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Isotherm parameters for basic dyes onto activated carbon:
Comparison of linear and non-linear method
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Abstract

Equilibrium sorption experiments were carried out at 305 K with four different basic dyes basic red 9 (BR9), basic violet 3 (BV3), basic brown
1 (BB1) and basic violet 10 (BV10) onto activated carbon. The isotherm parameters were estimated linear and non-linear regression analysis.
Non-linear method was found to be more appropriate method for estimating the isotherm parameters. The sorption capacity of activated carbon to
uptake cationic dye ions in the increasing order was given by: BR9 (131 mg/g) < BV3 (247 mg/) < BV10 (259 mg/) < BB1 (404 mg/g).
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

Activated carbon adsorption is the most commonly used tech-
ique for the treatment of wastewaters. Activated carbon has
idely been used for removing various pollutants from their
queous solutions. The adsorption capacity of the carbon and
lso the performance of the activated carbon adsorption sys-

em are usually predicted from equilibrium sorption isotherms.
he widely used isotherms by several researchers for different
orbate/sorbent systems are Freundlich[1], Langmuir[2] and
edlich and Peterson[3] isotherms. Linear regression was the
ost commonly used technique to estimate the sorption isotherm
arameters. However, previous studies showed that the lin-
arization of a non-linear isotherm expression produce different
utcomes[4–7]. In the present study, a non-linear method was
sed to estimate the Freundlich, Langmuir and Redlich–Peterson

sotherm parameters involved during the sorption of four basic
yes: BR9, BV3, BB1 and BV10 onto activated carbon. Basic
ye/activated carbon systems were selected as model system

n order to study the impact of linearization over the sorp-
ion isotherm parameters. A comparison was made between

the linear and non-linear methods of estimating isoth
parameters.

2. Experimental

The dyes BR9, BV3 and BV10 used in the present inves
tion were obtained from Ranbaxy chemicals, Mumbai and
dye BB1 was obtained Loba chemicals, Mumbai. The struc
of dyes used in the present study are shown inFig. 1a–d. The
dye stock solutions were prepared by dissolving 1 g of dy
1 l of distilled water. All working solutions were prepared
diluting the stock solution with distilled water.

The powdered activated carbon used in the present
was obtained from E-Merck Limited, Mumbai. The comm
cially obtained activated carbon was directly used as adsor
without any pretreatment. Some of the specifications o
activated carbon used in the present study as supplied b
manufacturer are given by: substances soluble in water≤ 1%,
substances soluble in HCl≤ 3%, Cl≤ 0.2% and SO42− ≤ 0.2%.
Heavy metals as lead (Pb)≤ 0.005%, iron (Fe)≤ 0.1%
and incomplete carbonization: passes test, methylene
∗ Corresponding authors. Tel.: +91 9444469876; fax: +91 44 22203525.
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adsorption≤ 180 mg/g, loss on drying≤ 10% and residue on
ignition≤ 5%.

Batch adsorption studies were carried out by contacting
0.01 g of activated carbon with 50 ml of dye solution of known
initial dye concentration in 125 ml capped conical flasks. The
304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. (a) Basic Red 9; (b) basic brown 1; (c) basic violet 3; (d) basic violet 10.

contact was made using water bath shakers at a constant agitati
speed of 95 strokes with a stroke length of 1.5 cm at two differen
solution temperatures 305 and 313 K. All the experiments were
carried out at a constant initial pH of 8. The contact was made
for 48 h, which is more than sufficient time to reach equilibrium.
Preliminary studies carried out at different dye concentrations

showed that the equilibrium time was found to vary between
38 and 40 h. After 48 h, the dye solutions were separated from
the adsorbent by centrifugation. The left out concentration in
the supernatant solution was analyzed using a UV Spectropho-
tometer.

3. Results and discussions

3.1. Error analysis

In the present study, the coefficient of determinationr2 was
used to determine the best-fit isotherm model:

r2 =
∑

(qm − qe)2∑
(qm − qe)2 + ∑

(qm − qe)2
(1)

whereqm is the equilibrium capacity obtained from isotherm
model,qe the equilibrium capacity obtained from experiment
andqe is the average ofqe.

3.2. Linear regression analysis

The Freundlich, Langmuir and Redlich–Peterson isotherms
and their linearized forms were shown inTable 1. FromTable 1,
it was observed that the Langmuir isotherms could be lin-
earized to atleast four different types. The type 1 Langmuir
i
t te in
l ons.
T the
e
L m
t
q pe
4 lich
i lot
o on-
s
v zed
f
t n

Table 1
Isotherms and their linear forms

Isotherm Linear form ce

Freundlich qe = KFC
1/n
e log(qe) = log(

Type 1 Langmuir

qe = qmKaCe

1 + KaCe

Ce

qe
= 1

qm
Ce +

Type 2 Langmuir
1

qe
=

(
1

Kaqm

Type 3 Langmuir qe = qm −
(

K

Type 4 Langmuir
qe

Ce
= Kaqm −

Redlich–Peterson qe = ACe

1 + BC
g
e

ln
(

A
Ce

qe
− 1

)

on
t

sotherm was the most commonly used linear expression[7–11]
o study the relation between the concentration of solu
iquid phase and in the solid phase at equilibrium conditi
ype 2 Langmuir expressions were also used to explain
quilibria phenomena of dye adsorption process[12–14]. The
angmuir constantsqm andKa values can be calculated fro

he plot betweenCe/qe versusCe, 1/qe versus 1/Ce, qe versus
e/Ce, andqe/Ce versusqe for types 1, type 2, type 3 and ty
Langmuir isotherms, respectively. Similarly the Freund

sotherm constantsKF and 1/nF can be calculated from the p
f log(qe) versus log(Ce). The Redlich–Peterson isotherm c
tants can be predicted from the plot between ln[(ACe/qe) − 1]
ersus ln(Ce). However, this is not possible as the lineari
orm of Redlich–Peterson isotherm equation (Table 1) contains
hree unknown parametersA, B andg. Therefore, a minimizatio

Plot Referen

KF) + 1

n
log(Ce) log(qe) vs. log(Ce) [1]
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vs. ln(Ce) [3]
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Table 2
Isotherm constants for basic dyes onto activated carbon by linear method at
305 K

Adsorbate/adsorbent
system

BB1/AC BR9/AC BV3/AC BV10/AC

Type 1 Langmuir
qm (mg/g) 404 127 244 254
Ka (L/mg) 0.0168 0.0115 0.0167 0.0417
r2 0.987 0.974 0.990 0.999

Type 2 Langmuir
qm (mg/g) 465 145 273 261
Ka (L/mg) 0.0126 0.0088 0.0129 0.0367
r2 0.982 0.985 0.982 0.992

Type 3 Langmuir
qm (mg/g) 415 132 251 260
Ka (L/mg) 0.0159 0.0107 0.0156 0.0376
r2 0.906 0.882 0.915 0.980

Type 4 Langmuir
qm (mg/g) 435 140 261 261
Ka (L/mg) 0.0144 0.0094 0.0142 0.0368
r2 0.906 0.882 0.915 0.980

Freundlich
1/n 0.511 0.524 0.469 0.225
KF (mg/g) (L/g)n 23.8 5.9 17.1 71.3
r2 0.937 0.939 0.932 0.927

Redlich–Peterson
g 1.000 1.000 1.000 1.000
B 0.0138 0.0094 0.0139 0.0376
A 6.1 1.3 3.7 9.76
r2 0.966 0.972 0.977 0.999

procedure is adopted to maximize the coefficient of determina
tion r2 between the theoretical data forqe predicted from the
linearized form of Redlich–Peterson isotherm equation and the
experimental data. The way of obtaining the isotherm constant
were explained inTable 1. The predicted isotherm constants for
the four different basic dyes and their correspondingr2 values
by the linear method were shown inTable 2. From Table 2,
it was observed that the calculated isotherm parameters an
their correspondingr2 values varied for the four linearized
types (types 1–4) of Langmuir isotherm. Type 1 Langmuir
isotherm showed a better fit for BV10, BV3 and BB1 acti-
vated carbon followed by type 2 Langmuir isotherms. In case
of BR9/activated carbon system, type 2 Langmuir isotherm was
found to be the best-fitting isotherm followed by type 1 Lang-
muir isotherm. Types 3 and 4 forms have samer2 values and
showed a very poor fit towards the experimental equilibrium
data of all the four basic dyes studied onto activated carbon
Except for BR9/activated carbon system the type 1 Langmuir
isotherm was found to be the best-fitting isotherm followed by
Redlich–Peterson and Freundlich isotherm, whereas the type
Langmuir was found to be best-fitting isotherm for the remain-
ing systems followed by Redlich–Peterson and Freundlich
isotherm.

The present investigation suggests that the linear least squar
method as a reasonable approach to determine the optimu
isotherm and also for estimating the isotherm parameters. How
e ed

Langmuir isotherms with Freundlich and Redlich–Peterson
isotherm alone will produce different outcomes. In the case of
BB1/activated carbon system, the higherr2 value of type 1 or 2
Langmuir isotherm suggest that Langmuir isotherm was found
to be the best-fitting isotherm followed by Redlich–Peterson
and Freundlich isotherm. The lowerr2 value of types 3 and 4
Langmuir isotherm suggest that the Redlich–Peterson isotherm
is the best-fit isotherm followed by Freundlich and Langmuir
isotherm for BB1/activated carbon systems. For BR9 onto acti-
vated carbon system, ther2 values for types 1 and 2 isotherm
suggest the Langmuir is the best-fitting isotherm followed
by Redlich–Peterson and Freundlich isotherm. The lowerr2

value of types 3 and 4 Langmuir isotherm suggest that the
Redlich–Peterson is the best-fit isotherm for BR9 onto acti-
vated carbon followed by Freundlich and Langmuir isotherms.
Similarly, different outcomes were observed for the sorption
of BV3 and BV10 onto activated carbon. These different out-
comes show the real complexities in estimating the isotherm
parameters using the linearization technique. The different out-
comes further suggest that the better fit of a set of experimental
data in a particular isotherm model over another model alone
is not sufficient to predict the sorption mechanism. The differ-
ence between the predicted and experimental equilibrium data
by different linear expressions can be due to the problems with
the transformation of non-linear to linear expression which will
distort the experimental error and also the normality assump-
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ions of the least squares method. Further linear method
ot test whether the experimental data are linear. It ass

he experimental data were linear and predicts the slope
ntercept that makes a straight line that predicts the best-
xperimental equilibrium data. The linear method assume
he scatter of points around the line follows a Gaussian
ribution and the error distribution is the same at every v
f X. But this is rarely true or practically impossible w
quilibrium isotherm models (as most of the isotherm m
ls are non-linear) as the error distribution gets altered

ransforming the data to a linear form. The linear method
redicts theY for the correspondingX. It considers only th
rror distribution along theY-axis irrespective of the corr
pondingX-axis resulting in the different determined parame
Table 2) for the four different types of linearized Langm
sotherms for the same experimental data. Thus, the exper
al data were further fitted to the experimental equilibrium da
R9, BV3, BB1 and BV10 onto activated carbon by non-lin
ethod.

.3. Non-linear method

For non-linear method, a trial and error procedure, w
s applicable to computer operation, was used to deter
he isotherm parameters by minimizing the respective
oefficient of determination between experimental data
sotherms using the solver add-in with Microsoft’s spreads

icrosoft excel.Fig. 2 shows the experimental equilibriu
ata and the predicted theoretical isotherms for the sor
f BR9, BV3, BB1 and BV10 onto activated carbon. The
ulated isotherm constants by non-linear method were s
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Fig. 2. Adsorption isotherms for basic red 9, basic brown 1, basic violet 3 and
basic violet 10 onto activated carbon at 305 K.

Table 3
Isotherm constants for basic dyes onto activated carbon by non-linear method
at 305 K

Adsorbate/adsorbent
system

BB1/AC BR9/AC BV3/AC BV10/AC

Langmuir
qm (mg/g) 406 131 247 259
Ka (L/mg) 0.0168 0.0110 0.0163 0.0378
r2 0.984 0.969 0.982 0.987

Freundlich
1/n 0.476 0.502 0.444 0.230
KF (mg/g) (L/g)n 27.9 6.6 19.2 69.6
r2 0.946 0.930 0.939 0.926

Redlich–Peterson
g 1.000 1.000 1.000 1.000
B 0.0168 0.0110 0.0163 0.0377
A 6.8 1.4 4.0 9.8
r2 0.984 0.969 0.982 0.987

in Table 3. From Table 3, it was observed that the results
from the four Langmuir linear equations are the same. By
using non-linear method there are no problems with transfor
mations of non-linear Langmuir isotherm equation to linear

forms, and also they are in the same error structures.Fig. 2
shows that the Redlich–Peterson and Langmuir isotherms over-
lapped each other, and seemed to be the best-fitting models
for the experiment results with the same values of coeffi-
cient of determination (Table 3). Thus, Langmuir isotherm is
a special case of Redlich–Peterson isotherm when constantg
was unity. The sorption capacity of activated carbon to uptake
cationic dye ions in the increasing order (Table 3) was given
by: BR9 (131 mg/g) < BV3 (247 mg/) < BV10 (259 mg/) < BB1
(404 mg/g).

4. Conclusions

The present investigation showed that the non-linear method
is a better way to obtain the isotherm parameters. The exper-
imental equilibrium data of BR9, BV3, BB1 and BV10 onto
activated carbon were well represented by both Langmuir
and Redlich–Peterson isotherms. Langmuir is a special case
of Redlich–Peterson isotherm when the constantg equals
unity.
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