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Abstract

The kinetics and thermodynamics of adsorption of disperse yellow (DY42) by bentonite and organo-

modified-bentonite was studied. The organo-modified bentonite was synthesized by bentonite and tetra butyl
ammonium iodide (B/TBAI). The B/TBAI was characterized by FT-IR, XRD, SEM, and elemental analysis.
The adsorption experiments were carried out to investigate the factors that influence dye uptake by the adsor-

bents, such as the contact time under agitation, adsorbent dosage, initial dye concentration, and pH. The exper-

imental results show that the percentage of dye removal increases with the increasing the amount of sorbent.

Adsorption was pH-dependent. The equilibrium data were fitted to Langmuir and Freundlich isotherms and

the equilibrium adsorption was best described by the Langmuir isotherm model. The experimental data fitted

very well with the pseudo-first-order kinetic model. The thermodynamic study of the adsorption process

showed that the adsorption of DY42 onto B-TBAI adsorbent was carried out spontaneously and the process

was endothermic in nature.
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Introduction

Disperse dyes are widely used in a variety of industries
such as textiles, paper, and leather. Disperse dyes were orig-
inally developed for the dyeing of cellulose acetate and are
water insoluble. Disperse dyes are non-ionic aromatic com-
pounds, scarcely soluble in water but soluble in organic sol-
vent [1]. Textile industry effluent contains many dyes that
include carcinogenic and mutagenic chemicals such as ben-
zidine, metals, etc., and causes serious environmental prob-
lems. Dyes are visible even at low concentrations and are
difficult to biodegrade in the environment due to their resis-
tance to light, heat, chemicals, and water [2]. In this man-
ner, these kinds of pollutants must be treated prior to their
discharge into the receiving water bodies.
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The conventional treatments of dyed wastewater include
chemical coagulation, biological and electrochemical
processes, ozonation, and adsorption [3-11]. Adsorption
onto activated carbon has been proven to be an effective
process for dye removal, but it is expensive. This has large-
ly been associated with the cost of producing activated car-
bon, and the lack of suitable and inexpensive regeneration
procedures for these adsorbents. In recent years, there has
been growing interest in finding inexpensive and effective
adsorbents such as fly ash [12], peat [13], wood powder
[14], sawdust composite [15], coir pith [16], and lignin [17].
Bentonite is primarily expandable montmorillonite clay.
Montmorrllonite is a 2:1 type of mineral, and its unit layer
structure consists of one Al” octahedral sheets [18].
Basically, the modification reactions are accomplished by
replacing the inter layer cations (e.g. Na', K*, Ca*") with spe-
cific species to alter the surface and structural characteristics
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of the clay. Hence organo clays are powerful adsorbents for
a wide variety of environmental applications [19-28]. The
surface properties of bentonite can be greatly modified with
a surfactant by simple ion-exchange reactions. This is
favoured by Vanderwaals interaction between organic sur-
factant cations and the reduced solvent shielding of the ions
in the interamolecular environment. Large organic cations
(cationic surfactants) of the form (CH;);N* R (where R is an
alkyl hydrocarbon) occupy the exchange sites of the ben-
tonite clay and hence the surface area is increased.

In this study, organo-modified-bentonite (B-TBAI) was
prepared and characterized. Adsorption behavior of DY42
dye on B-TBAI was studied. Optimum conditions for
adsorption of DY42 were determined. Also, in order to
evaluate the adsorption process we used the first- and sec-
ond-order sorption kinetics model. The Langmuir and
Freundlich isotherms were investigated.

Experimental
Material and Methods

Disperse yellow 42 (DY42) (4-anilino-3-nitro-N-
phenylbenzenesulphonamide) with C.1. 10338 was obtained
from Merck and was used without further purification. The
dye has molecular formula C,;H;sN;0,S and molecular
weight 369.3944. The standard dye solution of 1,000 mg-L"
was prepared as stock solution and subsequently, whenever
necessary, diluted. The chemical structure of DY42 is
shown in Fig. 1. All chemicals and reagents were of analyt-
ical grade and from Merck.

Bentonite was used as an adsorbent (particle size frac-
tions of 106-200 um) and obtained from tavan sil co of Iran.
It was crushed and dried at 120°C in an oven for 5 h prior
to use. The cation exchange capacity (CEC) and surface
area determined by the methylen blue method were 650
mmol-kg' and 450 m*g", respectively [29].

Tetra butyl ammonium iodide (TBAI) as organo-modi-
fication was obtained from Merck.

Synthesis of Organo-Bentonite (B-TBAI)
The preparation process was carried out by dispersing

10 g bentonite to a 100 mL of TBAI 1 mol-L". The mixture
was shacked for 3 h at room temperature. The bentonite
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Fig. 1. Chemical structure of DY42.
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loaded with TBAI was filtered, washed repeatedly with
copious amounts of distilled water, then dried in air and
stored for subsequent studies [28].

Adsorption Studies

In order to study the effects of different parameters such
as the contact time, pH, sorbent dosage, and initial dye con-
centration on sorption, various experiments have been car-
ried out by agitation of known amounts of B-TBAI (0.1 g) in
50 mL of dye solution with an initial concentration of 100
mg-L" on a rotary shaker at a constant speed of 150 rpm at
room temperature (25°C). Samples were withdrawn at
appropriate time intervals and centrifuged at 3,000 rpm for 5
min, and the absorbance of the supernatant was measured
using a UV-vis spectrophotometer at maximum absorbance
(Amay) Of dye. The effect of pH was studied by adjusting the
pH of the dye solutions in the range of 2-12 with 0.1 N
NaOH or HCI solutions. To evaluate the adsorption thermo-
dynamic parameters, the effects of temperature on adsorp-
tion were carried out at 20-60°C. Kinetics of adsorption were
determined by analyzing sorbate uptake of the dye from
aqueous solution at different time intervals. For sorption
isotherm determination, dye solutions of different concentra-
tions were agitated with known amounts of sorbents until the
equilibrium was achieved at room temperature (25°C). The
amount of DY42 adsorbed by sorbent % adsorption was cal-
culated by the following mass balance relationship:

%Adsorption = (Cy-C) / C,, x 100

..where C, and C (mg:L") are the initial and equilibrium
solution concentrations of DY42, respectively.

Characterization Method

The obtained products were characterized by FT-IR (ten-
sor-27 of Burker) using the KBr pellet. X-ray diffraction
(XRD) measurements were carried out with a D8 Bruker.
The X-ray diffractometer was equipped with a monochro-
mator in a 20 range of 5-70° using a cu k, radiation source
accelerated at 40KV and 30 mA .The percentage of C, H,
and N in the free and surfactant-loaded bentonite were deter-
mined by a CHN elemental analyzer Costech-ECS-4010. A
UV-vis spectrophotometer 160 A Shimadzu was used for
determining dye concentration. All pH measurements were
carried out with an ISTEK- 720P pH meter. Scanning elec-
tron microscopy was performed using a Philips SEM 501
electron microscope. The specific BET surface area was
measured at 77K (Quanta chrome, Autosorb-1).

Results and Discussion
Characterization of Sorbent
The bentonite and prepared organ-clay (B-TBAI) were

characterized with FT-IR, XRD, and SEM. FT-IR spectrum
of bentonite showed peaks at 3,629, 3,440, and 1,040 cm’'
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(Fig. 2). The absorption band at 3,629 cm™ is due to stretch-
ing vibrations of structural OH groups of monmorillonite.
Water in montmorillonite gave a broad and shoulder bound
near 3,440 cm’, corresponding to the H,O stretching vibra-
tions [30]. A complex band at 1,040 cm™ is related to the
stretching vibrations of Si-O groups, while the bands at 518
and 465 cm™ are due to AlI-O-Si and Si-O-Si bending vibra-
tions, respectively. The spectrum of the TBAI displayed
two split peaks at 2,954 and 2,871 cm™ that are assigned to
the aliphatic C-H stretching vibration. The FT-IR spectrum
of B-TBAI was characterized by the appearance of above
characteristic peaks. These results indicate the existence of
the TBAI on the modified bentonite.

The XRD pattern of bentonite showed the characteristic
reflections of montmorillonite at 7.2°, 20°, 28°, 22°, and
those of quartz at 21-26° 26 [30]. Fig. 3 shows the X-ray
diffraction patterns of bentonite, TBAI and B/TBAI/DY42.
The reflections at 20 = 9.3 and 22.5 are characteristic of
TBAI The XRD and FT-IR spectra of bentonite indicate
that montmorillonite is the dominant mineral phase in this
clay (Figs. 2 and 3). The XRD patterns of B-TBAI shows
reflections characteristic for both bentonite and TBAI, but
at lower intensity, which clearly indicates the presence of
free surfactant that has not been removed by washing.

The specific surface area (BET) of B and B-TBAI was
32.5 and 10.7 m%/g, respectively. The surface area of raw
bentonite decreases upon modification. The decrease of the
specific surface area may be attributed to the blocking of
the porous aggregates and increase the aggregation of par-
ticles. Decreasing the surface area of bentonite with
increasing degrees of modification is consistent with the
results of previous studies [31, 32].

The content of C, H, and N in B-TBAI was increased by
the modification of TBAI on the bentonite surface. In par-
ticular, the presence of nitrogen in the B-TBAI confirms the
presence of TBAI onto bentonite. The C/N ratio of B-TBAI
was closed to the theoretical C/N ratios (Table 1).

The morphologies of B, TBAI, B-TBAI, and B-TBAI
loaded DY42, were studied by SEM. SEM micrograph of
a-B, b-TBAI, ¢c-B-TBAI, and d-B-TBAI loaded DY42 are
shown in Fig. 4. It can be observed that the particles of ben-
tonite have different shapes and sizes (Fig 4-a). The B-
TBAI particles have small size with uniform shape (Fig 4-
c) suitable for adsorption.
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Table 1. Elemental analysis and C/N of bentonite and RB-
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Fig. 2. FTIR of a) a-B-TBAI b) bentonite.
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TBAIL
Elemental analysis (W %)
Phase C/N ratio
cM™® H (*) N (*)
Bentonite 1.3 (0) 0.7 (0.8) 0(0) -
TBAI 53.0(52.0)| 103(9) | 3.7(3.0) | 14.32(17.33)
B-TBAI 34.1 (23) 074 |25(.71) | 13.64(13.45)
*Calculated

Effect of Contact Time

The effect of contact time on removal of DY42 by B
and B-TBAI is shown in Fig. 5. The dye adsorption by B-
TBALI sorbent is faster than that of bentonite. The rate of
adsorption is initially quite rapid, with most of the com-
pound being adsorbed within the first few minutes. The rate
of adsorption then slows down with the elapsed time until
an apparent equilibrium is reached. As seen from Fig. 5,
that equilibrium time required for the adsorption of DY42
is almost 60 min. TBAI modification covered the bentonite
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Fig. 3. XRD patterns of a-B, b-TBAI, c-B/TBAIL
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surfaces and increased molecular interaction between
DY42 molecules. Therefore, uptake of dyes increased from
bentonite to B-TBAI After the equilibrium time, the
increasing rate of adsorption of dye decreased and the
amount of dye adsorbed remained almost the same. The
removal of DY42 from aqueous solutions by modified ben-
tonite seems to be more effective than in the unmodified
sample.

The UV spectra of DY42 and DY42 loaded B-TBAI
was studied. The spectrum is show in Fig. 6, which shows
that there is a major absorbance peak at 416 nm in the vis-
ible spectra of DY42. This absorbance peak decreased in
intensity as treatment time increased, and after treatment for
240 min this peak almost totally disappeared, which indi-
cates the dye diminished after adsorption.

Effect of pH

The effect of pH on adsorption of DY42 on B-TBAI
was studied by varying the pH of solution from 2 to 12. The
experiments were carried out for 50 ml of dye 100 mg-L"
and 0.5 g of sorbents for 60 min contact time. It was
observed that pH gives a significant influence to the adsorp-
tion process [9, 10]. The adsorption percentage of DY42
with B-TBALI is increased with increasing pH value, and the
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maximum uptake of the dyes takes place at around pH 12
(Fig. 7). Adsorption of DY42 at higher pH is higher and it
may be explained on the assumption that TBAI modifica-
tion covered the clay surfaces with positive charges and
increased electrochemical interaction between dye mole-
cules and modified clay surfaces. The high Adsorption
capacity is due to the strong electrostatic interaction
between —N'(CH;); of B-TBAI and dye. In contrast,
betonite contains fewer adsorption sites, so a lower adsorp-
tion capacity was obtained due to the lack of electrostatic
interaction between dye and bentonite [19]. Therefore, it is
observed that the rate of removal of dyes increases with
increased in pH for bentonite remaining constant and the
percentage of dye removal is very low.

Effect of Initial Dye Concentration

The adsorption experiments were carried out in the con-
centration range of dye from 10-70 mg-L" at 0.5 g sorbent,
contact time 60 min, and pH 12. As shown in Fig. 8, when
the initial dye concentration was increased to 15 mg-L", the
adsorption uptake of dye increased to 94% for DY42, and
at higher concentration the uptake is constant. These indi-
cate that the initial dye concentrations play an important
role in the adsorption of DY42 on the B-TBAI [33].
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Fig. 4. SEM micrograph of a-B, b-TBAI, c-B/TBAI, and d- B/TBAI/DY42.
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Effect of Adsorbent Dose

The effect of the adsorbent dose on the removal of DY42
was studied by varying the amount of adsorbent B-TBAL
Fig. 9 shows the removal of DY42 by B-TBAI at different
adsorbent doses (0.1-1 g) for the volume of 50 mL at dye
concentration 100 mg-L". The results, in Fig. 9, clearly show
an increase in adsorption with increases in the amount of
adsorbents. An increase in adsorption with the adsorbent
dosage can be attributed to the availability of more adsorp-
tion sites and greater surface area for contact. At m>0.2 g,
the incremental DY42 uptake is very small as the DY42 sur-
face concentration and the DY42 bulk solution concentra-
tion come to equilibrium with each other [11, 33].

Adsorption Kinetics

It is important to be able to predict the rate at which con-
tamination is removed from the aqueous solution in order to
design an adsorption treatment plant. The transient behav-
ior of the dye adsorption process was analyzed using the
pseudo-first and pseudo-second kinetic models.
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Fig. 5. Effect of contact time on the sorption of DY42. (50 ml

of 100 mg-L"' of DY42, pH 12, 0.5 g sorbent at room tempera-
ture).
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Fig. 6. UV-Vis electronic spectra of DY42 before and after
adsorption at different times after: a— 0, b — 10 min, ¢ — 20 min
d — 30 min, e — 40 min, f— 50 min, g — 60 min, h — 75min,
i—90 min, j — 105 min, k — 120 min, I — 180 min, and m — 240
min (50 ml DY42 solution, initial concentration 100 mg-L"', ini-
tial pH 12.0, 0.1 g adsorbent B/TBAI).

The pseudo-first-order kinetic model was appropriate
for lower concentration, with the equation expressed as fol-
lows [34]:

Ln(g,—¢q)=Lngq,—kt 1)

The rate of pseudo-second-order reaction depends on
the amount of adsorbed solution, the surface of adsorbent,
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Fig. 7. Effect of pH for adsorption DY42 onto B-TBAI. (50 ml
of 100 mg-L"' of DY42 and 0.5 g sorbent at room temperature).
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Fig. 8. Effect of dye concentration for adsorption DY42 onto B-
TBAI (50 ml of DY42 and 0.5 g sorbent at room temperature).
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Fig. 9. Effect of amount of B-TBAI and bentonite on the
adsorption of DY42.
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Table 2. Kinetics parameters for the removal of DY42.

First order Second order

R K, R’ K,

0.947 0.516 0.997 0.40

and the amount of adsorption at the equilibrium. The model
was represented in the following linear form [13, 35]:

tlq,= lkq? +1tlq, 2)

...where ¢, is the amount of dye adsorbed at time # (mg/g),
q. 1s the adsorption capacity at equilibrium (mg/g), and £,
and k, are the apparent rate constants.

During this study, the two adsorption kinetic pseudo-
first- and second-order models were used. The kinetics of
pseudo-first-order and pseudo-second-order are discussed
in Figs. 10 and 11. The related parameters are shown in
Table 2. As shown, the R? value of the pseudo-second-order
model is better fitted and the adsorption process follows
pseudo-second older kinetics.

y=-0.516x-0.22
R*>=0.947

Ln(ge-qt)
&

-6
5 10 15 20 30 45 60 75 90 105
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Fig. 10. Kinetic of pseudo-first-order model for adsorption of
DY42 onto B-TBAL (50 ml of initial concentration 100 mg-L",
pH 12, 0.5 g adsorbent).
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Fig. 11. Kinetic of pseudo-second-order model for adsorption

of DY42 onto B-TBAI. (Initial concentration 100 mg-L", pH
12, 0.5 g adsorbent).
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Fig. 12. Plot of In Kc verses 1/T for adsorption DY42 onto
B/TBAL
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Adsorption Isotherm of DY42

The adsorption isotherm indicates how the adsorption
molecules are distributed between the liquid phase and the
solid phase when the adsorption process reaches an equi-
librium state.

The Langmuir adsorption model is given as:

4= 9m KL Ce/(1+ KL Ce) (3)

The linearized form of Langmuir can be written as fol-
lows:

CJQe = I/Qm KL + CJQm (4)

..where ¢, is the solid-phase equilibrium concentration
(mg-g"), C, is the liquid equilibrium concentration of dye in
solution (mg-L"), K; is the equilibrium adsorption constant
related to the affinity of binding sites (L-mg™), and ¢, is the
maximum amount of dye per unit weight of adsorbent for
complete monolayer coverage (mg-g").

The Freundlich adsorption isotherm model, which is an
empirical equation used to describe heterogeneous adsorp-
tion systems, can be represented as follows:

9.~ K:C." ®)

...where ¢, and C, are defined as above, K is the Freundlich
constant representing the adsorption capacity (mg-g"), and
n is the heterogeneity factor depicting the adsorption inten-
sity. In most references, Freundlich adsorption Eq. (5) may
also be expressed as Eq. (6):

Ing,=In K.+ 1/nlnC, (6)

The adsorption of DY42 was performed by shaking
0.5 g of sorbent in 50 mL DY42 at 30°C and pH 12. It is
known that the Langmuir isotherm is used on the suppo-
sition that the surface of the adsorbent is a homogenous
surface, whereas the Freundlich isotherm applies to the
adsorption process on a heterogeneous surface. The
isotherm parameters of Langmuir and Freundlich for
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Table 3. Langmuir and Freundlich constants for the adsorption of DY42 onto B-TBAL

Freundlich Langmuir
R? 1/n K, R? K, (L'mg") q,, (mg-g") Temperature (°C)
0.952 0.244 7.878 0.996 0.148 18.98 20
0.985 0.162 9.64 0.998 0.160 19.98 30
0.978 0.175 8.667 0.982 0.154 17.60 40
0.984 0.179 6.680 0.980 0.142 16.40 50
0.988 0.199 6.620 0.990 0.130 15.32 60
Table 4. Thermodynamic parameters for adsorption of DY42 K.=C,/Cq ®)

onto B-TBAI

(KJ Tﬁi1"'k") (J-?nlil-') (Kﬁr(;ol") K. T (K)
-2.85 323 293
-3.40 3.86 303
53.2 12.74 3.76 425 313
443 52 323
-5.58 7.5 333

adsorption of DY42 onto B-TBAI from graphs of equa-
tions 4 and 6 are shown in Table 3. A value for 1/n below
one indicates a normal Langmuir isotherm, while 1/n
above one is indicative of cooperative adsorption [36, 37].
As seen from Table 3, the Langmuir model yields a some-
what better fit R* than the Freundlich model. The values
of 1/n between 0.162-0.244 indicate favorable adsorption
[36].

Thermodynamic Parameters

In any adsorption process, entropy consideration must
be taken into account in order to determine what process
will occur spontaneously. Values of thermodynamic para-
meters are the actual indicators for practical application of
a process. The amount of dye adsorbed at equilibrium at
different temperatures (20, 30, 40, and 50°C) have been
examined to obtain thermodynamic parameters for the
adsorption system. The thermodynamic parameters,
change in the standard free energy (AG®), enthalpy (AH®),
and entropy (AS°) associated with the adsorption process
and these were determined using the following equations
[39]:

AG°=-RTIn K, )

...where, AG® is the standard free energy change, R the uni-
versal gas constant (8.314 J-mol'-K"), T the absolute tem-
perature, and K the equilibrium constant. The apparent
equilibrium constant of sorption K. is obtained from:

...where K is the equilibrium constant, C, is the amount of
dye adsorbed on the adsorbent of solution at equilibrium
(mg-L"), Cs is the equilibrium concentration of dye in the
solution (mg-L"). K. values were calculated at different
temperature to allow the determination of the thermody-
namic equilibrium constant (K) [38, 39]. The free energy
changes also are calculated by using the following equa-
tion:

In K.=-AG°/RT=-AH°/RT+AS°/R  (9)

AH° and AS° calculate the slope and intercept of van’t
Hoff plots of In K versus 1/T (Fig. 12). The results of ther-
modynamic parameters of DY42 adsorption onto B-TBAI
are given in Table 4. The positive AH® value obtained in
Table 4 indicates that the process is endothermic in nature.
The overall standard free energy change during the adsorp-
tion process was negative for the experimental range of
temperatures corresponding to a spontaneous physical
process of DY42 adsorption, and the system did not gain
energy from an external source. It becomes more favorable
with increased temperature [19, 40].

Conclusion

The adsorption of DY42 from aqueous solution using
organo-bentonite (B/TBAI) was investigated under differ-
ent experimental conditions in batch process. The
Langmuir adsorption isotherm was found to have the best
fit to the experimental data. The adsorption kinetics can be
predicted by pseudo-second-order kinetics. The results
indicate that organo-bentonite (B/TBAI) is suitable as
adsorbent material and it can be used as a cost-effective
adsorbent for adsorption of DY42 from aqueous solutions.
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