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ABSTrACT
A series of batch laboratory studies were conducted to investigate the suitability of activated 
carbon SA2 for the removal of cadmium ions and zinc ions from their aqueous solutions.  The 
single component equilibrium data were analyzed using the Langmuir and Freundlich isotherms.  
Overall, the Langmuir isotherm showed a better fitting for all adsorptions under investigation in 
terms of correlation coefficient and error analysis (SSE only 18.2 for Cd2+ and 47.95 for Zn2+).  
As the binary adsorption is competitive, extended Langmuir models could not predict the binary 
component isotherm well.  The modified extended Langmuir models were used to fit the binary system 
equilibrium data.  The binary isotherm data could be described reasonably well by the modified 
extended Langmuir model, as indicated in the error analysis.
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NOMENCLATurES

aF =  Freundlich constant  (L/mg)
aL  =  Langmuir constant for energy of the sorbent (L/mg)
Ce  =  residue metal ions concentration remaining after adsorption (mg/L)
Co =  initial dye concentration (mg.L)
KF =  Freundlich constant for adsorption capacities (L/mg)
KL  =  Langmuir constant (L/mg)
1/n  =  Freundlich exponent (surface heterogeneity)
m   =  Amount of activated carbon used for metal ions adsorption during equilibrium (g)
N =  Number of points in data set
qe  =  Amount of metal ions adsorbed by activated carbon at equilibrium (mg/g)
qm =  Monolayer capacity of the Langmuir isotherm (mg/g)
V =  Initial volume of metal ions used (L)
h i =  Langmuir correction coefficients of component i
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INTrOduCTION
Heavy metals have been known as having very toxic elements and their discharge into receiving 
water can cause detrimental effects on human health and the environment.  Heavy metal 
contamination exists in aqueous waste streams of many industries such as metal plating, mining, 
and agricultural fields.  Zinc and cadmium are among the harmful heavy metal wastes produced 
by these industries, and they pose a risk of contaminated groundwater and other water resources.  
The removal of cadmium and zinc from water has become a great concern because of their uses 
in many industries.
 Effluents from metallurgical and chemical industries, ceramics, electrogalvanization, and 
textile industries are potential sources of water pollution by Cd2+ ions (Hizal and Apak, 2006).  
Cd2+ ions cause serious cases of acute toxicity and diseases such as lung cancer and kidney failure.  
In Japan, a bone disease named ‘itai-itai’ emerged in the mid-fifties especially in children (Hizal 
and Apak, 2006) as a result of the consumption of cadmium-contaminated rice as food, because 
the rice plant was watered with effluents from Cd–Ni battery factories.
 Elevated levels of zinc may come from a variety of sources such as effluents from manufacturing 
of batteries, pharmaceuticals, and agricultural chemicals.  Other sources of metallic zinc traces in 
drinking water are water treatment processes and pickup of metallic ions during storage distribution.  
These toxic metals can cause accumulative poisoning, cancer, brain damage, etc. when they are 
found above the tolerant levels (Berman, 1980).  According to some surveys from the public health 
services of different countries, significant numbers of people have been exposed to the hazards of 
excess metals in the municipal water supplies (Chuah et al., 2005; WHO, 1971).
 Table 1 shows the Environmental Quality Act 1974, Environmental Quality (Sewage and 
Industrial Effluents) Regulations, 1979 in Malaysia with selected parameter limits of effluent of 
heavy metals (Corapcioglu and Huang, 1987; Chuah et al., 2005).  Treatment processes for metals 
contaminated waste streams include chemical precipitation, membrane, filtration, ion exchange, 
carbon adsorption, and coprecipitation/adsorption (Bailey et al., 1999).  Theses processes usually 
need expensive facility and high maintenance cost.  Therefore, there is a need for more economical 

TAbLE 1 
Environmental Quality Act 1974, Environmental Quality (Sewage and Industrial Effluents) 

Regulations, 1979, Malaysia: Selected parameter limits of effluent of Standards A and b 
(Department of Environment, DOE, Malaysia)

Parameters Unit
Standard

A* B

Mercury (Hg) mg/L 0.005 0.05
Cadmium (Cd) mg/L 0.01 0.02
Arsenic (As) mg/L 0.05 0.10
Lead (Pb) mg/L 0.10 0.50
Chromium (Cr), Trivalent mg/L 0.20 1.0
Copper (Cu) mg/L 0.20 1.0
Nickel (Ni) mg/L 0.20 1.0
Zinc (Zn) mg/L 1.0 1.0
Iron (Fe) mg/L 1.0 5.0

*  This standard applies to the industrial and development projects which are located within catchment areas (areas upstream 
of surface or above sub-surface water supply intakes, for the purpose of human consumption including drinking).
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alternative technologies or sorbents for the treatment of metals contaminated waste streams.  Some 
examples are summarised in Table 2. 
 Activated carbons have been used as adsorbents with promising results.  The potential and 
capability of activated carbon for the removal of heavy metals from water have been very well 
documented in the literature.  Many studies have reported removal of toxic Cd2+ and Zn2+ from 
aqueous solutions using biomass (Bailey et al., 1999) or inorganic materials such as calcite (Yavuz 
et al., 2007). 
 Unlike organic pollutants which are mostly susceptible to biological degradation, heavy metals 
will not degrade.  Thus, the treatment of aqueous wastes containing soluble heavy metals requires 
concentration of the metals into a smaller volume, followed by a recovery or a secure disposal.  
The removal of heavy metals using activated carbons and other adsorbents still remains a topic of 
most recent investigations (Marzal et al., 1996; Martin et al., 2004).

TAbLE 2
Current treatment technologies for heavy metals and dyes removal 

involving physical and/or chemical process

Physical and/or 
chemical methods Advantages Disadvantages

Oxidation Rapid process for dye removal High energy costs and formation
 of by-products

Ion exchange Good removal of a wide range 
of heavy metals and dyes

Absorbent requires regeneration 
or disposal 

Membrane filtration 
technologies 

Good removes of heavy 
metals and dye 

Concentrated sludge production, 
expensive

Coagulation/flocculation Economically feasible High sludge production and 
formation of large particles

Electrochemical treatment Rapid process and effective 
for certain metal ions

High energy costs and formation 
of by-products

Ozonation Applied in gaseous state: 
alteration of volume Short half life

Photochemical No sludge production Formation of by-products

Irradiation Effective at lab scale Required a lot of dissolved O2

Electrokinetic coagulation Economically feasible High sludge production

Fentons reagents Effective decolourisation of both 
soluble and insoluble dyes Sludge generation

Biological treatment Feasible in removing some metals 
and dyes

Technology yet to be established 
and commercialized
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 Several studies have been carried out and reported on cadmium and zinc as a binary system 
using various sorbents (Liu et al., 2006; Hajialigol et al., 2006; Horsfall et al., 2006).  However, only 
a few researchers have reported on the binary system modelling which deals with the competitive 
adsorption of cadmium and zinc ions onto activated carbon.  For instance, Srivastava et al. (2006) 
studied individual and competitive adsorption of Cd2+ and Zn2+ metal ions from aqueous solution 
onto bagasse fly ash (bFA).  Equilibrium isotherms for the binary adsorption of Cd2+ and Zn2+ ions 
on bFA were analyzed using non-modified Langmuir, modified Langmuir, extended-Langmuir, 
Sheindorf-Rebuhn-Sheintuch (SRS), non-modified R-P, and modified R-P adsorption models.  The 
researchers found that the SRS model could fit most of the adsorption equilibrium data of Cd2+ 
and Zn2+ ions well onto bFA with low SSE values.  Meanwhile, Fagundes-Klen (2007) studied 
the equilibrium data of the binary system of Cd2+ and Zn2+ ions by the biomass of Sargassum 
filipendula species using six adsorption isotherms models of the Langmuir type.  Based on the 
regression analysis, the neural network could adjust to the equilibrium data of the binary system 
much as compared to the conventional sorption isotherm models.  Mohsen et al. (2009) reported 
the work on the adsorption of two reactive dyes, Reactive black 5 and Reactive Red E onto 
palm kernel shell-activated carbon (PKSAC).  Their experimental data showed that competitive 
adsorption for active sites on the carbon surface resulted in a reduction of the overall uptake 
capacity of the reactive dyes, whereas the equilibrium was successfully described by the Modified 
Extended Freundlich model for the binary system.
 In this study, the equilibrium experiments were performed to evaluate the effectiveness of 
the Norit coal based activated carbon for both single and binary adsorptions.  Single component 
adsorption equilibrium was modelled using two isotherms, namely the Langmuir and Freundlich.  
Meanwhile, the binary component adsorption equilibrium was modelled using the extended 
Langmuir (EL) and modified extended Langmuir (MEL) models.  The applications of these 
mathematical models provide a quantitative measure of their evaluation and optimize their 
operational conditions.

MATErIALS ANd METHOdS

Materials
In this study, analytical grade Cd (NO3)2.4H2O and Zn (NO3)2.6H2O and Norit activated carbon 
grade SA2 used in the experiments were supplied by Fisher Scientific, Malaysia.  These activated 
carbons are commonly used in treating drinking water and are relatively cheaper than the others.  
Stock solutions of metal ions were prepared using deionised water.  All solutions were adjusted to 
pH 7.0 using diluted NaOH and HNO3.

Procedures
Batch sorption studies were performed at different concentrations of 5, 10, 15, 20, 25, 30, 35, 40, 
45, and 50 mg/L to obtain the equilibrium isotherms.  The metals chosen for the investigation in 
the single component studies were Cd2+ and Zn2+.  As for the isotherm studies, a series of 1000 
ml conical flasks were employed.  Each conical flask was filled with 500 ml of metal ion solution 
of varying concentrations and adjusted to pH 7.0.  For the binary isotherms studies, a 1:1 ratio of 
cadmium-zinc solution was prepared.  The conical flask with heavy metal ions solution was then 
shaken using an orbital incubator shaker, which was operated at 150 rpm and 30+1oC.  When the 
desired temperature was reached, a pre-determined amount of norit activated carbon was added 
into each conical flask and mechanical shaking agitated the solutions.  Equilibrium was reached 
after six hours (from contact time studies).  To ensure equilibrium was attained, 96 hours of shaker 



Modelling of Single and binary Adsorptions of Heavy Metals Onto Activated Carbon - Equilibrium Studies

 Pertanika J. Sci. & Technol. Vol. 18 (1) 2010 87

time were used for all the equilibrium experiments for both the single and binary systems.  After 
this period, the solution was filtered using the Whatman filter paper (Grade 2, diameter 110mm) and 
analyzed for the concentration of the metal ions remaining in the solution using atomic absorption 
spectrophotometer (Hitachi Model Z-8100, Japan.) at the maximum wavelength (λmax) of 228.8 nm 
for cadmium and 213.9 nm for zinc, respectively (Jumasiah et al., 2005).
 The adsorption isotherms for the binary-component systems were obtained at pH 7.0.  
Meanwhile, a 1:1 ratio was used to determine the effect of other metal ions on the adsorption of 
Cd2+ and Zn2+ onto activated carbon.  The metal ions concentration at equilibrium, qe (mg/g), can 
be calculated from:

q
m

V C C
e

o e
=

-] g   (1)

where C0 (mg/L) is the initial metal ions concentration in the liquid phase, Ce (mg/L) is the metal 
ions concentration in the liquid phase at equilibrium, V (L) is  the total volume of metal ions 
solution, and m (g) is mass of adsorbent.

rESuLTS ANd dISCuSSION

Effect of Initial pH
The pH of the solution affects the surface charge of the adsorbents, as well as the degree of 
ionization and speciation of different pollutants.  A change in pH affects the adsorptive process 
through dissociation of functional groups on the adsorbent surface active sites.  The adsorption 
of various anionic and cationic species on such adsorbents has been explained on the basis of 
the competitive adsorption of H+  and  ions with the adsorbates (Allen, 2004).  It is a common 
observation that the surface adsorbs anions favourably at lower pH due to the presence of H+ ions, 
whereas, the surface is active for the adsorption of cations at higher pH due to the deposition of 
ions.  The effect of initial pH on the adsorption equilibrium was studied by varying the initial pH 
of the solution, with a fixed initial concentration of 10 mg/L.
 Fig. 1 indicates the effect of pH on the removal of Cd2+ and Zn2+ onto activated carbon from 
aqueous solutions.  In strong acidic condition, the adsorption capacity was found to be very low.  
Overall, the maximum uptake percentage of cadmium and zinc removal was observed at pH 7.0.

Single Component Isotherms
Non-linear optimisation techniques have been applied to determine the isotherm parameters.  The 
isotherm parameters were determined by minimising error function using Microsoft Excel Solver.  
The error function used in this work is the sum of the square of the errors (SSE), as defined in 
equation [2] (Chen et al., 2001):

   ( )SSE q q, ,expe cal e i

i

N
2

1

= -
=

/  (2)

where the subscripts ‘exp’ and ‘cal’ indicate the experimental and calculated values and N is the 
number of measurement.
 The equilibrium established between the adsorbed component on the adsorbent and unadsorbed 
component in solution can be represented by the adsorption isotherms.  The most widely used 
isotherm equation for modelling equilibrium is the Langmuir equation which is valid for monolayer 
sorption onto a surface with a finite number of identical sites which are homogeneously distributed 
over the sorbent surface, as given in equation [3].
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where KL indicates the solute adsorptivity, La  is related to the energy of adsorption and Ce  is the 
residue metal ions concentration remaining after adsorption (mg/L).  The Langmuir isotherm is 
characterized by a “plateau”.  The monolayer capacity of the Langmuir isotherm, mq  is given as:

   q
a
K

m
L

L
=  (4)

where  aL  is  Langmuir constant for energy of the sorbent (L/mg), KL is Langmuir constant (L/mg) 
and qm is the monolayer capacity of the Langmuir isotherm (mg/g).  The Langmuir and Freundlich 
models were used to describe the adsorption systems of Cd2+ and Zn2+ onto the norit activated 
carbon.  The SSE and isotherm parameters for Cd2+ and Zn2+ adsorption are presented in Table 3.  
The determination of the isotherm parameters for cadmium and zinc by the non-linear regression 
appears to give acceptable fits to the experimental data, as shown in Fig. 2.
 The monolayer of adsorption capacity (qm) of the Cd2+ and Zn2+ systems on the activated 
carbon were 46.88 mg/g and 45.41 mg/g, respectively.  This finding showed that the activated 
carbons used in this study had a slightly higher adsorption capacity on Cd2+ and Zn2+.
 The Freundlich isotherm describes the equilibrium on a heterogeneous surface where, the 
energy of adsorption is not equivalent for all the adsorption sites, and thus allowing multi-layer 
adsorption.  The Freundlich equation is given as follows (Schay, 1982):

   q a Ce F e
n
1

f=  (5)
 
where Fa  is the Freundlich constant and n is the Freundlich exponent.  The larger the value of 
the adsorption capacity, Fa , the higher the adsorption capacity is.  The more heterogeneous the 
surface, the closer 

n
1

f
 is to zero.  The results presented in Table 3 show that the heterogeneity 

factor, from the Freundlich model 
n
1

f
, are 0.36 for cadmium and 0.51 for Zn2+, respectively.

Fig. 1: Effect of the initial pH on adsorption of cadmium and zinc onto norit activated 
carbon at initial concentrations of 10 mg/L and a constant temperature of 30oC
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 The non-linear correlation obtained from Fig. 2 shows that the experimental data also obeyed 
the Freundlich isotherm model, but they are not as good as the Langmuir isotherm especially for 
Cd2+. 

Binary Component Isotherms 
One of the difficulties in describing the adsorption of heavy metals from wastestreams is that 
wastewaters contain more than one type of heavy metals.  When several components are present, 
interference and competition phenomena for adsorption sites occur and may lead to a complex 
mathematical formulation of the equilibrium. 
 The modelling of binary adsorption equilibrium is still a challenging task.  Several isotherms 
have been proposed to describe the equilibrium of such system.  These isotherms could broadly be 
divided into (a) predictive models (where only individual isotherm parameters are used), and (b) 
correlative models (where individual isotherm parameters and correction factors are used).
 The single-component adsorption Langmuir isotherm can be extended to describe the 
adsorption for multi-sorbate solution, as follows (Chen et al., 2001):

   q
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where i is the number of components, Ce,i is the equilibrium concentration of the component i in 
the multi-component solution (mg/L), qe, i  is the equilibrium uptake of the component i (mg/g), and 

0
,iLK  and 0

,iLa  are the single component Langmuir parameters for the component i. 

Fig. 2: Single component Langmuir and Freundlich isotherms and 
experimental data derived by nonlinear regression
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 The extended Langmuir (a predictive model) model assumes a homogeneous surface with 
respect to the energy of adsorption, no interaction between adsorbed species, and that all sites are 
equally available to all adsorbed species.  The single-component parameter sets for the two heavy 
metals (as obtained in sub-section 3.2) were substituted into equation (6) to enable prediction 
of the binary component isotherms using the extended Langmuir (EL) isotherm.  A comparison 
of the EL isotherm predictions and the experimentally measured values is presented in Fig. 3.  
Meanwhile, the SSE values for the EL isotherm for both heavy metals are given in Table 4.  From 
the SSE values, the quality of fit using the EL isotherm for zinc was rather good, but the quality of 
fits for Cd2+ was very poor.  The failure of the EL model suggested that the binary adsorption might 
be competitive.
 For competitive adsorption, Schay (1982) introduced the modified extended Langmuir (MEL) 
by incorporating interaction parameters  (Pagnanelli et al., 2001): 

   q
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where is the Langmuir correction coefficients of the component i extracted from the competitive 
adsorption data.
 The MEL models for the adsorption of cadmium and zinc onto activated carbon are plotted 
in Fig. 4.  The model parameters of the MEL model, which were estimated from the binary 
adsorption data and their respective SSE, are given in Table 4.  based on the information presented 
in Fig. 4, the isotherm parameters for cadmium and zinc which were obtained using the non-linear 
regression method appeared to have given acceptable fits to the experimental data.  Cd2+ and Zn2+ 
will compete with each other in the binary adsorption system, and more Zn2+ is being adsorbed in 
this system as compared to Cd2+.  The maximum uptakes for Cd2+ and Zn2+ in the binary system are 
43.096 and 19.214 mg/g, respectively.

Fig. 3: Application of extended Langmuir isotherm model for simultaneous 
sorption of Cd2+ and Zn2+ onto norit activated carbon
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Fig. 4: Application of modified extended Langmuir for simultaneous 
sorption of Cd2+ and Zn2+ onto norit activated carbon

TAbLE 3 
Langmuir and Freundlich isotherm parameters for single component adsorption 

of cadmium (II) and zinc (II) onto norit activated carbon

Models Cadmium (II) Zinc (II)

Langmuir
 qm (mg g-1) 46.88 45.41

KL (L mg-1) 64.62 9.78

aL (L mg-1) 1.38 0.22

SSE 18.26 47.95

Freundlich

aF (mg g-1) 23.79 9.65
1/nF (L mg-1) 0.36 0.51

SSE 96.31 28.83

q c
 (m

g/
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CONCLuSIONS
Single component equilibrium data for both cadmium and zinc were studied and the adsorption 
data were found to be fitted best using the Langmuir model.  The combined effects of the two 
metals onto Norit activated carbon are competitive.  A predictive model, namely the Extended 
Langmuir model, described the adsorption equilibrium of zinc in a binary mixture rather well.  
However, it did not accurately predict the adsorption equilibrium of cadmium in a binary mixture.  
A correlative model, namely the modified extended Langmuir model, was found to be able to 
describe the binary components adsorption equilibrium well using single component parameters 
and additional correction factors.  The maximum uptakes of Cd2+ and Zn2+ in binary system are 
43.096 and 19.214 mg/g, respectively.

rEFErENCES
Allen, S. J., McKay, G. and Porter, J. F. (2004). Adsorption isotherm models for basic dye adsorption by peat 

in single and binary component systems. Journal of Colloid and Interface Science, 280, 322-333.

bailey, S. E., Olin T. J., bricka, R. M. and Adrian, D. D. (1999). A review of potentially low-cost sorbents for 
heavy metals. Water Res., 33, 2469-2479.

berman, E. (1980). Toxic Metals and Their Analysis. London: Heyden Press.

Burrell, D.C. (1974). Atomic Spectrometric Analysis of Heavy Metal Pollutants in Water. Michigan: Ann 
Arbor Science Publishers Inc. 

Chen, b., Hui, C. W. and McKay, G.  (2001). Film-pore diffusion modelling for the sorption of metal ions 
from aqueous effluents onto peat. Water Res., 35, 3345-3356.

Chuah, T.G., Jumasiah, A., Azni, I., Katayon, S. and Thomas Choong, S.Y. (2005). Rice husk as a potentially 
low-cost biosorbent for heavy metal and dye removal: An overview. Desalination, 175, 305-316.

Corapcioglu, M. O. and Huang, C. P. (1987). The adsorption of heavy metals onto hydrous activated carbon. 
Water Res., 21, 1031-1044. 

Fagundes-Klen, M.R., Ferri, P., Martins, T.D., Tavares, C.R.G. and Silva, E.A. (2007). Equilibrium study of the 
binary mixture of cadmium–zinc ions biosorption by the Sargassum filipendula species using adsorption 
isotherms models and neural network. Biochemical Engineering Journal, 34, 136-146.

Hajialigol, S., Taher, M.A. and Malekpour, A. (2006). A new method for the selective removal of cadmium 
and zinc ions from aqueous solution by modified clinoptilolite. Adsorption Science & Technology, 24, 
487-496.

TAbLE 4
Comparison of the SSE for each component evaluated from the modified extended Langmuir (MEL)

 and extended Langmuir (EL) models for simultaneous sorption of Cd2+ and Zn2+

Component  Modified Extended Langmuir    Extended Langmuir

 
 L1h  L2h  KL

0
 aL

0
 SSE KL

0  aL
0  SSE

Cd2+ 9.179 1.546 64.621 1.378 171.856 9.866 0.229 137.384

Zn2+ 13.413 4.521 9.779 0.2154 34.371 4.138 0.2154 66.650



Modelling of Single and binary Adsorptions of Heavy Metals Onto Activated Carbon - Equilibrium Studies

 Pertanika J. Sci. & Technol. Vol. 18 (1) 2010 93

Hizal, J. and Apak, R. (2006). Modeling of cadmium (II) adsorption on kaolinite-based clays in the absence 
and presence of humic acid. Appl. Clay Sci., 32, 232-244.

Horsfall Jr. M., Abia, A.A. and Spiff, A.I. (2006). Kinetic studies on the adsorption of Cd2+, Cu2+ and Zn2+ ions 
from aqueous solutions by cassava (Manihot sculenta Cranz) tuber bark waste. Bioresource Technology, 
97, 283-291.

Jumasiah, A., Chuah, T. G., Gimbon, J., Choong, T.S.Y. and Azni, I. (2005).  Adsorption of basic dye onto palm 
kernel shell activated carbon: Sorption equilibrium and kinetics studies. Desalination, 186, 57-67.

Liu, Y.G., Fan, T., Zeng, G.M., Li, X., Tong, Q., Ye, F., Zhou, M., Xu, W.H. and Huang, Y.E. (2006). Removal 
of cadmium and zinc ions from aqueous solution by living Aspergillus niger.  Transactions of Nonferrous 
Metals Society of China, 16, 681-686.

Martins, R.J.E., Pardob, R. and boaventura, R.A.R. (2004) Cadmium (II) and zinc (II) adsorption by the aquatic 
moss Fontinalis antipyretica: Effect of temperature, pH and water hardness. Water Res., 38, 693-699.

Marzal, P., Seco., A., Gabaldon, C. and Ferrer, J. (1996). Cadmium and zinc adsorption onto activated carbon: 
Influence of temperature pH and metal/carbon ratio. J. Chem. Tech. Biotechnol., 66, 279-285.

Moshen, N., Luqman Chuah, A. and Thomas Choong, S. Y. (2009). Equilibrium and kinetic study on reactive 
dyes adsorption by palm kernel shell-based activated carbon in single and binary system. J. Envn. Eng., 
135(1), 1393-1398..

Pagnanelli, F., Trifoni, M., beolchini, F., Esposito, A. and Veglio, F. (2001). Equilibrium biosorption studies 
in single and multi-metal systems. Process Biochemistry, 37, 115-124.

Schay, G. (1982). On the definition of interfacial excesses in a system consisting of an insoluble solid adsorbent 
and a binary liquid mixture. Colloid and Polymer Science, 26, 888-891.

Srivastava, V.C., Mall, I.D. and Mishra, I.M. (2006). Modelling individual and competitive adsorption of 
cadmium (II) and zinc (II) metal ions from aqueous solution onto bagasse fly ash.  Separation Science 
and Technology, 41, 2685-2710.

WHO. (1971). World Health Organization International Standards for Drinking Water.  Geneva: WHO.

Yavuz, Ö., Guzel, R., Aydin, F., Tegin, I. and Ziyadanogullari, R. (2007). Removal of cadmium and lead from 
aqueous solution by calcite. Polish Journal of Environmental Studies, 16, 467-471.




