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ABSTRACT

The performance of hexadecyltrimethylammonium chloride (HDTMA)-intercalated
bentonite clay (organoclay) for the removal of acid red (AR) from aqueous solutions has
been evaluated in this study. The adsorbent HDTMA-modified bentonite clay was prepared
by the reaction of Na-bentonite with (HDTMA+) cations equal to twice the cation exchange
capacity of the Na-bentonite. The adsorbent characterization was done with the surface area
analyzer, FTIR, SEM, XRD, TGA and potentiometric titrations. Maximum adsorption of AR
onto organoclay has been found to be at pH 3.0. The Langmuir isotherm model was found
to be the best fit model. The maximum adsorption capacity was found to be 140.84 μmol/g
at 30˚C. Adsorption has been found to be endothermic and follows first-order reversible
kinetics.
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1. Introduction

The presence of numerous dyestuffs with various
chemical properties and adverse effects in surface and
underground waterways has been a concern of the
public and governments all around the world. Water-
soluble anionic dyes like acid red (AR) and acid blue,
which are one of the most important group of dyes
used in textile dyeing industries, are used to dye fab-
rics like wool, nylon and silk. Total dye consumption
worldwide was estimated to be more than 107 kg/year,
and about 90% use is found in the textile industry.
Consequently, approximately 1,000,000 kg/year of
dyes are discharged into waste streams by the textile
industry [1].

The discharge of dye-bearing wastewater into envi-
ronment natural waterways from textile, paper,
leather, tannery, plastics and cosmetics is the first con-
taminant that is recognized. Due to the colour and tur-
bidity associated with dyes, they are highly visible
and damage the aesthetic nature of the environment
[2–4]. These dyes may also drastically affect photosyn-
thetic phenomena in aquatic life due to reduced light
penetration [5,6]. Many of these dye wastes are toxic
and carcinogenic, and pose serious hazards to aquatic
living organisms. As a result, the removal of colour
from waste effluents has become environmentally
important [7–9]. Dyes may also be problematic if they
are broken down anaerobically in the sediment, as
toxic amines are often produced due to the incomplete
degradation by bacteria [10]. Direct discharge of dye-
laden wastewater into municipal wastewater plants or*Corresponding author.
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the environment may cause the formation of toxic
carcinogenic breakdown products. Today, more than
9,000 dyes are incorporated in a colour index,
belonging to various chemical application classes.
Water-soluble anionic group of dyes, one of the most
important group of dyes used in textile dyeing indus-
tries, are used to dye fabrics like wool, nylon and silk.

Various techniques have been employed for the
removal of dyes from wastewaters. The most widely
used methods for removing color effluents from water
include chemical precipitation, ion exchange, ozona-
tion, solvent extraction, adsorption, membrane filtra-
tion, etc. [11]. Due to the low biodegradability of dyes,
a conventional biological treatment process is not very
effective. Adsorption has been found to be superior to
other techniques for wastewater treatment in terms of
low cost, simplicity of design, ease of operation and
insensitivity to toxic substances [12,13]. Adsorption
also appears to be most effective, especially for efflu-
ents with moderate and low concentrations. Several
wastes and residues have been investigated for the
adsorption of dyes with varying success [14–20]. Acti-
vated carbon adsorption is one of the recommended
technologies for the removal of dyes from wastes.
However, it is not widely used in practice due to low
capacities of commercially available activated carbon.
Therefore, a new and promising class of adsorbents is
needed for alleviating the problems caused by textile
dyes. Recently, adsorption due to clay has drawn
much attraction due to its low cost, easy availability,
and possibility of enhanced adsorbabilities by surface
modification.

Bentonite is a natural clay mineral that is found in
many places of the world. Any clay of volcanic origin
that contains montmorillonite is referred to as benton-
ite. It has a 2:1 configuration consisting of two silicon–
oxygen tetrahedral sheets and one aluminium–oxygen–
hydroxyl octahedral sheet. The adsorptive properties
of bentonite can be improved by surface modification.

Replacement of inorganic exchange cations with qua-
ternary amine cations [(CH3)2NHR]+, where R is a
large alkyl hydrocarbon chain, yields organoclays, with
organophilic clay surfaces by simple ion-exchange res-
ins. It is generally accepted that the adsorption of
hydrophilic long chain quaternary ammonium cations
onto clays occurs according to the ion exchange mech-
anism [21,22]. The extent of adsorption of such cations
can approach two times the cation exchange capacity
(CEC). The van der Waal’s hydrophilic interactions are
suggested to operate in such cases and lead to a bilayer
of alkyl chains with positive charges exposed to the
bulk of the solution [23]. Earlier workers [24–28]
reported that the lyophilic tails from cations of long
chain quaternary ammonium salts, previously retained
on the clay, lead to the adsorption of organic
compounds such as benzene, toluene, phenol and its
chlorinated compound such as 2,4,6-trichlorophenol,
and reactive blue and herbicides. In the present study,
an attempt has been made to evaluate the removal of
AR using hexadecyltrimethylammonium chloride
(HDTMA)-intercalated bentonite clay.

2. Materials and methods

2.1. Materials

Bentonite clay, used for the preparation of
organoclay, was procured from Sigma-Aldrich Chemie
(Germany). Prior to its use, the bentonite clay was
purified by sedimentation to obtain a particle size
of < 100 μm. The clay was converted to Na+-saturated
form by washing it several times with 1.0 M NaCl and
then with distilled water. The surfactant used for the
present study, HDTMA with 99.0% purity, was
purchased from Aldrich Chemicals (USA) and was
used as supplied. AR was purchased from Sigma-
Aldrich Chemie (Germany). The characteristics and
chemical structure of AR is shown Table 1 and Fig. 1
respectively.

Table 1
Physical and chemical characteristics of AR 114 dye

Generic name C. I. Acid Red 114
Color index

number
23,635

Abbreviation AR 114
Commercial name Acid Red 114
Molecular formula C37H28N4O10S3Na2
Purity 80%
Chromophore Diazo
Molecular weight 830
Appearance Dark red powder
Chemical name Disodium 8-((3,3´-dimethyl-4´-(4-(4-methylphenylsulphonyloxy)phenylazo)(1,1´-biphenyl)-4-yl)azo)-

7-hydroxynaphthalene-1,3-disulphonate
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2.2. Preparation of the adsorbent

The organobentonite was prepared by adding a
quantity of the hexadecyltrimethylammonium
(HDTMA+) cations equal to two times the CEC of
Na-bentonite. Twenty grams of Na-bentonite was
added to 1,000 mL of HDTMA solution (284 mg/L)
and stirred for 6 h at 60˚C. The separated organoben-
tonite was washed several times (about 10 times) with
distilled water to remove the superficially held surfac-
tant and filtered using Whatmann No. 42 filter paper.
The product was dried at 70˚C for 24 h and was
sieved between particle sizes 80 and 230 mesh (aver-
age particle size 0.096 mm).

2.3. Equipment and methods of characterization

X-ray powder diffraction measurements were per-
formed on a Rigaku Geigerflex X-ray diffractometer
with Ni-filtered Cu Kα radiation at 40 kV and 20 mA.
The Fourier Transform Infrared (FTIR) spectra of the
clay were recorded between 400 and 4,000 cm−1 using
the KBr method with a NICOLET 400 D spectropho-
tometer. A Philips model XL 30 CP scanning electron
microscope (SEM) was used to take micrographs of the
clays. The thermogravimetric (TG) analyses were made
on a Metler Toledo Star system under nitrogen atmo-
sphere with a heating rate of 20˚C min−1. The pH of
zero point charge, pHzpc, is defined as the pH of the
suspension at which the surface charge density σo = 0.
Potentiometric method [29] was used to measure the σo
at different pH values. A Systronics pH meter model μ
362 (India) was employed to measure the potential and
the pH of the solutions. The CEC of the clay samples
was measured by MgCl2 saturation and subsequent

displacement by CaCl2 [8]. Experiments were per-
formed using a column operation method. One gram
of the clay sample, which was previously saturated
with MgCl2, was weighed accurately and transferred
into the column (10 × 0.4 cm). A sufficient quantity of
distilled water was added to cover the adsorbent. A
100 mL separating funnel was filled with 0.1 M CaCl2.
This solution (100 mL) was allowed to drip into the
column at a flow rate of 0.2 mL/min and the effluent
was collected. The amount of Ca was estimated with
atomic adsorption spectroscopy (AAS) after the entire
solution passed through the column. The capacity of
the adsorbent in milliequivalent per gram was calcu-
lated as the difference between the initial and final
concentrations of Ca in the solutions.

2.4. Batch adsorption experiments

Batch experiments were conducted to determine
the pH range at which the maximum adsorption of
ions would take place. To a series of 100 mL flasks,
each containing 0.1 g of the adsorbent, 50 mL of aque-
ous AR solution of the desired concentration were
added. The initial pH was adjusted to values ranging
from 2.0 to 9.0 using 0.1 mol/L NaOH and HCl. The
suspension was shaken at 200 rpm for 6 h using a
temperature-controlled flask shaker. The contents of
the flask were centrifuged and the supernatants were
analyzed for final pH and final AR concentrations.
The concentration of AR remaining in the solutions
was analyzed using a Schimadzu UV–Visible spectro-
photometer at a wavelength of 514 nm. The amount of
adsorption (qe) was calculated by the following equa-
tion:

qe ¼ Co � Ce

m
V (1)

where Co and Ce were the initial and equilibrium AR
concentrations, respectively. V and m were the volume
of the solution and the amount of adsorbent used,
respectively.

Kinetic experiments were carried out using 0.1 g of
adsorbent and employing AR in the concentration
range between 50 and 200 μmol/L in a temperature-
controlled flask shaker. The samples were withdrawn
at predetermined time intervals. The pH of the solu-
tion was adjusted to an optimum pH from the preli-
minary study by varying the pH between 2.0 and 9.0.
Aliquots of the supernatants were withdrawn at dif-
ferent time intervals and the amount of AR in the
solutions was estimated. Adsorption isotherm experi-
ments were also performed by agitating 0.1 g of
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Fig. 1. Chemical structure of Acid Red 114.
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adsorbent with 50 mL of the varying concentrations of
AR at different temperatures (30–60˚C). After the
established contact time (6 h) was reached, aliquots of
the supernatants were withdrawn and the amount of
AR in the solutions was estimated. All the experi-
ments were carried out in duplicate; the mean values
are presented in this article.

2.5. Desorption and regeneration studies

To investigate the possibility of repeated adsorbent
use, desorption and regeneration experiments were
also conducted. The sorbate-loaded adsorbents were
filtered and AR contents were measured. The spent
adsorbent was added to a desorption medium (0.1 M
NaOH) and the contents were shaken for 6 h, fol-
lowed by centrifugation for separation. The desorbed
AR was estimated. The sorbent thus regenerated was
washed repeatedly with distilled water and used for
further adsorption studies. The adsorption and
desorption procedures were repeated for four cycles
using the same adsorbent.

3. Results and discussion

3.1. Adsorbent characteristics

The FTIR spectra of Na-bentonite and organoclay
are shown in Fig. 2. The adsorption bands around
3,625 cm−1 for Na-bentonite and 3,620 cm−1 organo-
clay may be due to the presence of adsorbed or

hydration water as well as hydroxyl groups of
octahedra such as Mg–OH–Al and Fe–OH–Al. [30].
The presence of adsorbed water is further confirmed
by the presence of bands at 1,650 cm−1 (H–O–H bend-
ing) for organoclay and 1,645 cm−1 for Na-bentonite.
A strong band observed for Na-bentonite at
1,050 cm−1 and at 1,025 cm−1 for organoclay is caused
due to the vibration of Si–O or O–Si–O valence bonds.
The additional peak at 1,425 cm−1 in organoclay,
which is absent in Na-bentonite, indicates, the pres-
ence of C–N vibration in tertiary amine [22]. This
observation clearly indicates that the surface modifica-
tion of Na-bentonite was achieved by the surfactant.

SEM micrographs show (Fig. 3) the surface mor-
phology of Na-bentonite and organoclay samples. It
can be seen that Na-bentonite appears as corn flake-
like crystals with a fluffy nature and curved plate-like
structures. However, the clay treated with organic sur-
factant shows significant changes in its morphology.
Compared with the morphology of Na-bentonite, there
are many small and aggregated particles, and the
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Fig. 2. The FTIR spectra of Na-bentonite and organo clay.
Fig. 3. SEM micrographs of Na-bentonite (A) and organo-
clay (B).
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plates become relatively cloudy in the case of organo-
clay.

The XRD patterns of Na-bentonite and organoclay
are shown in Fig. 4. The d-spacing at 4.56, 3.72, and
2.62 Å are characteristic of bentonite. The peak at 4.56
Å further confirmed the 2:1 mineral type. On treat-
ment with surfactant, the basic structure of the alumi-
nosilicate layer is maintained, while layer spacing was
increased from 16.04 to 22.7 Å. The increase in basal
spacing of Na-bentonite with HDTMA+ cations could
be attributed to replacement of the inorganic interlayer
cations and their hydration water with HDTMA+ cat-
ions.

The shape of perfectly straight chain HDTMA+

cations looks like a “nail”, and the chain end holding
the three methyl group is the “nail head”. When the
HDTMA+ cations lies stretched, the length of the “nail”
is 25.3 Å, consisting of the “nail head” (4.3 Å) and
“nail body” (21 Å). However, the height of the
HDTMA+ cations will vary with its orientation. When
the plane of the zigzag arrangement of carbon atoms
of HDTMA+ cations is perpendicular to the plane of
the Na-bentonite layer, the height of the “nail body” is
~4.6 Å and that of the “nail head” is 5.1 Å. However,
the height of the “nail body” and “nail head” are 4.1
and 6.7 Å, respectively, when the plane of the zigzag

arrangement of carbon atoms of HDTMA+ cations is
parallel to the plane of the Na-bentonite layer. Since
the increase in d-spacing is only 6.6 Å after surfactant
treatment, this value implies the lateral monolayer
arrangement of HDTMA+ cations within the interlayer
space of Na-bentonite [31].

The TGA curves of the original Na-bentonite sam-
ple show losses of mass of about 14% up to a temper-
ature of 200˚C, which is caused by the dehydration of
the interlayer cations (Fig. 5). Further losses of mass
were found at 600˚C. This feature is due to the expul-
sion of structural hydroxyls of the silicate layer.
Organoclay shows an initial weight loss of 4.7% at
100˚C, ending at 270˚C at which the weight loss was
8%. The lower weight loss for organoclay can be
explained on the basis of comparatively stable binding
of HDTMA+ ions with Na-bentonite by the replace-
ment of the inorganic interlayer cations of the clay.
Furthermore, in organoclay, the HDTMA+ cation
samples are present at the surface and in the inter-
layer space. For HDTMA+ cation samples present in
the interlayer space, the thermal decomposition shifts
to higher temperatures. Complete thermal decomposi-
tion of HDTMA+ cations occur around 600˚C.

The pH of zero point charge, pHZPC, is defined as
the pH at which surface charge density (σo) is zero.
The value of σo as a function of pH was calculated
using the equation

ro ¼ F CA � CB þ OH�½ � � Hþ½ �ð Þ
A

(2)

where F is Faraday’s constant, CA and CB are the con-
centrations of strong acid and strong base after each
addition during titration. [H+] and [OH−], the equilib-
rium concentrations of H+ and OH− ions, respectively,
are bound to the suspension surface. A is the surface
area of the suspension. The plots of σo vs. pH for
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Fig. 4. X-ray diffraction patterns of Na-bentonite and
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Na-bentonite and organoclay are shown in Fig. 6. The
point of intersection of σo with the pH curves gives
the pHzpc value of 4.2 and 7.6 for Na-bentonite and
organoclay, respectively. The increase in pHzpc after
surfactant treatment indicates that organoclay becomes
more positive and organophilic.

3.2. Effect of pH

The pH was the most important factor affecting
the adsorption process. To study the influence of pH
in the adsorption capacity of the prepared organoclay,
experiments were performed using various initial pH
values varying from 2.0 to 10.0 The variation in the
adsorption of AR over a broad pH range of 2–10 is
depicted in Fig. 7. It was seen that the lower the pH,
the higher was the amount of AR adsorbed onto
organoclay. Maximum percentage removal of AR was
found to be at pH 3.0. Above and below this pH
range, the extent of uptake was found to be consider-
ably low. At an initial concentration of 100 and

200 μmol/L, AR removal shows 95.6% (47.8 μmol/g)
and 82.2% (82.2 μmol/g), respectively. The removal
efficiency of AR decreases with increase in pH. Sur-
face charge of the organoclay is a function of pH. The
pH at which the net charge of the organoclay becomes
zero is referred to as zero point charge (pHzpc). Below
the pHzpc, the surface has a net positive charge; above
pHzpc, the surface has a negative charge. Since the
pHzpc of organoclay was found to be 7.6, below this
pH, a significantly high adsorption occurs between the
positively charged clay surface and the negatively
charged anionic dye. As the pH of the system
increases, the number of negatively charged sites
increases; negatively charged sites on the adsorbent
do not favour the adsorption of anionic dyes due to
the electrostatic repulsion [32]. In aqueous solution,
the acid dye is first dissolved and sulfonate groups of
the acid dye (D-SO3Na) are dissociated and converted
into anionic dye ion [1,33]. Also, the lower adsorption
of AR at alkaline pH is due to the presence of excess
hydroxyl ions competing with dye anions for the
adsorption sites [11]. Similar results were also
reported for the adsorption of Acid Red 114 onto acti-
vated carbon prepared from seed shell, which shows
maximum adsorption at a pH of 3.0 [34].

3.3. Effect of adsorbent dose on the removal of AR

The effect of adsorbent dose on the removal of AR
by organoclay was investigated. Batch experiments
were performed using 50 mL of 100 μmol/L of AR,
adding different amount of Na-bentonite and
organoclay (25–600 mg). For the complete removal of
100 μmol/L AR, it was observed that only 150 mg of
organoclay was sufficient rather than 450 mg of Na-
bentonite. This enhanced adsorptivity of organoclay
may be due to the hydrophobic nature and porosity
associated with organoclay when compared with Na-
bentonite. The subsequent investigation on AR adsorp-
tion was only on organoclay.

3.4. Effect of contact time and initial concentration

The effect of contact time on the amount of AR
adsorbed onto organoclay was investigated. When the
contact time was increased, the amount of adsorption
was also increased. The maximum adsorption capacity
of AR onto organoclay was observed at 360min,
beyond which there was almost no further increase in
the adsorption capacity, and it was thus fixed as the
equilibrium contact time. For AR at an initial concen-
tration of 100, 200, 400 and 600 μmol/L, the amount
adsorbed at equilibrium was found to be 24.98
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(99.9%), 48.2 (96.4%), 65.18 (86.9%) and 82.2 μmol/g
(82.2%), respectively. The curves (figure not shown)
were found to be single, smooth and continuous, lead-
ing to saturation, suggesting the possible monolayer
coverage of AR on the surface of the adsorbent. With
the lapse of time, AR showed increase in the amount
adsorbed in both cases, but the percentage removal
decreased with increase in concentration.

3.5. Adsorption kinetics

Several models could be used to express the mech-
anism of solute sorption onto a sorbent. In order to
investigate the mechanism of sorption, characteristic
constants of sorption were determined using a
pseudofirst-order equation of Lagergren [35] based
solid capacity. A linear form of pseudofirst-order
model is

log qe � qtð Þ ¼ log qe � Kadt

2:303
(3)

where qt is amount of solute adsorbed at time t, qe is
amount adsorbed at equilibrium and Kad is the Lager-
gren rate constant. The straight line plots of log (qe−
qt) vs. time at different concentrations and at different
temperatures for AR are shown in Fig. 8. The values

of Kad at different initial concentrations (Table 2)
clearly indicate that this parameter is totally indepen-
dent of initial concentrations. The values of Kad at dif-
ferent temperatures are also shown in Table 2. The
increase in Kad values with the increase in tempera-
tures indicates the endothermic nature of the sorption
process.

3.6. Adsorption isotherm

In order to determine the mechanism of AR
adsorption onto organoclay and evaluate the relation-
ship between adsorption temperatures, the experimen-
tal data were applied to the Langmuir and Freundlich
isotherm equations. The constant parameters of the
isotherm equations for this adsorption process were
calculated by regression using the linear form of the
isotherm equations. The constant parameters and cor-
relation coefficient (r2) are summarized in Table 3.

Langmuir proposed a theory to describe the
adsorption of gas molecules onto metal surfaces. The
Langmuir adsorption isotherm has been successfully
applied to many real sorption processes. The linear-
ized Langmuir isotherm is represented by following
equation:

Ce

qe
¼ 1

Q�b
þ Ce

Q� (4)

where Ce is the solute concentration at equili-
brium (μmol/L), qe the adsorption capacity at
equilibrium (μmol/g), b is the Langmuir adsorption
constant (L/μmol) and Q˚ is the monolayer adsorption
capacity.

At pH 3.0, the values of Q˚ were found to be
140.84, 196.07, 222.2 and 256.4 μmol/g at 30, 40, 50,
60˚C, respectively, for AR. The values of Q˚ increase
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Table 2
Values of kinetic parameters for the adsorption of AR onto
organo clay

Concentration (μmol L−1) Kad (min−1) r2

50 1.95 × 10−2 0.977
100 1.95 × 10−2 0.916
150 1.93 × 10−2 0.950
200 1.81 × 10−2 0.997

Concentration: 200 μmol/L
Temperature (˚C) Kad (min−1) r2

30 1.81 × 10−2 0.988
40 2.04 × 10−2 0.989
50 2.16 × 10−2 0.975
60 2.60 × 10−2 0.987
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with rise in temperature, thereby confirming that the
process is endothermic [36,37].

As the initial concentration varies from 50 to
500 μmol/L, the amount of AR adsorption increased
from 24.97 to 137.35 μmol/g at 30˚C and from 48.66 to
181.87 at 40˚C, respectively. The amount of adsorption
increases from 49.95 to 219.01 μmol/g at 50˚C as the
initial concentration increased from 100 to 600 μmol/L.
As the initial concentration increased from 200 to
800 μmol/L, the amount of adsorption increased from
99.91 to 248.01 μmol/g at 60˚C.

The Freundlich adsorption isotherm can be
expressed as

ln qe ¼ lnKF þ 1

n
lnCe (5)

where KF and 1/n are isotherm constants which indi-
cate the capacity and intensity of adsorption, respec-
tively. Table 3 indicates Freundlich adsorption
isotherm constants along with their correlation coeffi-
cients.

The values of KF and n determined from the
Freundlich isotherm model change with the rise in
temperature. The values of n for the Freundlich
isotherm were found to be greater than 1, indicating
that AR was favourably adsorbed by organoclay at all
temperatures studied [8,38]. The values of n were
found to be 4.78, 3.29, 4.86 and 7.20 at 30, 40, 50 and
60˚C, respectively, for AR.

The validity of the isotherm models were tested by
comparing the experimental and calculated data
(Fig. 9). Based on the correlation coefficient (r2), it was
noted that the Langmuir equation gave a best fit over
the entire range of concentrations. The essential char-
acteristic of the Langmuir isotherm can be described
by a separation factor RL, which is defined by RL= 1/
(1 + b Co). The values of RL between 0 and 1 at differ-
ent concentrations and temperatures indicate favour-
able adsorption of AR onto organoclay.

The literature contains few studies of the adsorption
of AR on soy meal hull (Q˚ = 109.89 μ mol g−1) [9] and

Acid Red 57 onto calcined alunite (Q˚ = 140 μmol/g)
[11]. These adsorption capacity results show that
organoclay is a good adsorbent for the removal of AR
(Q˚ = 140.08 μmol/g) from aqueous solutions when

Table 3
Langmuir and Freundlich constants for the adsorption of AR onto organoclay

Langmuir constants Freundlich constants

Temperature (˚C) Q˚ (μmol/g) b (L/μmol) r2 KF 1/n r2

30 140.84 0.073 0.989 42.49 0.209 0.977
40 196.07 0.083 0.981 34.60 0.304 0.992
50 222.22 0.091 0.986 72.50 0.205 0.978
60 256.40 0.102 0.999 109.5 0.139 0.901
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Fig. 9. Comparison of the experimental and model fits of
the Langmuir and Freundlich isotherms for the adsorption
of AR onto organoclay.
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compared with soy meal hull, whereas the value of
monolayer capacity shown by calcined alunite is com-
parable with organoclay. The estimated cost of the
adsorbent organoclay, after consideration of the
expenses for bentonite, HDTMA, NaCl, electrical
energy, supplies and labor would be approximately US
$ 50 per kg.

The thermodynamic parameters such as free
energy change (ΔG˚), enthalpy change (ΔH˚) and
entropy change (ΔS˚) for the adsorption process were
calculated using the equations

DG� ¼ �RT ln b (6)

ln b ¼ DS�

R
� DH�

RT
(7)

The plot of lnb vs. 1/T (figure not shown) was found to
be linear. The values of ΔH˚ and ΔS˚ were obtained
from the slope and intercept of the plot. The positive
value of ΔH˚ indicates that AR (9.22 kJ/mol) adsorption
onto organoclay is endothermic. The negative values of
ΔG˚ for solute removal indicate the spontaneous nature
of adsorption. The positive value of ΔS˚ indicates the
higher order of reaction (123.53 J/K/mol) during the
adsorption of AR onto organoclay and also reflects the
affinity of adsorbent materials for the solute particles.
The values of thermodynamic parameters for the
adsorption of AR were presented in Table 4.

3.7. Desorption and regeneration studies

To make the adsorption process more economical,
it is necessary to regenerate the spent adsorbent.
Desorption studies of the adsorbed AR from spent
adsorbent was studied. The organoclay loaded with
maximum amount of sorbate was tested using 0.1 M
NaOH solution. The results of the multiple adsorp-
tion/desorption cyclic test to investigate the suitability
of the organoclay are presented in Table 5. An effi-
ciency of 92.2% desorption for AR was obtained using
0.1 M NaOH and was therefore suitable for the regen-
eration of sorbate from spent organoclay. The recovery
percentage reduced to 88.7 and 87.3% for AR at the

end of fourth cycle. The small fraction of adsorbed
solute not recoverable by regeneration, presumably
represent the species, which was bound through
strong interaction, and, as a result, sorption capacity is
reduced in successive cycles.

4. Conclusions

Recently, adsorption due to clay has drawn much
attention due to its low cost, easy availability and the
possibility of enhanced adsorbabilities by surface
modification. The performance of HDTMA-interca-
lated bentonite clay (oganoclay) for the removal of AR
from aqueous solutions has been evaluated in this
study. The surface and physical properties of Na-ben-
tonite and organoclay were compared using SEM,
XRD, IR, thermal analysis etc. The point of intersection
of σo with the pH curves gives the pHzpc value of 7.6
and 4.2 for organoclay and Na-bentonite, respectively.
The increase in pHzpc after surfactant treatment indi-
cates that organoclay becomes more positive and orga-
nophilic.

Adsorption of AR onto organoclay was studied
and was found to be pH dependent. It is seen that the
lower the pH, the higher was the amount of AR
adsorbed onto organoclay. Maximum percentage
removal of AR was found to be at pH 3.0. The effect
of adsorbent dose on the removal of AR by organoclay
was investigated. It was observed that for the

Table 4
Thermodynamic parameters for the adsorption of AR onto organoclay

Temperature (˚C) b (L/mol) ΔG˚ (kJ/mol) ΔH˚ (kJ/mol) ΔS˚ (J/K/mol)

30 73 × 103 −28.18 9.22 123.53
40 83 × 103 −29.45
50 91 × 103 −30.64
60 102 × 103 −31.92

Table 5
Four cycles of AR adsorption–desorption with 0.1 M
NaOH as the desorbing agent

Adsorption Desorption

μmol/g % μmol/g %

1 24.98 99.9 23.05 92.2
2 24.15 96.6 21.52 89.1
3 23.42 93.7 20.51 87.5
4 22.38 89.5 19.56 87.3

Note: (Adsorbent dose = 2 g/L; pH 3.0; Equilibrium time = 6 h;

Temperature = 30˚C; Initial concentration = 50 μmol/L).
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complete removal of 100 μmol L−1, only 150 mg of
organoclay was sufficient, rather than 450 mg of
Na-bentonite. The experimental data were applied to
the Langmuir and Freundlich isotherm equations. At
pH 3.0, the values of Q˚ were found to 140.84, 196.07,
222.2 and 256.4 μmol g−1 for AR at 30, 40, 50 and
60˚C, respectively. The values of Q˚ increase with rise
in temperature, thereby confirming that the process is
endothermic. The Freundlich isotherm model was also
used to study the isotherm. However, based on the
correlation coefficient (r2), it was found that the
Langmuir equation gave the best fit over the entire
range of concentrations.

In order to investigate the mechanism of sorption,
characteristic constants of sorption were determined
using a pseudo-first order equation of Lagergren-
based solid capacity. Desorption of the adsorbed AR
from the spent adsorbent were also studied using
0.1 M NaOH solution, and it was found that almost
92.2% desorption for AR was obtained using 0.1 M
NaOH, and is therefore suitable for regeneration of
sorbate from spent organoclay.
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