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a b s t r a c t

Activated carbon cloth (ACC) was used as adsorbent for the removal of cationic surfactants
such as benzyltrimethylammonium chloride (BTMACl), benzyltriethylammonium chloride (BTEACl),
benzyltributylammonium chloride (BTBACl), benzyldimethyldecylammonium chloride (BDMDACl), ben-
zyldimethyltetradecyl ammonium chloride (BDMTDACl), benzyldimethylhexadecylammonium chloride
(BDMHDACl), N-dodecylpyridinium chloride (N-DPCl) and N-cetylpyridinium chloride (CPCl) from aque-
ous solutions. The adsorption efficiency of the ACC was evaluated for cationic surfactants. Adsorption
process was followed by in situ UV spectroscopic technique. The kinetic data, so obtained, were treated
according to the pseudo first-order, the pseudo second-order, the Elovich and the intraparticle diffusion
models in order to understand the adsorption mechanism of cationic surfactants onto the ACC. The best
fit was found with the pseudo second-order model. The experimental isotherm data were obtained at
ctivated carbon cloth

n situ UV spectroscopy
uaternary ammonium chlorides

30 ◦C and analyzed by the Freundlich and the Langmuir models. The parameters of isotherm equations
were determined. The Freundlich model was found to represent the experimental data better than the
Langmuir model. The observed adsorption behaviors are discussed in terms of the pH of the solution, the
nature of cationic surfactants (e.g. functional groups, size, and hydrophobicity) and the nature of the ACC
(e.g. surface charge, pore size). A fair linear correlation was found between some adsorption parameters

es a
and apparent molar volum

. Introduction

Surfactants constitute the most important group of detergent
omponents and are present in all types of detergents [1]. They are
f toxic nature and their presence in water creates health hazards
ike dermatitis, unpleasant taste and smell. They cause foams in

aters. Some surfactants are biodegradable, but many of them are
ot [2]. For this reason the amount of surfactants in wastewaters
hould be reduced at least to acceptable levels.

There are four types of surfactants: anionic, cationic, zwit-
erionic and non-ionic. Cationic surfactants are widely used as
extile softeners, dispersants, emulsifiers, dye-fixing agents, wet-
ing agents, disinfecting agents and corrosion inhibitors in various
ndustries [3].

One of the commonly used methods for removal of pollutants

rom wastewaters is adsorption and probably the most widely used
dsorbent in adsorption is activated carbon [4]. There are three
ypes of activated carbon in commercial use: powder activated car-
on, granular activated carbon and activated carbon fiber or cloth.

∗ Corresponding author. Tel.: +90 242 310 23 15; fax: +90 242 227 89 11.
E-mail address: eayranci@akdeniz.edu.tr (E. Ayranci).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.09.058
t infinite dilution for benzyltrialkylammonium chlorides.
© 2009 Elsevier B.V. All rights reserved.

Activated carbon fiber or cloth has several unique characteristics
compared with conventionally used granular or powder activated
carbons. These materials are composed of thin fibers of the order
of ten microns in diameters leading to greater adsorption rates,
and hence contributing to the minimization of the reactor size. The
cloth or fiber form of activated carbon also makes the handling of
adsorbents much easier [5]. For these reasons, the activated carbon
cloth (ACC) has received considerable attention, in recent years,
as a potential adsorbent for water treatment applications. ACC has
been used for successful adsorptive removal of some organic com-
pounds [6–14], various inorganic anions [15] and some metal ions
[16–18].

The adsorption of some cationic surfactants was studied previ-
ously using various adsorbents such as silica [19,20], quartz [21],
zeolite and clinoptilolite [22], rutile [23], cellulose [24], carbon
black [25], coal [26] and activated carbon [27–29]. However, we
have not met any study for the adsorption of cationic surfactants
using the ACC adsorbent in literature.
The aim of the present study is to investigate the adsorption
behaviors of some cationic surfactants from aqueous solutions onto
the ACC by in situ UV spectroscopic method. Eight cationic sur-
factants were selected in such a way that the structural factors
affecting their adsorption behavior could be examined. The names,

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:eayranci@akdeniz.edu.tr
dx.doi.org/10.1016/j.jhazmat.2009.09.058
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Table 1
Chemical structures of cationic surfactants.

Cationic surfactant Abbreviation Chemical structure

Benzyltrimethylammonium chloride BTMACl

Benzyltriethylammonium chloride BTEACl

Benzyltributylammonium chloride BTBACl

Benzyldimethyldecylammonium chloride BDMDACl

Benzyldimethyltetradecylammonium chloride BDMTDACl

Benzyldimethylhexadecylammonium chloride BDMHDACl

N-dodecylpyridinium chloride N-DPCl

PCl
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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-

Table 2
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
N-cetylpyridinium chloride C

bbreviations and structures of the selected cationic surfactants are
iven in Table 1.

. 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 [16].

BTMACl, BTEACl, BTBACl and CPCl were obtained from Aldrich,
DMDACl, BDMTDACl and BDMHDACl from Fluka and N-DPCl from
erck. All chemicals used in this study were reagent grade. Deion-

zed 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 [6,7,12]. 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
were determined in our previous works [7,12,14]. These proper-
ties are listed in Table 2. The SEM pictures and electrochemical
characterization of the ACC were also reported earlier [30].
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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Fig. 1. Diagram of the adsorption cell.

ents by means of UV absorption spectrophotometry. This cell,
lso used in our previous works [7,12], was V-shaped (Fig. 1) with
ne arm containing the carbon cloth attached to a short Pt wire
ealed to a glass rod and the other arm containing a thin glass tube
hrough which N2 gas was passed for the dual purposes of mixing
nd eliminating any dissolved CO2. The two arms were connected
o a glass joint leading to a vacuum pump at the upper part of the V-
haped cell in order to provide the opportunity for initial outgassing
f the carbon adsorbent and the cell and solution. A quartz spec-
rophotometer cuvette was sealed to the bottom of the adsorption
ell.

With the use of the adsorption cell described above it was possi-
le to follow the changes in concentration of the adsorbate solution
uring the course of adsorption by in situ UV spectroscopy. The pro-
edure for this process is summarized as a flow diagram in Fig. 2
nd explained in detail below.

Solutions of adsorbates were prepared in water. The initial con-
entrations of surfactants and the amount of the ACC were kept
s constant as possible for kinetic studies of adsorption of individ-
al adsorbates in order to make an easy comparison among their
dsorption behaviors (concentration: 1 × 10−4 M, mass of the ACC:
8.3 ± 0.1 mg). The ACC pieces were pre-wetted by leaving in water
or 24 h before use. During this long contact period with water, the
ores of the ACC may expand and become more accessible for the
dsorbates, in the actual adsorption process. The idea of using pre-
etted ACC originated from our previous findings that pre-wetting

nhances the adsorption process [30]. Pre-wetted ACC was inserted
nto the adsorption cell containing a known volume of sample solu-
ion (20 mL) which had been degassed by vacuum application for
short time. The sliding door of the sample compartment of the

pectrophotometer was left half-open and quartz cuvette fixed at
he bottom of the adsorption cell (which now contained the sam-

le solution) was inserted into the front sample compartment. A
eflon tube connected to the tip of a thin N2-bubling glass tube
as lowered from one arm of the adsorption cell down the spec-

rophotometer cuvette to a level just above the light path to provide
ffective mixing. Then, quickly, an opaque curtain was spread above
Fig. 2. Flow diagram for measurement process of the in situ UV spectroscopic
method.

the sample compartment of the spectrophotometer, over the cell,
to prevent interference from external light. A Cary 100 UV–vis spec-
trophotometer was used for the optical absorbance measurements.

The scanning-kinetics program for monitoring the absorbance
of any specific surfactant was then run on the computer. This
program enabled the absorbance spectrum to be recorded over a
pre-selected, limited wavelength range in programmed time inter-
vals (1 min). In this way, it was possible to record as many as 1000
data points for an adsorption period of 1000 min at each wave-
length in the selected region without destructing the adsorption
system. This possibility constitutes the superior advantage of in
situ UV spectroscopic technique as applied in scanning-kinetics
mode over most classical adsorption study techniques. In those
techniques, batch methods are usually employed in which, samples
are withdrawn from the adsorption system at certain time intervals
and analyzed separately. Usually 10–20 data points are obtained in
such kinetic studies. Each sample withdrawal, of course, destructs
the main adsorption system.

A typical scanning-kinetic output obtained during the adsorp-
tion of BTMACl from water onto the ACC was reproduced in Fig. 3
in which only scans in 5 min intervals are shown. The downward
movement of the absorbance maximum at 208 nm, as the adsorp-
tion goes on is clearly seen in this figure and marked by an arrow.
If any change occurs in spectrum during the adsorption process,
this could be seen in such a scanning-kinetic output. Such changes
are usually observed in electrosorption studies [6,31]. No change
was noted in the present systems. After completion of the adsorp-
tion run, a separate absorbance versus time curve could be printed
at any wavelength in the scanned range. This wavelength is usu-

ally the one at one of the absorption maxima (�max). Then, the
absorbance data were converted into concentration data using cal-
ibration relations pre-determined at the wavelength of maximum
absorbance for each adsorbate. The calibration data for the cationic
surfactants studied are given in Table 3.
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ig. 3. Scans during the adsorption of BTMACl onto the ACC in 5 min intervals over
00 min. Arrow shows direction of change (diminution) of optical absorbance max-

mum with adsorption.

.4. Determination of adsorption isotherms

The adsorption isotherms of adsorbates were determined on
he basis of batch analysis. The ACC pieces of varying masses were
llowed to equilibrate with solutions of adsorbates in water with
nown initial concentrations at 30 ◦C for 48 h. Preliminary tests
howed that the concentration of adsorbates remained unchanged
fter 20–24 h contact with the ACC. So, the allowed contact time
f 48 h ensures the equilibration. The equilibration was allowed in
00 mL Erlenmeyer flasks kept in Nüve ST 402 shaking waterbath at
constant shaking speed of 150 rpm. The concentrations after the
quilibration period were measured spectrophotometrically. The
mount of adsorbate adsorbed per unit mass of the ACC, qe, was
alculated by Eq. (1)

e = V(C0 − Ce)
m

(1)

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

. Results and discussion

.1. Adsorption behaviors of cationic surfactants
The concentration versus time plots for the adsorption of
ationic surfactants onto the ACC over about 1000 min are shown in
ig. 4. The concentrations (1 × 10−4 M) were kept below the critical

able 3
pectral and calibration data for in situ UV spectroscopic analysis of cationic surfactants.

Cationic surfactant Wavelength of maximum absorption �max (nm)

BTMACl 208
BTEACl 208
BTBACl 208
BDMDACl 208
BDMTDACl 208
BDMHDACl 208

N-DPCl 214
259

CPCl 214
259
Fig. 4. Concentration versus time plots for the adsorption of cationic surfactants
onto the ACC. Initial concentration is 1 × 10−4 M and mass of the ACC is 18.3 ± 0.1 mg
in all cases.

micelle concentrations of adsorbates to avoid handling heteroge-
neous systems.

The removal percentages of BTMACl, BTEACl, BTBACl, BDMDACl,
BDMTDACl, BDMHDACl, N-DPCl and CPCl after 1000 min of adsorp-
tion are 72, 90, 100, 100, 98, 98, 99 and 99, respectively. It is seen
that except BTMACl and BTEACl, all the surfactants reach to almost
complete removal (>98%). Similar extent of adsorption of BTMACl
and BTEACl as well as the small differences in extents of adsorption
of other (almost completely removed) surfactants can be explained
on the basis of the pH of the solution, the nature of cationic surfac-
tants (e.g. functional groups, size, hydrophobicity) and the nature
of the ACC (e.g. surface charge, pore size).

pHPZC is an important property of an adsorbent in determin-
ing the electrostatic interactions between adsorbate and adsorbent
during adsorption. The net charge on carbon surface is positive at
a solution pH lower than pHPZC and is negative at a solution pH
higher than pHPZC [32]. The initial pH values of cationic surfactant
solutions were measured in the range of 5.48 and 5.70. The pH
values of them at equilibrium were in the range of 5.80 and 5.91,
except N-DPCl and CPCl, which were 5.15 and 5.20, respectively.
The pHPZC of the ACC used in the present work (7.4, Table 2) is
close but slightly higher than the above measured pH values. Thus,
the surface of the ACC is expected to be slightly positive in all cases
and to remain so during the whole adsorption period. For this rea-

son slight repulsion can be expected between a surface having a
small positive charge and the cationic surfactants as far as the elec-
trostatic interactions are concerned. However quite high extents of
adsorption observed for all the surfactants (Fig. 4) suggest that the
main adsorption forces should be hydrogen bonding, hydrophobic

Molar absorptivity ε (M−1 cm−1) Correlation coefficient r

8000 0.9985
8000 0.9985
8250 0.9988
8200 0.9999
8100 0.9986
8100 0.9962

4950 0.9996
4400 0.9999

4800 0.9994
4300 0.9997
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Table 4
The parameters and regression coefficients of the three kinetic models applied for experimental adsorption kinetic data of the cationic surfactants.

Cationic surfactant Pseudo first-order Pseudo second-order Elovich equation

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

BTMACl 4.90 0.9745 0.152 1.15 0.9999 4.36 68.2 0.9806
BTEACl 4.53 0.9710 0.095 1.24 0.9999 4.45 50.5 0.9890
BTBACl 5.84 0.9868 0.133 1.87 0.9997 71.7 5.07 0.9692
BDMDACl 7.80 0.9820 0.334 4.65 0.9997 25.4 58.7 0.9237
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BDMTDACl 7.30 0.9793 0.323
BDMHDACl 6.20 0.9709 0.281
N-DPCl 6.80 0.9912 0.229
CPCl 5.90 0.9489 0.368

nd van der Waals interactions. Hydrogen bonding can be formed
etween the surfactant molecules and the carboxylic, lactonic and
henolic groups on the surface of the ACC (Table 2).

The cationic surfactants under study can be grouped into three.
he first group can be named as benzyltrialkylammonium chlo-
ides and is composed of BTMACl, BTEACl and BTBACl. The second
roup is benzyldimethylalkyl ammonium chlorides and is com-
osed of BDMDACl, BDMTDACl and BDMHDACl. The third group

s alkylpyridinium chlorides and includes N-DPCl and CPCl.
In the first group of surfactants, a benzyl group and three alkyl

roups are bonded to an N center. The increase in chain length
f the three alkyl groups from BTMACl to BTBACl is reflected in
he increase of the extent of adsorption in the same order (Fig. 4).
he increasing hydrophobicity of the adsorbate is expected to be
he predominating factor in determining the order of extent of
dsorption in this group of surfactants. Another important prop-
rty in determining the extent of adsorption is the size of adsorbate
pecies relative to that of pores of the ACC. The widths and lengths
f surfactant molecules were determined using a program called
hemSketch. The dimensions (widths × lengths) of BTMACl, BTEACl
nd BTBACl are 4.8 Å × 8.4 Å, 5.0 Å × 9.0 Å and 5.8 Å × 11.7 Å, respec-
ively. On the other hand, the percentages of total pores of the ACC
aving pore size greater than 4.8, 5.0 and 5.8 Å were 98, 98 and
5, respectively, as deduced from the pore size distribution curve
iven in our earlier works [14,33]. The same percentages for pore
izes greater than 8.4, 9.0 and 11.7 Å were 72, 63 and 42, respec-
ively. The orientation of molecules may be important during their
iffusion into the pores of the ACC. It seems that regardless of
enzyltrialkylammonium chlorides take vertical or horizontal ori-
ntation, the most accessible surfactant to the pores of the ACC
s expected to be BTMACl. However, BTMACl shows the smallest
xtent of adsorption in Fig. 4. This result indicates that hydropho-
ic interaction of benzyltrialkylammonium chlorides with the ACC
urface is more important in determining the extent of adsorption
han steric effects.
The removal percentages of surfactants in the second and third
roup are so high and close to each other that it is difficult to
orrelate their adsorption behaviors with their structures. The over-
ll hydrophobicity of surfactants in the second and third group is
xpected to be higher than those in the first group. Once again,

able 5
arameters of Langmuir and Freundlich isotherm equations, regression coefficients (r) an

Cationic surfactant Langmuir parameters

qmax (mmol g−1) b (L mmol−1) r P

BTMACl 0.0895 76.6 0.9805
BTEACl 0.383 70.0 0.9869
BTBACl 0.715 160 0.9930 1
BDMDACl 0.987 181 0.9962 1
BDMTDACl 0.950 142 0.9970
BDMHDACl 0.941 96.6 0.9967
N-DPCl 1.29 141 0.9950
CPCl 1.19 89.6 0.9933
4.34 0.9989 7.65 60.7 0.9050
3.67 0.9995 17.1 58.2 0.9185
3.42 0.9998 31.2 65.2 0.9532
4.61 0.9992 15.1 52.3 0.8978

hydrophobic interactions appeared to determine the extent of
adsorption in an important manner.

Four kinetic models were tested to fit the experimental data
points; intraparticle diffusion, pseudo first-order, pseudo second-
order and Elovich models. Mathematical expressions of these
models are given in Eqs. (2)–(5), respectively [34–37];

qt = kit
0.5 (2)

ln(qe − qt) = ln qe − k1t (3)

1
qt

= 1

k2q2
e

+ 1
qe

t (4)

qt =
(

1
ˇ

)
ln(˛ˇ) +

(
1
ˇ

)
ln t (5)

where qt and qe are the amounts of surfactant adsorbed at time
t and at equilibrium, respectively. ki is the intraparticle diffusion
constant. k1 and k2 are pseudo first- and pseudo second-order rate
constants, respectively. The product k2q2

e in Eq. (4) is usually sym-
bolized by h and termed as initial sorption rate. ˛ and ˇ are Elovich
coefficients representing initial sorption rate and desorption con-
stant, respectively.

The plot of qt versus t0.5 for intraparticle diffusion model gave a
very poor linear fit. Therefore the results of this treatment were not
given and it was concluded that the intraparticle diffusion model
is not the rate controlling step. In order to test the other models,
linear regression analysis was applied to ln(qe − qt) versus t data for
pseudo first-order, t/qt versus t data for pseudo second-order and
qt versus ln t data for Elovich models. The parameters of the respec-
tive models according to this analysis are given in Table 4 together
with regression coefficients. The best fit is for pseudo second-order
model according to regression coefficients. So, it can be concluded
that the kinetics of adsorption of cationic surfactants onto the ACC
obeys the pseudo second-order model.
3.2. Adsorption isotherms

Adsorption isotherm data obtained at 30 ◦C in water are given
in Fig. 5 for BTMACl, BTEACl and BTBACl, in Fig. 6 for BDMDACl,
BDMTDACl and BDMHDACl and in Fig. 7 for N-DPCl and CPCl.

d normalized percent deviation (P) values for cationic surfactants at 30 ◦C.

Freundlich parameters

KF (mmol g−1) (L mmol−1)1/n 1/n r P

5.19 0.256 0.404 0.9874 2.91
6.79 0.925 0.377 0.9943 2.67
1.8 1.41 0.266 0.9944 2.43
1.4 0.987 0.283 0.9970 2.42
8.23 0.950 0.293 0.9934 3.36
5.93 0.941 0.292 0.9938 2.39
8.35 2.06 0.221 0.9774 4.59
9.59 1.99 0.260 0.9877 3.16
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ig. 5. The fit of experimental adsorption data (�) to Langmuir (—) and Freundlich
· · ·) models for (a) BTMACl, (b) BTEACl and (c) BTBACl.

hese isotherm data were treated according to the two well-known
sotherm models: Langmuir and Freundlich. The linearized forms
f Langmuir and Freundlich isotherm models are given in Eqs. (6)
nd (7), respectively [38,39].

Ce

qe
= Ce

qmax
+ 1

bqmax
(6)

n qe = ln KF +
(

1
n

)
ln Ce (7)

here qe and Ce are the amount of cationic surfactant adsorbed per
ram of the ACC and concentration of cationic surfactant in adsor-
ate solution at equilibrium, respectively. qmax is the maximum
dsorption at monolayer coverage, b is the adsorption equilibrium

onstant related to the energy of adsorption, KF is the Freundlich
onstant representing the adsorption capacity and n is a constant
elated to surface heterogeneity.

The regression analysis of Ce/qe versus Ce data for Langmuir
nd ln qe versus ln Ce data for Freundlich models provided the
Fig. 6. The fit of experimental adsorption data (�) to Langmuir (—) and Freundlich
(· · ·) models for (a) BDMDACl, (b) BDMTDACl and (c) BDMHDACl.

parameters of these models. They are given in Table 5 together
with regression coefficients. It is seen that the regression coeffi-
cients, being all greater than 0.98 are not decisive about which
model represent the experimental data better. For the assessment
of experimental isotherm data, the so-called normalized percent
deviation [40] or in some literature percent relative deviation mod-
ulus, P [41,42] is a better criterion. It is defined by the following
equation:

P = 100
N

N∑
i=1

∣∣qe(pred) − qe(exp)

∣∣
qe(exp)

(8)

where qe(exp) is the experimental qe at any Ce, qe(pred) is the corre-

sponding predicted qe according to the equation under study with
the best fitted parameters and N is the number of observations. It
is clear from Eq. (8) that the lower the P-value, the better is the fit.
It is generally accepted that when the P-value is less than 5, the fit
is considered to be excellent [41].
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ig. 7. The fit of experimental adsorption data (�) to Langmuir (—) and Freundlich
· · ·) models for (a) N-DPCl and (b) CPCl.

The P-values for Freundlich model (Table 5) are seen to be much
ower than those for Langmuir model and are also all well below the
alue of 5. Therefore it can be concluded that Freundlich model rep-
esents the experimental isotherm data of cationic surfactants at
0 ◦C better than Langmuir model. The best fitted isotherm curves
ccording to Langmuir and Freundlich models together with exper-
mental data points are reproduced in Fig. 5 for BTMACl, BTEACl and
TBACl, in Fig. 6 for BDMDACl, BDMTDACl and BDMHDACl and in
ig. 7 for N-DPCl and CPCl. The better fit of Freundlich equation than

angmuir equation to the experimental isotherm data can clearly
e seen from these figures.

The parameter KF is the measure of the adsorption capacity of
he ACC for the cationic surfactants. It is seen from the KF values
iven in Table 5 that the adsorption capacity increases in the order

able 6
iterature values of qmax for the adsorption of some cationic surfactants onto various adso

Adsorbent Cationic surfactant

Powder activated carbon Cetyltrimethylammonium bromide
Montmorillonite Decyltrimethylammonium bromide
Montmorillonite Dodecyltrimethylammonium bromide
Montmorillonite Tetradecyltrimethylammonium bromide
Montmorillonite Hexadecyltrimethylammonium bromide
Kaolinite (well crystallized) Dodecyltrimethylammonium bromide
Kaolinite (well crystallized) Hexadecyltrimethylammonium bromide
Kaolinite (poorly crystallized) Dodecyltrimethylammonium bromide
Kaolinite (poorly crystallized) Hexadecyltrimethylammonium bromide
Kaolinite Dodecyltrimethylammonium bromide
Kaolinite Hexadecyltrimethylammonium bromide
Natural clinoptilolite Cetylpyridinium bromide
Natural clinoptilolite Cetylpyridinium bromide
Natural clinoptilolite Cetylpyridinium bromide
Natural clinoptilolite Cetylpyridinium bromide
Fig. 8. (a) Variation of h and (b) variation of KF with apparent molar volume at
infinite dilution for benzyltrialkylammonium chlorides.

BTMACl < BTEACl < BDMHDACl ≈ BDMTDACl < BDMDACl < BTBACl
< N-DPCl ≈ CPCl for the cationic surfactants. This result is in fair
agreement with the order of removal percentage for cationic
surfactants given in Section 3.1. Moreover, the values of 1/n are
found to be less than 1 (Table 5), suggesting a favorable adsorption
behavior for the cationic surfactants onto the ACC [43].

The parameters of the isotherm equations given in Table 5 are
difficult to compare with the literature values because the isotherm
data are collected under different conditions: temperature, type
of adsorbent and the form of adsorbate species. The most impor-
tant parameter to compare is probably the Langmuir qmax value
since it is a measure of adsorption capacity of the adsorbent. Some

of the literature qmax values and the conditions under which they
were obtained are listed in Table 6. The comparison of these litera-
ture values with our values reported in Table 5 shows that the ACC
used in our work has adsorption capacities either higher than or
comparable to those adsorbent materials used in other works.

rbents.

T (◦C) qmax (mmol g−1) Reference

30 1.00 [28]
25 0.743 [44]
25 0.813 [44]
25 0.827 [44]
25 0.892 [44]

– 0.050 [45]
– 0.058 [45]
– 0.070 [45]
– 0.085 [45]

25 0.045 [46]
25 0.035 [46]
24 0.692 [22]
30 0.731 [22]
34 0.769 [22]
40 0.802 [22]
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.3. Correlation of adsorption behaviors of surfactants with their
pparent molar volumes in aqueous solutions

Apparent molar volumes of some of the surfactants in aqueous
olutions have recently been reported from this laboratory [47]. It
s expected that there might be a correlation between adsorption
ehaviors of adsorbates and their apparent molar volumes at infi-
ite dilution. Such a correlation was explored with the available
ata by plotting the so called “initial sorption rate”, h, and the KF
arameter, which is a measure of adsorption capacity, as a func-
ion of apparent molar volume at infinite dilution, V0

�
, in Fig. 8. A

air linear correlation is seen in both graphs for BTMACl, BTEACl
nd BTBACl.

This seems, at first glance, to contradict with our finding that
ydrophobic interactions, rather than size factor, play the main role

n determining adsorption behaviors of the surfactants under study.
owever, it should be recognized that apparent molar volume at

nfinite dilution does not reflect solely the size of the adsorbate but
t also reflects adsorbate–water interactions including hydropho-
ic interactions. So, the observed correlation is reasonable. Similar
orrelations between adsorption parameters and volumetric prop-
rties were also observed in our previous work [13].

. Conclusions

Adsorption of eight cationic surfactants onto the ACC from aque-
us solutions was found to follow pseudo second-order kinetics. Six
f the eight cationic surfactants were almost completely removed
rom aqueous solution under the same experimental conditions.
maller extents of adsorption of the two adsorbates, BTMACl and
TEACl, were attributed to their smaller hyrophobicity than the
ther six adsorbates. On the overall, the adsorption of the cationic
urfactants under study was found to be determined mainly by
ydrophobic interactions. The influences of electrostatic inter-
ctions and size factors were less important under the present
orking conditions. Freundlich isotherm model represented the

dsorption data of the cationic surfactants better than Langmuir
odel. A fair linear correlation was found between the adsorp-

ion parameters h or KF and the apparent molar volume at infinite
ilution of benzyltrialkylammonium chlorides.
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