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Abstract. Equilibrium data of free cyanide adsorption onto activated carbon were obtained from a series of
batch experiments. Linear and Non-linear regression methods were used to determine the best fit of
equilibrium data. The two-parameter models including Freundlich, Dubinin–Radushkevich, Temkin and
Langmuir and three-parameter models including Redlich–Peterson and Koble–Corrigan were employed for
fitting the equilibrium data. The four Langmuir linear equations are discussed. It was found that the Nonlinear regression model is a better way for predicting the isotherm parameters. Among all of the isotherm
models, it was revealed that the Koble–Corrigan model fitted the data better than the other.

Keywords: Activated carbon; Cyanide adsorption; Isotherm; Linear and Non-linear regression

1. Introduction
Effluents originated from electroplating and metal finishing plants and various chemical industries
contain different amounts of free cyanide and metal cyanide complexes, which are very toxic to humans and
aquatic lives [1-4].There are numerous technologies which can be applied to clean up cyanide contaminated
effluents. Among them, the treatment of wastewaters with activated carbon is considered to be an effective
method for the removal of free cyanide from waste aqueous solutions [5]. This is due to porous structure,
very high surface area, high degree of surface reactivity, and easily availability of activated carbons [5].
In order to determine the adsorption capacity of activated carbons and also to predict the performance of
an activated carbon adsorption system, the analysis of the equilibrium data should be performed to find the
best fitting equilibrium sorption isotherm [6-8].The adsorption isotherms describe the relationships between
the adsorbent and the adsorbate. Also, the equilibrium parameters predict how the adsorbate interacts with
the adsorbent. Freundlich, Langmuir, Temkin, Dubinin-Radushkevich, Redlich-Peterson, Koble-Corrigan are
the most widely used isotherms to evaluate the solute uptake process at equilibrium conditions.
The method of least squares with linearly transformed isotherm equations is the most widely used
technique for finding the best fit of adsorption isotherm [9-11]. In recent years, the non-linear regression
method has been proposed as a better way to find the best fitting of adsorption equilibrium [12]. In the nonlinear regression method, the error distribution between the experimental data and the predicted isotherm
must be minimized by an iterative procedure [12]. In this investigation, the linear and nonlinear regression
methods were used to determine the best fit of equilibrium isotherm for free cyanide adsorption onto
activated carbon.

2. Materials and methods
2.1 Reagents
+
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In this study analytical grade sodium cyanide (NaCN), silver nitrate (AgNO3), potassium iodide (KI),
sodium hydroxide (NaOH) and industrial grade coconut shell activated carbon, produced through a steam
activation process by Haycarb company, Sri Lanka, were employed. Before use, a size fraction of −2.36 +2
mm of the activated carbon was separated and dried in air and divided into 1.5g portions. Following acid
treatment of carbon with 1% hydrochloric acid solution, the sample was thoroughly rinsed with distilled
water and then added to the cyanide aqueous solution of predetermined initial concentration.

2.2 Batch equilibrium experiments and analytical method

Adsorption tests were carried out using a 2.5L capacity glass bottles at ambient temperature (25±2oC).
Stock solution of cyanide at the concentration of 2000 mg/L was prepared by dissolving 2.0 g of sodium
cyanide in 1 L of distilled water pre-adjusted to pH 10. Experimental solutions at desired concentrations
were obtained by dilution of the stock solution with distilled water pre-adjusted to pH 10. The cyanide
concentration of each solution was analyzed by titrating against standard silver nitrate solution (0.001M) in
the presence of potassium iodide (10 g/L in distilled water) as indicator. Analyses were repeated in triplicate
and averaged. The initial cyanide concentrations of the experimental solutions were determined as 102, 202,
306, 396 and 532 mg/L. 500 mL of the experimental solutions were placed in bottles and then 1.5 g prepared
activated carbon was added to each bottle. The bottles were rolled at a constant rotation of 100 rpm for 72 h
to reach the equilibrium.
Sampling was performed by removing 5 mL aliquots at predetermined time intervals. The samples were
then analyzed for cyanide as above mentioned method. The amount of cyanide adsorption at equilibrium, qe
(mg/g), was calculated by:
qe =

(c0 − ce )V
W

where C0 and Ce (mg/L) are initial (t=0) and equilibrium cyanide concentrations, respectively. Vis the
volume of the solution (L) and Wis the mass of dry carbon used (g).

2.3 Validity of adsorption isotherm

Apart from the correlation coefficient (R2), the Marquardt’s percent standard deviation (MPSD) and the
hybrid error function (HYBRID) were also used to measure the goodness-of-fit. MPSD and HYBRID can be
defined as:
MPSD = 100

HYBRID =

exp
cal
1 N q e i − q ei 2
(
)
∑
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q exp e i

(3)
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where q ei is the observation from the batch experiment i, q ei is the estimate from the isotherm for
exp
corresponding q ei , Nis the number of observations in the experimental isotherm and Pis the number of
parameters in the regression model. The smaller MPSD and HYBRID values indicate more accurate
estimation of qe value.
MPSD and HYBRID functions were used in addition to R2because the number of parameters in the
regression model (i.e., P parameter) is effective in them.

3. Results and discussion
3.1 Linear regression method
In this study, equilibrium data were fitted by four "two-parameter isotherms" including Freundlich,
Langmuir, Dubinin-Radushkevich and Temkin and two "three-parameter isotherms" including RedlichPeterson and Koble-Corrigan. The Langmuir adsorption model describes monolayer adsorption of adsorbate
onto a homogeneous adsorbent surface [13]. Moreover, there is negligible interaction between the adsorbed
molecules and adsorption sites having uniform energies [14]. The empirical Freundlich model is based upon
the assumption of multilayer formation of adsorbate on the heterogeneous solid surface of the adsorbent and
assumes that the stronger binding sites are occupied first and that the binding strength decreases with the
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increasing degree of site occupation [15]. Values KF and 1/n are Freundlich constants related to adsorption
capacity and intensity of adsorption, respectively. The lower fractional value of 1/n [0 < (1/n) < 1] indicates
that weak adsorptive forces are effective on the surface of activated carbon [16]. The Temkin model
considered the effects of some indirect adsorbate/adsorbate interactions on adsorption isotherms [17]. The
Dubinin-Radushkevich equation assumes that the amount adsorbed corresponding to any adsorbate
concentration is a Gaussian function of the Polanyi potential [18]. The three-parameter Redlich–Peterson
equation consists of both features of Langmuir and Freundlich isotherm models [19]. Koble–Corrigan model
is also three-parameter equation which has an exponential dependence on concentration in the numerator and
denominator. This model is a combination of the Langmuir and Freundlich isotherm type models and is
usually used with heterogeneous adsorption surfaces [20].
Langmuir isotherm model can be linearized into at least four different types as shown in Table 1. The
relative parameters of each type of Langmuir isotherm were obtained from the plots of [Ce/qe vs. Ce], [1/qe vs.
1/Ce], [qe vs. qe/Ce], and [qe/Ce vs. qe]. Also, the relative parameters of Freundlich, Dubinin-Radushkevich,
Temkin, Redlich-Peterson, and Koble-Corrigan isotherms were obtained from the plots of [ln(qe) vs. ln(Ce)],
[ln(qe) vs. ε2], [qe vs. ln(Ce)], [ln((ACe/qe) −1) vs. ln(Ce)] and [(1/CeP) vs. (1/qe)], respectively. The linear
regression method of least squares is used for drawing the trend lines. In the case of Redlich-Peterson and
Coble-Corrigan isotherms, the constants ARP and P were obtained by maximizing the R2 value using a trial
and error method that was optimized by 20 iterations using the solver add-in function, in Microsoft Excel.
Linear expression of these isotherm equations and the way to obtain the isotherm parameters are given in
Table 1.
The values of the parameters and the correlation coefficients, Marquardt’s percent standard deviation
(MPSD) and the hyrbrid error function (HYBRID) obtained are listed in Table 2.
The applicability of the isotherm equation to describe the adsorption process was judged by the
correlation coefficients (i.e., R2). The adsorption isotherm models fitted the data, based on the R2 values, in
the order of: Koble–Corrigan > Redlich-Peterson > Freundlich >Langmuir-type (I) > Temkin > Langmuirtype(II) > Dubinin–Radushkevich > Langmuir-type (III&IV) isotherm.
The above order revealed that the equilibrium data are better fitted by the three-parameter models rather
than the two-parameter models. The Koble–Corrigan model was found to best represent the equilibrium data,
showing that the surface of activated carbon for adsorption of free cyanide may be heterogeneous with a
different energy distribution.
The Freundlich isotherm model fitted the experiment data better than Langmuir isotherm model, also
suggested that the surface of activated carbon for adsorption of cyanide is heterogeneous. Furthermore,
multilayer adsorption of cyanide has been proposed by Freundlich isotherm model. Value of n>1 represents a
favorable adsorption condition. Between different linear types of Langmuir model, type (I) best represent the
equilibrium data.
In Fig.1.a the predicted amount of adsorption at equilibrium by various equilibrium isotherm models
obtained from the linear regression method was plotted against the experimental values. As shown in Fig.1.a,
the difference between experimental data and calculated values by Koble-Corrigan isotherm is very low and
it is showing that, this isotherm model is the best isotherm for predicting of the amount of cyanide adsorbed
by activated carbon at equilibrium. MPSD and HYBRID values (Table 2), also suggesting that Koble–
Corrigan isotherm provides a better model of the sorption system.
Table 1: Isotherms and their linearized expressions
Isotherms
Freundlich**

Langmuir**

Equations
qe=KF(Ce)1/n

qe=(qmKLCe)/(1+KLCe)

Linear expression
lnqe=lnKF + n-1lnCe

Plot
lnqe vs. lnCe

Parameters
KF=exp(intercept),n=(slope)-1

Type(I)

Ce
C
1
=
+ e
qe K Lq m q m

(Ce/qe) vs. Ce

qm=(slope)-1,
KL=slope/intercept

Type(II)

1
1
1
=
+
q e K L q m Ce q m

1/qe vs. 1/Ce

qm=(intercept)-1,
KL=intercept/slope

qe vs. qe/Ce

qm= intercept,
KL= - (slope)-1

qe/Ce vs. qe

qm= -(intercept/slope),
KL=-slope

Type(III)
Type(IV)

qe = qm − (

1 qe
)
K L Ce

qe
= K Lq m − K Lqe
Ce
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Temkin**

qe=qm ln(KTCe)

qe=qmlnKT + qmlnCe

qe vs. lnCe

qm=slope,KT= exp(intercept/slope)

Dubinin–
Radushkevich**

qe=qmexp(-Dε2)
that ε=RTln(1+Ce-1)

lnqe=lnqm-Dε2

lnqe vs. ε2

qm=exp(intercept),D= -slope

Redlich-Peterson***

qe=(ARPCe)/(1+BRPCeg)

ln[(ARPCe/qe)-1]=glnCe+lnBRP

ln[(ARPCe/qe)-1]
vs. lnCe

g=slope, BRP=exp(intercept),
ARP*

Koble–Corrigan***

qe=(AKCCeP)/(1+BKCCeP)

(1/qe)=(1/AKCCeP)+(BKC/AKC)

(1/qe) vs. (1/CeP)

AKC=(slope)-1,BKC=intercept/slope, P*

*

optimized using a trial and error method
two-parameter isotherm
***
three-parameter isotherm
**

Table 2: Isotherms parameters by linear regression method for the sorption of cyanide by activated carbon.
Isotherms

R2

MPSD

HYBRID

parameters

Freundlich

0.9902

3.6961

3.4303

KF=3.1393 (mg g-1)(L mg-1)1/n; n=2.4938

Type(I)

0.9652

12.1201

28.1772

qm=47.62 (mg g-1);KL=0.007179(L mg-1)

Type(II)

0.9410

10.541

32.531

qm=37.9 (mg g-1);KL=0.00129 (L mg-1)

Type(III)

0.5902

22.432

129.011

qm= 31.102 (mg g-1);KL= 0.01894 (L mg-1)

Type(IV)

0.5902

87.725

2641.24

qm= 34.3 (mg g-1);KL=0.00112 (L mg-1)

Temkin

0.9515

8.7449

17.0321

qm=9.766 (mg g-1); KT=0.0815 (L mg-1)

Dubinin–Radushkevich

0.7547

18.9112

96.6844

qm=30.08 (mg g-1); D=0.00032 (mol2 kJ−2)

Redlich-Peterson

0.9946

4.7277

4.2905

g=0.626; BRP=1.06 (L mg-1)g; ARP= 4 (mg g-1) (L mg-1)

Koble–Corrigan

0.9996

0.9613

0.1522

AKC=3.52(mg g-1) (L mg-1)P; BKC=-0.45(L mg-1)P; P= 0.1

Langmuir

Table 3: Isotherms parameters by Non-linear regression method for the sorption of cyanide by activated carbon.
Isotherms

R2

MPSD

HYBRID

parameters

Freundlich

0.9917

4.3973

3.6382

KF=2.7149 (mg g-1)(L mg-1)1/n; n= 2.3368

Langmuir

0.9455

13.4903

32.4525

qm=48.1693 (mg g-1);KL=0.0065 (L mg-1)

Temkin

0.9537

9.9992

20.0317

qm=10.2647(mg g-1); KT=0.0715 (L mg-1)

Dubinin–Radushkevich

0.7803

34.0710

212.3680

qm=33.7236 (mg g-1); D=0.0007(mol2 kJ−2)

Redlich-Peterson

0.9917

4.4045

3.6490

g=0.5723; BRP=112.3118(L mg-1)g;
ARP= 305.4438 (mg g-1) (L mg-1)

0.9996

Koble–Corrigan

0.7899

AKC=3.6145(mg g-1) (L mg-1)P;

0.1493

BKC=-0.42871(L mg-1)P;P=0.105963
39

(a)

34
29

Exprimental data
Redlich-Peterson
Koble–Corrigan
Freundlich
Temkin
Dubinin–Radushkevich
Langmuir-type1

24
19
14
9
10

15

20

25

30

35

Calculated qe (mg/g)

Calculated qe (mg/g)

39

(b)

34
29

Exprimental data
Redlich-Peterson
Koble–Corrigan
Freundlich
Temkin
Dubinin–Radushkevich
Langmuir

24
19
14
9
10

40

Real qe (mg/g)

15

20

25

30

35

40

Real qe (mg/g)

Fig.1. Calculated qe by different isotherm models obtained from (a) Linear regression method and (b) Non-linear
regression methodvs. experimental qe

3.2. Non-linear regression method
In Non-linear regression method, the abilities of the widely used isothermsto model the equilibrium data
were examined by a trial-and-error procedure using the solver add-in with Microsoft’s spreadsheet,
Microsoft Excel. The R2 value is used to minimize the error distribution between the experimental
equilibrium data and the predicted isotherms. Table 3 shows the isotherm parameters obtained using the
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Non-linear method. The result of Non-linear regression method also revealed that the Koble-Corrigan
isotherm fits the data in the best way. It can be seen that except than the Langmuir isotherm, the Non-linear
regression method better fitted the data in comparison with the linear regression method.
The Langmuir constants obtained from the non-linear and linear methods differed even when compared
with the results of Langmuir-1, which had the highest coefficient of determination for Langmuir isotherm
(Tables 2 and 3). It seems that the best fit was obtained by Langmuir-1 in comparison with other Langmuir
linear equations and also the Non-linear regression method due to the highest coefficient of determination
and the lowest hybrid error function.
In Fig.1.b. the prediction of the amount of adsorption at equilibrium by various equilibrium isotherm
models obtained from Non-linear regression method was plotted against the experimental values. As shown
in Fig.1.b., the difference between experimental data and calculated values by Koble-Corrigan isotherm is
very lower than the other isotherm models. Comparison between Figs.1.a and b suggests that the Non-linear
regression method is a better way to fit the equilibrium data than the linear regression method.

4. Conclusion
Three-parameter isotherm models fitted the cyanide adsorption equilibrium data better than the twoparameter isotherm models and among them the adsorption equilibrium data of cyanide were best
represented by Koble–Corrigan isotherm model, showing that the surface of activated carbon for adsorption
of free cyanide may be heterogeneous with a different energy distribution.
The Freundlich isotherm model fitted the equilibrium data better than Langmuir isotherm model,
revealing that the adsorption of cyanide onto the activated carbon was multilayer adsorption. Also, between
four different linear types of Langmuir model, type (I) shows better fitting with experimental data.
It was showed that the Non-linear regression method is a better way to obtain the isotherm parameters.
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