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a b s t r a c t

Interactions of benzene and naphthalene sulfonates with activated carbon cloth (ACC) during adsorption
from aqueous solutions were investigated. Systematically chosen sulfonates were sodium salt of benzene
sulfonic acid (NaBS), disodium salt of 1,3-benzene disulfonic acid (Na2BDS), sodium salt of 1-naphthalene
sulfonic acid (NaNS), disodium salt of 1,5-naphthalene disulfonic acid (Na2NDS) and trisodium salt of
1,3,(6 or 7)-naphthalene trisulfonic acid (Na3NTS). The adsorption behaviors of these adsorbates from
eywords:
dsorption kinetics
dsorption isotherm
ctivated carbon cloth
enzene sulfonates
aphthalene sulfonates

solutions in water and in 0.01 M H2SO4 onto the ACC were monitored by in-situ UV–visible spectroscopic
technique. The order of rates and extents of adsorption of sulfonates were explained in terms of acidity of
the medium and structural factors influencing the interactions between sulfonates and the ACC surface.
Kinetic data of adsorption were treated according to pseudo first-order, pseudo second-order, Elovich
and intra-particle diffusion models. The best model representing the experimental kinetic data was found
to be the pseudo second-order model. Adsorption isotherms of the sulfonates onto the ACC were derived

ere fo
n-situ UV spectroscopy at 30 ◦C. Isotherm data w

. Introduction

Benzene and naphthalene sulfonates are used widely in sev-
ral industries. Naphthalene sulfonates and their derivatives have
een applied in the paper, textile and tanning industries as optical
righteners, dispersants and wetting agents. Benzene sulfonates
re used in the production of dyestuffs, tanning agents, catalysts,
esticides, ion exchange resins, optical brighteners, wetting and
nishing agents, plasticizers, pharmaceuticals and chemicals for
rganic synthesis [1,2]. Benzene and naphthalene sulfonates are
ighly soluble in water. As they are highly toxic and are only slowly
iodegradable [3], benzene and naphthalene sulfonates must be
emoved or destructed from waste-waters of the above mentioned
ndustries.

The removal studies mostly involve adsorption of pollutants
nto suitable adsorbents. Activated carbon is one of the most widely
sed adsorbents for the adsorption of organic compounds. There
re three types of activated carbon; powder activated carbon, gran-

lar activated carbon and activated carbon cloth (ACC). Recently,
CC has received considerable attention as a potential adsorbent

or water treatment applications. Activated carbon cloth or fiber
as several unique characteristics compared with conventionally
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und to fit the Freundlich model better than the Langmuir model.
© 2009 Elsevier B.V. All rights reserved.

used granular or powder activated carbons. These materials are
composed of thin fibers of the order of 10 �m in diameters lead-
ing to greater adsorption rates, and hence contributing to the
minimization of the reactor size. The cloth or fiber form of acti-
vated carbon also makes the handling of adsorbents much easier
[4,5].

The adsorption capacity of an activated carbon depends on: (i)
the nature of the adsorbent (e.g. surface functional groups, specific
surface area and pore size distribution); (ii) the nature of adsorbate
(e.g. functional groups, polarity, hydrophobicity, size, solubility and
pKa or pKb for weak acids or bases); and (iii) conditions of adsorp-
tion medium (e.g. pH, temperature, adsorbate concentration and
polarity of solvent) [6].

There is not much study on the removal of benzene and naphtha-
lene sulfonates from water reported in the literature. Sheindorf et
al. [7] studied the adsorption of benzene sulfonate, parabromophe-
nol and phenol onto the granular activated carbon at 25 ◦C. The
adsorption of 1,3,6-naphthalenetrisulfonic acid on a commercial
activated carbon (Filtrasorb 400) in the presence of Cd(II), Cr(III)
and Hg(II) was investigated by Rivera-Utrilla et al. [8]. They found
that the adsorption capacity of 1,3,6-naphthalenetrisulfonic acid
on activated carbon increased in the presence of Cd(II) and Cr(III),

whereas the adsorption process was not affected by the presence of
Hg(II). Esposito et al. [9] reported the sorption of naphthalene sul-
fonate compounds on soil. We have not met any study about the
adsorption of benzene and naphthalene sulfonates onto the ACC
reported in literature.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:eayranci@akdeniz.edu.tr
mailto:osmanduman@akdeniz.edu.tr
dx.doi.org/10.1016/j.cej.2009.09.038
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With the use of the adsorption cell described above it was possi-
ble to follow the changes in concentration of the adsorbate solution
during the course of adsorption by in-situ UV–visible spectroscopy.
Solutions of adsorbates were prepared in water or in 0.01 M H2SO4.

Table 1
Properties of the ACC.

Specific surface area 1870 m2 g−1

Total pore volume 0.827 cm3 g−1

Micropore volume 0.709 cm3 g−1

Mesopore volume 0.082 cm3 g−1

Average fiber diameter 17 �m
Carbon content 95.14%
Hydrogen content 0.37%
Oxygen content 4.49%
Nitrogen and sulfur content 0%
pHPZC 7.4
Fig. 1. Chemical structures of b

The aim of the present study is to investigate the adsorption
ehaviors of various sodium salts of benzene and naphthalene
ulfonic acids onto the ACC by in-situ UV–visible spectroscopic
ethod and also to examine the effects of pH and structural factors

uch as number of aromatic rings, number and position of sulfonate
roups on the adsorption behaviors of sulfonates.

. Materials and methods

.1. Materials

The ACC used in the present work was obtained from Spec-
ra Corp. (MA, USA) coded as Spectracarb 2225. Although the full
etails of its mode of preparation are regarded as proprietary, it
riginates from pyrolysis of phenolic polymer fibers followed by
eat treatment in O2-free N2 between 800 and 900 ◦C for some
ours. In this respect, it differs from other fibrous carbon materials
erived by pyrolysis of rayon [10].

Sodium salt of benzene sulfonic acid (NaBS) with a purity of
5% and disodium salt of 1,5-naphthalene disulfonic acid (Na2NDS)
ith a purity of 95% were obtained from Aldrich, disodium salt

f 1,3-benzene disulfonic acid (Na2BDS) with a purity of 95% and
odium salt of 1-naphthalene sulfonic acid (NaNS) with a purity of
9% from ABCR and trisodium salt of 1,3,(6 or 7)-naphthalene trisul-
onic acid (Na3NTS) with a purity of 80% from Fluka. The molecular
tructures of these benzene and naphthalene sulfonates are given
n Fig. 1. Deionized water was used in adsorption experiments.

.2. Treatment and properties of the ACC

A washing procedure was applied for the ACC as described previ-
usly [10–12]. Several properties of the ACC such as specific surface
rea, volumes of micropores and mesopores, elemental composi-

ion, pHPZC which is the pH of solution at which net charge on the
urface of the ACC is zero, and acidic and basic group contents
ere determined in our previous works [11–13]. These proper-

ies are listed in Table 1. The SEM pictures and electrochemical
haracterization of the ACC were also reported earlier [14].
e and naphthalene sulfonates.

2.3. The design of the adsorption cell and optical absorbance
measurements

A specially designed cell was used to carry out the adsorption
and simultaneously to perform in-situ concentration measure-
ments by means of UV–visible absorption spectrophotometry. This
cell, described in detail including a diagram in our previous works
[11,12,15,16], was V-shaped with one arm containing the carbon
cloth attached to a short Pt wire sealed to a glass rod and the other
arm containing a thin glass tube through which N2 gas was passed
for the dual purposes of mixing and eliminating any dissolved CO2.
The two arms were connected to a glass joint leading to a vacuum
pump at the upper part of the V-shaped cell in order to provide the
opportunity for initial outgassing of the carbon adsorbent and the
cell and solution. A quartz spectrophotometer cuvette was sealed
to the bottom of the adsorption cell.
Total acidic group content 0.25 mmol g−1

Carboxylic group content 0.093 mmol g−1

Lactonic group content 0.020 mmol g−1

Phenolic group content 0.14 mmol g−1

Total basic group content 0.28 mmol g−1
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in Fig. 3. It is seen that NaNS has the highest extent and rate
of adsorption while Na2BDS and Na3NTS show similar and the
lowest rate and extent of adsorption among other sulfonates.
The removal percentages of the sulfonates studied at the end

Table 2
Spectral and calibration data for in-situ UV–visible spectroscopic analysis of benzene
and naphthalene sulfonates. �max: wavelength of maximum absorption, ε: molar
absorptivity, r: correlation coefficient.

Adsorbate Solvent �max (nm) ε (M−1 cm−1) r

NaBS H2O 212 7,800 0.9991
0.01 M H2SO4 212 7,800 0.9994

Na2BDS H2O 211 9,900 0.9995
0.01 M H2SO4 211 10,000 0.9997

NaNS H2O 283 6,300 0.9999
0.01 M H2SO4 283 6,300 0.9999
2 E. Ayranci, O. Duman / Chemical

he initial concentrations of benzene and naphthalene sulfonates
nd the amount of the ACC were kept as constant as possible for
inetic study of adsorption of each sulfonate in order to make an
asy comparison among adsorption behaviors of different benzene
nd naphthalene sulfonates (concentration: 1 × 10−4 M, mass of the
CC: 18.3 ± 0.1 mg). The ACC pieces were pre-wetted by leaving

n water for 24 h before use. During this long contact period with
ater, the pores of the ACC may expand and become more acces-

ible for the adsorbates, in the actual adsorption process. The idea
f using pre-wetted ACC originated from our previous findings that
re-wetting enhances the adsorption process [14,15].

The ACC piece was dipped into the adsorption cell initially con-
aining only water and vacuum was applied to remove all air in
he pores of the ACC. Then wetted and degassed ACC was removed
rom the cell, temporarily, for a short time and water in the cell was
eplaced with a known volume of sample solution (20 mL). The slid-
ng door of the sample compartment of the spectrophotometer was
eft half-open and quartz cuvette fixed at the bottom of the adsorp-
ion cell (which now contained the sample solution) was inserted
nto the front sample compartment. A Teflon tube connected to the
ip of a thin N2-bubling glass tube was lowered from one arm of
he adsorption cell down the spectrophotometer cuvette to a level
ust above the light path to provide effective mixing. Finally, the
arbon cloth, which had been removed temporarily after wetting
nd degassing, was re-inserted from the other arm of the adsorp-
ion cell into the solution. Then, quickly, an opaque curtain was
pread above the sample compartment of the spectrophotometer,
ver the cell, to prevent interference from external light. A Cary
00 UV/VIS spectrophotometer was used for the optical absorbance
easurements.
The scanning-kinetics program for monitoring the absorbance

f the specific adsorbate was then run on the computer. This pro-
ram enabled the absorbance spectrum to be recorded over a
re-selected, limited wavelength range in programmed time inter-
als (1 min). In this way, it was possible to record as many as about
000 data points for an adsorption period of 1000 min at each
avelength in the selected region. This is one of the most impor-

ant advantages of in-situ UV–visible spectroscopic technique as
pplied in scanning-kinetics mode. In most classical adsorption
tudies, batch analysis method is employed in which samples
re withdrawn from the adsorption system at certain time inter-
als and analyzed ex-situ. Usually 10–20 data points could be
btained in such kinetic studies. Each sample withdrawal, of course,
estructs the main adsorption system.

A typical scanning-kinetic output obtained during the adsorp-
ion of NaNS from water onto the ACC was reproduced in Fig. 2
n which only scans in 5 min intervals are shown. The downward

ovement of the absorbance maximum at 283 nm as the adsorp-
ion goes on is clearly seen in this figure and marked by an arrow.
ny change in spectrum during the process could be seen in such
scanning-kinetic output. After completion of the adsorption run,
separate absorbance versus time curve could be printed at any
avelength in the scanned range. This wavelength is usually the

ne at one of the absorption maxima (�max) unless there is change
n spectrum such as shift in �max.

Absorbance data were converted into concentration data using
alibration relations pre-determined at the wavelength of maxi-
um absorbance for each adsorbate. The calibration data for the

enzene and naphthalene sulfonates studied are given in Table 2.

.4. Determination of adsorption isotherms
The adsorption isotherms of adsorbates were determined on the
asis of batch analysis. The ACC pieces of varying masses were
llowed to equilibrate with solutions of adsorbates in water or
n 0.01 M H2SO4 with known initial concentrations at 30 ◦C for
Fig. 2. Scans during the adsorption of NaNS onto the ACC in 5 min intervals over
300 min. Arrow shows direction of change (diminution) of optical absorbance max-
imum as the adsorption proceeds.

48 h. Preliminary tests showed that the concentration of adsorbates
remained unchanged after 20–24 h contact with the ACC. So, the
allowed contact time of 48 h ensures the equilibration. The equili-
bration was allowed in 100 mL Erlenmeyer flasks kept in Nüve ST
402 shaking waterbath at a constant shaking speed of 150 rpm. The
concentrations after the equilibration period were measured spec-
trophotometrically. The amount of adsorbate adsorbed per unit
mass of the ACC, qe, was calculated by Eq. (1):

qe = V(C0 − Ce)
m

(1)

where V is the volume of the solution of adsorbate, C0 and Ce are
the initial and equilibrium concentrations, respectively, and m is
the mass of the ACC.

3. Results and discussion

3.1. Adsorption kinetics

The concentration versus time plots for the adsorption of ben-
zene and naphthalene sulfonates onto the ACC in water are shown
Na2NDS H2O 287 9,600 0.9995
0.01 M H2SO4 287 9,600 0.9999

Na3NTS H2O 284 7,700 0.9999
0.01 M H2SO4 284 7,700 0.9999
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ig. 3. Adsorption behaviors of benzene and naphthalene sulfonates from solutions
n pure water. Initial concentration: 1 × 10−4 M, the amount of ACC: 18.3 ± 0.1 mg,
he volume of adsorbate solution: 20 mL.

f 850 min of adsorption are increasing in the order Na2BDS
Na3NTS < Na2NDS < NaBS < NaNS having values of 28, 31, 50, 68
nd 98%, respectively.

The initial pH values of all benzene and naphthalene sulfonate
olutions are around 5.8 and increased only slightly at the end of the
ndicated adsorption periods. The pH values at the beginning and at
he end of adsorption are listed in Table 3. Since these pH values are
lightly lower than the pHPZC = 7.4 of the ACC (Table 1), the net sur-
ace charge of the ACC is expected to be slightly positive [17]. Thus
he ACC attracts the negatively charged sulfonate species by elec-
rostatic interactions. However, considerable extents of adsorption
f sulfonates from aqueous solutions observed in Fig. 3 may not only
esult from such marginal electrostatic interactions. Hydrophobic
nd �–� dispersion interactions are probably more important than
he electrostatic interactions.

It can be seen that the above increasing order of extent of adsorp-
ion is also the increasing order of hydrophobic/hydrophilic ratio
f the sulfonates studied. Number of sulfonate group per aromatic
ing is 2, 3/2, 1, 1 and 1/2 for Na2BDS, Na3NTS, Na2NDS, NaBS and
aNS, respectively, causing an increase in hydrophobicity in the
ame order.
It is clear from Fig. 3 that the adsorption extent and rate of NaNS

s strikingly higher than all other sulfonates. This can be explained
y the possible vertical orientation of NaNS at the surface of the
CC as proposed by O’Dea et al. [18]. After some theoretical calcu-

able 3
he pH values of adsorbate solutions in H2O at the beginning (pHi) and at the end
f adsorption (pHf) during isotherm studies.

Adsorbate Solvent pHi pHf
a

NaBS H2O 5.78 5.91–6.18
0.01 M H2SO4 1.98 2.00–2.05

Na2BDS H2O 5.83 5.99–6.15
0.01 M H2SO4 1.99 2.00–2.07

NaNS H2O 5.81 5.95–6.31
0.01 M H2SO4 1.96 1.99–2.06

Na2NDS H2O 5.87 5.90–6.25
0.01 M H2SO4 1.97 1.99–2.07

Na3NTS H2O 5.80 5.84–6.17
0.01 M H2SO4 1.98 2.00–2.08

a pHf values varied with the amount of the ACC used in isotherm studies. Thus a
ange is given for this value.
ering Journal 156 (2010) 70–76 73

lations, these authors found interesting results for the adsorption
of aromatic sulfonates onto graphite. They found that there is no
bonding between sulfonates and graphite surface, molecules favor
an arrangement with aromatic rings parallel to graphite surface and
that the inclination of the aromatic sulfonates relative to graphite
surface increases due to interactions between hydrophilic sulfonate
groups and aqueous solutions. Furthermore, only naphthalene sul-
fonate, among other aromatic compounds and aromatic sulfonates,
was found to favor a vertical orientation with the sulfonate group
upwards when the solvent effects are included. This last conclu-
sion of O’Dea et al. [18] based on theoretical calculations is in
good agreement with our experimental finding that the rate and
extent of adsorption of NaNS is by far higher than those of other
sulfonates. Vertical orientation of NaNS leads to faster adsorption
due to less lateral interactions between them at the surface and to
higher extent of adsorption due to smaller area occupation at the
surface.

It is known that the sulfonate group is an electron withdrawing
group and thus the electron densities on aromatic rings of sul-
fonates increase in the same order as their extents of adsorption.
For this reason, it can be said that if the electron density of aromatic
ring of the adsorbate increases, adsorption extent of adsorbate onto
the adsorbent also increases. Therefore the �–� dispersion inter-
actions seem to be extremely important in determining the extent
of adsorption of aromatic sulfonates.

Another important factor in determining the extent of adsorp-
tion is the size of adsorbate species. The widths and lengths of
benzene and naphthalene sulfonates were determined using a
program called ChemSketch. The dimensions (widths × lengths)
of NaBS, Na2BDS, NaNS, Na2NDS and Na3NTS are found to
be (4.8 × 7.0), (7.0 × 7.0), (7.0 × 7.6) (7.0 × 10.8) and (8.8 × 8.8) Å,
respectively. On the other hand, the percentage of total pores of
the ACC having pore size greater than 4.8, 7.0, 7.6, 8.8 and 10.8 Å
were 98, 80, 78, 67 and 52, respectively, as deduced from the pore
size distribution curve given in our earlier works [6,13]. It is seen
that more than 78% of the total pores are available for NaBS, Na2BDS
and NaNS. It is also seen that smaller percentages of pores available
for the adsorption of Na2NDS and Na3NTS have important contri-
bution, beside their higher hydrophilicity, for their smaller rates
and extents of adsorption.

Adsorption experiments were repeated in 0.01 M H2SO4 solu-
tions in order to investigate the effect of electrostatic interactions.
Since pHPZC of the ACC is 7.4 (Table 1), the surface will acquire high
positive charge at low pH values in 0.01 M H2SO4 [17]. Initial and
final pH values for adsorption from 0.01 M H2SO4 are recorded in
Table 3. Sulfonic acids, being strong acids, will still be mainly in neg-
atively charged sulfonate state in 0.01 M H2SO4. For example, the
Ka value of benzene sulfonic acid is 0.7 [19]. The analytical calcula-
tion using this Ka value shows that the anion of NaBS maintains its
anionic form in 0.01 M H2SO4 solutions. So, the adsorption of sul-
fonates is expected to be enhanced in acidic solutions compared
to solutions in pure water due to stronger electrostatic attrac-
tions in acidic solutions. The adsorption behaviors of benzene and
naphthalene sulfonates from 0.01 M H2SO4 solutions are shown in
Fig. 4. It is clearly seen by visual comparison of adsorption curves
in Fig. 3 with the corresponding curves in Fig. 4 that the rates
and extends of adsorption of sulfonates are greatly enhanced in
0.01 M H2SO4 solution. The primary reason for this enhancement
is expected to be the increased electrostatic attraction between
highly positive charged ACC and the negatively charged sulfonate
anions. The removal percentages of NaBS, Na2BDS, NaNS, Na2NDS

and Na3NTS in 0.01 M H2SO4 solutions after 1200 min are 98,
99, 100, 100 and 99, respectively, indicating almost complete
removal.

In order to make more quantitative kinetic evaluation and to
investigate the adsorption mechanism of benzene and naphthalene



74 E. Ayranci, O. Duman / Chemical Engine

F
H
t

s
w
p
d
r
t
a

l

q

I
m
o
a
a
f
l
l
a
a
e

a

1

T
T

ig. 4. Adsorption behaviors of benzene and naphthalene sulfonates from 0.01 M
2SO4 solutions. Initial concentration: 1 × 10−4 M, the amount of ACC: 18.3 ± 0.1 mg,

he volume of adsorbate solution: 20 mL.

ulfonates onto the ACC, the kinetic data presented in Figs. 3 and 4
ere tested according to some well-known kinetic models, such as
seudo first-order, pseudo second-order, Elovich and intra-particle
iffusion. The mathematical expressions for the pseudo first-order
ate equation of Lagergren [20], the pseudo second-order rate equa-
ion [21–23] and Elovich equation [21,24] are given in Eqs. (2), (3)
nd (4), respectively:

n(qe − qt) = ln qe − k1t (2)

t

qt
= 1

k2q2
e

+ 1
qe

t (3)

t = ˇ ln(˛ˇ) + ˇ ln t (4)

n these equations qe is the amount of sulfonate adsorbed per unit
ass of the ACC at equilibrium, qt is that at time t, k1 is the first-

rder rate constant, k2 is the second-order rate constant, ˛ and ˇ
re Elovich coefficients. All kinetic equations (Eqs. (2), (3) and (4))
re in linear form and the parameters of them can be determined
rom linear regression analysis of the experimental kinetic data;
n (qe − qt) versus t in Eq. (2), t/qt versus t in Eq. (3) and qt versus
n t in Eq. (4). It is convenient to define the product k2q2

e in Eq. (3)

s the initial sorption rate and denote by h. All these parameters
nd regression coefficients for treatment according to each kinetic
quation are given in Table 4.

Regression coefficient values of pseudo second-order model for
dsorption of benzene and naphthalene sulfonates onto the ACC

able 4
he parameters and regression coefficients of the three kinetic models applied for experi

Adsorbate Solvent Pseudo first-order Pseudo second-order

k1 × 103

(min−1)
r k2 (mmol (g min)−1) h × 103

(g (mm

NaBS H2O 5.01 0.9542 0.164 1.10
0.01 M H2SO4 7.30 0.9857 0.276 3.59

Na2BDS H2O 3.30 0.9584 0.176 0.254
0.01 M H2SO4 4.80 0.9803 0.189 2.60

NaNS H2O 5.40 0.9877 0.213 2.80
0.01 M H2SO4 5.40 0.9070 0.554 7.57

Na2NDS H2O 3.70 0.9478 0.0941 0.438
0.01 M H2SO4 6.80 0.9835 0.162 2.42

Na3NTS H2O 3.40 0.9450 0.131 0.238
0.01 M H2SO4 4.40 0.9614 0.113 1.56
ering Journal 156 (2010) 70–76

(r > 0.994) are higher than those of pseudo first-order and Elovich
models. This suggests that the adsorption of benzene and naph-
thalene sulfonates under study follows the pseudo second-order
kinetic model.

Pseudo second-order rate constants of benzene
and naphthalene sulfonates decreased in the order of
NaNS > NaBSA ≈ Na2BDS > Na3NTS > Na2NDS in water solutions
and NaNS > NaBS > Na2BDS > Na2NDS > Na3NTS in 0.01 M H2SO4
solutions (Table 4). On the other hand initial sorption rate values
(h) of benzene and naphthalene sulfonates increased in the order
of Na3NTS ≈ Na2BDS < Na2NDS < NaBS < NaNS in water solutions
and Na3NTS < Na2BDS ≈ Na2NDS < NaBS < NaNS in 0.01 M H2SO4
solutions (Table 4). This final order according to h values is in
agreement with the visually observed adsorption behavior in
Figs. 3 and 4.

Adsorption proceeds in several steps involving transport of the
solute molecules from the aqueous phase to the surface of the
adsorbent and then their diffusion into the interior of the pores.
The latter step is usually a slow process. The intra-particle diffusion
rate constant, ki, is given by the following equation [25]:

qt = kit
0.5 (5)

When intra-particle diffusion plays a significant role in control-
ling the kinetics of the adsorption process, the plots of qt versus
t0.5 yield straight lines passing through the origin and the slope
gives the rate constant, ki. The plots of qt versus t0.5 for the present
results did not yield a straight line passing through the origin. This
suggested that the intra-particle diffusion model is not the rate-
limiting control step for the adsorption of benzene and naphthalene
sulfonates.

3.2. Adsorption isotherms

Adsorption isotherm data obtained at 30 ◦C in water and in
0.01 M H2SO4 are given in Fig. 5 for NaBS and Na2BDS, and in Fig. 6
for NaNS, Na2NDS and Na3NTS. The isotherm data were treated
according to two well-known isotherm equations; Langmuir and
Freundlich. The linearized forms of Langmuir and Freundlich
isotherm equations can be given in Eqs. (6) and (7), respectively
[26]:

Ce

qe
= Ce

qmax
+ 1

bqmax
(6)
ln qe = ln KF +
n

ln Ce (7)

where qe is the amount of adsorbate adsorbed per unit mass of
adsorbent at equilibrium, Ce is the final concentration at equilib-
rium, qmax is the maximum adsorption at monolayer coverage, b

mental adsorption kinetic data of the benzene and naphthalene sulfonates.

Elovich equation

ol min)−1)
r ˛ (g (mmol min)−1) ˇ × 103

(mmol (g min)−1)
r

0.9996 24.3 13.8 0.9950
0.9996 52.2 17.5 0.9344

0.9961 24.3 6.50 0.9917
0.9999 43.8 17.6 0.9454

0.9999 59.6 16.7 0.9566
0.9998 444 14.0 0.8691

0.9965 10.5 12.2 0.9898
0.9997 27.9 14.2 0.8709

0.9938 15.6 7.50 0.9831
0.9997 14.3 20.0 0.9648
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Fig. 6. Adsorption isotherms of (a) NaNS, (b) Na2NDS and (c) Na3NTS from solutions
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P
a

ig. 5. Adsorption isotherms of (a) NaBS and (b) Na2BDS from solutions in water
lower curves and data in each figure) and from 0.01 M H2SO4 solutions (upper
urves and data in each figure). (—) Langmuir isotherm and (. . .) Freundlich
sotherm.

s the adsorption equilibrium constant related to the energy of
dsorption, KF is the Freundlich constant representing the adsorp-
ion capacity and n is a constant related to surface heterogeneity.
reundlich constant, 1/n, is also a measure of the deviation of the
dsorption from linearity. If 1/n is equal to unity the adsorption
sotherm becomes linear. This means that the adsorption sites are
omogeneous in energy and no interaction take place between the
dsorbed species. If the value of 1/n is smaller than 1, adsorption
s favorable. When the value of 1/n is larger than 1, the adsorption
nteractions become weak and unfavorable adsorption takes place

27].

The parameters of Eqs. (6) and (7) were obtained by linear
egression analysis of experimental isotherm data. The obtained
arameters are given in Table 5. The regression coefficients are
igher than 0.92 for both isotherm models and for all sulfonates.

able 5
arameters of Langmuir and Freundlich isotherm equations, regression coefficients (r) an
t 30 ◦C.

Adsorbate Solvent Langmuir parameters

qmax (mmol g−1) b (L mmol−1) r

NaBS H2O 0.301 22.2 0.9878
0.01 M H2SO4 0.558 97.5 0.9971

Na2BDS H2O 0.167 16.1 0.9261
0.01 M H2SO4 0.307 350 0.9952

NaNS H2O 0.834 15.9 0.9917
0.01 M H2SO4 1.21 217 0.9973

Na2NDS H2O 0.246 15.2 0.9274
0.01 M H2SO4 0.441 1333 0.9961

Na3NTS H2O 0.100 40.2 0.9242
0.01 M H2SO4 0.258 616 0.9947
in water (lower curves and data in each figure) and from 0.01 M H2SO4 solutions
(upper curves and data in each figure). (—) Langmuir isotherm and (. . .) Freundlich
isotherm.

Thus it is difficult to judge which isotherm model is best for repre-

senting the experimental isotherm data. A better criterion for the
assessment of experimental isotherm data is a parameter known
as normalized percent deviation [28] or in some literature as per-
cent relative deviation modulus, P [29,30], given by the following

d normalized percent deviation (P) values for benzene and naphthalene sulfonates

Freundlich parameters

P KF (mmol g−1) (L mmol−1)1/n 1/n r P

2.78 0.716 0.512 0.9901 2.57
4.21 0.813 0.200 0.9898 1.73

4.96 0.484 0.629 0.9817 4.57
11.9 0.528 0.192 0.9924 2.20

1.78 1.82 0.538 0.9918 2.02
15.1 1.89 0.203 0.9963 2.29

4.31 0.667 0.615 0.9799 3.88
29.6 0.687 0.138 0.9857 3.91

8.85 0.291 0.484 0.9727 6.35
24.4 0.347 0.117 0.9444 7.40



7 Engine

e

P

w
r
b
c
a
b
f
i
e
b
s
i
a
t
v
a
o

4

a
o
o
r
w
d
i
t
F
b
o
i
e
t
s

A

P
t

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

6 E. Ayranci, O. Duman / Chemical

quation:

= 100
N

N∑

i=1

∣∣qe(pred) − qe(exp)

∣∣
qe(exp)

(8)

here qe(exp) is the experimental qe at any Ce, qe(pred) is the cor-
esponding qe predicted from the equation under study with the
est fitted parameters and N is the number of observations. It is
lear that the smaller the P value, the better is the fit. It is generally
ccepted that when the P value is less than 5, the fit is considered to
e excellent [29]. The P values for Freundlich model are generally
ound to be smaller than those for Langmuir model (Table 5). Thus,
t can be concluded that Freundlich isotherm model represents the
xperimental isotherm data better than Langmuir model for the
enzene and naphthalene sulfonates under study. Freundlich con-
tant, KF, representing the adsorption capacity (Table 5) increased
n the order Na3NTS < Na2BDS ≈ Na2NDS < NaBS < NaNS in water
nd in 0.01 M H2SO4 solutions. This result is in agreement with
hat found on the basis of kinetic data in the previous section. The
alues of 1/n are found to be less than 1 (Table 5), suggesting favor-
ble adsorption behavior of benzene and naphthalene sulfonates
nto the ACC.

. Conclusions

The highest extent and rate of adsorption observed for NaNS
mong the five sulfonates studied were found to be due to vertical
rientation of NaNS at the ACC surface as supported by the results
f some theoretical calculations of O’Dea et al. [18]. The order of
ate and extent of adsorption for the sulfonates was in agreement
ith the order of degree of hydrophobocity of sulfonates. Kinetic
ata for the adsorption of sulfonates from solutions in water and

n 0.01 M H2SO4 were well fitted to pseudo second-order equa-
ion. The isotherm data were found to be better represented by
reundlich model than Langmuir model. Further experiments are
eing designed to improve the extent of adsorption of adsorbates
nto the ACC in the future works. One of such promising methods
s electro-assisted adsorption known as electrosorption. Another
xperiment to design might be the adsorption from adsorbate solu-
ions containing other species together with the target adsorbate,
uch as salts, to simulate the real waste-water systems.
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