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bstract

Organophilic-bentonite, produced by exchange of cetyltrimethylammonium cation for metal cations on the bentonite, was exploited as adsorbent
or removal of catechol from aqueous solutions using batch technique. The dependence of removal on various physico-chemical parameters,
uch as contact time (1–250 min), concentration (0.8–15.3 mmol L−1), temperature (30, 40, 50 ± 1 ◦C) and pH (5–12) of the adsorptive solution

ere investigated. Obtained results show that catechol could be removed efficiently (∼100%) at pH values ≥9.9. The uptake process follows
rst-order rate kinetics and the equilibrium data fit well into the Langmuir and Freundlich adsorption isotherms over a wide range of concentration
1–10 mmol L−1). The magnitude of change of free energy (�G◦), enthalpy (�H◦) and entropy (�S◦) were determined.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Catechol, pyrocatechol or o-hydroxyphenol, is used as a top-
cal antiseptic, and in photography, fur dying, leather tanning,
ntifungal preservation of seed potato pieces, and in polymer-
zation inhibitors as well as a chemical intermediate, and an
ntioxidant in many industries [1,2]. It is also used in chemical
aboratories for the detection and determination of many ions.
atechol, therefore, frequently contaminates wastewaters gen-
rated by several industries including rubbers, chemical, dye,
hotographic, pharmaceutical, cosmetics, and oil industry [3].
he effluents from synthetic coal fuel conversion processes may
ontain catechol and resorcinol concentrations ranging from a
ew mg L−1 to 1000 mg L−1 [4]. Catechol, like other phenols,
s of particular interest from a sanitary point of view due to its
oxicity and deleterious effect on the quality of water supplies.
he compound is readily absorbed from the gastrointestinal
ract, causes hemolysis, degenerates the renal tubes, diminishes
iver function, and accumulates in the bone marrow [5]. Its

etabolites may initiate many cancers and neurodegenerative
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iseases [6]. Catechol is even more toxic than phenol since it
rovokes changes in the function of erythrocytes at doses as low
s 50 �g L−1 compared to 250 �g L−1 of phenol [7].

The United States Environmental Protection Agency (EPA)
8] has ranked phenols the 11th in list of 126 toxic chemicals
hat have been designated as priority pollutants and stringent
estrictions have been imposed by local authorities on levels
f phenol contaminants in water and wastewater. According
o the Egyptian regulations the concentration of phenols in
he industrial effluents should not exceed 0.05 and 1 mg L−1

or safe discharge in sewage [9] and in marine environment
10], respectively. Therefore, removal of catechol from water
r wastewater is of great importance. A number of technolo-
ies have been used for the removal of catechol from water
nd aqueous solutions. These include destructive processes such
s destructive oxidation, adsorptive micellar flocculation, ultra-
ltration, biological methods and adsorption on organic and

norganic compounds. Of these technologies adsorption on acti-
ated carbon still remains the most common process used for
emoval of catechol and other phenolecyl pollutants, especially

or water with moderate and low pollutant concentration [11].
owever, activated carbon can be advantageously used only in
articular cases because of its high cost [12]. Therefore, attention
as been directed to less expensive materials.

mailto:kshakir@lycos.com
dx.doi.org/10.1016/j.jhazmat.2007.05.037
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Over the last few decades organo-clays have gained much
mportance for the removal of organic pollutants from aqueous
olutions. Among the various types of clays, montmorillonite
hich is the main constituent of the low cost and naturally abun-
ant mineral bentonite possesses several of the properties that
ake it very appropriate for organo-clay preparation. Montmo-

illonite has a 2:1 type layer consisting of one octahedral sheet
f alumina inserted in between two silica tetrahedral sheets.
n the tetrahedral sheets, Al3+ can substitute for Si4+ and in
he octahedral sheets Mg2+ or Zn2+ can replace Al3+. These
somorphous substitutions in the clay lattice result into a net
egative charge on the clay surface [13]. Interlayer cations, usu-
lly sodium or calcium, balance the total electrostatic charge.
nder these conditions of diminished interlayer attraction, water

an interleave between layers rendering each triple layer sur-
ace equivalent to an exterior one, and the balancing interlayer
ons can exchange [14]. In aqueous solutions, large quater-
ary ammonium organic cations can readily replace the native
xchangeable inorganic cations in the interlamellar space of the
lay mineral by ion exchange and are said to be “intercalated” by
he mineral [15]. The sorption properties of the resulting organo-
lay surfaces may be significantly altered by this exchange
eaction and the clay may become organophilic and its capa-
ility to remove organic pollutants from aqueous solutions may
e greatly increased [16–18]. Investigations [16,17] indicate that
he magnitude and mechanism of sorption are functions of the
ation-exchange capacity of the clay, the molecular structure
f the exchanged organic cation, the extent of cation exchange,
nd the molecular structure of the solute. Sorption may take
lace either by partition or by adsorption depending mainly
n the characteristics of the exchanged organic cation and the
olecular structure of the solute.
Organo-clays synthesized with various quaternary ammo-

ium cations have been intensively investigated [16–22] and
pplied for removal of various organic contaminants from water
nd wastewater but no studies have, so far, appeared in the
iterature on the adsorption behavior of catechol. This paper
resents the experimental results of equilibrium and kinetics of
atechol adsorption, from aqueous solutions of varying pH val-
es, on cetyltrimethylammonium bromide-modified bentonite
CTAB-B).

. Experimental

.1. Materials

Bentonite used was primarily Na+-montmorillonite. It is
xploited from Kasr El Sagha, Fayoum, Egypt and is com-
ercially available. The cation exchange capacity (CEC) of

entonite was determined by the methylene blue-acid titration
ethod [23] and has been found to be 695 mmol kg−1 of ben-

onite.
Cetyltrimethylammonium bromide (CTAB) used for CTAB-
entonite (CTAB-B) preparation was of analytical grade and
as purchased from Aldrich Chemical Co.
A stock solution of 0.01 M catechol was prepared by dis-

olving appropriate weight of Analar C6H6O2 provided by

a
n
d
t
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erck. Catechol solution was preserved in dark reagent bot-
les.

Hydrochloric acid and sodium hydroxide solutions, prepared
rom analytical grade chemicals, were used for pH adjustment.
ouble distilled water was used in all experiments.

.2. Preparation of CTAB-bentonite (CTAB-B)

Natural bentonite (N-B) was gently crushed, ground in a rod
ill (closed circuit) and then sieved. The 53 �m fraction was

ven-heated at 85 ◦C for 3 h and finally dried for 1 h at 105 ◦C.
For CTAB-B preparation, 25 g sample of the dried bentonite

as added to 250 mL of water containing 5 g of CTAB (cor-
esponding to ∼79% of the CEC). The suspension was then
haken, at 65 ◦C, for 4 h. The treated clay was left over-night to
ettle and the supernatant solution was separated by decantation.
he treated clay was then washed by shaking with 250 mL of
ater for 1 h, left to settle and then separated. The washing pro-

ess was repeated several times until the washings were free from
romide ions as indicated by AgNO3. The organobentonite was
t last separated from water by vacuum filtration, dried at 80 ◦C,
ctivated for 1 h at 105 ◦C, and gently ground with a mortar and
estle to break up aggregate particles.

The amount of CTAB sorbed to bentonite was determined by
wo methods: (1) from the results of the organic carbon content,
etermined by elemental analysis performed in the Analytical
ervices Unit at the National Research Center, using Vario Ele-
entr CHN analyzer, and (2) as the difference between the initial

nd final amount of CTAB in solution, determined spectrophoto-
etrically by the bromothymol blue method [24]. The amount

f organic carbon in raw bentonite was nil and that of CTAB
orbed was calculated as 77.9% and 78.7% of the CEC, as found
pectrophotometrically and by elemental analysis, respectively.

.3. Sorption studies

For sorption studies, 0.25 g samples of CTAB-B were taken in
0 mL bottles containing varying amounts of catechol solution
f the required pH and the volume was adjusted to 25 mL with
idistilled water. The bottles were then well closed and shaken
or 45 min, except where the effect of time was investigated,
n an electric temperature-controlled shaker. Unless otherwise
pecified, the initial catechol concentration was kept constant at
× 10−4 M (∼88 mg L−1), the temperature was 30 ± 1 ◦C, the
H was adjusted to 11.3 ± 0.1. The suspensions were then cen-
rifuged, 5 mL of the supernatant solution was withdrawn and
he catechol amount remaining in the supernatant solution was
etermined spectrophotometrically. Though a number of meth-
ds have been proposed in the literature for spectrophotometric
etermination of phenols, none of them seemed sufficiently
elective to be useful for catechol determination in the concerned
olutions. Therefore, a spectrophotometric study for its determi-
ation was performed which led to the development of a simple

nd sufficiently selective and reliable method for its determi-
ation [25]. The method is based on that a catechol solution
evelopes a violet color at high pH and consists in measuring
he absorption of the solution of catechol at 450 nm and pH
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0.5–12 in presence of CTAB (0.005 M), against a reference
lank of similar pH value and CTAB concentration. The absorp-
ion being constant in the course of 6 h, after which it remains
nchanged for more than 24 h. Experiments have shown that
ons which might dissolve from the clay in the pH range tested
o not affect the color intensity. Beer’s law is obeyed over the
ange 0.0–6.6 �g catechol mL−1.

The amount of catechol adsorbed was estimated as the differ-
nce between its initial amount and that left after equilibration.
he reported results are the mean values of at least two experi-
ents.

. Results and discussion

.1. Effect of pH

The effect of pH on adsorption of catechol on N-B and CTAB-
was studied by varying the pH of the solution from about 5 to

2. The results are depicted in Fig. 1 which shows that adsorp-
ion of catechol on N-B is almost negligible (Fig. 1, curve a).
his result is quite expected since aqueous solutions of catechol
re weakly acidic and untreated montmorillonite is hydrophilic
nd negatively charged, hence catechol cannot be adsorbed on
-B due to charge repulsion. A similar observation has been

eported [21] for the uptake of phenol onto montmorillonite.
ig. 1 also shows the dramatic effect of CTAB treatment on

he adsorption of catechol by bentonite. However, the adsorp-
ion strongly depends on the pH of the solution. The percentage
dsorption remains low, ≤11%, up to about pH 7.5 where it
ncreases sharply with pH to attain about 100% at pH ≥ 9.9.
hese results can be best interpreted in terms of the sorptive
roperties of CTAB and the dissociation of catechol. Adsorption
f the large cationic surfactant molecule, CTAB, greatly modi-

es the nature of clay surface which may exhibit both hydrophilic
nd hydrophobic as well as electrostatic properties and van der
aals interaction between the –R group of the surfactant and

dsorbate [18,20]. Therefore, catechol may be adsorbed and

ig. 1. Experimental and calculated curves for adsorption of catechol at
× 10−4 M vs. pH using N-B and CTAB-B. (a) N-B, (b) CTAB-B, experi-
ental, and (c) calculated. Error bars are the standard deviation estimate for the

verage of three experiments.
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etained onto CTAB-B by various mechanisms, mainly depend-
ng on the solution conditions. In aqueous solutions, catechol
an dissociate into the negatively charged catechol oxide ion.
eing a weak acid, the dissociation strongly depends on the
H of solution and increases with pH elevation. Variation of
he extent of dissociation with pH-change can be theoretically
alculated. Thus, if it is assumed that the dissociation products
re completely removed from the solution (ca. by adsorption)
s soon as they are formed, an adsorption-pH curve, that is a
issociation-pH curve, can be theoretically calculated from the
issociation constant of the adsorbate (pKa of catechol = 9.48
26]) and the relation:

dsorption % (≡ dissociation %) = 1

1 + 10(pKa−pH) × 100

o compare with the experimental adsorption curve, the calcu-
ated curve (curve c) is included in Fig. 1 and shows that at
H 7.5 adsorption starts to increase sharply with pH elevation in
oincident with the experimental adsorption curve (Fig. 1, curve
). At pH below 7.5 dissociation is insignificant (<1.0%), that is
atechol exists mainly as the non-charged molecule. However,
he extent of adsorption obtained experimentally at a given pH
s seen to be higher than theoretically predicted. The observed
ncrease in adsorption at pH values >7.5 is a consequence of the
ynamic nature of the simultaneous equilibria between dissoci-
ted and undissociated species. Thus, removal of the dissociation
roducts from the solution (ca. by adsorption) accelerates dis-
ociation as a result of the simultaneous equilibria which in
urn results in increase in adsorption. From the foregoing it
s concluded that the removals obtained at pH values higher
han 7.5 are primarily due to favorable electrostatic interaction
etween the negatively charged catechol oxide ion and posi-
ively charged surfaces of the modified-bentonite particles. On
he other hand, the relatively low removals observed at pH val-
es <7.5 can be mainly attributed to van der Waals interaction
etween uncharged catechol molecules and –R groups of the
uaternary ammonium ion. This observation is consistent with
he findings reported by others [20] for adsorption of phenolic
ompounds onto hexadecyltrimethylammonium-treated mont-
orillonite.

.2. Effect of contact time and initial catechol
oncentration

The uptake of catechol, by CTAB-B, at different values of
H ca. 5.4, 8.3 and 11.3 was studied as a function of shaking
ime by varying the time from 1 to 250 min as presented in
ig. 2. The results show that the rate of adsorption of catechol
trongly depends on the pH of the solution and is initially quite
apid with most of the compound being adsorbed within the
rst few minutes. The rate of adsorption then slows down with

he elapse of time until an apparent equilibrium is reached. At
he highest and lowest pH values tested (5.4 and 11.3), equi-

ibrium is attained in about 15 min, but at pH 8.3 about 2 h
re required to reach equilibrium. Therefore, in the subsequent
xperiments, the shaking time was set at 45 min for solutions
f pH 5.4 and 11.3 and at 150 min for solutions of pH 8.3, to
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Fig. 2. Time dependence of adsorption on CTAB-B at various values of pH.
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atechol 8 × 10−4 M. Error bars are the standard deviation estimate for the
verage of three experiments.

nsure equilibrium. The results (Fig. 2) also show the strong
nfluence of pH on the distribution of catechol between the adsor-
ate and solution. The adsorption of catechol onto CTAB-B
as further examined as a function of time of contact at var-

ous initial catechol concentrations ca. 8 × 10−4 M, 2 × 10−3 M
nd 3 × 10−3 M. As shown from Fig. 3, the amount of cate-
hol adsorbed at equilibrium per gram of adsorbate increases
rom 0.07 to 0.244 mmol g−1 with increase in the initial con-
entration over the range tested, due to the increase in the mass
riving force which enforces more catechol ionic species to pass
rom the bulk solution to the clay surface at a given time. On
he contrary, the percentage adsorption increases from 81.5% to

100% as the initial adsorbate concentration is reduced from
× 10−3 M to 8 × 10−4 M. This observed increase in the per-

entage adsorption is due to the availability of larger sorbent
urface sites for relatively smaller amount of catechol at lower
oncentrations.

ig. 3. mmol adsorption g−1 adsorbent at pH 11.2 and various initial catechol
oncentration vs. time. Error bars are the standard deviation estimate for the
verage of three experiments.
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ig. 4. Plots of log adsorption decay during the initial stage at pH 11.2 and
arious initial catechol concentration vs. time.

.3. Kinetic studies

To understand and predict how time affects mobility and
etention of adsorbates, it is important to study the kinetic of the
dsorption process. For this purpose, different kinetic models
s first-order [12,22], pseudo-first-order [27,28] and pseudo-
econd-order [27] rate equations have been applied by different
uthors to characterize adsorption processes. In the present case,
ata obtained from Fig. 3 were used to construct plots of the
ogarithmic decay of catechol, i.e. Ct/C0 versus t (where Ct and

0 are the catechol concentration at times t and zero, respec-
ively) during the initial stage of adsorption. As shown from
ig. 4, the obtained plots are linear and pass through the origin,

hus indicating an apparent first-order adsorption of catechol by
TAB-B. This finding was further confirmed by applying the
seudo Lagregran’s equation [12,22]:

n(qe − qt) = ln qe − Kat (1)

here qe and qt are the amounts of catechol adsorbed at
quilibrium and at time t, respectively and Ka is the pseudo-first-
rder-rate constant. As shown from Fig. 5, plots of ln(qe − qt)
ersus t, obtained at the three different initial catechol con-
entrations examined, are linear with correlation coefficients
0.986, indicating that the Lagregran’s equation is applica-

le to the present system and that the adsorption process is
seudo-first-order one. Values of Ka calculated from the plots as

ell as the half-lives (t1/2 = loge 2/Ka [29]) for catechol adsorp-

ion onto CTAB-B and correlation coefficients are depicted in
able 1. The values of t1/2 at 0.8, 2, and 3 mmol catechol L−1

re 0.945, 1.561, and 3.742 min, respectively indicating that the

able 1
agregran’s rate constants, half-lives, and correlation coefficients for catechol
dsorption at various initial concentrations (C0)

0 (mmol L−1) Ka (min−1) t1/2 (min) r2

.8 0.7359 ± 0.052 0.945 ± 0.0456 0.988
0.4457 ± 0.034 1.561 ± 0.0816 0.986
0.1858 ± 0.013 3.742 ± 0.1789 0.986
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Table 2
Intraparticle diffusion constants (kp) and correlation coefficients for catechol
adsorption at different pH values

pH kp (mmol g−1 min−1/2) r2

5.4 0.0027 ± 0.00023 0.985
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binding sites [32]. The steep rise exhibited by both isotherms
ig. 5. Lagregran plots for catechol adsorption at pH 11.2 and various initial
oncentrations.

ate of adsorption increases with decrease in the initial catechol
oncentration.

To identify the diffusion mechanism that controls the present
dsorption system, the kinetic data were further analyzed by the
idely applied intraparticle diffusion model [27,30]. The linear

orm of this model can be represented by the equation [31]:

t = kpt
1/2 + C (2)

here kp is the intraparticle diffusion constant
mmol g−1 min−1/2), and the value of the intercept C is
ndicative of the boundary layer. According to this model, plots
f qt versus t1/2 should be linear and pass through the origin if
ntraparticle diffusion is the rate controlling step [31]. On the
ther hand, if the plots are linear but do not pass through the
rigin the rate of adsorption may be controlled by intraparticle
iffusion together with other kinetic models. As shown from

ig. 6, plots of qt versus t1/2 at different pH values are all linear
ith correlation factors >0.97 and pass through the origin thus

ndicating that intraparticle diffusion is the rate controlling step
n the present system. From the plots in Fig. 6, values of kp

ig. 6. Plots of adsorption at 0.8 mmol L−1 and various pH values vs. square
oot of contact time.

(
c
l

F
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8.3 0.0052 ± 0.00009 0.998
1.3 0.0742 ± 0.01159 0.97

ere calculated and are given along with the correlation factors
n Table 2.

.4. Equilibrium studies

.4.1. Adsorption isotherms
Adsorption isotherms were determined at different pH val-

es, ca. 5.4, 8.3 and 11.3 as a function of temperature, by varying
he initial catechol concentration and keeping the CTAB-B mass
onstant. The isotherms obtained at pH 11.3 and three different
emperatures ca. 30, 40, 50 ± 1 ◦C are shown in Fig. 7 and those
chieved at 30 ± 1 ◦C and pH 5.4 and 8.3 are presented in Fig. 8.
rom the curves plotted in Fig. 7, the saturation capacity at pH
1.3 was determined for the three temperatures tested and are
iven in Table 3. As shown from this table, the extent of adsorp-
ion decreases with rise in temperature indicating the process is
xothermic in nature.

Comparison of Figs. 7 and 8 shows that the adsorption
sotherm profiles obtained at the higher and lower pH values
ested, pH 11.3 (Fig. 7) and pH 5.4 (Fig. 8, curve a) are apparently
like but differ considerably from the isotherm at pH 8.3 (Fig. 8,
urve b). As shown from the figures, the isotherms at pH 5.4
nd 11.3 are of the L-shape (Langmuir type) which is character-
zed by a decreasing slope as the concentration of the adsorbate
s increased due to progressive decrease in the availability of
Figs. 7 and 8, curve a) at low concentrations of catechol indi-
ates a high affinity of CTAB-B for catechol, whereas the almost
eveling off of the isotherms in the region of saturation suggests

ig. 7. Adsorption isotherms at pH ∼ 11.3 and various temperatures. Error bars
re the standard deviation estimate for the average of three experiments.
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Table 3
Saturation capacities, Langmuir and Freundlich parameters and correlation coefficients (r2) for catechol adsorption at pH ∼ 11.3 and 30, 40, 50 ± 0.1 ◦C

Temperature (◦C) Saturation capacity
(mmol g−1)

Langmuir coefficients RL Freundlich coefficients

Q (mmol g−1) KL (L g−1) r2 1/n Kf r2

30 0.472 0.507 ± 0.015 2.33 ± 0.51 0.995 0.313 0.305 ± 0.012 0.301 ± 0.004 0.996
4 .65
5 .6
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0 0.454 0.476 ± 0.011 2.81 ± 0
0 0.427 0.443 ± 0.007 3.13 ± 0

hat the over-all capacity can be taken advantage of in a wide
ange of equilibrium concentration of the adsorbate in the aque-
us phase. On the other hand, the adsorption isotherm obtained at
H 8.3 seems to consist of two regions. The increase in adsorbed
mount at the second region is more sharp and the slope increases
ore steeply with increasing solution concentration. Differences

n the adsorption isotherm patterns observed at the different pH
alues tested can be interpreted in terms of adsorption behav-
or of the organo-clay and the ionization state of the adsorbate,
atechol. Generally, there are two types of interaction between
rganic pollutants and clays modified with long carbon-chain
lkyl ammonium cations, such as CTAB; these are partition and
dsorption [16]. The former type indicates a mechanism in which
he solute is solubilized into the organophilic bulk of the organo-
lay and is usually described by a partitioning coefficient and
haracterized by a linear isotherm, non-competitive sorption,
nd relatively low solute uptake [16]. The latter type of uptake,
dsorption, involves site specific adsorption and it usually obeys
he Langmuir or Freundlich equation, exhibits high solute uptake
nd competitive sorption [16,33]. As shown from the results
Figs. 7 and 8) the isotherms are non-linear and the organo-clay
as a high affinity to catechol as indicated by the L-type pro-
le and the high removal, >80% even for the most concentrated
olution tested (Fig. 3). These results indicate that catechol is

rimarily uptaken by adsorption. Partition, if existing, plays a
inor or negligible role, presumably due to the large difference

etween the polarity of catechol (which is polar) and the non-
olar organic medium of the organo-clay. Similar findings have

ig. 8. Adsorption isotherms at pH ∼ 5.4 (curve a) and 8.3 (curve b) at 30 ± 1 ◦C.
rror bars are the standard deviation estimate for the average of three experi-
ents.

b
o
a
[
s
m
b
t
s
c
a
p
e

3

t
a

c
a
a
o

0.997 0.264 0.288 ± 0.013 0.299 ± 0.0046 0.995
0.998 0.227 0.277 ± 0.015 0.287 ± 0.0052 0.993

een reported in the literature for uptake of phenol and phenolic
erivatives onto CTAB-modified bentonite [16,33]. Though the
ptake of catechol at the lower and higher pH values tested is
ainly due to adsorption, the adsorption mechanism expectedly

iffers due to differences in the type of catechol species that
ight exist in solution at the two different pHs. At pH 11.3,
here catechol exists mainly in the anionic form, adsorption

s most likely due to electrostatic attraction. According to the
iterature [34] when a long carbon-chain cationic surfactant,
uch as CTAB, is added to a clay it is initially adsorbed by
ation-exchange in the interlayer causing extensive clay aggre-
ation. As the loading is increased, the surfactant adsorbs to the
xternal surfaces of aggregates via both cation-exchange and
ydrophobic bonding. The latter, results in a building of pos-
tive charge on the clay surfaces exposed to the bulk solution
34,35–37] causing organo-clay disaggregation [34]. Consid-
ring that these effects of increased loading can occur even at
urfactant concentration well below the CEC of the clay [34,36],
t is very possible that under our experimental conditions clay
urfaces develop positive charges. Electrostatic attraction of
hese positive charges with anionic catechol species is believed
o be the cause of catechol adsorption at the higher pH value,
H 11.3.

At pH 5.4, catechol dissociation is minimum, or even negligi-
le (Fig. 1); hence adsorption at that pH should be due to uptake
f neutral molecule. Adsorption of neutral molecules of phenol
nd phenolic derivatives onto organo-clays was also observed
20] and has been attributed to van der Waals interaction of the
olute with the tail group of the quaternary amine. At the inter-
ediate pH value tested, pH 8.3, catechol exists in solution in

oth the neutral and anionic forms. Hence, it seems judicious
o assume that at this pH catechol is adsorbed via both electro-
tatic and van der Waals interaction. This is believed to be the
ause of the unusual profile of the isotherm (Fig. 8, curve b)
nd the different kinetics (Fig. 2) observed at pH 8.3 as com-
ared with those achieved at the lower and higher pH values
xamined.

.4.2. Adsorption models
The adsorption isotherms obtained at pH 11.3 were subjected

o analysis in terms of the well known Langmuir and Freundlich
dsorption models.

The Langmuir equation was originally derived assuming

hemisorption and is theoretically derived from simple mass-
ction kinetics, yet it also has been widely applied to physical
dsorption data [38]. The following well known linearized form
f the Langmuir equation has been used to analyze the obtained
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dsorption results:

Ce

qe
= 1

QKL
+ Ce

Q
(3)

here Ce is the equilibrium concentration of catechol in solu-
ion (mmol L−1); qe the amount of catechol adsorbed per gram
f CTAB-B (mmol g−1); Q the adsorption maximum or what
s generally termed the monolayer capacity and has the units
f qe (mmol g−1); KL is a constant related to the intensity of
dsorption (L g−1 of adsorbent).

The plots of Ce/qe versus Ce obtained at the three different
emperatures tested (not shown for abbreviation) were found
o be straight lines indicating conformity of the adsorption
ata with the Langmuir equation over the entire initial cate-
hol concentration studied (1–10 mmol L−1). From the slopes
nd intercepts of the straight lines the values of Q and KL were
stimated and are given in Table 3. The correlation factors are
lso depicted in the table and show that the linear fits of Ce/qe
ersus Ce are fairly good.

The essential characteristics of a Langmuir isotherm can be
xpressed in terms of dimensionless constant separation factor,
L, which describes the type of isotherm and is defined by:

L = 1

1 + KLC0
(4)

here KL is the Langmuir constant and C0 is the initial concen-
ration of the adsorbate. The values of RL calculated are between
.0 and 1.0 (Table 3), indicating favorable adsorption of catechol
n CTAB-B at all the temperatures examined.

The Freundlich isotherm is empirical and has been derived by
ssuming a heterogeneous surface with a uniform distribution
f the heat of adsorption over the surface. The linear expression
f this isotherm can be written:

og qe = log Kf + 1

n
(log Ce) (5)

here Ce and qe have the same definitions mentioned before,
nd Kf and n are Freundlich constants related to the adsorption
apacity and adsorption intensity, respectively. The parameter
/n is considered to be between 0.0 and 1.0 and it is a measure
f the heterogeneity of adsorption sites on the surface of the
dsorbent [39].

Plots of log qe versus log Ce (Eq. (5)) (not shown for abbre-
iation) were found to be straight lines indicating the validity
f the Freundlich expression over the entire range of catechol

oncentration studied. From the slopes and intercepts of the
traight lines, the values of Kf and 1/n have been determined
y a least square fit program and are given along with the cor-
elation factors (r2) in Table 3. The relatively low values of 1/n

c
t
o
v

able 4
hermodynamic parameters for catechol adsorption onto CTAB-B

emperature (◦C) �G◦ (kJ mol−1) using Eq. (8) �G◦ (kJ mo

0 −12.186 −12.446 ±
0 −12.596 −12.616 ±
0 −12.797 −12.787 ±
0 −12.957 −12.956 ±
Materials 150 (2008) 765–773 771

0.305–0.272) indicate a heterogeneous surface with an expo-
ential distribution of the adsorption sites; that is all surface sites
re not identical [40]. Table 3 also indicates that the parameters

and Kf which are related to the sorption capacity decrease
ith an increase in the temperature. This is consistent with the

xperimental observations (Fig. 7), and supports the conclusion
hat the present sorption process is an exothermic one.

.5. Thermodynamic parameters

The change in enthalpy, �H◦, and entropy, �S◦, associated
ith the adsorption of catechol on CTAB-B were determined by

he equation:

n Kd = �S◦

R
− �H◦

RT
(6)

nd the change in the standard free energy, �G◦, was calculated
sing the equations:

G◦ = �H◦ − T�S◦ (7)

nd

G◦ = −RT ln Kd (8)

here R (J mol−1 K−1) is the gas constant, T (K) the absolute
emperature and Kd is the distribution ratio:

d = initial concentration − final concentration

final concentration

× volume of solution

weight of adsorbate

As shown from Fig. 9, a plot of ln Kd versus 1/T yields a
traight line from which �H◦ and �S◦ were estimated from
he slope and intercept, respectively. The �G◦ values estimated
rom Eqs. (7) and (8) are in good agreement with each other and
re given together with the values of �H◦ and �S◦ in Table 4.
enerally, the magnitude of the change of free energy, �G◦,

an give information whether adsorption takes place by a phys-
cal or a chemical process. According to the literature [41], if

G◦ ranges between 0 and −20 kJ mol−1, the adsorption pro-
ess is of a physical nature, but if it ranges between −80 and
400 kJ mol−1, the adsorption process is a chemical one. Hence,

he numerical negative value of �G◦ (Table 4) obtained under
he experimental conditions, indicates that adsorption of cate-

hol by CTAB-B is a spontaneous physisorption process and that
he system does not gain energy from the surroundings. The shift
f the magnitude of the standard free energy to more negative
alues with temperature increase from 303 to 323 K suggests that

l−1) using Eq. (7) �H◦ (kJ mol−1) �S◦ (J mol−1 K−1)

0.094
0.196 −7.3 ± 0.148 16.985 ± 0.467
0.199
0.203
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[28] P.H. Li, R.L. Bruce, M.D. Hobday, A pseudo first order rate model for the
Fig. 9. ln Kd vs. 1/T (K) for catechol adsorption.

he adsorption process is more spontaneous at high temperatures.
he positive value of �S◦ indicates increased randomness at the
olid/solution interface during the adsorption process. Again,
he negative values of �G◦ and �H◦ indicate that the adsorption
rocess is exothermic which agrees well with the experimental
bservations (Fig. 7).

. Conclusion

Cetyltrimethylammonium bromide-bentonite produced by
he exchange of cetyltrimethylammonium cation for inorganic
ons on surfaces of bentonite, was investigated for the removal
f catechol contaminant from aqueous solutions. Removals
btained in the neutral and slightly acidic pH range, where cat-
chol exists mainly as the neutral (non-charged) molecule, are
elatively low and could be mainly related to van der Waals
nteraction between the neutral catechol molecules and the –R
roups of the quaternary ammonium ion. At pH ≥9.9, where
he catecholate anion predominates, the adsorption capacity is

aximum (55.83 mg g−1) and is attributed to favorable electro-
tatic interaction. The kinetic data could be properly described
y the pseudo-first-order kinetic model and the intraparticle dif-
usion model. Both the Langmuir and Freundlich models fit well
o adsorption data obtained (at 30, 40 and 50 ◦C). The obtained
nthalpy change (�H◦) indicates exothermic adsorption and the
ositive value of �S◦ indicates increased randomness at the solid
olution interface. The �G◦ values achieved at four different
emperatures are negative indicating spontaneous physisorption
rocess.

eferences

[1] J. La Dou, Occupational Medicine, Prentice-Hall International, Inc., USA,
1990.

[2] H.M. Asfour, O.A. Fadali, M.M. Nassar, M.S. El-Geundi, Equilibrium stud-

ies on adsorption of basic dyes on hardwood, J. Chem. Technol. Biotechnol.
35A (1985) 21–27.

[3] N. Schweigert, J. Alexander, J. Zehnder, R. Eggen, Chemical properties of
catechols and their molecular modes of toxic action in cells from microor-
ganisms to mammals, Environ. Microbiol. 3 (2001) 81–91.

[

Materials 150 (2008) 765–773

[4] W. Phutdhawong, S. Chovrwanoponpohn, D. Buddhasukh, Electrocoag-
ulation and subsequent recovery of phenolic compounds, Anal. Sci. 16
(2000) 1083–1084.

[5] R.D. Irons, Quinones as toxic metabolise of benzene, J. Toxicol. Environ.
Health 16 (1985) 673–678.

[6] E.L. Cavalieri, K.M. Li, Catechol ortho-quinones: the electrophilic com-
pounds that form depurinating DNA adducts and could initiate cancer and
other diseases, Carcinogenesis 23 (2003) 1071–1077.

[7] B. Bukowska, S. Kowalaska, Phenol and catechol induce prehemalytic
and hemolytic changes in human erythrocytes, Toxicol. Lett. 152 (2004)
73–84.

[8] Environmental Protection Agency, Sampling and Analysis Procedure for
Screening of Priority Pollutants, Environment Monitoring and Support
Laboratory, Cununnati, Ohio, USA, 1977.

[9] Decree 44 for the year 2000 amendments to the maximum effluent concen-
trations set by law 93 year 1962.

10] Law number 4 for the year 1994, Limits and specifications for draining and
disposing of certain substances in the marine environment.

11] A. Kumar, Sh. Kumar, S. Kumar, Adsorption of resorcinol and catechol
on granular activated carbon: equilibrium and kinetics, Carbon 41 (2003)
3015–3025.

12] A.K. Jain, V.K. Gupta, S. Jain, A. Suhas, Removal of chlorophenols using
industrial wastes, Environ. Sci. Technol. 38 (2004) 1195–1200.

13] W. Stumm, J.J. Morgan, Aquatic Chemistry, an International Emphasizing
Chemical Equilibria in Natural Waters, John Wiley & Sons, New York,
1981.

14] S.B. Hendricks, M.E. Jefferson, Structure of kaolin and talc-pyrophyllite
hydrates and their bearing on water sorption of clays, Am. Mineral. 23
(1938) 863–875.

15] J.A. Smith, D.M. Tuck, P.R. Jaffe, R.T. Mueller, in: R. Wa Baker (Ed.),
Organic Substances and Sediments, Lewis, Chelsa, Mg, 1991.

16] L. Zhu, X. Ren, S. Yu, Use of cetyltrimethylammonium bromide-bentonite
to remove organic contaminants of varying polar character from water,
Environ. Sci. Technol. 32 (1998) 3374–3378.

17] J.A. Smith, A. Grum, Sorption of nonionic organic contaminants to sin-
gle and dual organication bentonite from water, Environ. Sci. Technol. 29
(1995) 685–692.

18] S.A. Boyd, M.M. Mortland, C.T. Chiou, Sorption characteristics of organic
compounds on hexadecyltrimethylammonium-smectite, Soil Sci. Soc. Am.
J. 52 (1988) 652–657.

19] L. Groisman, C. Rav-Acha, Z. Gerstl, U. Mingelgrin, Sorption of organic
compounds of varying hydrophobicities from water and industrial wastew-
ater by long- and short-chain organoclays, Appl. Clay Sci. 24 (2004)
159–166.

20] Y.S. Kim, D.I. Song, Y.W. Jecn, S.J. Choi, Adsorption of organic phe-
nols onto hexadecyltrimethylammonium-treated montmorillonite, Sep. Sci.
Technol. 31 (1996) 2815–2830.

21] P.C. Zhang, D.L. Sparks, Kinetics of phenol and aniline adsorption and
desorption on an organo-clay, Soil Sci. Soc. Am. J. 57 (1993) 340–
345.

22] M. Akcay, Characterization and determination of the thermodynamic and
kinetic properties of p-CP adsorption onto organophilic bentonite from
aqueous solutions, J. Colloid Interface Sci. 280 (2004) 299–304.

23] M.K. Wang, S.L. Wang, W.M. Wang, Rapid estimation of cation-exchange
capacities of soils and clays with methylene blue exchange, Soil Sci. Soc.
Am. J. 60 (1996) 138–141.

24] M.J. Rosen, H.A. Goldsmith, Systematic Analysis of Surface-active
Agents, 2nd ed., John Wiley & Sons, Inc., New York, 1972, p. 461.

25] M. Refaat, K. Shakir, in press.
26] I.L. Finar, Organic Chemistry, vol. 1, 6th ed., 1973, p. 702.
27] A.S. Ozcan, B. Erdem, A. Ozcan, Adsorption of acid blue 193 from aque-

ous solutions onto BTMA-bentonite, Colloids Surf. A: Physicochem. Eng.
Aspects 266 (2005) 73–81.
adsorption of an organic adsorbate in aqueous solution, J. Chem. Technol.
Biotechnol. 74 (1999) 55–59.

29] M.R. Wright, An Introduction to Chemical Kinetics, John Wiley & Sons,
Ltd., USA, 2004, p. 63.



rdous

[

[

[

[

[

[

[

[

[

[

K. Shakir et al. / Journal of Haza

30] V. Poots, G. McKay, J.J. Healy, The removal of acid dye from effluent using
natural adsorbents: peat, Water Res. 10 (1976) 1061–1066.

31] W.J. Weber, J.C. Morriss, Kinetics of adsorption on carbon from solution,
J. Sanitary Eng. Div. Am. Soc. Civ. Eng. 89 (1963) 31–51.

32] G. Sposito, The Surface Chemistry of Soils, Oxford University Press, New
York, 1984.

33] S.C. Kwon, D.I. Song, Y.W. Jeon, Adsorption of phenol and nitrophenol iso-
mers onto montmorillonite modified with hexadecyltrimethylammonium
cation, Sep. Sci. Technol. 33 (1998) 1981–1998.
34] S.H. Xu, S.A. Boyd, Cationic surfactant sorption to vermiculite subsoil via
hydrophobic bonding, Environ. Sci. Technol. 29 (1995) 313–320.

35] T. Kwolek, M. Hodorowicz, K. Stadnicka, J. Czapkiewicz, Adsorption
isotherms of homologous alkyldimethylbenzylammonium bromides on
sodium montmorillonite, J. Colloid Interface Sci. 264 (2003) 14–19.

[

[

Materials 150 (2008) 765–773 773

36] G. Abate, L.B.O. dos Santos, S.M. Colombo, J.C. Masini, Removal of
fulvic acid from aqueous media by adsorption onto modified vermiculite,
Appl. Clay Sci. 32 (2006) 261–270.

37] T.S. Anirudhan, M. Ramachandran, Adsorptive removal of tannin from
aqueous solutions by cationic surfactant-modified bentonite clay, J. Colloid
Interface Sci. 299 (2006) 116–124.

38] J.D. Seader, E.J. Henely, Separation Process Principles, John Wiley & Sons,
Inc., New York, 1998, p. 799.

39] G. Sposito, Derivation of the Freundlish equations for ion exchange reac-

tions in soils, Soil Sc. Soc. Am. J. 44 (1980) 652–654.

40] A. Clark, The Theory of Adsorption and Catalysis, Academic Press, New
York, 1970, p. 54.

41] R.H. Petrucci, W.S. Harwood, General Chemistry: Principles and Modern
Applications, 7th ed., Prentice Hall, New Jersey, 1997, p. 711.


	Removal of catechol from aqueous solutions by adsorption onto organophilic-bentonite
	Introduction
	Experimental
	Materials
	Preparation of CTAB-bentonite (CTAB-B)
	Sorption studies

	Results and discussion
	Effect of pH
	Effect of contact time and initial catechol concentration
	Kinetic studies
	Equilibrium studies
	Adsorption isotherms
	Adsorption models

	Thermodynamic parameters

	Conclusion
	References


