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The adsorption of two acid dyes Acid Black 1 (AB1) and Acid Blue 113 (AB113) onto mesoporous granular
pine-cone derived activated carbon and the adsorption of three acid dyes Acid Black 80 (AB80), Acid
Red 114 (AR114) and Acid Yellow 117 (AY117) onto microporous Granular Activated Carbon (GAC) type
F400, from aqueous solution, has been studied in a batch system. Seven two-parameter isotherm mod-
els – Langmuir, Freundlich, Dubinin–Radushkevich, Temkin, Halsey, Jovanovic and Harkins–Jura – were
used to correlate the experimental data. Adsorption isotherm modeling shows that the interaction of
dye with activated carbon surface is by localized monolayer adsorption. In order to determine the best
fit isotherm for each system, nine error analysis methods, namely, chi-square (�2), log-likelihood (G2),
sotherms

cid dyes
rror function analysis

residual root mean square error (RMSE), sum of the squares of the errors (ERRSQ), composite functional
error (HYBRD), derivative of Marquardt’s percent standard deviation (MPSD), average relative error (ARE),
sum of absolute error (EABS) and average percentage error (APE) were used to evaluate the data.

In order to facilitate decision making for the best fit data set, a procedure of normalizing and combining
the error results was adopted producing a “sum of the normalized errors” for each parameter set from

lized
which the “lowest norma

. Introduction

In general, there are four main methods of reducing color in
extile effluent streams: physical methods such as membrane tech-
ology, chemical methods such as coagulation and photochemical
xidation processes, biological methods such as anaerobic/aerobic
equential process and physico-chemical processes [1,2]. Among
he physico-chemical processes, adsorption technology is consid-
red to be one of the most effective and proven technologies having
otential application in both water and wastewater treatment
3].

Adsorption equilibria data is the most important piece of infor-
ation in understanding an adsorption process. No matter how
any components are present in the system, the adsorption equi-

ibria and diffusion of pure components are the essential ingredient

or understanding the amount of those components which can be
ccommodated by a solid adsorbent [4,5].

Modeling of sorption isotherm data is important for predicting
nd comparing adsorption performance. Two-parameter isotherm
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error set” is selected.
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models are available for modeling adsorption data. Freundlich [6]
and Langmuir [7] models are the most commonly used isotherms.
Furthermore, other two-parameter models such as Temkin [8],
Dubinin [9], Jovanovic [10], Halsey [11] and Harkins–Jura [12] were
also used.

Activated carbon is the most commonly used adsorbent of dye
removal by adsorption [13]. Although commercial activated car-
bon is a preferred adsorbent for color removal, its widespread use
is restricted due to high cost. As such, alternative non-conventional
adsorbents have been investigated. It is well known that natu-
ral materials, waste materials from industry and agriculture and
biosorbents can be obtained and employed as inexpensive adsor-
bents [14,15].

Many investigations have studied the feasibility of using inex-
pensive alternative materials like bagasse [16], wood [17], tree fern
[18], sugarcane dust [19], orange peel [20], peat [21] and chitin [22]
as carbonaceous precursors for the dye removal.

Pine is a suitable tree for decorative planting in parks and is used
usually as a decorative plant in national parks. Thus ground pine-
cone may be abundantly available and, it would be worthwhile to

develop a low-cost adsorbent from this waste material which may
also be regarded as a sustainable resource, since the trees them-
selves do not have to be harvested. However, the abundant supply
of ground pine-cone as a waste from national parks makes produc-
tion of activated carbon from this material more financially viable

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:kemckayg@ust.hk
dx.doi.org/10.1016/j.cej.2010.03.016
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Nomenclature

Ce Equilibrium concentration of dye in solution
(mg L−1)

C0 Initial dye concentration (mg L−1)
m Sorbent mass (g)
V The solution volume (L)
qe Amount of dye adsorbed at equilibrium time

(mg g−1)
qm Maximum adsorption capacity in Langmuir model

(mg g−1)
b Langmuir constant related to the energy of adsorp-

tion (L mg−1)
n Freundlich and Halsey equation exponents
Kf Freundlich constant indicative of the rela-

tive adsorption capacity of the adsorbent
(mg1−1/n L1/n g−1)

R Universal gas constant (kJ mol−1 K−1)
T Temperature (K)
bT Temkin constant related to heat of sorption

(kJ mol−1)
KT Temkin equilibrium isotherm constant (L g−1)
Kj Jovanovic isotherm constant (L g−1)
qmj Maximum adsorption capacity in Jovanovic model

(mg g−1)
Qs Theoretical monolayer saturation capacity in

Dubinin–Radushkevich model (mg g−1)
BD Dubinin–Radushkevich model constant (mol2 kJ−2)
ε Polanyi potential
AH Harkins–Jura isotherm parameter
B2 Harkins–Jura isotherm constant
KH Halsey isotherm constant
N Number of experimental points
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Table 1
Information regarding the acid dyes.

Name of dyes

AB1 AB113 AB80 AR114 AY117

blue solutions of concentration ranging from 100 to 1000 mg L−1
GPAC Granular pine-cone derived activated carbon

ince using grain or coal as raw materials for activated carbon will
equire extra capital for procurement.

The present research aims to test several two-parameter
sotherm models to describe the sorption data generated from acid
yes sorption by two-type activated carbons (pine-cone derived
ctivated carbon, GPAC, and commercial activated carbon, F400).
he isotherm models parameters were determined using the trial-
nd-error non-linear method by OriginPro Software. Nine error
unctions were also used as a measure of the differences between
alues predicted by a model and the values actually observed from
he experimental data being modeled.

. Materials and methods

.1. Facilities

Weighing of materials was performed by using an analytical bal-
nce with precision of ±0.0001 g (model Sartorius ED124S). Drying
f materials was carried out in an electric oven (model PARS TEB).
arbonization was carried out in a muffle furnace (model Exiton).
he pH of solutions was measured using a digital pH-meter (model
artorius Professional Meter PP-50). The dye solutions were stirred
sing an inductive stirring system (Oxitop IS 12) within a WTW-TS

06/2-i incubator. The samples were centrifuged using a 301 Sigma
entrifuge. The dye concentration in the samples was measured
pectrophotometrically, using a UV-1700 Pharmaspec Shimadzo
pectrophotometer.
Color index number 20,470 26,360 61,585 23,635 24,820
Molecular mass (g) 618 681 676 830 848
�max (nm) 622 574 626 522 438

2.2. Raw materials

Dried pine-cone was used as the raw material to produce the
adsorbent. The pine-cones were collected from the Mardom Park
in front of Hamadan University of Medical Sciences of Iran. The
ground pine-cone derived activated carbon (GPAC) is advantageous
over carbons made from other materials because of its high density
and high purity. This carbon is harder and more resistant to attri-
tion. Acid Blue 113 (AB113) one disazo type dye and Acid Black 1
(AB1), a sulfonated azo dye were used in this study. AB113 and AB1
dyes were obtained from Alvansabet dyestuff and textile auxiliary
manufacturer company in the west of Iran.

Three other dyes, namely Acid Blue 80 (AB80), Acid Red 114
(AR114) and Acid Yellow 117 (AY117), were also used in this study.
The dyestuffs were used as the commercial salts. AB80 and AY117
were supplied by Ciba Speciality Chemicals and AR114 was sup-
plied by Sigma–Aldrich Chemical Company [23]. Some information
regarding the five acid dyes, which were used to measure and
prepare standard concentration dye solutions, is listed in Table 1.
The data include color index number, molecular mass and the
wavelengths at which maximum absorption of light occurs, �max.
The structures of the five acid dyes are shown in Appendix A
Supplementary material.

2.3. Adsorbents

2.3.1. Pine-cone derived activated carbon
The local granular activated carbon (GPAC) was derived from

the ground pine-cone. The local GAC was produced by exposing the
raw pine-cones to a thermal-chemical process. First of all the pine-
cones were crushed and washed with hot water and then dried at
100 ◦C in an oven overnight. A 50 g crushed sample was mixed with
a pre-determined volume of phosphoric acid with concentration of
95% in the mass ratio of 1:10. This mixture was transferred to a
stainless steel tube (50 mm diameter and 250 mm long). This tube
was inserted to a muffle furnace, which was programmed to gradu-
ally reach up to 900 ◦C within 3 h, this temperature was maintained
for 1 h, and then gradually cooled down to the room temperature.
The end product was repeatedly washed using hot distilled water
until the washings showed pH > 6.9; the washed sample was then
again dried at 120 ◦C in an oven overnight. The final sample was
then ground in a household-type blender and passed through a
series of sieves (20, 30, 40, 50 U.S. Standard mesh sizes). A mixture
of the residuals on 30, 40 and 50 sieves were kept in an air-tight bot-
tle and used as the adsorbent in this study. The average adsorbent
particle size was 0.5 mm.

The specific surface area of local GPAC was obtained by the
determination of the optimal concentration of methylene blue
dye adsorbed onto the GPAC sorbent at constant temperature
20 ◦C. Adsorption tests of methylene blue on prepared activated
carbon were examined using a batch process by mixing 0.3 g of
adsorbent in stoppered conical flasks with 100 ml of methylene
at a pH of 7.5 ± 0.2. For the all the concentration range studied
(100–1000 mg L−1), the mixture was magnetically stirred at a con-
stant revolution for 3 days which is more than sufficient time to
reach equilibrium. Absorbance measurements were performed on
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Table 2
Physical properties of activated carbon F400.

Total surface (N2 BET method) (m2 g−1) 1150
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Bed density, backwashed and drained (×103 kg m−3) 425
Particle density (g cm−3) 1.30
Particle voidage fraction 0.38

ethylene blue solutions at 660 nm to determine the equilibrium
oncentration. The methylene blue calculated surface area was
34 m2 g−1.

The potential capacity of an adsorbent for adsorption can be
valuated through iodine adsorption from aqueous solutions using
est conditions referred to as the Iodine Number determination.
his indicates the relative activation level and the micropore sur-
ace area available. Usually adsorbents with a high Iodine Number
ave a high surface area and are suitable for adsorbing small com-
ounds [24]. The Iodine Number was measured according to the
tandard procedure [25] by using the 0.1 N standardized iodine
olution. Sample volumes of 100 ml of the iodine solution were
reated with 0.6, 0.9, and 1.2 g of the different samples. After equi-
ibrium, the remaining iodine in the supernatants was titrated with
.1 N sodium thiosulfate solution. The Iodine Number was reported
s the amount of iodine adsorbed per gram of adsorbent at a resid-
al iodine concentration of 0.02 N. The calculated Iodine Number
alue was 483.5 mg g−1.

The apparent density was calculated by filling a calibrated cylin-
er with a given activated carbon weight and tapping the cylinder
ntil a minimum volume was recorded. This density was referred
s tapping or bulk density of adsorbent. For the real density a pyc-
ometer method was used, which consisted of filling a pycnometer
ith the activated carbon, then added a solvent (methanol) to fill

he void, at each step the weight was determined. The apparent and
eal density values were equal to 0.50 and 1.70 g cm−3, respectively.

The pore volume and the porosity were determined by using
volumetric method which consists in filling a calibrated cylin-

er with a V1 volume of activated carbon (mass m1) and solvent
methanol) until volume V2 (total mass m2) is reached. Knowing
he density of solvent, total porosity volume (1.40 cm3 g−1) and
he porosity (70%) of the adsorbent were easily calculated. The BET
itrogen surface area was determined to be 869 m2 g−1.

.3.2. Activated carbon F400
The other adsorbent used in the research was a Granular Acti-

ated Carbon (GAC) type F400; it was supplied by Chemviron
arbon Ltd. Table 2 shows the physical properties of Activated
arbon F400. This carbon was described by the supplier as a gener-
lly effective water treatment activated carbon. Activated Carbon
iltrasorb 400 was crushed by using a hammer mill and washed
ith distilled water to remove fines. It was dried at 110 ◦C in an

ven for 24 h and then sieved into several discrete particle size
anges, namely, 200–355, 355–500, 500–710 and 710–1000 �m.
he 500–710 �m size range activated carbon was used for the
xperiments in this study. The carbon particles were assumed to
e spheres having a diameter given by the arithmetic mean value
etween respective mesh sizes (average particle diameter, dp, was
05 �m) [23]. The carbon properties are shown in Table 2.

.4. Dye concentration measurement and equilibrium experiment

An accurately weighed quantity of dye was dissolved in distilled
−1
ater to prepare a stock solution (500 mg L ) – for AB113 and AB1

yes. Experimental solutions of the desired concentrations were
btained by successive dilutions. The calibration curves for AB113
nd AB1 were linear from 0.125 to 100 mg L−1 (R2 = 0.999) and 0.062
o 100 mg L−1 (R2 = 0.999). The adsorption equilibrium experiments
Journal 160 (2010) 408–416

were carried out in a batch process. The equilibrium isotherms
were studied in 250 ml Erlenmeyer flasks housed in an incubator
container. The synthetic dyes solutions were prepared by dissolv-
ing dyes in distilled water to produce a solution of 150 mg L−1 of
each dye. To determine the equilibrium time of AB113 and AB1
adsorption onto GPAC, an accurate amount of GPAC of 0.12 g was
added to two Erlenmeyer flasks with 250 cm3 volume containing
250 ml of each dye solution (150 mg L−1). The contents of flasks
were mixed using a magnetic stirrer and 1 ml samples were taken
at regular times. The equilibrium times for AB113 and AB1 were
determined to be 250 and 167 h, respectively. Accurately weighed
amounts of GAC sorbent of 0.01, 0.02 and 0.2 g increments to 0.2 g
for AB113 and 0.01, 0.02 and 0.2 g increments to 0.18 g were added
to each flask with 250 ml dye solution (150 mg L−1) at pH 7.4 ± 0.2
for AB113 and 7.0 ± 0.2 for AB1 dyes. The pH values at the end of
batch runs were 6.1 ± 0.2 and 5.9 ± 0.2 for AB113 and AB1 dyes,
respectively. The content of all Erlenmeyer flasks were mixed thor-
oughly for 250 and 167 h for AB113 and AB1 respectively at 20.3 ◦C
using magnetic stirrers at constant revolution. A 5 ml sample was
taken after the equilibrium time and centrifuged at 3800 rpm for
5 min. Then the dye concentration in the samples was measured
spectrophotometrically.

The 250 ppm concentration dye solutions for AB80, AR114 and
AY117 dyes were used to determine the equilibrium contact time.
For each acid dye system, eight jars of fixed volume (0.05 dm3) of
dye solutions were prepared and contacted with 0.05 g activated
carbon F400. Then, the jars were put into the shaking bath with
the same conditions of the isotherm adsorption experiment (con-
stant temperature 20 ◦C and 200 rev/min shaking rate). At 3-day
intervals, one of the jars was taken from the shaker and the dye
concentration was measured. By plotting the acid dye adsorption
capacity of the activated carbon against the time, it was found that
the activated carbon adsorption capacity became constant after a
certain period of time. It implied that the dye adsorption system
had reached equilibrium at that time. Therefore, the equilibrium
contact time can be determined from the graph. The activated car-
bon adsorption capacity of all three acid dyes (AB80, AR114 and
AY117) in the samples became constant after 21 days. The equi-
librium contact time for the sorption equilibrium studies has been
shown to be 21 days minimum [23].

The amount of dye adsorbed onto the sorbent, was calculated as
follows:

qe = (C0 − Ce)V
m

(1)

Each isotherm study were repeated three times and the mean val-
ues have been reported.

2.5. Determining isotherm parameters by non-linear regression

Due to the inherent bias resulting from linearization, alter-
native isotherm parameter sets were determined by non-linear
regression. This provides a mathematically rigorous method for
determining isotherm parameters using the original form of the
isotherm equation [26–29]. Non-linear analysis of isotherm data
is an interesting mathematical approach for describing adsorption
isotherms at a constant temperature for water and wastewater
treatment applications and to predict the overall sorption behav-
ior under different operating conditions. Indeed, as different forms
of the equation affected R2 values more significantly during the
linear analysis, the non-linear analysis might be a method of

avoiding such errors [30]. Most commonly, algorithms based on
the Levenberg–Marquardt or Gauss–Newton methods [31–33] are
used.

The optimization procedure requires the selection of an error
function in order to evaluate the fit of the isotherm to the exper-
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mental equilibrium data. The choice of error function can affect
he parameters derived-error functions based primarily on abso-
ute deviation bias the fit towards high concentration data and this

eighting increases when the square of the deviation is used to
enalize extreme errors. This bias can be offset partly by divid-

ng the deviation by the measured value in order to emphasize the
ignificance of fractional deviations. In this study, nine non-linear
rror functions were examined and in each case a set of isotherm
arameters were determined by minimizing the respective error
unction across the concentration range studied. The error func-
ions employed were as follows:

1. Residual root mean square error (RMSE):

√√√√ 1
n − 2

N∑
i=1

(qe,exp − qe,cal)
2 (2)

2. The chi-square test [32] is given as:

�2 =
N∑

i=1

(qe,exp − qe,calc)2

qe,calc
(3)

If data from the model are similar to the experimental data,
�2 will be a small number; if they are different, �2 will be a large
number. The subscripts “exp” and “calc” show the experimental
and calculated values and N is the number of observations in
the experimental data. The smaller the RMSE value, the better
the curve fitting [34].

3. The G2-test statistic is calculated by taking an observed number
(qexp), dividing it by the predicted number (qm), then taking the
natural logarithm of this ratio. The test statistic is usually called
G2, and thus this is a G2-test, although it is also sometimes called
a log-likelihood test or a likelihood ratio test. The equation is:

G2 = 2
N∑
i

[
qexp,i × ln

(
qexp,i

qm,i

)]
(4)

The natural logarithm of 1 is 0; if the observed number is
larger than the expected, ln(qexp/qm) is positive, while if qexp

is less than qm, ln(qexp/qm) is negative. Each logarithm is mul-
tiplied by the observed number, and then these products are
summed and multiplied by two. As with most test statistics,
the larger the difference between observed and expected, the
larger the test statistic becomes. The distribution of the G2-
statistic under the null hypothesis is approximately the same
as the theoretical chi-square distribution. This means that once
the G-statistic known; the probability of getting that value of G
can be calculated using the chi-square distribution. The shape of
the chi-square distribution depends on the number of degrees
of freedom. The number of degrees of freedom is simply the
number of experimental data points (N), minus the number of
model parameters [35,36].

4. The sum of the squares of the errors (ERRSQ):

N∑
i=1

(qe,exp − qe,calc)2
i (5)
5. A composite fractional error function (HYBRD):

N∑
i=1

[
(qe,exp − qe,calc)2

qe,exp

]
i

(6)
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6. A derivative of Marquardt’s percent standard deviation (MPSD)
[37]:

N∑
i=1

[
(qe,exp − qe,calc)

qe,exp

]2

i

(7)

7. The average relative error (ARE) [38]:

N∑
i=1

∣∣∣∣qe,exp − qe,calc

qe,exp

∣∣∣∣
i

(8)

8. The sum of the absolute errors (EABS):

N∑
i=1

∣∣qe,exp − qe,calc

∣∣
i

(9)

9. The average percentage errors (APE):∑N
i=1

∣∣(qe,exp − qe,calc)/qe,exp
∣∣
i

N
× 100 (10)

10. Second-order corrected Akaike information criterion (AICC):
The AIC methodology [39] attempts to find the model

that best explains the data with a minimum number of free
parameters. Assuming that model errors are normally and inde-
pendently distributed. The AIC is defined by the following
equation:

AIC = N ln
(

RSS
N

)
+ 2P (11)

where P is the number of parameters in the model, and N the
number of data points.

The preferred model is the one with the lowest AIC value.
When N is small compared to P, the second-order corrected

AIC value (AICC) is more accurate:

AICC = AIC + 2P(P + 1)
N − P − 1

(12)

11. Mallows CP statistic (CP):
Mallows [40] developed a method to find adequate models

by plotting a special statistic against the number of variables
+1. CP statistic can calculate as below:

SSres

RMSE
− N + (2 × P) (13)

where SSres is the residual sum of squares for the model with
P − 1 variables, RMSE is the residual mean square when using
all available variables, N is the number of observations, and P is
the number of variables used for the model plus one.

The general procedure to find an adequate model by means of
the CP statistic is to calculate CP for all possible combinations of
variables and the CP values against P. The model with the lowest
CP value approximately equal to P is the most “adequate” model.
As each of the error criteria is likely to produce a different set of
isotherm parameters, an overall optimum parameter set is difficult
to identify directly. Hence, in order to try to make a meaningful
comparison between the parameter sets, a procedure of normal-
izing and combining the error results was adopted producing a
so-called ‘sum of the normalized errors’ for each parameter set for
each isotherm.
The calculation method for the ‘sum of the normalized errors’
was as follows:

(a) Select one isotherm and one error function and determine the
isotherm parameters that minimize that error function for that
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Table 3
The names and non-linear forms of studied isotherm models.

Isotherm Non-linear form

Langmuir qe = qmbCe

1 + bCe
(14)

Freundlich qe = kfC
1/n
e (15)

Dubinin–Radushkevich qe = Qs exp(−BDε2) (16)

ε = RT ln

(
1 + 1

Ce

)
(17)

Jovanovic qe = qmax(1 − e(KjCe)) (18)

Harkins–Jura qe =
(

A

B2 − log Ce

)1/2

(19)( )

(

(

(

s

•

•

3

3

i
i
e

o

T
I

Halsey qe = exp
ln KH − ln Ce

n
(20)

Temkin qe = RT

bT
ln(KTCe) (21)

isotherm to produce the isotherm parameter set for that error
function,

b) Determine the values for all the other error functions for that
isotherm parameter set,

(c) Calculate all other parameter sets and all their associated error
function values for that isotherm,

d) Select each error measure in turn and ratio the value of that
error measure for a given parameter set to the largest value of
that error from all the parameter sets for that isotherm, and

e) Sum all these normalized errors for each parameter set.

The parameter set thus providing the smallest normalized error
um can be considered to be optimal for that isotherm provided:

There is no bias in the data sampling – i.e. the experimental data
are evenly distributed, providing an approximately equal number
of points in each concentration range, and
There is no bias in the type of error methods selected.

. Results and discussion

.1. Adsorption isotherms

In general, the adsorption isotherm describes how adsorbates

nteract with adsorbents and therefore it is critical in optimiz-
ng the use of adsorbents. The studied isotherms non-linear forms
quations are shown in Table 3.

The Langmuir [9,41] equation is valid for monolayer sorption
nto a surface with a finite number of identical sites. Fig. 1 shows

able 4
sotherm parameters, �2 and G2 statistics of two-parameter models.

Model Parameter AB113

Jovanovic qmj 271.4
Kj 0.081

Temkin KT 6.89
bT 57.37

Harkins–Jura AH 177600
B 6.97

Dubinin–Radushkevich qd 269.4
Bd 0.028

Freundlich Kf 124.2
n 5.74

Halsey KH 0.000
n −5.74

Langmuir qm 298.4
b 0.12
Fig. 1. Comparison of experimental and predicted adsorption isotherms of acid dyes
onto GPAC (AB1 and AB113 dyes) and activated carbon F400 (AY117, AR114 and
AB80 dyes) according to Langmuir model.

the theoretical and experimental adsorption data according to the
Langmuir model and the values of the isotherm parameters and
related error functions values are shown in Tables 4 and 5, respec-
tively. The values of maximum adsorption capacity determined
using Langmuir model was 298.4, 452.9, 171.5, 103.7 and 185.8 for
AB113, AB1, AB80, AR114 and AY117 dyes, respectively. These val-
ues are near the experimental adsorbed amounts and correspond
closely to the adsorption isotherm plateau, which are acceptable.

The essential characteristics of the Langmuir isotherm can be
expressed in terms of dimensionless constant separation factor or
equilibrium parameter, RL [42] which is defined by Eq. (22):

RL = 1
1 + bC0

(22)

where b and C0 (mg L−1) are the Langmuir constant and the high-
est initial dye concentration respectively. According to the value
of RL the isotherm shape can be interpreted as follows (Table 3).
The dimensionless separation factors calculated for AB113, AB1,
AB80, AR114 and AY117 were found to be 2.23 × 10−5, 1.47 × 10−5,

−5 −5 −5
2.33 × 10 , 3.86 × 10 , and 2.15 × 10 , respectively. The RL val-
ues are less than 1 and greater than 0 indicating very favorable
adsorption.

The empirical Freundlich [6] equation is based on sorption
onto a heterogeneous surface. The magnitude of exponent n gives

AB1 AB80 AR114 AY117

433.7 152.4 92.2 167.1
0.492 0.120 0.114 0.166

126.9 2.03 1.99 3.50
49.31 75.71 125.40 73.54

544200 27560 9857 31220
7.19 5.48 5.4 5.14

417.5 145.3 88.5 158.3
0.001 0.006 0.007 0.003

253.5 46.9 28.0 56.9
7.57 3.47 3.44 3.53

0.000 0.000 0.000 0.000
−7.57 −3.47 −3.44 −3.53

452.9 171.4 103.7 185.8
0.79 0.15 0.14 0.22
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Table 5
Values of the error functions of the two-parameter isotherm models.

Dye Error function Model Isotherm model

Langmuir Freundlich Harkins Temkin Jovanovic Dubinin Halsey

AB113 G2 1.89 1.91 1550 1.99 17.41 13.27 1.90
�2 0.83 3.40 266.8 1.98 6.41 9.84 3.40
RMSE 4.17 8.85 70.69 6.82 11.81 14.56 8.85
HYBRD 0.83 3.46 187.1 2.0 6.28 9.68 3.46
MPSD 0.004 0.016 0.705 0.009 0.029 0.046 0.016
ARE 0.168 0.376 2.534 0.291 0.462 0.599 0.376
APE (%) 1.40 3.13 21.11 2.43 3.85 4.99 3.13
Mallows 33.69 80.52 698.9 60.21 110.1 137.6 80.52
AICC 37.41 105.3 105.3 49.22 62.40 67.43 55.48
p value G2 0.9971 0.9969 0.0000 0.9964 0.06573 0.2088 0.9970
p value �2 0.9999 0.9702 0.0000 0.9964 0.7798 0.4544 0.9702

AB1 G2 26.32 20.45 1423 18.94 135.9 83.12 20.41
�2 8.907 32.13 292.8 19.25 48.71 57.88 32.14
RMSE 15.52 33.93 100.7 26.92 34.34 44.58 33.93
HYBRD 8.673 31.86 226.4 18.44 40.90 60.68 31.87
MPSD 0.036 0.109 0.602 0.057 0.167 0.219 0.109
ARE 0.422 0.861 2.282 0.651 0.985 1.186 0.861
APE (%) 3.836 7.827 20.75 5.917 8.959 10.78 7.827
Mallows 132.7 298.4 899.3 235.3 302.1 394.3 298.4
AICC 63.62 104.8 104.8 75.74 81.09 86.46 80.83
p value G2 0.0018 0.0153 0.0000 0.0256 0.0000 0.0000 0.0155
p value �2 0.4459 0.0001 0.0000 0.0231 0.0000 0.0000 0.0001

AB80 G2 1.05 8.70 914.4 3.22 30.75 212.6 8.59
�2 1.11 21.94 317.4 3.11 7.53 630.5 21.95
RMSE 2.78 13.40 54.54 5.38 8.68 17.97 13.40
HYBRD 1.16 36.69 263.3 3.50 6.94 49.71 36.74
MPSD 0.030 1.262 5.114 0.091 0.093 1.306 1.265
ARE 0.355 1.815 5.094 0.592 0.741 2.365 1.816
APE (%) 3.22 16.50 46.31 5.38 6.73 21.50 16.51
Mallows 18.04 113.6 483.8 41.48 71.11 154.8 113.6
AICC 25.80 91.27 91.27 40.34 50.83 66.85 60.39
p value G2 0.9993 0.4651 0.0000 0.9546 0.0003 0.0000 0.4756
p value �2 0.9991 0.0090 0.0000 0.9596 0.5818 0.0000 0.0090

AR114 G2 3.97 2.62 634.6 1.03 22.01 100.9 2.58
�2 1.33 7.96 205.8 1.01 6.64 183.3 7.96
RMSE 3.21 6.06 34.33 2.18 6.60 11.10 6.06
HYBRD 1.29 11.87 143.9 1.09 6.10 27.17 11.88
MPSD 0.021 0.56 3.08 0.042 0.126 1.018 0.561
ARE 0.354 1.149 4.520 0.347 0.902 2.010 1.149
APE (%) 3.22 10.44 41.09 3.15 8.20 18.28 10.44
Mallows 21.91 47.58 302.0 12.61 52.48 92.87 47.58
AICC 28.97 81.09 81.09 20.43 44.84 56.24 42.95
p value G2 0.9130 0.9772 0.0000 0.9993 0.0088 0.0000 0.9786
p value �2 0.9982 0.5378 0.0000 0.9994 0.6745 0.0000 0.5375

AY117 G2 12.56 5.31 951.5 2.42 55.32 348.2 5.232
�2 2.48 20.83 336.8 2.38 16.07 9378 20.84
RMSE 4.80 13.21 58.75 4.96 11.22 20.09 13.21
HYBRD 2.30 31.45 285.8 2.51 13.00 53.29 31.49
MPSD 0.043 0.971 5.360 0.037 0.247 1.316 0.972
ARE 0.448 1.691 5.205 0.405 1.156 2.285 1.691
APE (%) 4.07 15.37 47.31 3.68 10.51 20.77 15.38
Mallows 36.28 111.9 521.7 37.70 94.01 173.8 111.9

92
0
0

a
s
m
i
i
m
t
i
i
g
b
b

AICC 37.84 92.90
p value G2 0.1834 0.8063
p value �2 0.9815 0.0134

n indication on the favorability of adsorption. It is generally
tated that the values n in the range of 2–10 represent good, 1–2
oderately difficult and less than 1 poor adsorption character-

stics. The adsorption isotherms and constant parameters of the
sotherm equations were calculated by non-linear trial-and-error

ethod. Fig. 2 shows the theoretical and experimental adsorp-
ion data according to the Freundlich model and the values of the

sotherm parameters and related error functions values are shown
n Tables 4 and 5, respectively. As shown, the Freundlich isotherm
enerated a satisfactory fit to the experimental data as indicated
y the error functions. However, the Langmuir isotherm shows a
etter fit to the adsorption data than the Freundlich isotherm in
.90 38.55 56.49 69.30 60.07

.0000 0.9830 0.0000 0.0000 0.8137

.0000 0.9839 0.0654 0.0000 0.0133

the sorption of AB1, AB113 and AB80 dyes. Such a trend is quite
logical since the Freundlich equation is a pure exponential one,
which means that when Ce ∼ ∞, qe will also extend to ∞ [43].
However, for all dyes adsorption systems, since there is a clear
saturation plateau, the calculated qe will necessary tend towards
a constant (i.e. maximum adsorption capacity). The fact that the
Langmuir isotherm fits the experimental data well may be due to

the predominantly homogeneous distribution of active sites on the
activated carbons surface; since the Langmuir equation assumes
that the adsorbent surface is energetically homogeneous [7]. It is
apparent that the value of Freundlich constant, n, obtained indi-
cates favorable adsorption, as it is equal to 5.74, 7.57, 3.47, 3.44
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ig. 2. Comparison of experimental and predicted adsorption isotherms of acid dyes
nto GPAC (AB1 and AB113 dyes) and activated carbon F400 (AY117, AR114 and
B80 dyes) according to Freundlich model.

nd 3.53 for AB113, AB1, AB80, AR114 and AY117 dyes, respec-
ively.

Temkin and Pyzhev [8] studied the heat of adsorption and
he adsorbent–adsorbate interaction on surfaces. The variation of
dsorption energy, bT, is positive for all dyes and was obtained
7.4 49.3, 75.7, 125.4, and 73.5 for AB113, AB1, AB80, AR114 and
Y117 dyes, respectively. These indicate the adsorption reaction is
xothermic. The theoretical isotherm curves are compared with
he corresponding experimental data in Fig. 3 and the obtained
rror function values are presented in Table 5. The experimen-
al equilibrium curves are close to those predicted by the Temkin

odel. Consequently, the Temkin isotherm cannot describe the
dsorption isotherms of acid dyes onto activated carbons accept-
bly. For AB113, AB1, and AB80 the Temkin model after Langmuir
odel could describe experimental isotherm results acceptably.

or AB114 and AB117 dyes the Temkin model describes the exper-
mental data better than Langmuir model.
The Harkins–Jura [12] adsorption isotherm accounts for mul-
ilayer adsorption and can be explained by the existence of a
eterogeneous pore distribution. The theoretical and experimen-
al isotherm data according to Harkins–Jura isotherm model for

ig. 3. Comparison of experimental and predicted adsorption isotherms of acid dyes
nto GPAC (AB1 and AB113 dyes) and activated carbon F400 (AY117, AR114 and
B80 dyes) according to Temkin model.
Fig. 4. Comparison of experimental and predicted adsorption isotherms of acid dyes
onto GPAC (AB1 and AB113 dyes) and activated carbon F400 (AY117, AR114 and
AB80 dyes) according to Harkins–Jura model.

the sorption of acid dyes onto activated carbons are shown in
Fig. 4. According to the obtained error functions in Table 5, this
model shows the poorest agreement with experimental data and
this result indicate adsorption of acidic dyes onto activated carbon
cannot be described by the assumptions of Harkins–Jura model.

The Halsey [11] adsorption isotherm is suitable for multilayer
adsorption and the fitting of the experimental data to this equa-
tion attest to the heteroporous nature of the adsorbent. Relatively
poor agreement was found for the Halsey model with the isotherm
data. As shown in Fig. 5 this model provides better agreement with
experimental data in the sorption of AB113 and AB1 dyes in com-
parison with other dyes.

Radushkevich [44] and Dubinin [45] have reported that the
characteristic sorption curve is related to the porous structure of
the sorbent. Comparison of experimental and predicted adsorp-
tion isotherms of acid dyes onto activated carbons according to the
Dubinin model shown in Fig. 6. The constant, BD, is related to the

mean free energy of sorption per mole of the sorbate as it is trans-
ferred to the surface of the solid from an infinite distance in the
solution. The values of theoretical monolayer saturation capacity in
the Dubinin model obtained using non-linear regression (Table 4)

Fig. 5. Comparison of experimental and predicted adsorption isotherms of acid dyes
onto GPAC (AB1 and AB113 dyes) and activated carbon F400 (AY117, AR114 and
AB80 dyes) according to Halsey model.
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Table 6
Isotherm model comparison.

Dye Error function Isotherm model comparison

AR114 G2 Tem > Hal > Fre > La
�2 Tem > La > Jo > Fre
RMSE Tem > La > Fre > Hal
HYBRD Tem > La > Jo > Fre
MPSD La > Tem > Jo > Fre
ARE Tem > La > Jo > Fre
APE (%) Tem > La > Jo > Fre
Mallows Tem > La > Fre > Jo
AICC Tem > La > Hal > Jov

AY117 G2 Tem > Hal > Fre > La
�2 Tem > La > Jo > Fre
RMSE La > Tem > Jo > Fre
HYBRD La > Tem > Jo > Fre
MPSD Tem > La > Jo > Fre
ARE Tem > La > Jo > Fre
APE (%) Tem > La > Jo > Fre
Mallows Tem > La > Fre > Jo
AICC La > Tem > Hal > Fre

AB80 G2 La > Tem > Hal > Fre
�2 La > Tem > Jo > Fre
RMSE La > Tem > Jo > Fre
HYBRD La > Tem > Jo > Fre
MPSD La > Tem > Jo > Fre
ARE La > Tem > Jo > Fre
APE (%) La > Tem > Jo > Fre
Mallows La > Tem > Jo > Fre
AICC La > Tem > Hal > Fre

AB1 G2 Tem > Hal > Fre > La
�2 La > Tem > Fre > Hal
RMSE La > Tem > Fre > Hal
HYBRD La > Tem > Fre > Hal
MPSD La > Tem > Fre > Hal
ARE La > Tem > Fre > Hal
APE (%) La > Tem > Fre > Hal
Mallows La > Tem > Fre > Hal
AICC La > Tem > Hal > Fre

AB113 G2 La > Hal > Fre > Tem
�2 La > Tem > Fre > Hal
RMSE La > Tem > Fre > Hal
HYBRD La > Tem > Fre > Hal
MPSD La > Tem > Fre > Hal
ig. 6. Comparison of experimental and predicted adsorption isotherms of acid dyes
nto GPAC (AB1 and AB113 dyes) and activated carbon F400 (AY117, AR114 and
B80 dyes) according to Dubinin–Radushkevich model.

re lower than the experimental amounts corresponding to the
dsorption isotherm plateau, which is unacceptable.

The model of an adsorption surface considered by Jovanovic [9]
s essentially the same as that considered by Langmuir, except that
llowance is made in the former for the surface binding vibrations
f an adsorbed species. The Jovanovic equation represents another
pproximation for monolayer localized adsorption without lateral
nteractions. The same kind of approximation leads to the result
hat monolayer adsorption of mobile hard discs is described by the
angmuir isotherm. The experimental and Jovanovic model data
re shown in Fig. 7. The maximum adsorption capacities for studied
yes based on Jovanovic model (Table 4) were lower than Langmuir
aximum adsorption monolayer capacities and the experimen-

al amounts are correspond to the adsorption isotherm plateaus,
hich is unacceptable.

Over the past few decades, linear regression has been developed
s a major option in designing the adsorption systems. How-

ver, recent investigations have indicated the growing discrepancy
between the predictions and experimental data) and disability
f the model, propagating towards a different outcome. However
he expanding of the non-linear isotherms represents a potentially

ig. 7. Comparison of experimental and predicted adsorption isotherms of acid dyes
nto GPAC (AB1 and AB113 dyes) and activated carbon F400 (AY117, AR114 and
B80 dyes) according to Jovanovic model.

ARE La > Tem > Fre > Hal

(

APE (%) La > Tem > Fre > Hal
Mallows La > Tem > Fre > Hal
AICC La > Hal > Fre > Tem

viable and powerful tool, leading to the superior improvement in
the area of adsorption science [46].

4. Conclusions

The orders of the isotherm model best fits are presented in
Table 6. It is apparent that the Langmuir and the Temkin dominate,
almost, exclusively, for all the error function selection methods.

There are some interesting features from the experimental data
results and in Table 6:

(i) The adsorption capacities on the mesoporous pine-cone carbon
are substantially higher than those on the commercial F400
microporous carbon;

(ii) The high dye capacity mesoporous adsorbents tend to be best
modeled according to the Langmuir isotherm;

iii) The lower capacity systems using molecular weight dyes on

the microporous carbon favor the Temkin isotherm;

(iv) The smaller molecular mass dye adsorbing onto the microp-
orous carbon is represented equally by the Langmuir and the
Temkin isotherm models.
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