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abstract
A batch adsorption study was conducted to investigate the suitability of palm kernel shell (PKS)-
based activated carbon for the removal of cadmium and zinc ions from aqueous solutions. Single 
component equilibrium data were analyzed using the Langmuir, Freundlich and Redlich–Peterson 
isotherms. Overall, the Redlich-Peterson isotherm showed the best fit for all adsorption under 
investigation. As the binary adsorption is competitive, the extended Langmuir (EL) model could 
not predict well the binary component isotherm. Three correlative models, the modified extended 
Langmuir (MEL), modified extended Freundlich (MEF) and modified extended Redlich–Peterson 
(MERP) models were used to fit binary system equilibrium data. It was found that the binary iso-
therm data could be described well by the modified extended Langmuir model.
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1. Introduction

Heavy metal contamination exists in aqueous waste 
streams of many industries, such as metal plating, mining 
and agriculture. Heavy metals are not degradable and 
tend to accumulate in living organisms, causing vari-
ous diseases and disorders [1–3]. Zinc and cadmium are 
among the harmful heavy metal waste produced. Table 1 
shows the Environmental Quality Act 1974, Environmen-
tal Quality (Sewage and Industrial Effluents) Regulations, 
1979 in Malaysia with selected parameter limits of effluent 
of heavy metals [4].

Competitive adsorption is important in wastewater 
treatment because most compounds to be adsorbed exist 
in solution with other adsorbable compounds [5]. Con-

sequently, a mutual reduction of the adsorptive capacity 
of each of the competing species is usually encountered 
in these aqueous systems.

Vilar et al. [6] studied the equilibrium uptake of bi-
nary systems (Pb(II) + Cu(II), Pb(II) + Cd(II) and Pb(II) + 
Zn(II)) by algae Gelidium. Srivastava et al. [7] studied the 
feasibility of using bagasse fly ash (BFA) as an adsorbent 
for the individual and simultaneous removal of Cd(II) and 
Ni(II) metal ions from aqueous solutions; Alimohamadi 
et al. [8] investigated the binary sorption of copper and 
lead ions onto microorganism (Rhizopus arrhizus) using 
several concentrations of Cu(II) and Pb(II). Lao et al. [9] 
evaluated the potential application of leonardite for the 
decontamination of Cd(II) and Pb(II) polluted water. Luna 
et al. [10] performed adsorption of Cd(II) and Zn(II) ions 
from binary systems by using sargassum filipendula. Baig 
et al. [11] used wheat straw to adsorb Ni(II) and Zn(II).* Corresponding author.



 Muhammad et al. / Desalination and Water Treatment 29 (2011) 140–148 141

Mahamadi et al. [12] studied adsorption of Pb(II),Cd(II) 
and Zn(II) ions onto eichhornia crassipes in binary and 
ternary systems. Pérez-Marín et al. [13] investigated the 
adsorption of Cd(II), Zn(II) and Pb(II) by orange wastes 
in binary systems. Srivastava et al. [14] investigated the 
competitive adsorption of Cd(II) and Zn(II) ions from 
binary systems using rice husk ash as an adsorbent. 

Adsorption of activated carbon represents a highly 
effective method to remove low concentration metal ions 
from water and wastewater [15]. Adsorption using low 
cost carbon sorbents such as palm kernel shell (PKS) may 
be an economical alternative technology for the treatment 
of metal contaminated waste streams. The possible use of 
palm shell as activated carbon precursor was highlighted 
by several investigators [16,17]. 

The objective of this work is to study the removal of 
cadmium and zinc ions using activated carbon produced 
from palm kernel shell. Single and binary adsorption 
equilibriums are modelled using different form of ad-
sorption isotherms.  

2. Material and methods

2.1. Materials

In this study, analytical grade Cd(NO3)2.4H2O and 
Zn(NO3)2.6H2O used in the experiments were supplied 
by Fisher Scientific, Malaysia. Stock solutions of metal 
ions were prepared using deionized water. All solutions 
were adjusted to pH 7.0 using dilute NaOH and HNO3. 

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 Standard

A* B+

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

+  Not close to the water source

The palm kernel shell (PKS) based activated carbon 
was donated by K.D. Technology Sdn. Bhd., in granular 
form with particle sizes of 0.25–0.60 mm. These PKS 
based activated carbon are produced by steam activation 
at temperature of approximately 1000°C in a horizontal 
rotary kiln with heat recovery system [18]. The product 
specification and characteristics of the PKS-based acti-
vated carbon are as listed in Table 2.

2.2. Procedure

The effect of pH was first studied. The initial pH of 
the solution was adjusted using either HNO3 or NaOH 
(Fisher Scientific, Malaysia) to obtain the desired initial 
pH at the range from 2.0 to 8.0. Initial concentrations of 
the solution and the adsorbent mass were fixed at 10 mg/L 
and 0.5 g, respectively. Batch studies were carried out at 
30±1°C to investigate the optimum initial pH that will 
give the highest percent removal after 1 h. The pH read-
ings were measured with a pH meter (inoLab, Germany).

Batch sorption studies were performed at different 
concentrations (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 single component studies were 
cadmium(II), and zinc(II). For 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 binary iso-
therms studies, a 1:1 ratio of cadmium-zinc solution was 
prepared. The conical flask with heavy metal ions solu-
tion was then shaken using an orbital incubator shaker, 
which was operated at 150 rpm and 30±1°C (Sepilau 
Saintifik, Malaysia). When the desired temperature was 
reached, a known amount of PKS-based activated carbon 
was added into the conical flask. Overall, the equilibrium 
was reached after six hours (from contact time studies). 
To ensure equilibrium was attained, 96 h of shaking time 
were used for all equilibrium experiments for single 
and binary systems. After this, the activated carbon was 
separated and the clarified supernatant solution was care-
fully decanted. The concentration of the metal ions in the 
solution was analyzed using AAS (Hitachi, Ltd. Z-8100, 

Table 2
Surface area and pore characteristics of PKS-based activated 
carbon [18]

Parameters Value

Average particle size, mm 0.25–0.6
SBET, m2/g 1146
Vmicro, cc/g 0.43
Vmeso, cc/g 0.12
Vtotal, cc/g 0.582
Dmicro, Å 5.3  
Dmeso, Å 26.1
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Japan.) at the maximum wavelength (λmax) of 228.8 nm 
for cadmium and 213.9 nm for zinc, respectively.

The adsorbed amount at equilibrium, qe (mg/g), can 
be calculated from: 

( )o e
e

V C C
q

m
−

=  (1)

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

3. Results and discussion

3.1. Effect of initial pH

One of the major parameters controlling the sorption 
of metals on sorbents is the value of pH. Variations in 
pH could change the characteristics and availability of 
metal ions in solution as well as the chemical status of 
the functional groups responsible for adsorption [19]. A 
change in pH affects the adsorptive process through dis-
sociation of functional groups on the adsorbent surface 
active sites. Adsorption of various anionic and cationic 
species on such adsorbents can be explained on the basis 
of the competitive adsorption of H+ and OH– ions with the 
adsorbates. It is a common observation that the surface 
adsorbs anions favorably at lower pH due to presence of 
H+ ions, whereas the surface is active for the adsorption 
of cations at higher pH due to the deposition of OH– ions 
[20]. The effect of initial pH on the adsorption equilibrium 
was studied by varying the initial pH of the solution with 
initial concentrations of 10 mg/L.  

Fig. 1 indicates the effect of initial pH on the removal 
of cadmium and zinc onto activated carbon from aque-
ous solutions. It can be seen that the percent removal was 
very low at strong acidic condition. The percent removal 
increased from 64.0% to 75.5% for cadmium, and from 
34.3% to 48% for zinc at initial pH 5.0–7.0, respectively. 
The maximum percent removal was observed at initial pH 
7.0. At pH > 8.0 chemical precipitation was observed i.e. 
the OH– ions from the solution formed some complexes 
with Cd(II) and Zn(II). It was also observed that the final 
pHs were reduced by approximately one unit as com-
pared to the initial pH. For further studies the optimum 
initial pH chosen for Cd(II) and Zn(II) was 7.0.

3.2. Single component isotherms

Nonlinear optimisation techniques have been applied 
to determine the isotherm parameters. The isotherm 
parameters were determined by minimising an error 
function using Microsoft Excel Solver. The error function 
used in this work is the sum of the square of the errors 
(SSE) defined as [21]:

Fig. 1. Effect of the initial pH on adsorption of cadmium and 
zinc by PKS-based activated carbon at initial concentrations 
of 10 mg/L and a constant temperature of 30±1°C.
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where the subscripts ‘exp’ and ‘calc’ indicated  ex-
perimental and calculated values, and N the number of 
measurement.

The most widely used isotherm equation for model-
ling equilibrium is the Langmuir equation which is valid 
for monolayer sorption onto a surface with a finite num-
ber of identical sites which are homogeneously distrib-
uted over the sorbent surface and is given by Eq. (3) [22]:

1
L e

e
L e

K Cq
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where KL indicates the solute adsorptivity (L/mg) and aL is 
related to the energy of adsorption (L/mg). The Langmuir 
isotherm is characterized by a “plateau”. The monolayer 
capacity of the Langmuir isotherm, qm is given as [7]:

L
m

L

Kq
a

=  (4)

The Freundlich isotherm describes equilibrium on a 
heterogeneous surface where energy of the adsorption 
is not equivalent for all adsorption sites, thus allowing 
multi-layer adsorption. The Freundlich equation is given 
as [23]:

1 n
e F eq a C=  (5)

where aF is the Freundlich constant (L/mg) and n the 
Freundlich exponent. The larger the value of the adsorp-
tion capacity, aF, the higher is the adsorption capacity. The 
more heterogeneous the surface, the closer 1/n is to zero.
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Redlich–Peterson isotherm is an intermediate between 
Langmuir and Freundlich isotherms and can be described 
as [24]:

1
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e
R e

K Cq
a Cβ=

+
 (6)

where KR and aR are parameters related to adsorption 
capacity (mg/g), and β is the heterogeneity factor (di-
mensionless).

The Redlich–Peterson isotherm incorporates the fea-
tures of the Langmuir and Freundlich models. It has a 
more general form and includes a heterogeneity factor, 
β. The value of β lies between 0 and 1.

The Langmuir, Freundlich and Redlich–Peterson 
models for adsorption of cadmium and zinc onto PKS-
based activated carbon were plotted in Fig. 2. The SSE 
and isotherm parameters for cadmium and zinc adsorp-
tion are presented in Table 3. The determination of the 
isotherm parameters for cadmium and zinc by nonlinear 
regression appears to give acceptable fits to the experi-
mental data, especially the fitting of cadmium. As shown 
in Table 3, the values of β obtained for cadmium and 
zinc were very close to unity. Therefore the isotherm was 
approaching the Langmuir form. Indeed, the Langmuir 
and Redlich-Peterson isotherm overlapped each other as 
shown in Fig. 2.

Overall, the Redlich–Peterson isotherm model has the 
lowest SSEs for both cadmium and zinc, followed by the 
Langmuir model and the Freundlich model. However, the 
SSEs of Langmuir isotherms for both cadmium and zinc 
were only marginally higher than the Redlich–Peterson 
isotherm.

Fig. 2. Single component Langmuir, Freundlich and Redlich–
Peterson isotherms and experimental data derived by nonlin-
ear regression. The Langmuir and Redlich–Peterson isotherms 
overlapped each other.
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Table 3
Langmuir, Freundlich and Redlich-Peterson isotherm param-
eters for single component adsorption of cadmium(II) and 
zinc(II) onto PKS-based activated carbon

Models Cadmium(II) Zinc(II)

Langmuir
qm, mg g–1 53.13 36.83
KL, L mg–1 14.28 8.32
aL, L mg–1 0.27 0.23
SSE 6.86 22.32

Freundlich
aF, mg g–1 12.86 8.83
1/n, L mg–1 0.49 0.44
SSE 31.33 45.86

Redlich–Peterson
KR, mg g–1 14.79 8.48
aR, L mg–1 0.30 0.24
β 0.97 0.99
SSE 6.81 22.30

The maximum adsorption capacity (qm), obtained 
from the Langmuir isotherm, of cadmium and zinc 
systems on PKS-based activated carbon are 53.13 mg/g 
and 36.83 mg/g, respectively. This showed that activated 
carbons used in this study had higher adsorption capacity 
on cadmium than zinc.

The adsorption capacities of cadmium and zinc onto 
PKS-based activated carbon were compared with other 
adsorbents reported in the literature, as summarized in 
Table 4. These were Eichhornia crassipes [12], rice husk 
[14], activated carbon (from bagasse) [25], Fontinalis 
antipyretica [26], bone char [27], synthetic zeolite A [28], 
crop milling waste (black gram husk) [29], vermiculite 
[30], tannic acid immobilised activated carbon [31], ben-
tonite, zeolite 4A and zeolite 13X [32], bagasse fly ash 
[33], ceramium virgatum [34] and physic seed hull [35]. 
The adsorption capacity of PKS-based activated carbon is 
comparable to other adsorbents, except synthetic zeolite 
A which possessed nearly four times higher adsorption 
capacity of cadmium and zinc than that of PKS-based 
activated carbon. However the cost of synthetic zeolite 
is expected to be very much higher than the PKS-based 
activated carbon.

3.3. Binary component isotherms 

Several isotherms have been proposed to describe 
equilibrium of binary mixture. These isotherms could be 
broadly divided into (a) predictive models where only 
individual isotherm parameters are used, and (b) correla-
tive models where individual isotherm parameters and 
correction factors are used.
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The competitive effect of zinc ion (in equal concentra-
tion to cadmium) resulted in a decrease of cadmium sorp-
tion capacity in the binary system, as shown in Fig. 5. In 
the binary system sorption, the zinc ions bound stronger 
on the sites of PKS-based activated carbon. These results 
support the hypothesis that the preference of an adsor-
bent for metals was related to the existence of competitive 
binding with adsorbent surfaces [36]. In addition, there 
were possible interaction effects between different species 
in the solution and, in particular, potential interactions on 
the surface depending on the adsorption mechanism. The 
factors that affect the sorption preference of an adsorbent 
for different kinds of adsorbates may be related to the 
characteristics of the binding sites, the properties of the 
adsorbates and the solution chemistry. Nevertheless, it is 

Table 4
Some values of qm as reported in the literature on adsorption of cadmium and zinc ions using different adsorbents

Adsorbents Metal ions Monolayer adsorption, qm 
(mg/g)

Reference

Activated carbon (from palm kernel shell) Cd(II) 53.13 Present study
Zn(II) 36.83

Eichhornia crassipes Cd(II) 9.92 [12]
Zn(II) 7.18

Rice husk ash Cd(II) 3.04 [14]
Zn(II) 5.88

Activated carbon (from bagasse) Cd(II) 38.03 [25]
Zn(II) 31.11

Fontinalis antipyretica Cd(II) 29.2 [26]
Zn(II) 15.1

Bone char Cd(II) 53.64 [27]
Zn(II) 33.00

Synthetic zeolite A Cd(II) 194.45 [28]
Zn(II) 179.77

Crop milling waste (black gram husk) Cd(II) 39.99 [29]
Zn(II) 33.81

Vermiculite Cd(II) 63.34 [30]
Zn(II) 71.89

Tannic acid immobilised activated carbon Cd(II) 1.51 [31]
Zn(II) 1.23

Zeolite 4A Cd(II) 30.27 [32]
Zeolite 13X Cd(II) 29.59
Bentonite Cd(II) 28.47
Zeolite 4A Zn(II) 42.82
Zeolite 13X Zn(II) 38.31
Bentonite Zn(II) 35.17
Bagasse fly ash Cd(II) 6.19 [33]

Zn(II) 7.03
Ceramium virgatum Cd(II) 39.70 [34]
Physic seed hull Cd(II) 11.89 [35]

Zn(II) 12.28

difficult to identify the exact mechanism from the physical 
and chemical properties of Cd(II) and Zn(II) ions which 
can explain the interactive mechanism and the increase 
in the selectivity for sorption of an adsorbate from the 
binary mixtures [12–14]. 

3.3.1. Predictive models

The single-component adsorption Langmuir isotherm 
can be extended to describe the adsorption for multi-
sorbate solution as follows [37]:

0
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where i is the number of components, Ce,i is the equilib-
rium concentration of the component i in the multicom-
ponent solution (mg/L), qe,i is the equilibrium uptake of 
the component i (mg/g), and K0

L,i and a0
L,i are the single 

component Langmuir parameters for component i. The 
extended Langmuir 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, 
obtained in section 3.2, were substituted into Eq. (7) to 
enable prediction of the binary component isotherms us-
ing the extended Langmuir (EL) isotherm. The EL model 
predictions and the experimentally measured values are 
presented in Fig. 3, respectively. The SSE values for the EL 
isotherm for both heavy metals are given in Table 5. From 
the SSE values, the quality of fit using the EL isotherm 
for zinc were rather good, however, the quality of fits 
for cadmium were very poor. From the ion interaction 

Table 5
Comparison of the binary system adsorption constants for each component evaluated from the modified extended Langmuir, 
modified extended Freundlich and modified extended Redlich–Peterson models for simultaneous sorption of cadmium and 
zinc onto PKS

Component Modified extended 
Langmuir (MEL)

Modified extended Freundlich (MEF) Modified extended 
Redlich–Peterson (MER)

ηL,1 ηL,2 SSE b11 a12 b12 b22 a21 b21 SSE η1 η2 SSE

Cadmium 15.94 6.05 11.12 0.50 10.54 0.34 — — — 10.94 21.87 12.74 13.45

Zinc 1.31 1.45 10.60 — — — 0.56 0.01 0.30 32.52 1.17 1.31 22.72

Fig. 3. Application of extended Langmuir (EL) isotherm model 
for simultaneous sorption of cadmium-zinc onto PKS-based 
activated carbon.
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analysis, the binary systems studied in this work were 
of competitive adsorption. As the extended Langmuir 
isotherms do not accounted for competitive adsorption, 
it is not surprised that it could not predict accurately the 
binary adsorption equilibrium [38].

3.3.2. Correlative models

Several isotherms have been proposed to describe 
equilibrium of competitive adsorption, namely the modi-
fied extended Langmuir (MEL), the modified extended 
Freundlich (MEF), and the modified extended Redlich–
Peterson (MERP) models. These models are character-
ized by single metal system isotherm parameters and by 
additional correction factors estimated from the binary 
adsorption data.

For competitive adsorption, Schay [39] introduced the 
modified extended Langmuir model by incorporating 
interaction parameters, η: 
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where ηL,i is the Langmuir correction coefficients of com-
ponent i extracted from the competitive adsorption data.

The modified extended Freundlich isotherm is an 
empirical extension of the Freundlich isotherm whereby 
single component isotherm constants are combined with 
correlative constants derived from binary component 
equilibrium data [38]. 

The modified extended Freundlich model is restricted 
to binary component [40]:
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where a0
F,1 and b0

F,1 are single-component Freundlich 
constants. To evaluate the correlative constants takes  
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b0
F,1 + b11 = 1 and b0

F,2 + b22 = 1 in Eqs. (9) and (10), respec-
tively [41].

Mathews [42] extended the three-parameter isotherm 
of Redlich and Peterson in a manner analogous to that 
used by Schay with the Langmuir isotherm:
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where ηi is the correction coefficient of component i 
estimated from correlative multicomponent adsorption 
data. Parameters K0

R,i, a0
R,j and βj

0 are obtained from single 
component data.

The MEL, MEF and MERP models for adsorption of 
cadmium and zinc onto PKS-based activated carbon are 
plotted in Fig. 4. The model parameters of the MEL, MEF 
and MERP models estimated from binary adsorption data 
and their respective SSE are given in Table 6. Based on 
Fig. 4, the isotherm parameters for cadmium and zinc 
obtained using nonlinear regression method provided in 
Microsoft Excel Solver appeared to give acceptable fits to 
the experimental data.

Table 6 shows that the SSE values for all three correla-
tive models for cadmium were relatively low, with the 
lowest being the MEF model. For equilibrium of zinc in 

Table 6
Comparison of the binary system adsorption constants for each 
component evaluated from the EL, MEL, MEF and MER mod-
els for simultaneous sorption of cadmium and zinc onto PKS

Isotherm models Components

Cadmium Zinc

Extended Langmuir (EL)
SSE 3675.05 42.32

Modified extended Langmuir
ηL,1 15.94 1.31
ηL,2 6.05 1.45
SSE 11.12 10.60

Modified  extended Freundlich
b11 0.50 —
a12 10.54 —
b12 0.34 —
b22 — 0.56
a21 — 0.01
b21 — 0.30
SSE 10.94 32.52

Modified extended Redlich–Peterson
η1 21.87 1.17
η2 12.74 1.31
SSE 13.45 22.72

Fig. 4. Application of modified extended Langmuir (MEL), 
modified extended Freundlich (MEF) and modified extended 
Redlich–Peterson (MERP) for simultaneous sorption of 
cadmium-zinc onto PKS-based activated carbon.
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binary mixtures, the MEL model provided the lowest SSE, 
followed by the MERP and the MEF.

The data in Fig. 4 indicate that there is a strong compe-
tition in adsorptive capacity between zinc and cadmium. 
The uptakes of both zinc and cadmium were reduced in 
the binary mixtures. The adsorptive capacity of cadmium 
in the mixture is very much reduced by the presence of 
zinc, resulting in a much lower adsorptive capacity. Un-
like single component system, the adsorptive capacity of 
cadmium in the binary mixtures is less than zinc.

Because of the competition between the two metal ion 
species for the surface sites, the individual adsorption 
constants cannot define exactly the binary adsorption 
behaviour. The phenomena of metal ions competition is 
complex and need further investigation. For that reason, 
better accuracy is achieved by using isotherms related 
to the individual isotherm parameters and to correction 
factors such as the competitive MEL model.

The values of the modified Langmuir coefficient (η) 
were much higher than 1.0 explaining why the extended 
Langmuir model used earlier could not predict well the 
binary-system adsorption. The use of the interaction 
term η improved the fit of the modified Langmuir model 
significantly.

The values of the modified Langmuir coefficient for 
zinc were close to unity, suggesting that the extended 
Langmuir model could also be used to predict the two-
component data [43]. However, the modified Langmuir 
coefficient for cadmium were much greater than unity 
indicating that the extended Langmuir model could not 
be used to predict the binary-system adsorption [14]. 
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4. Conclusion

Single component equilibrium data for both cadmium 
and zinc were found to be fitted best using the Redlich–
Peterson model. The maximum adsorption capacity of 
cadmium and zinc on PKS-based activated carbon are 
53.13 mg/g and 36.83 mg/g, respectively. However, the 
adsorption of cadmium in the binary system is lower 
than zinc.

The predictive models, namely the extended Lang-
muir described rather well the adsorption equilibrium of 
zinc in a binary mixture. However, they did not accurately 
predict the adsorption equilibrium of cadmium in a bi-
nary mixture. Correlative models were found to describe 
well the binary components adsorption equilibrium by 
using single component parameters and additional cor-
rection factors. Based on the sum of the square of the error, 
the adsorption isotherms of binary component metal ions 
are best fitted by the modified extended Langmuir model.

 

Symbols

aF — Freundlich constant , L/mg
aL  — Langmuir constant for energy of the sorbent, 

L/mg
aR — Redlich-Peterson constants, L/mg
bi,j — Correlation constants in empirical Freundlich
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
KR — Redlich-Peterson constants, 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

Greek

β — Redlich–Peterson exponent 
ηL,i — Langmuir correction coefficients of component 

i
ηi — Redlich–Peterson correction coefficient of com-

ponent i
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