The adsorption process has many advantages such as: low cost of adsorbent, easy availability, utilization
of industrial, biological and domestic waste as adsorbents, low operational cost, ease of operation compared to other processes, re-
use of adsorbent after regeneration, capacity of removing heavy metal ions over wide range of pH and to a much lower level,
ability to remove complex form of metals that is generally not possibly by other methods, environmentally friendly, cost effective
and technically feasible alternative due to utilization of biomaterials.

Table 1 Comparison of cadmium removal data using different techniques

Technique Kinetics order / Cd Concentration Reference
YoRecovery Tnitial Final
Precipitation
Aerophine 3481A 99.7% 18mg/L 0.05mg/L Rickelton, 1998
Na,S 99.9% 7500mg/L 10 mg/L Islamoglu et al., 2006
lime/Mg(OH), ~100% ImM nil Lin et al., 2005
Electro coagulation >99% 50-250mg/L Bazrafshan et al., 2006
Cementation
Zinc powder 1* Order <500mg/L Ku et al., 2002
Zinc powder 1* Order Younesi et al., 2006
Magnesium % Order <25mM Gould et al., 1986
Magnesium 1* Order >25mM Gould et al., 1986
Zinc powder+SDS 95.6% 6.5 pg/L 0.28pg/L Taha and Ghani, 2004
Membrane Separation
TOPS 99 99% 0.89mM Swain et al., 2006
D2EHPA+TRPO 98.6% 0.18mM 2.5uM He et al., 2007
Cyannex 923 85.8% 0.89mM 0.13mM Alguacil and Navarro, 2001
Ion Exchange
Amberlite IRC-718 99.5% 20mg/L 0.Img/L Fernandez, 2005
Resin A 91% 1060mg/L 96.46mg/L Wang and Fthenakis, 2005
Na-Amberlite IR 120  93.4% 20mg/L 1.32mg/L Kocaoba and Akcin, 2005
S-950 83.9% ImM 0.16mM Koivula et al., 2000
Dowex 50W 97% S5mM 0.15mM Pehlivan and Altun, 2006
Amberlite IRC-718 ~100% 0.25mg/L nil Malla et al., 2002
Amberlite IR 120 97.4 20mg/L 0.52mg/L Kocaoba , 2007
Solvent Extraction
IM D2EHPA 99.7% 30g/L 0.09g/L Nogueira and Delmas., 1999
0.15M D2EHPA ~100% 4.45mM nil Kumar et al., 2009
D,EHDTPA 99.1% 1g/L <2ug/L Touati et al.,2009
0.2M Cyanex 923 98+1% 1mM Gupta et al., 2001
D2EHPA+TPEN >99% 0.89mM Takeshita et al., 2003
20%TBP 99.9% 0.5mM Mellah and Benachour,2007
Cyanex 301 2.4g/L 2.4mg/L Reddy et al., 2006

The last few decades have witnessed tremendous interest in development of new adsorbents and to modify the performance of
existing ones. The activated carbon is being used widely to treat wastewater to remove organic or inorganic pollutants because of
their large specific surface area, high adsorption capacity and special surface chemical properties (Dubinin, 1975; Park and Kim,
1999). The other adsorbents are: synthetic metal oxides especially iron oxides/hydroxides, aluminum oxides/hydroxides, mixed
Fe-Al oxides and doped oxides. In order to develop low-cost adsorbents a number of low/off grade ores and industrial wastes have
been tested for their cation/anion uptake behaviour. In a similar way agricultural wastes have been extensively tested for
wastewater/effluent treatment. These adsorbents are discussed in separate sections.

2.5.1 Activated carbon

The physical and chemical properties of activated carbon depend on pore size, pore distribution and number of surface oxygen
groups. The pore size and pore volume can be controlled during the activation process such as activation time, activation agent and
temperature. The surface oxygen also can be manipulated by using suitable oxidizing agents and thermal treatment in order to get
the surface functional groups such as carboxyl, phenolic and lactonic group attached to carbon (Toles ef al.,, 1999; Park and Jang
2002). These groups can improve the adsorption capacity and selectivity on a certain adsorbate in the gaseous or liquid phase
(Barton et al., 1997; Pradhan and Sandle, 1999).
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Activated carbon was used to remove cadmium ions from wastewater. The activated carbon prepared from various raw materials
having high carbonaceous materials, including wood, saw dust, coconut shell, coir pith, nut shells, almond shells, peanut husks
(Rao et al, 2006; Cheung et al., 2001; Ricordel et al., 2001; Ferro-Garcia et al., 1988) etc. has been used for Cd(Il) removal.
These can be activated by thermal decomposition in a high temperature oxidation or low temperature chemical dehydration
reaction. These activated carbons were modified to improve the adsorption capacity by various methods such as treating with
sulfur (Gomez-serrano et al., 1998), sulfur dioxide (Macias-Garcia et al, 2003), surfactant (Nadeem et al, 2009) and
electrochemical oxidation (Rangel-Mendez et al, 2000). Activation was also carried out using ZnCl, (Kula et al, 2008).
Kadiravelu and Namasivayam (2003) used activated carbon prepared from coconut coir pith. Mohan and Singh (2002) used
activated carbon derived from bagasse. Their studies revealed that the uptake of cadmium is more than that of zinc and the
adsorption occurred through film diffusion mechanism. The various experimental parameters studied for optimizing uptake
capacity included contact time, adsorbate concentration, adsorbent dosage, pH and temperature.

2.5.2 Synthetic, naturally occurring and waste oxidic materials as adsorbents

2.5.2.1 .Synthetic iron oxides:

Iron oxides/hydroxides/oxyhydroxides form an important category of low-cost adsorbents for removal of heavy metals and
organic compounds form wastewater (Fendorf ef al,, 1997; Heijman ef al., 1999; Venema et al., 1998; Sen et al., 2002; O’reilly
and Hochella Jr., 2003). Goethite, a.-FeOOH, one of the most important iron oxyhydroxide, having double bonds of FeO(OH)
octahedra which share edges and corners to form 2 by 1 octahedra tunnels partially bonded by H bonds (Schwertmann and
Cornell, 1991; Cornell and Schwertmann, 1996), possesses the capability of incorporating a range of environmentally important
oxy-anions and cations in its complex matrix. Hence, it can be used as an adsorbent. Coughlin and Stone studied the non reversible
adsorption of divalent metal ion (Mn, Co, Ni, Cu and Pb) onto goethite (Coughlin and Stone, 1995). Effect of pH, temperature, and
concentration on adsorption of cadmium on goethite has been reported by Johnson (1990). Christophi and Axe (1999) studied the
competition of Cd, Cu and Pb adsorption on goethite. Mohapatra and Anand synthesized goethite (Mohapatra and Anand, 2006)
under controlled conditions and studied kinetic and thermodynamic aspects of cadmium adsorption. In another publication
(Mustafa et al., 2004), synthetic goethite prepared by ageing a ferric hydroxide gel at high pH and room temperature was used for
Cd adsorption and desorption studies in presence of sodium and calcium ions. Forbes et al. (1976) synthesized goethite to study
adsorption of Cd, Co, Cu, Pb and Zn. Amorphous iron oxide was used by Benjamin and Leckie (1981). Improved adsorption
capacities could be achieved by modifying goethite either by pre-treating or by doping with other metal ions. Phosphate pre-
treated goethite enhanced metal ion adsorption (Venema et al., 1997; Collins et al., 1999; Wang and Xing, 2002). With the
increase of phosphate, higher Zn adsorption (Jie et al., 2000) has been reported. Depending on the way goethite was pretreated
with oxalic acid, affinity for Cd(II) varied (Zhang ef al., 2001). Mamata et al. (2009a) succeeded in doping synthetic goethite with
Mg(Il) and studied its effectiveness in removing cations. The experimental parameters such as time, pH, concentration of
adsorbate and adsorbent, temperature etc were varied for evaluation of goethite as an adsorbent.

Ferrihydrite (FesHOg4H,0), a poorly crystalline metastable mineral is a precursor to the more stable iron oxides such as goethite
and hematite. It is typically described as 2- or 6- line ferrihydrite based on the number of peaks observed in the powder X-ray
diffraction pattern. It is commonly formed by rapid oxidation of Fe(Il)-containing solutions followed by hydrolysis in the presence
of crystallization inhibitors (Schwertmann, 1988). One of the most significant roles of ferrihydrite is as an adsorbent for various
trace elements due to its coordination-unsaturated surface sites and large surface area. Some of the early work relating to the
adsorption of cations and anions on ferrihydrite is summarized by Schwertmann and Taylor (1977) and Dzombak and Morel
(1990). Uptake of Cd and Cu by sand sediments to which organic matter and ferrihydrite were added was investigated at pH 6.5 by
Warren et al. (1995). Mamata et al. (2010a) have studied the cation adsorption behaviour on 6-line ferrihydrite for Pb(II), Cd(II)
and Cu(Il).

Akaganeite B-FeO(OH), another important oxyhydroxide of iron finds applications in many fields due to its unique adsorption,
ion exchange, and catalytic properties (Mazeina ef al., 2006). Studies have been reported for the removal of cadmium, arsenic and
hexavalent chromium from aqueous solutions using akaganeite (Deliyanni et al., 2003; Deliyanni and Matis, 2005; Lazaridis et al.,
2005). Mamata et al. (2010b) synthesized high surface area (176.16 m*/g) nano akaganeite (B-FeOOH) powder using 1M ferric
chloride solution, 0.2M EDTA solution as the chelating agent and ammonia for neutralization. The chemical, XRD, FTIR and
Raman analysis confirmed the sample to be akaganeite. The TEM studies showed formation of mono phase cigar shaped
akaganeite nano rods of 15 to 20 nm width with 80 to 100 nm length. Adsorption behaviour of Pb(Il), Cd(II), Cu(Il) and Co(II)
from aqueous solutions onto nano akaganeite powder was studied. Various experimental parameters taken up to generate data
included solution pH, contact time, temperature, concentrations of adsorbate and adsorbent. With the increase in pH from 2 to 5,
uptake of metal ions increased. The adsorption kinetics followed pseudo-second order model. Both Langmuir and Freundlich
models fitted well to the isothermic data of all the four cations. High loading capacities of ~136, 50, 68, and 87.7 mg/g were
obtained for Pb(II), Cd(II), Co(Il) and Cu(Il) respectively. The XRD patterns of metal ion loaded samples, in general showed
positive shifts for different planes of akaganeite.
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2.5.2.2.Synthetic aluminum oxides

Sen and Sarzali (2008) used synthetic Al,0; (Merck) to find out its adsorption capacity for the removal of cadmium from
solutions. Kinetic experiments clearly indicated that adsorption of cadmium metal ion (Cd”") on aluminum oxide was a two steps
process: a very rapid adsorption of cadmium metal ion to the external surface is followed by possible slow intra-particle diffusion
in the interior of the adsorbent. Overall the cadmium adsorption process followed pseudo-second-order kinetics. Bell and Saunders
(2005) studied the effect of polyelectrolytes on the adsorption of cadmium with aluminum(III) oxide. It was found that the addition
of millimolar concentrations of polyelectrolyte increased the removal of Cd ions from a 29.7 uM aqueous solution by aluminum
flocs from 40% to 75%. Mixed oxides of iron and aluminum were used by Srivastava et al. (1998) to study the adsorption
behaviour of cadmium.

2.5.2.3 Synthetic manganese oxides

Manganese oxides/hydroxides are known to be good scavengers for toxic metal ions. Cornelis and Weijden (1976) carried out
experiments on the uptake of zinc and cadmium by manganese oxides. These experiments were carried out using synthetic hydrous
Mn oxides in an ionic medium at pH 3.5 and 4.0. A slight preference for uptake of Cd(II) over Zn(II) was observed. Cadmium
removal from aqueous solutions by hydrous manganese dioxide has been studied by Mishra and Tiwary (1998) and Tripathy ef al.
(2006). Zaman et al. (2009) investigated the effect of phosphate complexation on Cd(II) adsorption by manganese dioxide
(f-MnO,). They investigated the adsorption properties of manganese dioxide in the presence of phosphate which is thought to be
one of the most important complex forming species. The surface area, point of zero charge and structural morphology of the solid
manganese dioxide were determined. Cd(II) adsorption studies were carried out on manganese dioxide as a function of pH,
temperature and phosphate concentration. Cd(II) adsorption increased with increasing pH, temperature and phosphate
concentration. It was found that phosphate formed both outer and inner sphere complexes via metal and ligand-like adsorption.
The Langmuir equation was applied to describe the data and from the constants of this equation different thermodynamic
parameters such as AH’, AS” and AG® were evaluated. Tonkin ef al. (2004) modeled adsorption of divalent metal cations on
hydrous manganese oxide using the diffuse double layer model.

2.5.2.4 Oxide minerals, wastes, sludges and residues

A number of low grade ores containing oxide minerals, sludges and residues have been used to treat Cd(Il) contaminated water.
Mining waste like chromite overburden has been reported (Mohapatra and Anand, 2006; Mohapatra and Anand, 2007a ) to be a
good adsorbent for Cd(Il). Maximum loading capacity obtained was 19 mg Cd/g of adsorbent. The authors reported
thermodynamic parameters of enthalpy, entropy and free energy. Adsorption studies were carried out using Palygorskite (Ayuso
and Sanchez, 2007). Palygorskite is a hydrated magnesium silicate mineral with fibrous morphology, and with a structure
consisting of parallel ribbons of 2:1 layers. Column studies revealed that maximum cadmium adsorption obtained was 4.54 mg/g.
Cadmium adsorption with Perlite, naturally occurring glassy volcanic silicious rock was reported by Mathialagan and
Viraraghavan (2002). Studies were conducted both by batch and column and optimum conditions established were: pH 6 and
contact time 6h. Their data was best described by Ho’s pseudo second order model for kinetics and Freundlich isotherm for
equilibrium. Thomas model was used to describe the adsorption data from column studies. Kandah (2004) studied zinc and
cadmium adsorption with low grade phosphate. Bhatnagar and Minocha’s (2009) work was related to use of electroplating sludge.
They successfully removed cadmium from waste waters and safely immobilized it in cement. Lateritic ore of Orissa was also tried
to find out its suitability as adsorbent for cadmium removal by Mohapatra and Anand (2007b). Rout et al. (2009a) studied lead,
cadmium and zinc adsorption with low grade bauxite and manganese ore (2009b). Lo and Lin (1989) reported the removal of
heavy metal with activated sludge. A detailed study on adsorption of Pb(Il) and Cd(II) on iron ore slimes (which is a waste
material of steel industry) has been recently reported (Mohapatra et al., 2009b). Besides studying the adsorption behaviour, the
authors had characterized the metal loaded adsorbent by carrying out XRD and EPMA studies.

Xue et al. (2009) were interested in finding the suitability of basic oxygen furnace (BOF) slag to remove cadmium, lead, copper
and zinc from waste waters. The BOF slag used during the studies contained heterogeneous oxide materials which are
compounded by some main oxides such as CaO, Fe,0s, SiO,, Al,03;, and MgO. The value of pHsy (the pH at which 50%
adsorption occurs) was found to follow the sequence Zn(Il) > Cu(Il) > Pb(Il) > Cd(Il) in single-element systems, but
Pb(II) > Cu(Il) > Zn(II) > Cd(II) in the multi-element system. The adsorption and potentiometric titrations data for various slag—
metal systems were modeled using an extended constant-capacitance surface complexation model that assumed an ion-exchange
process below pH 6.5 and the formation of inner-sphere surface complexes at higher pH. Inner-sphere complexation was more
dominant for the Cu(II), Pb(II) and Zn(II) systems.

Yu et al. (2006) studied the kinetics of cadmium adsorption with aluminum precipitation products formed under the influence of
tannate. NALCO plant sand waste containing silica, iron oxides and aluminum oxides (Mohapatra et al., 2009¢c) was utilized to
remove Cd, Pb and Zn. The XRD pattern and FTIR spectra showed goethite, alumina and silica as the major phases present in
Nalco plant sand. Effects of various parameters such as time, pH, temperature, metal ions and adsorbent concentrations were
studied. The data was fitted to various kinetic, thermodynamic and isothermic models. The XRD patterns of Pb(II) adsorbed Plant
Sand sample showed that the crystallinity of silica phase was affected with the appearance of (110) plane and disappearance of
(011) plane. It also disturbed the (110) plane of goethite. Cd(II) adsorbed sample showed disappearance of (011) plane of silica
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phase and transformation of alumina phase Al,O; to 6 -Al,Os. The adsorption of Zn(II) showed prominence of (110) plane of
goethite with disappearance of 6 -Al,O3 phase.

Manganese nodule residue was examined as potential adsorbent (Agrawal and Sahu, 2006; Mohapatra ef al., 2008) to remove
cadmium. The metal loaded adsorbent (Agrawal and Sahu, 2006) was subjected to desorption using different mineral acids and
leaching by using toxicity characteristic leaching procedure (TCLP), synthetic precipitation leaching procedure (SPLP) tests for its
further treatment or its safe disposal.

Clay Minerals (kaolinite, illite, montmorillonite) have also been reported to be good adsorbents. These are hydrous aluminum
phyllosilicates, sometimes with variable amounts of iron, magnesium, alkali metals, alkaline earths and other cations. Clays have
structures similar to the micas and therefore form flat hexagonal sheets. Clay minerals are common weathering products (including
weathering of feldspar) and low temperature hydrothermal alteration products. Farrah and Fickering (1977) studied adsorption of
lead and cadmium by clay minerals (kaolinite, illite and montmorillonite). Their studies revealed that in absence of ligands, metal
ion adsorption increased with increasing pH whereas in presence of ligand the threshold pH changed to higher value, the
magnitude of the effect was dependant on the stability of the metal complex formed. Extensive studies have been reported on
Cd(II) adsorption on a number of Ontario soils (Bolton and Evans, 1996).

Suraj et al. (1998) studied the adsorption of cadmium and copper with crystalline kaolinite of Kerala after conversion into
amorphous form and acid activation. When the substituted metal ion has a lower charge the net negative charge at the site enables
adsorption of cations. Additional —AI-OH and —Si-OH bonds formed would also act as cation exchange centers. The
exchangeability was found to decrease with an increase in the calcination temperature (to 600°C) of kaolinite samples; i.e., from
6.34 to 3.08 (Cd) and from 6.06 to 3.06 (Cu) mmol/ kg. An improved exchange kinetics applied for their modified (calcined and
acid activated) counterparts, i.e., 13.36 (Cd) and 18.80 (Cu) mmol/kg. Cadmium adsorption with kaolinite has also been studied by
a number of other researchers (Schindler et al., 1987; Puls and Bohn, 1988; Angove et al., 1997; Lackovic ef al., 2003).

De-ming et al. (2007) studied lead and cadmium adsorption onto iron oxides and manganese oxides in the natural surface
coatings collected on natural substances in the Songhua River of China. Studies on the adsorption of cadmium on hydrous iron(I1I)
oxides in oxic sediments and waste Fe(IlI)/Cr(IIl) hydroxide have also been reported (Petersen et al., 1994; Namasivayam and
Ranganathan , 1995). Oh et al. (2009) studied the single- and bi-solute competitive adsorptions of Pb(Il) and Cd(II) onto
sediments. In single-solute adsorption, Khan model fitted better than the other models such as Freundlich, Langmuir, Dubinin—
Radushkevich, Sips, Redlich—Peterson and Kargi—-Ozmihci models. In bi-solute adsorption, competition between the solutes
reduced the adsorbed amount of each solute compared with that in the single-solute system. Langmuir model parameters for
single-solute and bi-solute competitive adsorptions were compared. In all sediments, maximum adsorption capacity of Pb(II) was
higher than that of Cd(II), and the presence of both metals reduced the tendency to be adsorbed although Cd(II) adsorption was
more affected than Pb(Il). Hizal and Apak (2006) studied cadmium adsorption on kaolinite-based clays in the absence and
presence of humic acid and modeled with the aid of the FITEQL 3.2 computer program using a modified Langmuir approach for
capacity calculations.

Apak et al. (1998) reported that the toxic heavy metals, i.e. copper (II), lead (II) and cadmium (II), can be removed from water
by metallurgical solid wastes, i.e. bauxite waste red muds and coal fly ashes acting as adsorbents. Both adsorption studies and
column studies were carried out to optimize the adsorption process. The adsorption data were analyzed and fitted to linearised
adsorption isotherms. Granular red mud (GRM) was evaluated for its potential to remove cadmium ions from aqueous solutions as
a low-cost adsorbent (Zhu et al.,, 2007). Kinetics data at initial pH 6.0 and 3.0 were fitted to pseudo-second-order model. The
maximum adsorption capacities for GRM observed in the experiments were determined as 38.2 mg/g at 20°C, 43.4 mg/g at 30°C
and 52.1 mg/g at 40°C. The feasibility of red mud (RM) was assessed for wastewater treatment using batch method by Lopez
et al. (1998). The aggregates were prepared using red mud and 8% (w/w) CaSO, and examined their potential by batch and column
experiments. The RM aggregates showed maximum adsorption capacities for Cu(Il), Zn(II), Ni(II) and Cd(II) of 19.72, 12.59,
10.95 and 10.57 mg/g, respectively with contact time of 48 h. Some authors also examined red mud for the removal of cadmium
and zinc from aqueous solutions (Gupta and Sharma, 2002). The removal of Cd(Il) and Zn(II) was almost complete at low
concentrations. Adsorption experiments of heavy metal ions i.e., Pb(Il), Cu(Il), Cd(Il) in aqueous solutions by the pellet-type red
mud adsorbents (Han ef al., 2002) were studied under various experimental conditions. It was found that the pellets made from a
mixture of 58.7 wt% red mud, 25.2 wt% kaolin, 11.7wt% sodium silicate solution, 2.9 wt% fly ash, and 1.5 wt% magnesium
chloride at 600°C exhibited the highest removal efficiency of the heavy metal ions. Red mud has also been studied as a potential
adsorbent for the removal of toxic bivalent cations i.e., Cd(Il), Zn(II), Cu(II) and Pb(Il) from aqueous solutions in the presence of
0.01M NaNOj; (Vaclavikova et al., 2005). The red mud showed relatively high uptake of cadmium and zinc from near-neutral
aqueous solutions (maximum uptake capacity for cadmium: 68 mg/g at pH 6 and 133 mg/g for zinc at pH 7).

Papandreou et al. (2007) used fly ash to prepare pellets of diameter in-between 3—8 mm with good mechanical strength and high
relative porosity. The pellets were used in adsorption experiments for the removal of copper and cadmium ions from aqueous
solutions. The experimental parameters chosen were: agitation rate, equilibration time, pH of solution and initial metal
concentration. The adsorption of both cations followed pseudo-second order kinetics reaching equilibrium after an equilibration
time of 72 h. The experimental results for copper and cadmium adsorption fitted well to a Langmuir type isotherm. The calculated
adsorption capacities of pellets for copper and cadmium were reported as 20.92 and 18.98 mg/g, respectively.



88 Rao et al. / International Journal of Engineering, Science and Technology, Vol. 2, No. 7, 2010, pp. 81-103

The possibility of the utilization of coal fly ash as a low cost adsorbent material for the adsorption of heavy metal ions (Zn(I),
Pb(II), Cd(IT), Mn(II) and Cu(Il)) has been reported (Mohan and Gandhimathi, 2009). Experimental data were evaluated to find
out kinetic characteristics of the adsorption process. The isothermal data could be well described by the Freundlich adsorption
model. The fly ash concentration required to achieve maximum heavy metal removal was found to be 2 g/L. with the removal
efficiencies of 39%, 28%, 74%, 42% and 71% for Cu(Il), Mn(II), Pb(II), Zn(II) and Cd(II) respectively. The results of the study
demonstrated that the fly ash could be used as an effective adsorbent with low cost for the removal of heavy metal ions. Pb(Il),
Ni(Il), Cu(Il), Cd(IT) and Zn(IT) removal from contaminated liquids has been studied on different types of fly ashes (Chaiyasith
et al., 2006; Koukouzas ef al., 2010). The results of various studies suggest that fly ash may be a promising adsorbent provided for
environmental technologies in the future.

2.5.3 Biosorbents

2.5.3.1 Micro-organism based biosorbents: Since 1990’s the biosorption of heavy metal ions by low cost renewable organic
materials has gained momentum. The uptake of both metal and non-metal species by biomass, whether living or denatured, is
commonly termed as biosorption. The major advantages of bio-biosorption over other conventional treatment methods are: (i) low
cost, (ii) high efficiency of metal removal from dilute solution, (iii) no additional nutrient requirements, (iv) regeneration and
recycling of the bio-sorbent and (v) possibility of metal recovery.

An increased amount of attention is being focused (Volesky, 1990; Matheickal et al., 1991; Fourest and Roux, 1992; Williams et
al., 1998) on biosorption as it utilizes the ability of biological materials to accumulate heavy metals from waste streams by either
metabolically mediated, or purely physico-chemical pathways of uptake. The biological materials that have been investigated for
cadmium uptake include fungi (Matheickal et al., 1991; Fourest et al., 1994), bacteria (Scott and Palmer, 1990; Chang et al.,
1997), yeast (Volesky et al., 1993), micro-algae (Harris and Ramelow, 1990; Fehrmann and Pohl, 1993), and others (Azab and
Peterson, 1989; Delgado ef al., 1993). The maximum cadmium biosorption by these materials ranges from 30.35 mg per g for
fungus to 100 mg per g for micro-algae. Waste biomass Sargassum sp. (Esteves et al., 2000) was reported to remove 100% of
cadmium from 98 mg/L solution at pH 4.5. Desorption studies were also reported using CaCl, solution. Hsu and Chiang (1991)
reported that Acinetobacter calca var. antratus biomass can effectively remove cadmium ions from waste waters. Naturally
available inexpensive materials, e.g. fungal biomass, and agricultural and animal waste, were used as biosorbents by Azab and
Peterson (1989). They found that ten of the tested materials showed a higher adsorption capacity than that of activated charcoal
and ion-exchange resin. Due to high affinity of the adsorbent for the metal ion species, the latter is attracted and bound by rather
complex process affected by several mechanisms involving chemisorption, complexation, adsorption on surface and pores, ion
exchange, chelation, adsorption by physical forces, entrapment in inter and intrafibrillar capillaries and spaces of the structural
polysaccharides network as a result of the concentration gradient and diffusion through cell wall and membrane (Sarkanen and
Ludwig, 1971; Basso et al., 2002). Different microorganism-derived materials have also been used as biosorbents (Holan et al.,
1993; Volesky and Holan, 1995; Hamdy, 2000; Vieira and Volesky, 2000; Barros et al., 2003; Arkipo et al., 2004; Lodeiro et al.,
2004; Mata et al., 2008; Sar1 and Tuzen, 2008).The nature and type of biosorbent can affect the amount of metal uptake. Out of
different algae, brown algae Fucus vesiculosus (Mata et al., 2008) has greater uptakes than green or red algae. Some of the algae
materials used to remove cadmium from waste waters are green algae Chlorella emersonii (Arkipo et al., 2004), Sargassum
muticum (Loderro et al., 2004 , Ascophyllum sargassum, (Volesky and Holan, 1995) red algae Ceramium virgatum (Hamdy,
2000). It is reported that Aspergillus niger (fungus) (Barros et al., 2003) is effective in removing cadmium. Yeast species (Bashar
et al.,2003) (Saccharomy cescerevisiae, Kluyveromyces fragilis) were also tried to remove cadmium from industrial effluents.
Biosorption by algae has been mainly attributed to the cell wall structure containing functional groups such as amino, hydroxyl,
carboxyl and sulphate, which can act as binding sites for metals via both electrostatic attraction and complexation (Beveridge and
Murray, 1980).

2.5.3.2 Agricultural based biosorbents (stems, peels, husks, shells, leaves etc.)

Agricultural waste materials are usually composed of lignin and cellulose as the main constituents. Other components are
hemicellulose, extractives, lipids, proteins, simple sugars, starches, water, hydrocarbons, ash and many more compounds that
contain a variety of functional groups present in the binding process. The functional groups present in biomass molecules are:
acetamido groups, carbonyl, phenolic, structural polysaccharides, amido, amino, sulphydryl carboxyl groups, alcohols and esters
(Beveridge and Murray, 1980; Gupta and Ali, 2000). These groups have the ability to bind heavy metal by replacement of
hydrogen ions for metal ions in solution or by donation of an electron pair from these groups to form complexes with the metal
ions in solution. Some biosorbents are non-selective and bind to a wide range of heavy metals with no specific priority, whereas
others are specific for certain types of metals depending upon their chemical composition. The presence of various functional
groups and their complexation with heavy metals during biosorption process has been reported by different research workers using
spectroscopic techniques (Tarley and Arruda 2004). A number of reviews have appeared highlighting the potential of low-cost
adsorbents prepared from agricultural waste materials (Bailey et al., 1999; Babel and Kurniawan 2003 Kurniawan et al., 2006;
Sud et al., 2008; Reddy et al., 2009). Heavy metal removal by agro based waste material was reported by Qaiser et al. (2007).
Bennaissa (2006) compared the abilities of four low-cost materials: peels of peas, broad bean, medlar and fig leaves, to remove
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cadmium from aqueous solutions. A high cadmium adsorption was observed by these materials. The broad bean peel was the most
effective to remove cadmium ions with a maximum adsorption capacity of 147.7 mg/g followed by peas peel (118.9 mg/g), fig
leaves (103.1 mg/g), and medlar peel (98.1 mg/g).

Saw dust as the biosorbent: Saw dust, being cheap and easily available, has been widely studied to remove metal ions from waste
water either as such or in the treated form. Memon ef al. (2007) carried out a detailed study on treated and untreated saw dust. The
initial adsorption kinetics was observed to be very fast with 97% of Cd(II) getting removed within eight minutes. The isothermic
data was treated for fitting using D-R and Langmuir models. The desorption studies using dilute HCI were also carried out to
regenerate the biosorbent. Fixation of heavy metal ions Cd(II) and Pb(II)) onto sawdust of Pinus sylvestris has been discussed by
Costodes et al. (2003). The ability of saw dust and neem bark as low-cost natural adsorbents were investigated for adsorptive
removal of Zn(I) and Cd(Il) ions from aqueous solutions (Naiya et al, 2009). The adsorption energy calculated by using
Dubinin—Radushkevich isotherm for different systems indicated that the adsorption process is physical in nature. Poplar wood
sawdust was examined for adsorption of copper, zinc and cadmium from electroplating wastewater (Sciban ef al., 2007), modified
hardwood saw dust (Sciban et al., 2006) as well as papaya wood (Saeed ef al., 2005) were also examined.

Barks as biosobents: Equilibrium and kinetics studies were carried out with pine bark (Al-Asheh and Duvnjak, 1997; Al-Asheh
and Duvnjak, 1998).The efficiency of eucalyptus bark as a low cost adsorbent for removing cadmium ions from aqueous solution
has been investigated in batch mode (Ghodbane et al., 2007). The five linearized forms of the Langmuir equation as well as the
non-linear curve fitting analysis method were discussed. Results showed that the non-linear method may be a better way to obtain
the Langmuir parameters. The kinetics of cadmium adsorption on to tree fern has been investigated (Ho and Wang 2004). The
experimental results were analyzed by pseudo-Langmuir, pseudo-Freundlich and pseudo-Redlich—Peterson isotherms based on
pseudo-second order kinetic expression constant. Both pseudo-Langmuir and pseudo-Redlich—Peterson isotherms were found to
well represent the measured adsorption data. The ambient temperature adsorption of the metal cations Zn(II), Cu(Il) and Pb(II) on
Pinus pinaster bark pretreated with acidified formaldehyde solution has also been reported (Vazquez et al., 1994). The bark was
found to be an excellent adsorbent, suitable for removal of toxic ions from wastewater with efficiency comparable to commercially
available adsorbents, but at a much reduced cost. The abilities of 15 coniferous barks for removing toxic heavy metal ions were
investigated (Seki et al., 1997). Of the barks tested, high adsorption ability for heavy metal ions was found in Picea abies (Norway
Spruce). The continuous column experiments using P. jezoensis bark for Cd(II) adsorption indicated that packing had retained
10.1-14.2 mg/g adsorbent until the column broke through.

Stems as biosorbents: Tan and Xiao (2009) examined the utility of ground wheat stems to remove cadmium. They observed that
blocking of the functional groups decreased the binding capacity of cadmium whereas increasing functional groups enhanced the
binding capacity. FTIR spectrum confirmed that COO" is the main active group present in the adsorbent and XPS data indicated
that cadmium was adsorbed as Cd(II) and attached to O". Kinetic and equilibrium studies were carried out with wheat straws (Dang
et al., 2009). Efforts were made to utilize sunflower stalks (Sun and Shi,1998) to remove cadmium. Experiments using grapes
stalks (Martinez et al., 2006) revealed that the presence of NaCl and NaClOy, in the solution caused a reduction in Pb(II) and Cd(II)
adsorption. HCI or EDTA solutions were able to desorb lead from the grape stalks completely, while an approximately 65%
desorption yield was obtained for cadmium. From the results obtained it seems that other mechanisms, such as surface
complexation and electrostatic interactions must be involved in the metal adsorption in addition to ion exchange.

Shells as biosorbents: Hazelnut shell, an agricultural waste, is abundantly available in Sisily which is usually used as solid fuel.
Cimino et al. (2000) found conditions for utilization of hazel nut shell to remove cadmium, zinc, chromium(IIl) and (V) from
wastewaters. Cadmium adsorption studies were also carried out on pellets of peanut hulls by Brown et al. (2000). The use of the
coconut shell as a biosorbent material presents strong potential due to its high content of lignin (~35-45%), and cellulose (~23—
43%). Powder of coconut shell Cocos nucifera (Pino et al., 2006) is an attractive and inexpensive option for the biosorption
removal of dissolved metals. Various metal-binding mechanisms are thought to be involved in the biosorption process including
ion exchange, surface adsorption, chemisorption, complexation, and adsorption—complexation.

Peels as biosorbents: Orange peel (Li et al., 2007) modified with 0.6 mol/L citric acid under 80°C after alkali saponification was
found to be effective in removing cadmium from waste waters. Desorption was done with 0.15 mol/L HCI. Treatment of jackfruit
peel (Inbaraj and Sulochana, 2004) with sulphuric acid produced a carbonaceous product which was used to study its efficiency as
an adsorbent for the removal of Cd(Il) from aqueous solution. Reports are also available for the use of banana and orange peels
(Annadurai et al., 2002) to remove cadmium. Igbal et al. (2009) studied cadmium and lead adsorption with mango peels waste.
Their FTIR analysis revealed that carboxyl and hydroxyl functional groups were mainly responsible for the adsorption of Cd* and
Pb(II). Chemical modification of MPW for blocking of carboxyl and hydroxyl groups showed that 72.46% and 76.26% removal of
Cd(II) and Pb(II), respectively, was due to the involvement of carboxylic group, whereas 26.64% and 23.74% was due to the
hydroxyl group. EDX analysis of MPW before and after metal adsorption and release of cations (Ca*", Mg®", Na*, K") and proton
H' from MPW with the corresponding uptake of Cd(II) and Pb(II) revealed that the main mechanism of adsorption was by ion
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exchange. The regeneration experiments showed that the MPW could be reused for five cycles without significant loss in its initial
adsorption capacity.

Husks as biosorbents: Husk of lathyrus sativus was used by Panda et al. (2006) They have reported that scanning electron
micrographs showed that cadmium to be present as micro precipitate on the surface of the adsorbent. Cadmium replaced calcium
of the biomass as revealed from the EDX analysis indicating that the adsorption proceeds through ion exchange mechanism.
Cadmium could be desorbed from the loaded biomass by lowering pH 1.0 with mineral acid. Husk of black gram (Cicer
arientinum) (Saeed and Igbal, 2003), a waste of no commercial value, was investigated as a new biosorbent of cadmium from low
concentration aqueous solutions. The researchers used both batch and continuous columns for their studies. Biosorption of
cadmium was not affected in the presence of other cations. Ajmal et al. (2003) studied the removal and recovery of cadmium from
waste waters using rice husk. Sodium carbonate treated rice husk was used in a fixed bed column for the removal of Cd(Il) from
water environment (Kumar and Bandyopadhyay, 2006a). Kumar and Bandyopadhyay (2006b) used some simple and low-cost
chemical modifications to increase the adsorption capacity of raw rice husk (RRH). Epichlorohydrin treated rice husk (ERH)
increased the capacity from 8.58 mg/g to 11.12 mg/g, NaOH treated rice husk (NRH) increased to 20.24 mg/g and sodium
bicarbonate treated rice husk (NCRH) increased to 16.18 mg/g and reducing the equilibrium time from 10 h of RRH to 2, 4 and 1
h respectively. Krishnani et al. (2008) have reported detailed studies carried out on adsorption of nine heavy metals using rice
husk.

Bran/grains as biosorbents: Rice bran was evaluated for its potential use as a biosorbent for Cd(II), Cu(Il), Pb(II) and Zn(II)
(Montanher et al., 2005) and FTIR, SEM, BET studies were incorporated. A novel biosorbent rice polish has been successfully
utilized for the removal of cadmium(II) from wastewater (Singh et al., 2005) - A generalized empirical model was proposed for the
kinetics at different initial concentrations. The data were subjected to multiple regression analysis and a model was developed to
predict the removal of Cd(II) from wastewater. Wheat bran and treated wheat bran (Farajzadeh and Monji , 2004; Ozer and
Pirincci, 2006; Singh et al., 2006; Nouri et al., 2007) have attracted the attention of many researchers. Low et al. (2000) studied
the use of spent grain, a byproduct of brewing industry, as adsorbent to remove cadmium and lead from aqueous solutions. A new
biosorbent, kraft lignin, for removing toxic metal ions from water/ industrial wastewater has been investigated using by-product
lignin from paper production (Mohan et al., 2006). Lignin was extracted from waste black liquor, characterized and utilized for the
removal of copper and cadmium from solutions in single, binary and multi-component systems. The adsorption capacity of black
liquor lignin was found to be higher than many other adsorbents/ carbons/ biosorbents utilized for the removal of Cu(Il) and Cd(II)
from water/wastewater in single and multi-component systems. Adsorption isotherms were determined experimentally for Cd(II)
adsorption from solution onto natural and oxidized corncob in a batch adsorber (Ramos et al., 2005; Shen and Duvnjak, 2005).
The adsorption capacity of corncob was increased 10.8 and 3.8 times when the corncob was oxidized with citric acid (CA) and
nitric acid (NA), respectively. The Cd(II) ions were adsorbed mainly on the carboxylic sites.

Leaves as biosorbents: Sharma and Bhattacharya (2005) studied adsorption of cadmium using neem leaf powder. The kinetics of
the interactions was tested with pseudo-first-order Lagergren equation, simple second order kinetics, Elovich equation, liquid film
diffusion model and intra-particle diffusion mechanism. The leaves of olive tree (Olea europaea) were proposed (Hamdaoui,
2009) as a novel low-cost non-conventional adsorbent for the removal of cadmium from solutions with and without the assistance
of ultrasound and by associating simultaneously ultrasonic irradiation and stirring. It was reported that adsorption was significantly
increased in the presence of ultra sound. A batch adsorption study of Cd(II) ions from aqueous solution by Hevea Brasiliensis
(HB) leaf powder has also been reported (Hanafiah et al, 2006). The cadmium removing capacity of a biosorbent Calotropis
procera (Pandey et al., 2008), a perennial wild plant, was investigated. The FTIR analysis indicated the involvement of hydroxyl
(-OH), alkanes (—CH), nitrite (—NO,), and carboxyl group (—COO) chelates in metal binding. The complete desorption of the
cadmium was achieved by 0.1 M H,SO, and 0.1 M HCI. Recently Rao er al. have carried out extensive studies on Cd(II)
adsorption taking powdered leaves of a variety of trees (2010a, 2010b, 2010 ¢, 2010d, 2010e, 2010f)

2.5.3.3 Biosorption with agro-industrial waste materials

A number of adsorbents obtained from agro-industrial waste materials were used to remove cadmium from wastewaters. Tea-
industry waste (Mahvi et al., 2005; Cay et al., 2004) was used to remove lead, cadmium and nickel. It was found that the order of
removal was Pb > Ni > Cd. A number of other researchers (Tee and Khan, 1988; Ahluwalia and Goyal, 2005) have also evaluated
the potential of waste tea leaves to remove cadmium from waste waters. Areca-food waste (Zheng et al, 2008) was used to
separate cadmium and copper from wastewaters. This material has potential metal binding active sites due to rich cellulosic
content. The mechanism involved may be ion-exchange and surface adsorption. Desorption of metal ions was possible by just
controlling pH. Many researchers studied removal of cadmium from waste waters using sugarcane bagasse (Ibrahim et al., 2006),
chemically modified sugarcane bagasse (Karnitz Jr. et al., 2007), and sugar industry waste (bagasse fly ash). Pehlivan et al’s
(2008) results with sugar beet pulp indicated that the metal ions were removed exclusively by ion exchange, physical adsorption
and chelation. Addition of 0.1M NaNO; improved the metal ion uptake. Degreased coffee beans (Kaikake et al., 2007) found a
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place in removing cadmium. The authors characterized the adsorbent by FTIR, XRF and SEM. They have reported that it
contained sulphur and calcium and had porous structure. Apple residue (Lee et al.,, 1998) was used to remove cadmium, copper
and lead. The results indicated that apple residues modified with phosphorous(V) oxychloride improved their physico-chemical
properties and exhibited greatly enhanced capacity for metal removal. Cassava waste (Abia et al., 2003) is another industrial waste
which has been tried for removal of cadmium from solutions. The waste was treated with thioglycollic acid to modify the cassava
waste which resulted in enhancement of metal ion removal capacity. Adsorption studies carried out for cation removal on
agricultural waste, (Orhan and Bujukgungor, 1993) agro based waste (Qaiser et al. 2007), solid residue of olive mill products
(Gharaibeh et al., 1998) have also been reported.

The cadmium uptake capacities of some of the adsorbents are given in Tables 2a to 2d. It is observed from the Tables 2a to 2d
that there are a number of adsorbents in different categories exhibiting high uptake capacities. Some of the adsorbents such as
mesoporous silica, mesoporous silicate MCM-41, Haldmand Ah soil, Halimond Ap soil, broad been peel, fig leaves, Kraft lignin,
Platanus Orientalis, Medlar peel, peas peel, rice husk, modified sugarcane bagasse, modified wheat bran, aliginate carriers,
alcaligenes eutrophus, baker’s yeast etc., have Cd(II) uptake capacities > 90 mg/g. A number of oxide materials have also shown
high loading capacities.

Table2a Naturally occurring and waste materials as adsorbents for removal of cadmium from aqueous solutions

Adsorbent Jmax (ME/g) Reference
Aluminosilicates 42.7-57.9 (Rangel et al., 2006)
Calcite 18.52 (Yavuz et al., 2007)
Chemically treated clay 12.6 (Samir, 2008)

Chromite mine overburden 22.47 (Mohapatra et al., 2007; 2009c)
Fly ash, treated 14.33 (Chaiyasith ef al., 2006)
Iron ore slime 34.75 (Mohapatra et al., 2009b)
Low grade manganese ore 59.17 (Mohapatra et al., 2008)
Manganese nodule residue 47.60 (Agarwal and Sahu, 2006)
Manganese nodule residue 21.2 (Rout et al., 2009)

Nalco Plant Sand 58.13 (Mohapatra et al., 2009a)
Nickel laterite (high iron) 13.2 (Mohapatra et al., 2007)
Nickel laterite (low iron) 11.0 (Mohapatra et al., 2007)
Nickel, leaching residue 25 (Vaclavikova et al., 2006)
Palygorskite 4.54 (Ayuso and Sanchez, 2007)
Perlite 0.64 (Mathialagan and Viraraghavan, 2002)
Pumice sand columns 20 (Pang et al., 2004)

Red bauxite 38.77 (Rout et al., 2009)

Red mud 13.03 (Gupta and Sharma, 2002)
Silica, mesoporous 111.3£3.3 (Ilhan et al., 2004)

Silicate MCM-41,mesoporous 100 (Oshima et al., 2006)

Soil, Cane 59.5 (Bolton and Evans, 1996)
Soil, Fox 17.0

Soil, Guelph 46.7

Soil, Haldimand Ah 99.9

Soil, Haldimand Ap 98.0

Soil, Hanbury 84.3

Soil, Welland 49.9

Washed and treated clay 24.45 (Samir, 2008)

Water washed clay 11.68
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Table 2b. Plant wastes as adsorbents for the removal of cadmium ions from aqueous solution
Adsorbent Jmax (Mg/g) Reference
Broad bean peel 147.71 (Benaissa, 2006)
Coconut copra meal 4.92 (Ho and Ofomaja, 2006)
Corncob 6.43 (Shen and Duvnjak, 2005)
Corncob 5.09 (Ramos et al, 2005)
Exhausted coffee 1.48 (Orhan and Buyukgungor, 1993)
Ficus religiosa leaf powder 27.14 (Rao et al., 2010d)
Fig leaves 103.09 (Benaissa, 2006)
Grape stalk 27.88 (Martinez et al., 2006)
Hazelnut shell 5.42 (Cimino et al., 2000)
Juniper fiber 29.50 (Min et al., 2004)
Kraft lignin 137.14 (Mohan et al., 2006)
Lathyrus sativus husk 35.00 (Panda et al., 2006)
Leaves, Platanus orientalis 110.00 (Mahvi et al., 2007)
Medlar peel 98.14 (Benaissa, 2006)
Modified lignin 6.7-7.50 (Demirbbas, 2004)
Nanotubes 11.00 (Liet al, 2003)
Peanut hulls 5.96 (Brown et al., 2000)
Peas peel 118.91 (Benaissa, 2006)
Petiolar felt-sheath of palm 10.80 (Igbal et al., 2002)
Pine bark 7.50 (Asheh and Duvnjak, 1997)
Pine cone, ground 13.56 (Izanlo et al., 2005)
Pinus pinaster bark 8.00 (Bailey et al., 1999)
Psidium guvajava [ leaf powder 31.15 (Rao et al., 2010b)
Rice husk 103.09 (Ajmal et al., 2003)
Rice husk 8.58 (Kumar and Bandyopadhyay, 2006)
Rice polish 9.72 (Singh et al., 2005)
Sawdust of Pinus sylvestris 19.09 (Costodes et al., 2003)
Sugar beet pulp 17.20 (Zacaria et al., 2002)
Syzygium cumini leaf powder 34.54 (Rao et al., 2010e)
Tea-industry waste 11.29 (Cay et al., 2004)
Techtona grandis L.f 23.20 (Rao et al., 2010a)
Terminalia catappa Linn leaf 35.83 (Rao et al., 2010c)
Tree fern 16.30 (Ho and Wang, 2004)
Wheat bran 15.71 (Nouri et al., 2007)
Wheat bran 0.70 (Singh et al., 2006)

Table2c Modified plant wastes as adsorbents for the removal of cadmium ions from aqueous solution

Adsorbent Modifying agent(s) Quax (mg/g)  Reference
Azolla filiculoides(aquatic fern) Magnesium chloride 86 (Ganyji et al., 2005)
Cassava tuber bark waste Thioglycollic acid 26.3 (Horsfall Jr. et al.,2006)
Corncorb Nitric acid 19.3 (Ramos et al., 2005)
Citric acid 55.2
Juniper fibre Sodium hydroxide 29.54 (Min et al., 2004)
Rice husk Sodium hydroxide 20.24 (Kumar and Bandyopadhyay , 2006)
Sodium bicarbonate 16.18
Epichlorohydrin 11.12
Sawdust(Cedrus deodar wood) Sodium hydroxide 73.62 (Memon et al., 2007)
Saw dust of Pinus sylvestris Formaldehyde in 9.29 (Costodes et al, 2003)
sulphuric acid
Spent grain Sodium hydroxide 17.3 (Low et al, 2000)
Sugarcane bagasse Sodium bicarbonate 189 (Junior et al., 2006)
Ethylenediamine 189
Triethylenetetramine 313
Wheat bran Sulfuric acid 101 (Ozer and Pirincci, 2006)
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Table2d Microorganisms as adsorbents for the removal of cadmium from aqueous solutions

Adsorbent Jmax (Mg/g) Reference

Alcaligenes eutrophus 122 (Mahvi and Diel, 2004)
Algae, marine, dead Biomass 80 (Herrero et al., 2006)
Algae, Nile water 37.43 (Sherif et al., 2008)
Alginate Carriers 220 (Zadrozna et al., 2004)
Ascophyllum nodosum 38 (Lodeiro et al., 2005)
Aspergillus niger, living 15.50 (Liu et al., 2006)
Fucus spiralis 6442 (Cordero et al., 2004)
Saccorhiza polyschides 95 (Lodeiro et al., 2005)
Water hyacinth 2.44 (Lu et al., 2004)

Yeast, baker’s 91.74 (Vasudevan et al., 2003)

The literature survey has shown that in most of the cases, adsorption studies were carried out either in stirred tank or upflow
reactors. Generally the various adsorption parameters studied to evaluate their effects on Cd(II) removal efficiency are: contact
time, pH, temperature, adsorbate and adsorbent concentrations. Some studies were also carried out for understanding the effect of
competing anions and cations. Adsorption kinetics was observed to be reasonably fast and allowed dual rate, i.e. initial faster rate
followed by slower one. The initial faster and later slower rates might be due to surface and intra particle diffusion processes
respectively. Evaluation of isothermic and thermodynamic parameters has also been outlined as important ones for scale up and
reactor design. In addition to process development in small scale, adsorption studies were also carried out in different reactors,
which helped in scaling up of the laboratory/bench scale data to pilot or industrial scale. A number of low-cost adsorbents have
been projected as potential candidates for removal of cadmium from aqueous solution. There is lack of data on regeneration/reuse
and safe disposal of loaded adsorbent. More attention needs to be paid to evaluation of their commercial utilization.

Conclusions

1. Cadmium(II) is amongst the most toxic ions hazardous to living organism and its permissible limit in drinking water is
0.005 mg/L.

2. Removal of cadmium from aqueous solutions can be accomplished by several techniques which include cementation,
chemical precipitation, ion exchange, solvent extraction, membrane separation and adsorption. Adsorption is one of the
most studied technique.

3. The main categories of adsorbents are carbon, agricultural wastes, industrial wastes, low grade ores, clays and low cost
synthetic oxides/hydroxides such as iron/manganese/ aluminum.

4. Some of the adsorbents with high loading capacities ( >90 mg/g) are: mesoporous silica, mesoporous silicate MCM-41,
Haldmand Ah soil, Halimond Ap soil, broad been peel, fig leaves, Kraft lignin, Platanus Orientalis, Medlar peel, peas
peel, rice husk, modified sugarcane bagasse, modified wheat bran, aliginate carriers, alcaligenes eutrophus and baker’s
yeast.

5. The main experimental parameters which are studied to evaluate the adsorption behaviour are time, pH, temperature,
concentration of adsorbate and adsorbent, competing ions etc. The time data is generally fitted to pseudo-first order and
pseudo-second order kinetics. The thermodynamic parameters have been evaluated from the temperature data. The
isothermic data is fitted to various models such as Langmuir, Freundlich, Temkin etc.

6. Generally the studies are carried out in batch mode though a number of studies are reported for column adsorption also.

7. There is lack of information in literature for regeneration/reuse/safe disposal of loaded adsorbents.

8. The engineering aspects for commercial applications of adsorbents have not been sufficiently studied.
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