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bstract

The removal of anionic surfactants, benzene sulfonate (BS), p-toluene sulfonate (TS), 4-octylbenzene sulfonate (OBS) and 4-dodecylbenzene
ulfonate (DBS) from water and 0.01 M H2SO4 solutions by adsorption onto high area activated carbon cloth (ACC) were studied by in situ
V-spectroscopic technique. The various properties of the ACC were given and the in situ UV-spectroscopic technique was described. Both kinetic

nd isotherm data were obtained for the adsorption of surfactants. Kinetic data were treated according to intraparticle diffusion, pseudo-first-order,
seudo-second-order and Elovich models. They were found to fit the pseudo-second-order model best. Isotherm data were treated according to
ell-known Langmuir and Freundlich models. The regression analysis of the data showed that Freundlich model represents the isotherm data of

he surfactants better. The rate and extent of adsorption of surfactants were found to increase in the order BS < TS < OBS ∼ DBS. The main type
f interaction between the ACC surface and surfactants was found to be of hydrophobic origin in H2O solutions. The adsorption was found to be

nhanced by the presence of 0.01 M H2SO4 in the surfactant solution due to electrostatic attractions between the negatively charged surfactant
olecules and the ACC surface which acquired a net positive charge in acidic medium. An inert electrolyte such as NaCl was found to decrease

he adsorption capacity of the ACC for the anionic surfactants.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Surfactants are classified into four groups based on charge
ossessed by the molecular chain; anionic, cationic, zwitteri-
nic and non-ionic. Ionic surfactants constitute two-thirds of
ll surfactants and anionics constitute more than 90% of all
onics [1]. Anionic surfactants, having high degree of foaming
apability, are extensively used in the production of toothpaste,
oap, shampoo and many industrial detergents [2]. Surfactants
re also being used in textile, food, dye, polymer, cosmetic,
esticide, mining and paper industries. Textile industry alone
onsumes about 10% of total surfactant products and discharges
astewaters containing considerable amounts of surfactants [3].

urfactants in wastewaters can partly be biodegraded especially
nder aerobic conditions. However under anaerobic conditions
hey are not biodegradable and show adverse affects on aquatic
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ife. Furthermore, they can act synergistically with some other
oxic chemicals which may be present in wastewaters increas-
ng their negative effects on the environment [1]. Therefore, the
mount of surfactants present in wastewaters of many indus-
ries, especially detergent and textile, must be reduced at least to
cceptable levels before discharging to the environment. The
emoval or destruction of surfactants from wastewaters can
e achieved by methods such as chemical or electrochemical
xidation, membrane technology, chemical precipitation, pho-
ocatalytic degradation and adsorption or electrosorption onto
arious adsorbents. Adsorption is by far the most widely applied
ethod among others [3].
Mishra et al. [4] reported the adsorption behavior of sodium

odecylbenzene sulfonate on raw and demineralized coal sam-
les. The effects of surfactant concentration, temperature, pH
nd presence of electrolyte on adsorption were examined. There

re some works in literature about the adsorption of surfactants
n metal oxides [3,5–7]. However activated carbon materials are
he most widely used adsorbents for the removal of surfactants
rom aqueous solutions by adsorption. Gonzalez-Garcia et al. [8]
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Fig. 1. Molecular str

tudied the adsorption of sodium dodecyl sulfate onto a set of
ctivated carbon from aqueous solutions and derived adsorption
sotherms. Basar et al. [9] reported removal of surfactants by
owdered activated carbon and microfiltration. Zor [10] investi-
ated the adsorption of anionic surfactants at different pH values
y means of activated carbon. Gupta et al. [1] examined the
erformance of waste activated carbon as a low-cost adsorbent
or the removal of anionic surfactants from aquatic environ-
ent. Paria and Khilar [11] reviewed experimental studies of

urfactant adsorption at the hydrophilic solid–water interface
nd suggested a four-regime mechanism for the adsorption of
urfactants.

The purpose of the present study is to investigate the
dsorption characteristics of some anionic surfactants onto high
pecific surface area activated carbon cloth by in situ UV-
pectroscopic technique in relation to wastewater purification.
his is a continuation of the series of works being carried out in
ur laboratories for the removal of various groups of hazardous
ompounds such as aromatic organic acids [12,13], phenolics
14], anilinics [15,16], heterocyclics [17], pesticides [18] and
yes [19]. Two important characteristics of these works are
he use of high specific surface area activated carbon cloth as
he adsorbent and the application of the so-called in situ UV-
pectroscopic technique to monitor the adsorption process from
he beginning till the equilibrium while the adsorption process
s in progress.

. Materials and methods

.1. Materials

The activated carbon cloth (ACC) was obtained from spectra
orp. (MA, USA) coded as Spectracarb 2225. Although the full
etails of its mode of preparation are regarded as proprietary,
t originates by pyrolysis of phenolic polymer fibers followed
y heat treatment in O2-free N2 between 800 and 900 ◦C for
ome hours. In this respect, it differs from other fibrous materials
erived by pyrolysis of rayon [20].

Anionic surfactants chosen to study in this work are ben-
ene sulfonate (BS), p-toluene sulfonate (TS), 4-octylbenzene
ulfonate (OBS) and 4-dodecylbenzene sulfonate (DBS). They

ere obtained from Aldrich in the form of sodium salts. The
olecular structures of them are given in Fig. 1. All chemi-

als used in this study were reagent grade and the water was
eionized.

s
p
a
i

s of the surfactants.

.2. Treatment and properties of the ACC

The ACC was found to provide spontaneously a small but
ignificant quantity of ions into the conductivity water in our
arlier work [21]. These ions are expected to be introduced into
he fibers of the ACC during the activation process. Therefore a
eionization cleaning procedure was applied to avoid desorp-
ion of these ions during adsorption studies. A carbon cloth
ample having an approximate apparent area of 250 cm2 was
laced in a flow-through washing cup and washed, batchwise,
ith a total of 5 L of warm (60 ◦C) conductivity water for 2 days
ith N2 bubbling to exclude CO2 and O2. Outcoming water

rom each batch was tested conductometrically for completeness
f washing. The washed ACC modules were then dried under
acuum at 120 ◦C and kept in desiccator for use in adsorption
tudies.

Various properties of an adsorbent must be known in order to
valuate and interpret the kinetic and equilibrium data of adsorp-
ion. Some of these properties were determined for the ACC used
n this work with methods described in detail in our earlier works
uch as specific surface area, micropore volume, mesopore vol-
me [12], average fiber diameter [14], elemental analysis [12],
oint of zero charge (pHPZC) [14,15], acidic and basic group
ontents [12]. Numerical values for these properties are given
n Table 1. Pore size distribution curve of the ACC used in this
ork was given in our earlier works [12,15].

.3. The monitoring of adsorption by in situ UV
pectroscopy

In situ UV-spectroscopic technique as described in detail
n our earlier works [14,15,21] was applied in monitoring the
dsorption process. As a non-destructive analytical technique,
t allows the adsorption process to be monitored continuously
rom the beginning till the equilibrium. It utilizes a specially
esigned adsorption cell which is V-shaped containing an ACC
iece attached to a short Pt wire sealed to a glass tubing in one
rm, a N2 bubbling tube in the other arm and a quartz UV-cuvette
ealed at the bottom.

A Carry 100 model UV–vis spectrophotometer interfaced to
computer was used for optical absorbance measurements. The
bsorbance determinations were conducted in situ during the

tudy of the adsorption process by the following procedure. A
iece of the ACC accurately weighed and pre-wetted more than
day was placed in the adsorption cell as described above. The

dea of using the pre-wetted ACC originates from our previ-
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Table 1
Properties of activated carbon cloth (washed)

Specific surface area 1870 m2 g−1

Ratio of apparent surface area to the total BET surface area 4.1 × 10−6

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

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
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Phenolic group content 0.14 mmol g−1

otal basic group content 0.28 mmol g−1

us findings that pre-wetting enhances the adsorption [21,22].
he surfactant solution was then introduced into the cell and
vacuation was applied to the whole cell in order to remove
ir from pores of the ACC and to achieve access of solution to
he whole carbon surface. The sliding door of the sample com-
artment of the spectrophotometer was left half-open and the
uartz cuvette fixed at the bottom of adsorption cell containing
he adsorbent ACC and the adsorbate surfactant solution. N2
as bubbled through the solution continuously for mixing the

olution and eliminating CO2 or O2. Then an opaque curtain
as spread above the sample compartment of the spectropho-

ometer, over the cell, to prevent interference from the external
ight.

The scanning-kinetics program for monitoring the
bsorbance of the specific surfactant was then run on the
omputer. This program enabled the absorbance spectrum to
e recorded over a pre-selected, limited wavelength range in
rogrammed time intervals (1 min). In this way, it was possible
o record as many as 1000 data points for an adsorption period
f 1000 min. This is one of the most important advantages of in
itu UV spectroscopic technique as applied in scanning-kinetics
ode. In most classical adsorption studies, batch analysis
ethod is employed. In this method, samples are withdrawn

rom the adsorption system at certain time intervals and
nalyzed separately. Usually 10–20 data points are obtained
or most kinetic studies. Each sample withdrawal, of course,
estructs the main adsorption system.

A typical scanning kinetic output obtained during the adsorp-
ion of OBS from water onto the ACC was reproduced in
ig. 2 in which only scans in 5 min intervals are shown. The
ownward movement of the absorbance maximum at 224 nm
s the adsorption goes on is clearly seen in this figure and
arked by an arrow. Any change in spectrum during the process

ould be seen in such a scanning-kinetic output. After comple-
ion of the adsorption run, a separate absorbance versus time

urve could be printed at any wavelength in the scanned range.
his wavelength is usually the one at maximum absorbance
λmax) unless there is change in spectrum such as shift
n λmax.

l
c
[
c

ig. 2. A typical scanning kinetic output for the adsorption of OBS in 5 min
ntervals over 300 min. Initial concentration: 1 × 10−4 M, solvent: H2O. Arrow
hows the direction of movement of absorbance maximum with adsorption.

Absorbance data were converted into concentration data
sing calibration relations pre-determined at the wavelength of
aximum absorbance for each surfactant.

.4. Determination of adsorption isotherms

The adsorption isotherms of surfactants were determined
n the basis of batch analysis. The ACC pieces of varying
asses were allowed to equilibrate with solutions of surfac-

ants in water, in 0.005 M NaCl, in 0.01 M NaCl or in 0.01 M
2SO4 with known initial concentrations at 30 ◦C for 48 h.
reliminary tests showed that the concentration of adsorbates
emained unchanged after 20–24 h contact with the ACC. So, the
llowed contact time of 48 h ensures the equilibration. Hundred
illilitres Erlenmeyer flasks containing the ACC and adsorbate

olution were kept in Nüve ST 402 shaking water bath at a
onstant shaking speed of 150 rpm for equilibration. The con-
entrations at the end of equilibration period were measured
pectrophotometrically. The amount of surfactant adsorbed per
nit mass of the ACC at equilibrium, qe, was calculated by Eq.
1):

e = V (C0 − Ce)

m
(1)

here V is the volume of the solution of surfactant (L), C0 and
e are the initial and equilibrium concentrations, respectively

mM) and m is the mass of the ACC (g). Then Eq. (1) gives qe
n mmol surfactant adsorbed per gram ACC.

. Result and discussion

.1. Chemical nature, optical absorbance characteristics
nd calibration data of the surfactants

Two of the four surfactants studied; OBS and DBS, contain

ong hydrocarbon chain in their structures (Fig. 1). The
ritical micelle concentration (CMC) of DBS is 1.4 × 10−3 M
23]. That of others is expected to be higher. The initial
oncentrations of surfactants were kept well below their CMC
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Table 2
Absorbance and calibration data of surfactants

Adsorbate Solvent λmax (nm) ε (cm−1 M−1) r

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

TS H2O 222 10,300 0.9994
0.01 M H2SO4 222 10,100 1.000

OBS H2O 224 12,700 0.9995
0.01 M H2SO4 224 12,700 0.9993
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BS H2O 224 10,500 0.9995
0.01 M H2SO4 224 10,600 0.9997

n adsorption studies. The reason for this is that the system
ecomes heterogeneous above CMC in which in situ analysis
f adsorbate solutions by UV spectroscopy cannot be free from
rrors that might be even more serious at higher concentrations.

All of the surfactants are more than 99% in monovalent
nionic sulfonate form in water. The adsorption of them was
tudied both in water and in 0.01 M H2SO4 solutions. The reason
or selection of 0.01 M H2SO4 solution for adsorption medium
s to lower the pH of solution well below 7.4, pHPZC of the
CC (Table 1), thus to make the ACC surface positively charged
hile keeping the surfactants still 99% in anionic sulfonate form
ith the expectation that the electrostatic attractions between the

urface and the surfactant would enhance the adsorption.
Optical absorbance characteristics and calibration data of

he surfactants both in H2O and in 0.01 M H2SO4 are given
n Table 2. These data include the wavelength of maximum
bsorbance (λmax), the molar absorptivity (ε) and the regression
oefficient (r).
.2. Adsorption behaviors and kinetics of surfactants

The adsorption behaviors of surfactants from water solutions
nto the ACC over about 1000 min are shown in Fig. 3. The

ig. 3. Adsorption behaviors of (a) BS, (b) TS, (c) DBS and (d) OBS from water
olutions. Initial concentration: 1 × 10−4 M, the amount of ACC: 18.3 mg, the
olume of adsorbate solution: 20 mL.
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ig. 4. Adsorption behaviors of (a) BS, (b) TS, (c) OBS and (d) DBS from
.01 M H2SO4 solutions. Initial concentration: 1 × 10−4 M, the amount of ACC:
8.3 mg, the volume of adsorbate solution: 20 mL.

owest rate and extent of adsorption is observed with BS and
hen comes TS. OBS and DBS show the highest rate and extent
f adsorption. Furthermore, it is seen that the latter two surfac-
ants have very similar adsorption behaviors. The higher rates
nd extents of adsorption of OBS and DBS can be attributed to
he presence of hydrophobic long chain hydrocarbons in the
tructures of these molecules (Fig. 1). This shows that pre-
ominant interaction between the surface and the surfactants
s hydrophobic in water solutions. The pH of these adsorbate
olutions in water is around 6, close to the pHPZC of the ACC
urface. Therefore, although we cannot exclude the electro-
tatic interactions, they are of secondary importance compared
o hydrophobic interactions in adsorption from H2O solutions.
bsence of hydrocarbon chains in the structures of BS and TS
eakens the hydrophobic interactions and explains the lower

ates and extents of adsorption of these two surfactants com-
ared to OBS and DBS. When the rate and extent of adsorption
f BS and TS are compared with each other it can clearly be seen
rom Fig. 3 that just a single hydrophobic –CH3 group present
n the structure of TS causes a considerable enhancement in its
dsorption compared to BS in which there is no hydrophobic
ubstituent in phenyl group.

In order to see the effect of electrostatic interactions, adsorp-
ion experiments were repeated from 0.01 M H2SO4 solutions.
he results are given in Fig. 4. While the surfactants maintain

heir single negative charge in 0.01 M H2SO4 solutions, the net
harge on the surface of the ACC becomes positive since the pH
f solution is now much less than pHPZC in this case [24]. It is
lear from Fig. 4 that the rates and extents of adsorption of all

urfactants increased considerably due to the electrostatic inter-
ctions between the positively charged ACC surface and the
egatively charged surfactants in addition to the hydrophobic
nteractions discussed above.
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Table 3
The parameters of kinetic models for the adsorption of surfactants onto the ACC obtained by linear regression analysis of experimental data

Adsorbate Solvent Pseudo-first-order Pseudo-second-order Elovich equation

k1 (min−1) r k2 (g (mmol min)−1) h (×103 mmol
(g min)−1)

r α (g (mmol min2)−1) β (×103 mmol
(g min)−1)

r

BS H2O 0.00501 0.9542 0.16400 1.0975 0.9996 24.261 13.8 0.9950
BS 0.01 M H2SO4 0.0073 0.9857 0.275825 3.5878 0.9996 52.150 17.5 0.9344
TS H2O 0.0056 0.9736 0.13164 1.5152 0.9999 17.8995 18.1 0.9855
TS 0.01 M H2SO4 0.0062 0.9499 0.79000 11.145 0.9999 1885.65 12.5 0.8635
OBS H2O 0.0121 0.9876 0.248517 3.5038 0.9976 30.1000 20.3 0.9474
O 10.
D 3.
D 11.
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BS 0.01 M H2SO4 0.0063 0.9240 0.824073
BS H2O 0.0078 0.9702 0.239239
BS 0.01 M H2SO4 0.0117 0.9534 0.908341

It is to be noted that size factors may also become important
n determining the extent of adsorption. In order to examine
he effects of size factors one must have an idea about the pore
izes of the adsorbent and molecular sizes of the adsorbates.
ssuming the adsorbates studied in this work to have a

ylindrical shape, the approximate diameters and heights of
hem could be calculated using a program called ChemSketch.
his treatment showed that the diameters of all the adsorbates
ere determined by the width of the benzene ring and found to
e about 4.8 Å. The heights were 7.04, 8.04, 15.09 and 20.21 Å
or BS, TS, OBS and DBS, respectively. On the other hand the
ercentage of total pores of the ACC having pore size greater
han 4.8 Å was 98 as deduced from the pore size distribution
urve given in our earlier works [12,15]. The same percentages
or pore sizes greater than 7, 8, 15 and 20 Å were 80, 75, 16 and
, respectively. Here, the orientation of presumably cylindrical
olecules is important during their diffusion into the pores.

f they take vertical orientation, it seems that almost 98% of
he pores are accessible to all the adsorbate molecules. Since
he longer molecules OBS and DBS are found to have higher
xtents of adsorption, the vertical orientation assumption is
rue. Thus the extents of adsorption are mainly determined by
he various interactions discussed above rather than by the size
actors.

Enormous amount of data obtained for the adsorption of sur-
actants (around 1000 concentration versus time data points for
ach surfactant obtained in 1 min intervals) allowed us to make
detailed kinetic analysis. This was only possible with the in

itu UV spectroscopic technique described briefly above and
n detail in our previous works [13,14,17]. Four kinetic mod-
ls were tested to fit the experimental data points; intraparticle
iffusion, pseudo-first-order, pseudo-second-order and Elovich
odels. Mathematical expressions of these models are given in
qs. (2)–(5), respectively [25–28]:

t = kit
0.5 (2)

n(qe − qt) = ln qe − k1t (3)
t

qt

= 1

k2q2
e

+ 1

qe
t (4)

t = β ln(αβ) + β ln t (5)

m
o
t
T

345 0.9998 1030.24 12.6 0.8514
3842 0.9992 31.1840 19.5 0.9276
138 0.9997 445.672 14.2 0.8709

here qt and qe are the amounts of surfactant adsorbed at time t
nd at equilibrium, respectively. ki is the intraparticle diffusion
onstant. k1 and k2 are pseudo-first- and pseudo-second-order
ate constants, respectively. The product k2q

2
e in Eq. (4) is usually

ymbolized by h and termed as initial sorption rate. α and β

re Elovich coefficients representing initial sorption rate and
esorption constants, respectively.

The plot of qt versus t0.5 for intraparticle diffusion model
ave a very poor linear fit. Therefore the results of this treat-
ent were not given and it was concluded that the intraparticle

iffusion model is not the rate controlling step. In order to
est the other models, linear regression analysis was applied
o ln(qe − qt) versus t data for pseudo-first-order, t/qt versus t
ata for pseudo-second-order and qt versus ln t data for Elovich
odels. The parameters of the respective models according to

his analysis are given in Table 3 together with regression coef-
cients. The poorest fit is obtained for Elovich model and the
est fit is for pseudo-second-order model according to regression
oefficients.

The supporting evidence for the best fit by pseudo-second-
rder model comes from comparison of qe values obtained from
egression analysis and experimental qe values reached at the end
f long adsorption run shown in Figs. 3 and 4. This comparison
an be seen in Table 4 with the parameters of percent devia-
ion between experimental qe values and the predicted qe values
ccording to each model. It is clearly seen that percent deviations
re much smaller for pseudo-second-order model than pseudo-
rst-order model. So, it can be concluded that the kinetic of
dsorption of surfactants onto the ACC from water or 0.01 M
2SO4 solutions obeys the pseudo-second-order model.

.3. Adsorption isotherms

Isotherm data for the adsorption of surfactants from water and
.01 M H2SO4 solutions at 30 ◦C were derived according to the
ethod described in Section 2.4. The isotherm data were also

erived for the adsorption from aqueous solutions of these sur-
actants in the presence of 0.005 M and 0.01 M NaCl in order to

ake the system more real and to see the effect of ionic strength

n adsorption. All the isotherm data were treated according to
he two well-known isotherm models: Langmuir and Freundlich.
he linearized forms of Langmuir and Freundlich isotherm
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Table 4
Comparison of experimental and predicted qe values from pseudo-first-order and pseudo-second-order models for the adsorption of surfactants onto the ACC

Adsorbate Solvent (qe)experimental (qe)first-order Deviation (%) (qe)second-order Deviation (%)

BS H2O 0.07634 0.00501 +93.4 0.08181 +7.17
BS 0.01 M H2SO4 0.10923 0.0073 −93.3 0.11405 +4.41
TS H2O 0.0999 0.0056 −94.4 0.10729 +7.40
TS 0.01 M H2SO4 0.1171 0.0062 −94.7 0.11878 +1.43
OBS H2O 0.1108 0.0121 −89.1 0.11874 +7.17
O 3
D 8
D 7
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BS 0.01 M H2SO4 0.1103 0.006
BS H2O 0.1131 0.007
BS 0.01 M H2SO4 0.1082 0.011

quations are given in Eqs. (6) and (7), respectively [29,30]:

Ce

qe
= Ce

qmax
+ 1

bqmax
(6)

n qe = ln KF +
(

1

n

)
ln Ce (7)

here qe and Ce are the amount of surfactant adsorbed per gram
f the ACC and concentration of surfactant in adsorbate solution
t equilibrium, respectively. qmax is the maximum adsorption
t monolayer coverage, b the adsorption equilibrium constant
elated to the energy of adsorption, KF the Freundlich constant
epresenting the adsorption capacity and n a constant related to
urface heterogeneity.

Experimental isotherm data at 30 ◦C were fitted to Langmuir
nd Freundlich equations by linear regression analysis: Ce/qe
ersus Ce for Langmuir and ln qe versus ln Ce for Freundlich
odels. The best fitted parameters together with regression

oefficients are given in Table 5. It is seen that the regression
oefficients, being all greater than 0.98 are not decisive about
hich model represent the experimental data better. A better

riterion for the assessment of experimental isotherm data is
parameter known as normalized percent deviation [31] or in

ome literature as percent relative deviation modulus, P, [32,33]

efined by the following equation:

= 100

N

N∑
i=1

|qe(pred) − qe(exp)|
qe(exp)

(8)

t
T
o
a

able 5
he parameters of Langmuir and Freundlich equations obtained by linear regression

dsorbate Solvent Langmuir parameters

qmax (mmol g−1) b (L mmol−1) r

S H2O 0.3009 22.24 0.9
S 0.01 M H2SO4 0.5584 97.45 0.9
S H2O 0.3244 46.41 0.9
S 0.01 M H2SO4 0.6013 313.2 0.9
BS H2O 1.223 101.4 0.9
BS 0.005 M NaCl 1.063 195.9 0.9
BS 0.01 M NaCl 1.017 189.1 0.9
BS 0.01 M H2SO4 1.477 184.5 0.9
BS H2O 1.136 137.6 0.9
BS 0.005 M NaCl 1.003 188.2 0.9
BS 0.01 M NaCl 0.9137 206.5 0.9
BS 0.01 M H2SO4 1.388 139.8 0.9
−94.3 0.11204 +1.58
−93.1 0.11894 +5.16
−89.2 0.11074 +2.35

here qe(exp) is the experimental qe at any Ce, qe(pred) the cor-
esponding predicted qe according to the equation under study
ith the best fitted parameters and N is the number of obser-
ations. It is clear from Eq. (8) that the lower the P-value, the
etter is the fit. It is generally accepted that when the P-value is
ess than 5, the fit is considered to be excellent [32].

The P-values for Freundlich model (Table 5) are seen to be
uch lower than those for Langmuir model and are also all
ell below the value of 5. Therefore it can be concluded that
reundlich model represents the experimental isotherm data of
urfactants at 30 ◦C better than Langmuir model. The best fit-
ed isotherm curves of BS, TS, OBS and DBS in H2O and in
.01 M H2SO4 according to Langmuir and Freundlich mod-
ls together with experimental data points are reproduced in
igs. 5–8, respectively. The better fit of Freundlich equation

han Langmuir equation to the experimental isotherm data can
learly be seen from these figures.

In Figs. 7 and 8, the Langmuir and Freundlich isotherms for
dsorption of the two anionic surfactants from 0.005 M NaCl
nd 0.01 M NaCl solutions are also presented. It is clear that
here is a slight decrease in the extent of adsorption at equilib-
ium along the equilibrium concentration range studied in the
resence of 0.005 M NaCl. Furthermore, it is also noticeable
hat there is some further slight decrease in the extent of adsorp-

ion when the concentration of NaCl is increased to 0.01 M.
his can be attributed to a slight weakening of the ionic field
f the surfactants in the presence of an inert electrolyte such
s NaCl.

analysis of adsorption isotherm data at 30 ◦C

Freundlich parameters

P KF (mmol g−1)
(L mmol−1)1/n

1/n r P

878 2.784 0.7158 0.5116 0.9901 2.568
971 4.209 0.8129 0.1995 0.9898 1.725
848 4.597 0.7916 0.4177 0.9869 2.993
993 7.045 0.8349 0.1377 0.9910 1.825
920 8.975 2.299 0.2824 0.9935 2.263
971 11.42 1.853 0.2267 0.9909 3.275
975 10.59 1.723 0.2207 0.9901 3.177
935 10.45 2.709 0.2434 0.9791 4.887
931 8.818 2.408 0.2931 0.9926 3.135
953 12.68 1.8653 0.2452 0.9889 3.671
976 10.10 1.655 0.2329 0.9868 4.263
802 16.94 2.657 0.2691 0.9848 4.131
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Fig. 5. The isotherm for the adsorption of BS from H2O (upper curves and
data) and from 0.01 M H2SO4 solutions (lower curves and data). (—) Langmuir
isotherms, (- - -) Freundlich isotherms, (©) experimental data points.

Fig. 6. The isotherm for the adsorption of TS from H2O (upper curves and
data) and from 0.01 M H2SO4 solutions (lower curves and data). (—) Langmuir
isotherms, (- - -) Freundlich isotherms, (♦) experimental data points.

Fig. 7. The isotherm for the adsorption of OBS from H2O (�), from 0.01 M
H2SO4 (�), from 0.005 M NaCl (©) and from 0.01 M NaCl (�). (—) Langmuir
isotherms, (- - -) Freundlich isotherms.

Fig. 8. The isotherm for the adsorption of DBS from H2O (�), from 0.01 M
H
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2SO4 (�), from 0.005 M NaCl (©) and from 0.01 M NaCl (�). (—) Langmuir
sotherms, (- - -) Freundlich isotherms.

The parameters qmax and KF in Table 5 are measures of
he adsorption capacity of the ACC for the surfactants stud-
ed. It is seen that the adsorption capacity increases in the order
S < TS < DBS ∼ OBS for the surfactants studied both in water
nd in 0.01 M H2SO4. This result is in agreement with that found
n the basis of kinetic data in Section 3.2. It is again clear from
able 5 that both qmax and KF (as adsorption capacity parame-

ers) values for the adsorption of anionic surfactants decrease
ith increasing concentration of an inert electrolyte such as
aCl.
A final comment can be made about the desorption of adsor-

ates from the ACC in order to give some idea about regeneration
f the ACC. It was found that when the ACC saturated with
BS, OBS, TS or BS is contacted with pure water at 70 ◦C for
h by continuous stirring in a shaking water bath at 150 rpm,
.6%, 1.8%, 47% and 58% of the respective adsorbates were
esorbed. It is seen that for the adsorbates having no hydrocar-
on chain such as BS and TS, the degree of desorption and thus
f regeneration is relatively high. On the other hand adsorbates
ith long hydrocarbon chains such as DBS and OBS show very

mall extent of desorption from the ACC under the studied condi-
ions. This can be attributed to strong hydrophobic interactions
etween these molecules and the ACC surface which cannot
e weakened by stirring at 70 ◦C. It should be recognized that
hese results are from preliminary desorption experiments. Fur-
her detailed work may be required for the regeneration of the
CC.

. Conclusions

It is found that the ACC can efficiently adsorb the surfactants

S, TS, OBS and DBS from water solutions predominantly
y hydrophobic interactions. The adsorption is enhanced
y acidifying the surfactant solution with H2SO4 due to
he electrostatic interactions between the ACC surface and
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urfactants in addition to the hydrophobic interactions. Kinetic
f adsorption of surfactants onto the ACC was found to follow
seudo-second-order model. Isotherm data at 30 ◦C were fitted
o Freundlich model better than to Langmuir model. The rate
nd extent of adsorption of the surfactants onto the ACC was
ound increase in the order BS < TS < DBS ∼ OBS. An inert
lectrolyte such as NaCl was found to decrease the adsorption
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