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The aim of this study was to apply a local betonite (Algeria) purified and intercalated with a surfac-
tant namely dodecyltrimethylammonium bromide (DTMAB) as an adsorbent to remove benzoic acid
(BA) and salicylic (SA) which could be present in wastewaters. This intercalation process leads to
improve the porous texture of materials that allows adsorbing efficiently organic compounds. The
effect of various experimental parameters was investigated using a batch adsorption technique.
The equilibrium adsorption data were well described by the Freundlich and Langmuir isotherms.
The adsorption kinetics of both acids could be considered as pseudo-first order with internal diffu-
sion. The capacity of DTMA–bentonite for Benzoic acid and Salicylic acid was found to be around
5 and 3.5 times respectively higher than that of Na–bentonite at 45 �C. The thermodynamic study
showed that the adsorption is not spontaneous and endothermic.

Keywords: Bentonite, Intercalation, Surfactant, Characterization, Adsorption, Organic Acids.

1. INTRODUCTION
Water protection and treatment become a primary con-
cern of our society and the future of humanity.1 In this
context,the development of water decontamination pro-
cesses is an essential option. Usually, several techniques
are used to remove different soluble pollutants in industrial
and domestic effluents. Each technique has its advantages
and drawbacks.2–5 One of these techniques, the adsorp-
tion method, is simple and cost-effective, and is exten-
sively adopted to purify contaminated water with a great
ability.6�7 Adsorption onto activated carbon has proven to
be one of the most effective and reliable for water and
wastewater treatment.8 However, commercially available
activated carbons are very expensive and need a costly
regeneration step.9�10 Recently, different research groups
have developed a new generation of economical adsor-
bents, and according to them, a sorbent can be assumed
to be low-cost if it requires little prior processing, is nat-
urally abundant,11�12 or is either a by-product or a waste

∗Corresponding author; E-mail: bensinadi@yahoo.fr

material from another industry. These materials may rep-
resent alternatives to expensive treatment processes.13�14

A new generation of microporous materials with controlled
porosity similar to zeolites based on pillared or interca-
lated clays15 is widely studied by different research groups
for diverse application including adsorption, catalysis and
photocatalysis.16�17 In our study, we used a local ben-
tonite rich with montmorillonite sheets. This latter has
interesting characteristics because of their cation exchange
capacity, the specific surface and the wide availability.18�19

In order to improve the adsorption behavior of this ben-
tonite, we modified its texture by the intercalation of
dodecyltrimethylammonium bromide (DTMAB). DTMAB
has in its structure a carbon chain of C12 that its con-
formation may play an important role for removing of
organic and non-organic micro-pollutants from water.20�21

By the use of Na-Bentonite and DTMA-Bentonite, we
studied the adsorption of two compounds could be exist
in wastewaters such as benzoic acid (BA) and salicylic
acid (SA). We used these two molecules because of their
toxic effects to the environment. Several studies have

Sensor Lett. 2016, Vol. 14, No. xx 1546-198X/2016/14/001/011 doi:10.1166/sl.2016.3741 1
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been done by different research groups for the adsorp-
tion of these organic molecules.22�23 Indeed, various mate-
rials have been applied in the adsorption of these acids
such as activated carbon,24 Loess soil25 and microporous
materials.26 In the current work, different operating param-
eters such as contact time, adsorbent mass, pH, ionic
strength and the temperature at different substrate initial
concentrations were studied for the adsorption of both ben-
zoic and salicylic acids using Na-Bentonite and DTMA-
Bentonite.

2. MATERIALS AND METHODS
2.1. Materials
The sodium bentonite used in this study was supplied by
ENOF Company of the Roussel deposit in Maghnia (Alge-
ria). Adjustment of the pH solution was achieved with HCl
and NaOH (0.1 M) and monitored by a pH meter (HANNA
HI9812-5). The chemical reagents used were NaOH, HCl,
BA, SA, AgNO3 and DTMAB (dodecyltrimethylammo-
nium bromide) were purchased from Sigma (France).

2.1.1. Modification of Sodium Bentonite by DTMAB
Many research groups have studied the modification
of clays by intercalation to enhance their adsorption
capacities.27 The incorporation of alkylammonium into
clay sheets could enhance its adsorptive properties, and
thus improve their affinity for the retention of organic
and inorganic compounds. For that, surfactant solution was
added dropwise to the sodium bentonite with an amount
ratio two times more than the cation-exchange capacity
of this bentonite. After maturation and centrifugation, the
sample undergoes several successive dialyses in order to
remove the bromide, and was confirmed by a negative test
using KCl (0.1 M). The solid obtained was dried overnight
at 60 �C and then ground and sieved.28

2.2. Methods
2.2.1. Characterization
Samples of purified and intercalated bentonite were
characterized using different methods such as FTIR,
TGA–DTA, XRD and SEM.
Fourier transform infrared analysis (FT-IR) was

recorded to indentify the functional groups of clay materi-
als in the 4000–400 cm−1 spectral range at room temper-
ature and 2 cm−1 resolution via a Perkin–Elmer–Fourier
Transform 1720-x spectrophotometer.
XRD analysis was carried out using an INEL XGR 2500

diffractometer with a CPS 120 detector using monochro-
matized CuKa radiation at 1.5406 Å. The inter-layer d-
spacing reflection was calculated using the Bragg equation.
The observed area of the angle 2� was between 2 and 80�.
Thermogravimetry–differential thermal analysis (TGA–

DTA) of both samples was performed using a thermogravi-
metric analyzer (TGA 2050) at a heat rate of 10 �C/min
from 25 to 500 �C under air atmosphere.

The morphology of the adsorbents was described using
a scanning electron microscopy (JEOL 6400F).

2.2.2. Analysis of SA and BA
The analysis of SA and BA during the adsorption exper-
iments was carried out using a dual beam spectropho-
tometer (JENWAL 7315) at wavelengths of maximum
absorbance �= 226 nm and �= 223 nm for SA and BA
respectively.

2.2.3. Effect of Adsorbent Mass
In order to determine the required quantity of adsorbents
that corresponds to a maximum adsorption, in two series
of tubes, different masses of each adsorbent, sodium and
intercalated bentonite, were added (0.01–0.4) g, then a vol-
ume of 10 mL of the acid solution (BA and SA) at a
concentration of 0.5 M was added and the mixture was
stirring.

2.2.4. Adsorption Kinetics
The adsorption kinetics of SA and BA acids, for different
operating conditions (concentration, temperature, pH and
ionic strength) have been performed under static regime.
An adsorbent mass of 10 g ·L−1 (was determined in the
study of the effect of adsorbent mass) was mixed with acid
solutions via a mechanical stirrer. During the experiments,
samples were collected at selected time intervals and ana-
lyzed after centrifugation.
The efficiency of acid removal rate R was calculated

using Eq. (1).

R= C0−Ce

C0

∗100 (1)

The quantity of the absorbed acids qe was calculated
using Eq. (2).

qe =
V �C0−Ce�

m
(2)

Where, C0 and Ce represent the initial and the equilibrated
concentrations of adsorbate respectively (mg ·L−1); V is
the volume of the solution (L);m is the adsorbent mass (g).

2.2.5. Adsorption Isotherm
The adsorption isotherms were carried out at different con-
centrations and temperatures under the optimal operating
conditions established in the kinetic study (m: 10 g ·L−1,
pH: 9–10, agitation speed: 40 rpm/min, contact time: 5 h).

3. RESULTS AND DISCUSSION
3.1. Characterization of Materials
Elemental analysis of the sodium bentonite was realized by
fluorescence X at laboratory of society Algérienne ENOF.
This clay has a specific surface area of 95 m2 ·g−1 and a
cation exchange capacity (CEC) equals to 99 meq/100 g.
The results are shown in Table I.

2 Sensor Letters 14, 1–11, 2016
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Table I. Element composition of sodium bentonite.

Element SiO2 Al2O3 MgO Fe2 O3 Na2O CaO SO3 TiO2 Cl MnO K2 O P2O5

% mass 54.2 18.6 6.3 1.5 1.3 0.3 0.1 0.08 0.04 0.04 0.04 0.03

From Table I, it can be noticed that the contents of sil-
ica (SiO2� and alumina (Al2O3� are predominant which
reflects the characteristics of clay soil composition. FTIR
spectra of Na-bentonite and intercalated bentonite are
shown in Figure 1. The characteristic band of Na-bent
(Fig. 1(a)) at 3618 cm−1 corresponds to the stretching
vibration of OH groups of the octahedral sheets located
in the interior of the new matrix. Band at 1639 cm−1 cor-
responds to the bending mode of all undissociated H2O
molecules present in the materials. On the other hand,
bands at 988 and 885 cm−1 can be assigned to the defor-
mation vibrations of hydroxyl groups related to the tetra-
hedral aluminum.28�29

The appearance of surfactant characteristic bands
(Fig. 1(b)) confirms the modification of Na-Bentonite
surface properties. The intense band between 2859 and
2921 cm−1 may be due to CH2 and CH3 vibration groups,
thereby their bending vibrations30 are between 1380 and
1470 cm−1. The vibration band of the C–N bonding of
surfactants31 is between 910 and 1000 cm−1 which con-
firms the intercalation of quaternary ammonium molecules
between the silica layers. Figure 2 shows XRD patterns of
Na-Bent and DTMA-bent. The principal peak d001 which
characterizes the sodium bentonite has an interlayer dis-
tance of 13.21 Å.32 The analysis of this pattern confirms
the disappearance of some crystalline phases that have
been removed during the purification of bentonite. More-
over, the peak of d100 basal spacing reflection of mont-
morillonite shifted to smaller Bragg angles from 6.86� to
4.45�, which corresponds to an increase of the basal spac-
ing from 13.21 to 20.196 Å. This latter confirms the inter-
calation of DTMAB into the bentonite interlays by cation
exchange.

The TGA/DTA curves of Na-bent and DTMA-bent sam-
ples in the temperature range from 25 to 1000 �C under
neutral atmosphere are reported Figure 3. DTA curve
(Fig. 3(a)) exhibits an endothermic peak at 100 �C cor-
responding to a weight loss of 0.4% which due to the

(b)

(a)
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40000 3000 2000 1000 0

T
%

Fig. 1. FTIR spectra: (a) Na-bent; (b) DTMA-bent.

evaporation of physisorbed and adsorbed water in the sur-
face and between the bentonite interlays. Furthermore, this
curve presents a peak in the 400–600 �C interval corre-
sponding to a weight loss of 1.8% that can be attributed
to the desorption of water of construction resulting of
the liberation of hydroxyls belonging to the crystal lat-
tices of clay minerals.33 In the case of intercalated sam-
ple (Fig. 3(b)), peaks present different weight losses that
related to the decomposition of alkylammonium. DTMAB
decomposes at a temperature of 244 �C. It is worth not-
ing that there are other weight losses that may due to the
decomposition of clay texture.34

SEM analysis is usually used for observing the surface
morphology of materials. SEM micrographs presented in
Figure 4, were recorded to obtain an overview of the mor-
phology of particles. For Na-bent (Fig. 4(a)), large aggre-
gates of sheets mixed with small particles are observed.
However, the intercalation of DTMAB surfactant into the
interlayer space of Na-bent significantly changed the mor-
phology of the bentonite35 (Fig. 4(b)) which is in accor-
dance with the results of XRD and FT-IR.
Cationic ion exchange is affected by different factors

such as the type of alkylammonium ion, the length of the
carbon chain, the size and shape of the polar head and the
organic groups presented in the ion.36�37 The ideal cation
exchange leads to an increase in the interlayer space of
clay material.38 According to some studies, the increase
of alkyl chains present in the bentonite sheets, leads to
increase sheets space to their most stable conformation.39

Hence, the theoretical length of the alkylammonium ions
chain was calculated. When all carbon-carbon bonds are
in trans conformation, the length of the aliphatic chain is
calculated according to Cherardi.40 In our case, the calcu-
lation of the length of alkylammonium ion chain is equal
to 18.91 Å, therefore, alkyl ammonium ions are organized
into bilayer (Scheme 1).41
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Fig. 2. XRD patterns of Na-bent and DTMA-bent.
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Fig. 3. TG/DTA curves of (a): Na-bent; (b): DTMA-bent.

3.2. Effect of Adsorbent Mass
The results show that the fixation rate of both acids
(BA and SA) increases proportionally to the mass of adsor-
bents. From an adsorbent mass of 10 g · L−1, the rate
tends to stabilize with the appearance of a saturation stage
(Fig. 5).

3.3. Effect of pH
The pH is one of the most critical parameters which
can affect the adsorption extent, because it influences
both the adsorbate in solution and the adsorbent surface
properties.42 In this study, the effect of pH was carried out
at a pH between 2 and 4 using 0.1 g in two series of tubes
that contain 10 mL of acid solution at a concentration of
0.4 M. Based on Figure 6, the adsorption efficiency of
benzoic acid and salicylic acid on sodium-bentonite and
intercalated-bentonite increases with the increase of pH.
On the other hand, the intercalated-bentonite is much more
efficient that the sodium-bentonite which can be explained
by the intercalation of DTMAB surfactant in the inter-
layer space of the bentonite leading to produce more clay

(a)

(b)

Fig. 4. SEM images: by their most stable. (a): Na-bent;
(b): DTMA-bent.

porous with positive charges (Scheme 1) and an elec-
trochemical interactions between acid molecules (BA-SA)
and the intercalated-bentonite surface. Usually, both acids
have neutral forms when pH is lower than their pKa
(pKa of BA = 4.2 and pKa of SA = 3),43�44 therefore, at
acidic pH, the adsorption extent of intercalated-bentonite
is low because of the positive charges of both acids (repul-
sion effect). Furthermore, the competition effect of H3O

+,
which has a high mobility, could take place to adsorb on
the bentonite surface. It is well known that the ioniza-
tion of acids depends on the pH values. Evidently, benzoic
and salicylic acids will be dissociated to C6H5COO

− and
HOC6H4COO

− respectively at pH > pKa, hence, these
negatively charged species easily adsorb on clay surface
that positively charged.43�44

3.4. Effect of Temperature
In order to study the influence of temperature on the reten-
tion of salicylic and benzoic acids, three different values
of temperature have been selected 25, 35 and 45 �C at
acid concentration of 0.4 mmol ·L−1 and pH= 10. Based
on the results illustrated in Table II, it can be seen that
the increase in temperature leads to a relatively impor-
tant enhancement in the adsorption capacity. This result
indicates that the adsorption of both acids on both adsor-
bents is controlled by an endothermic reaction that will be
checked by a thermodynamic study.45

3.5. Effect of Contact Time
It can be seen from Figure 7 that the adsorption equilib-
rium is generally reached after 5 h of contact time for both

4 Sensor Letters 14, 1–11, 2016
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Scheme 1. Preparation of organoclay.

acids/adsorbents. It show also the existence of two stages:
the first is fast and the second is slow. This is may be
related to the availability of free active sites on the mate-
rials at the beginning, then, the availability of adsorption
sites decreases with time which limits the accessibility of
acid molecules.

3.6. Effect of Ionic Strength
Previous studies have shown that the increase of ionic
force can cause the increase or decrease the adsorption
of organic compounds on clay materials.46 It is therefore
important to evaluate the effect of ionic strength on the
adsorption of benzoic and salicylic acids on our clay mate-
rials. Adsorption experiments in the presence of NaCl ions
at a concentration range between 0–0.5 M were realized
(Fig. 8). The results show that the presence of these ions
increases the fixation of both acids (Table III). According
to the literature,47 the addition of salt ions can favor the
reconciliation and the association of clay particles, thus,
leads to create a new porosity and new surface sites where
molecules can be adsorbed.

3.7. Kinetic Studies
Kinetic models can be helpful to understand the mecha-
nism of acid adsorption and evaluate the performance of

0

20

40

60

80

0 0.05 0.1 0.15 0.2 0.25 0.3

R
 %

Mass (g)

a
b
c
d

Fig. 5. Effect of adsorbent mass on the adsorption of acids: (a) SA/Na-
bent; (b): BA/Na-bent; (c): SA/DTMA-bent and (d): BA/DTMA-bent;
(pH = 6, T= 25 �C, C= 0,4 mmol/l and times = 24 h).

the adsorbents for acid removal. A number of kinetic mod-
els have been developed to describe the kinetics of acid
removal: a pseudo first-order of Lagergren,48 a pseudo-
second-order of HO,49 Elovich50 and intra-particle diffu-
sion model of Weber and Morris.51

The pseudo first-order kinetic equation based on solid
capacity in the following form can be used:

ln�qe−qt�= ln qe−K1 (3)

Where t: contact time: K1 constant of adsorption speed of
kinetics, qt and qe: adsorption capacities at the time t and
at equilibrium respectively.
The pseudo second-order equation based on adsorption

capacity may be expressed in the following form:

t

qt
= 1

K2q
2
e

+ t

qe
(4)

Where K2 is the rate constant of pseudo second-order
adsorption (g · (mg min)−1) and qe is the amount of BA
and SA adsorbed at equilibrium (mg ·g−1). The kinetics of
adsorption of BA and SA was also examined using Elovich
equation in the following form:

qt =
1
ln
��+ 1

�
ln t (5)
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Fig. 6. Effect of pH on the adsorption: S (a) A/Na-bent; (b): BA/Na-
bent; (c): SA/DTMA-bent and (d): BA/DTMA-bent; (m = 0,1 g, T =
25 �C, C= 0,4 mmol ·L−1 and times = 24 h).
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Table II. Effect of temperature on the adsorption of SA and BA by
Na-bent and DTMA-bent.

Na-bent (mg ·g-1) DTMA-bent (mg ·g-1)
Temperature (�C) SA BA SA BA

25 0�033 0�329 0�324 0�572
35 0�056 0�456 0�529 0�617
45 0�469 0�571 1�454 1�851

Where � is the initial adsorption rate (mg · (g min)−1), � is
the desorption constant (g ·mg−1).
The whole of kinetic parameters determined from the

linear regression of previous tests for different kinetic
models are summarized in Table IV. It is clear that the
experimental results confirm the theoretical data. The
regression for the pseudo first and second-order models
is close to the unity. However, the differences between
the theoretical and experimental maximum adsorption
capacities (	q) are minimal for the model of Lagergren.
The kinetic constant of pseudo first-order (PFO) model
shows a quite fast retention compared to that of pseudo
second-order (PSO).
For this purpose, the first order model gives a better

description of the adsorption reaction kinetics than the sec-
ond order model. The correlation coefficient values and
initial adsorption rate (�) determined from the equation of
Elovich show that our data are well described. In order
to confirm the validity of the models (PFO or PSO) in
the case of adsorption of benzoic and salicylic acids on
the intercalated-bentonite, a form of error equation was
used that indicates the suitability between the experimen-
tal and calculated adsorption capacities.52 According to the
literature,53 the lower error value is in good agreement
between the two results (qexp and qcal).

	q =
[ n∑
i=1

�qcal−qexp�
2

n−m

]1/2

(6)
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Fig. 7. Effect of contact time on the adsorption: (a) SA/Na-bent;
(b): BA/Na-bent; (c): SA/DTMA-bent and (d): BA/DTMA-bent; (pH =
10, m= 0,1 g, T= 45 �C, C= 0,4 mmol/l).
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Fig. 8. Effect of the presence of NaCl ions on the adsorption:
(a): SA/Na-bent; (b): BA/Na-bent; (c): SA/DTMA-bent; and (d):
BA/DTMA-bent; (pH = 10, m = 0,1 g, T = 45 �C, C = 0,4 mmol ·L−1

and time = 5 h).

By applying Eq. (6), experimental results show that the
pseudo first order model is more suited because it presents
lower error value 	q (Table IV).
Pseudo first-order, pseudo second-order and Elovich

models cannot identify the diffusion mechanism, for this
reason the application of the intra-particle diffusion is a
mechanism that can occur during the adsorption process,
where the rate of diffusion can be controlled.54

When the adsorption process is controlled by the exter-
nal transfer (resistance at the boundary layer), the log-
arithm plot of the residual concentration versus time
(lnCe = f (t)) must be linear.55 Based on the results
in Table IV, it can be noticed that the linear regression
curves for different samples studied give acceptable val-
ues (R2 > 0.9). It can be concluded from these results that
the external transfer seems to be a step controlling the
speed of the overall process of sorption.56 Weber et al.
have reported that if the intra-particle diffusion is involved
in the sorption process, by carrying the amount adsorbed
versus the square root of time (Eq. (7)), we must get a
straight line. This step is limiting if the line passes at the
origin.57�58

qt = Kd� int

√
t+Ci (7)

Where, qt: quantity adsorbed at time t (min); kd�int: dif-
fusion rate constant (mg ·g−1 ·min1/2); Ci: boundary layer
thickness.
Based on Figure 9(4), the three segments for each diffu-

sion curve are appeared. The first segments are attributed
to the external transfer, the second to the intra-particle dif-
fusion, while the last section forms adsorption equilibrium

Table III. Adsorption rate of BA and SA on Na-bent and DTMA-bent
before and after NaCl addition.

R% (BA) R% (SA)

CNaCl(M) Na-bent DTMA-bent Na-bent DTMA-bent

0 37�67 84�45 21�23 82�038
0.5 41�11 89�98 23�58 84�99

6 Sensor Letters 14, 1–11, 2016
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Table IV. Kinetic parameters for the adsorption of BA and SA on
Na-bent and DTMA-bent.

BA/Na- BA/DTMA- SA/Na- SA/DTMA
Kinetic models Parameters bent bent bent bent

PFO qeexp 2�401 11�901 1�646 5�864
qe� cal 2�637 11�869 1�645 6�031
K 0�016 0�014 0�016 0�014
R2 0�992 0�994 0�985 0�994
	q – 6�682 – 3�392

PSO qe� cal 3�067 14�084 1�814 7�194
K 0�490 0�001 0�096 0�002
R2 0�997 0�998 0�993 0�997
	q – 8�583 – 4�388

Elovich � 0�126 1�713 0�063 4�165
� 1�557 0�345 2�427 0�591
R2 0�984 0�975 0�977 0�989

External transfer R2 0�973 0�985 0�923 0�988

Intraparticle K 0�094 0�369 0�072 0�221
diffusion

Ci 1�020 5�458 0�399 2�387

R2 0�973 0�963 0�923 0�974

plateau.59 On the other hand; it is worth noting that all
lines don’t pass through the origin which confirms that
the intra-particle diffusion is not the only step of control-
ling the adsorption process speed. In addition, other mech-
anisms could be involved.60�61 The constant values kd�int
(Table IV) are obtained from the lines slopes of zone 2
curves (Fig. 9(4)), which are representative of the diffusion
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Fig. 9. Linear representation of different kinetic models. (1) PFO; (2) PSO; (3) Elovich and (4) Intraparticle diffusion. (a): Na-bent e and
(b): DTMA-bent.

phenomenon. The intercept values (Ci) in Table IV give
us data about the effect of the boundary layer thickness,
which is proportional to the increase of the intersection.
It is know that an increase of Ci indicates the abundance of
solute adsorbed on the boundary layer.62 This means that
the contribution of the external diffusion in the sorption
speed limit is independent.63�64 In order to confirm this
approach, the calculation of the diffusion coefficient Dp

is necessary (Eq. (10)),65�66 r0 is the radius of the adsor-
bent particle (r0 ≤ 10−4 cm) and t1/2 is the time of half-
adsorption (S). In all cases, the adsorption equilibrium is
reached after 300 minutes of contact. Dp obtained is less
than 3.33 ·10−10 cm. S-1 that indicates the adsorption pro-
cess can be presented by the diffusion model. This result
is consistent with the conclusion of Lecheng Lei.67

Dp =
0,03r2

t1/2
(8)

3.8. Adsorption Isotherm
The study of adsorption isotherms allows us to identify
the adsorption type. Experimental results show that the
adsorption isotherm is of type L, which is usually associ-
ated with a monolayer adsorption with a low competition
of water molecules68 (Figs. 10 and 11).
From Figures 10 and 11 and Table V, the results

show that the adsorption of both acids is more efficient
on DTMA-bent-than on Na-bent at 45 �C. The higher
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Fig. 10. Adsorption isotherm of BA on (a): Na-bent; (b): DTMA-bent at different concentration and temperatures (pH = 10; m = 10 g ·L−1 and
times = 5 h).

adsorption behavior observed using DTMA-bent-is in per-
fect agreement with the structural and textural proper-
ties of this material as the intercalation of the bentonite
improves its physicochemical characteristics leading to
enhance the adsorption capacity.69 Moreover, benzoic acid
adsorbs more that the salicylic acid which may due to the
smaller size of benzoic acid molecule compared to that
of salicylic acid and as well the various functional groups
that include these molecules.
The adsorption data obtained from these isotherms were

analyses with respect to the Langmuir and Freundlich
isotherm equations.
The Langmuir adsorption isotherm model assumes that

adsorption takes place at specific homogeneous sites
within the adsorbent.70 This model can be applied success-
fully in many monolayer adsorption processes. The linear
equation of the Langmuir isotherm model is:

Ce

qe
= 1

KLqmax

+ Ce

qmax

(9)

Where qe is the equilibrium acid ions concentration on
the adsorbent (mg · g−1), Ce is the equilibrium acid con-
centration in solution (mg · L−1�, qmax is the monolayer
adsorption capacity of the adsorbent (mg · g−1) and KL

is the Langmuir constant and related to the free energy
of adsorption. A plot of Ce/qe versus Ce for the adsorp-
tion gives a straight line of slope 1/qmax and inter-
cepts 1/KLqmax.
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Fig. 11. Adsorption isotherm of SA on (a): Na-bent; (b): DTMA-bent at different temperatures (pH= 10; m= 10 g ·L−1 and time = 5 h).

The effect of isotherm shape has been studied with a
view to predict whether an adsorption system is favorable
or unfavorable. The main feature of the Langmuir isotherm
can be expressed by means of RL, a dimensionless constant
referred to as separation factor or equilibrium parameter.71

RL is calculated using the following equation:

RL =
1

1+CiKL

(10)

Where, Ci is the acid concentration (mg ·L−1). As the RL

values are between 0 and 1, the related adsorption process
is favorable.72

The Freundlich adsorption isotherm model is based on
multilayer adsorption.73 In this model, the mechanism and
the rate of adsorption are functions of the constants n and
kF . The Freundlich adsorption isotherm can be expressed
as follows:

lnqe = lnKF +
1

n
lnCe (11)

Where, KF and n are isotherm constants which indicate
the capacity and intensity of the adsorption, respectively.
The linear plot of ln qe versus ln Ce at each temperature
indicates that adsorption of acid also follows Freundlich
isotherm.
The experimental data fitted to Langmuir and Fre-

undlich isotherm equation are shown in Figures 12 and 13.
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Table V. Parameters of Langmuir and Freundlich Models for the
adsorption of SA and BA on Na-bent and DTMA-bent.

Langmuir Freundlich

Samples T qe−exp qe−cal KL R2 KF 1/n R2

BA/Na-bent 298 1�507 1�757 0�002 0�981 0�014 0�982 0�982
308 2�116 1�901 0�008 0�949 0�176 0�687 0�968
318 2�401 2�320 0�117 0�990 0�104 0�226 0�991

BA/DTMA-bent 298 8�105 8�064 3�849 0�994 0�852 0�549 0�990
308 9�903 10�416 2�112 0�993 0�165 0�773 0�999
318 11�90 11�494 1�051 0�994 0�306 0�730 0�991

SA/Na-bent 298 0�114 0�177 0�004 0�998 0�002 0�685 0�980
308 0�287 0�387 0�008 0�990 0�004 0�759 0�995
318 1�646 1�721 0�134 0�991 0�078 0�836 0�994

SA/DTMA-bent 298 1�981 2�188 0�004 0�970 0�017 0�769 0�990
308 3�435 3�267 0�005 0�992 0�018 0�908 0�990
318 5�867 6�06 0�007 0�979 0�043 0�965 0�982

The adjustable parameters (qmax, KL, KF , 1/n and R2)
obtained are listed in Table V.

Based on the adjustment via the least squares
method, lines with very satisfactory correlation coefficients
(R2 ≥ 0.9) are obtained for each isotherme studied. The
application of linear forms of Langmuir and Freundlich
was allowed to verify that these two models were applica-
ble and the removal rates of both acids change in the same
direction as two models. The maximum adsorbed amounts
calculated (qe−cal) from Langmuir model are closer to those
oblained experimentally (qe−exp) (Table V).
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Fig. 12. Freundlich adsorption isotherm of BA (1) and SA (2) at different temperatures. (a): Na-bent and (b): DTMA-bent.
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Fig. 13. Langmuir adsorption isotherm of BA (1) and AS (2) at different temperatures. (a): Na-bent and (b): DTMA-bent.

Table VI. RL report as a function of on the initial concentrations of
acids.

Ci (BA-SA) (mmol ·L−1) 0.2 0.4 0.6 0.8 1.0 1.2

RL (BA) DTMA-bent 0�741 0�543 0�442 0�373 0�322 0�284
Na-bent 0038 0�018 0�012 0�009 0�007 0�006

RL (SA) DTMA-bent 0�837 0�721 0�632 0�564 0�508 0�481
Na-bent 0�644 0�475 0�376 0�311 0�266 0�231

From Table VI, the values of RL decrease with the
increase of the initial concentration and tends to zero,
therefore, it appears that, based on these results, the
Langmuir isotherm is favorable and the samples exhibit
relatively high adsorption capacities for both acids. The
results of modelling shows also a good agreement with
the Freundlich model, since the effectiveness of both
sodium and intercalated bentonite is higher than the
intensity coefficient 1/n < 1, which indicates that the
adsorption is favorable, thus, new adsorption sites were
created.

3.9. Thermodynamics of Adsorption
The thermodynamic parameters such as the variation of
the Gibbs energy 	G�, standard enthalpy 	H� and entropy
	S� were studied in order to better evaluate the feasi-
bility of the adsorption process. The experiments were
performed at three different temperatures (298, 318 and

Sensor Letters 14, 1–11, 2016 9
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BA and SA on: (a): Na-bent et (b): DTMA-bent.

328 K). Thermodynamic parameters can be calculated
from Eqs. (12)–(14).74

	G� = −RT lnKads (12)

lnKads =−	H�

RT
+ 	S�

R
(13)

Kads =
qe
Ce

m

V
(14)

Where, Kads: is the distribution constant of the quantity
adsorbed at the surface, R: gas constant (8, 3145 J ·(mol−1 ·
K−1),T: temperature (K), qe: quantity adsorbed (mg · g−1)
and Ce: residual concentration (mg · L−1). The plot of
lnKads as a function of 1/T . Figure 14 should give a lin-
ear relationship with slope of 	H�/R and an intercept of
	S�/R.
Based on the results summarized in Table VII, it can

be concluded that the adsorption process of both acids
(SA and BA) on Na-bent and DTMA-bent occurs via
direct non-spontaneous reactions (	G� > 0).75 Positive val-
ues of 	H� indicate that the reactions are endothermic.45

It is recognized that an enthalpy less than 84 Kj ·mol−1

indicates a physical adsorption while values between 84
and 420 Kj ·mol−1 indicate a chemisorption process. In our
case, it can be argued that the adsorption of both acids on
our samples is a physical process. On the other hand, it
is important to note that the entropy values are positive
which indicates that changing in the structure of sodium
and intercalated bentonite could be occurred during the
adsorption process which means that there is no decrease
in the random sample interface.76 This latter is a sign of a
less orderly distribution regarding to the relatively ordered
state of adsorbent surface.77

Table VII. The values of the thermodynamic parameters at the sorption
equilibrium of SA and BA on Na-bent- and DTMA-bent.

	G� KJ ·mol−1

	H � 	S�

Samples KJ ·mol−1 KJ ·mol−1 298 K 308 K 318 K

BA/Na-bent 69�987 0�206 9�692 6�467 5�672
BA/DTMA-bent 24�897 0�059 7�098 6�402 5�906
SA/Na-bent 48�522 0�409 13�872 12�537 11�502

4. CONCLUSIONS
The results of the present study show that the use of
DTMA cations as an intercalating agent in the interlayer
space of sodium bentonite leads to increase the d001.
Indeed, in all cases, there is an enlargement of about 35%
on average compared to the natural bentonite. The adsorp-
tion behavior of organic acids on Na-bent and DTMA-
bent- was well investigated via the kinetics and adsorption
isotherms studies. The sorption phenomenon follows a
pseudo first-order kinetics that provides the best corre-
lation of experimental data, while the internal diffusion
seems to be a step controlling the speed of the overall
adsorption process. The thermodynamic adsorption study
shows that this process is not spontaneous (	G > 0) and
endothermic (	H > 0), therefore, the adsorption of both
acids (BA and SA) occurs via physical reaction.
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