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In this study, the main objective is the preparation and the characterization of a modified Algerian bentonite based adsorbent by

intercalation with hexadecyltrimethylammonium bromide (HDTMA). Natural and modified bentonites were characterized using

thermogravimetric analysis (TGA), X-ray diffraction (XRD) and infrared spectroscopy (FTIR). The X-ray results indicated that the

geometry of the interlayer space changes by the intercalation of HDTMA cations, resulting in an increase in the basal spacing from 1.34 to

1.96 nm. The adsorption efficiency of natural and HDTMA-bentonite was examined for humic acid (HA) removal by batch adsorption

experiments under different operating conditions. The maximum monolayer adsorption capacity g, of HA was found to be 54.80 mg g’
and 330.34 mg g for natural and HDTMA-bentonite, respectively. The kinetic study indicated that HA adsorption followed the pseudo-

first-order model. Both natural and HDTMA-bentonite showed quite good capabilities in removing HA from aqueous solutions.
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INTRODUCTION

Humic acid (HA) is a subclass of humic substances (HS)
representing a component of natural organic matter (NOM)
due to biological decomposition of organic matter from
plants and other organisms. HS are mainly composed of
HA, fulvic acid and humin, and are principally present in
soil, geological organic deposits and water [1]. The model
structure of HA as proposed by Stevenson [2] is shown in
Fig. 1. The presence of HA in natural waters causes various
environmental and health problems, such as undesirable
color and taste of water [3]. Conventional drinking water
treatment methods such as chlorination involve the
production of disinfection by-products (DBPs), such as
trihalomethanes (THMs) and haloacetic acids (HAAs),
which are are believed to be two harmful compounds to
human health. Therefore, the elimination of HA from
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drinking water is of significant importance before the
addition of chlorine.

Treatment of water containing HA has been studied by
various techniques such as membrane filtration [4],
coagulation [5], advanced oxidation [6] and adsorption [7].
is a wastewater treatment

The adsorption technique

processes commonly used for the removal of low
concentrations organic pollutants [8]. In recent years, there
has been a growing interest in developing new bentonite-
based adsorbents able to effectively remove organic and
inorganic pollutants from water [9]. Bentonite clay is a very
abundant and low-cost material in Algeria, the annual
production of natural bentonite reach 27, 668 metric tons in
2013 [10].

In this context, this study aims to test the ability of
natural and modified Algerian bentonite clays to adsorb HA
from water. The Algerian bentonite was modified with the
cationic surfactants hexadecyltrimethylammonium bromide

Ci9HoNBr (HDTMA) to try to increase its adsorption
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Fig. 1. Model structure of humic acid.
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Fig. 2. TGA/DTG analysis of bentonite (a) and HDTMA-bentonite (b).
capacity. region of Maghnia (west of Algeria). Chemical composition
of this clay was published in the literature as follows :
MATERIALS AND METHODS 69.4% SiO,, 14.7% ALOs, 1.2% Fe,0;, 1.1% MgO, 0.8%
K,0, 0.5% Na,0O, 0.3% CaO, 0.2% TiO,, 0.05% and 11%
Preparation of Organo-clay loss of ignition [11]. The cation exchange capacity (CEC)
The natural bentonite utilized in this study was from was found to be 97 meq g/100 g [12].
Hammam Boughrara deposit. The depositis located in the The sodium exchanged form of the bentonite (Na-
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bentonite) was prepared from natural bentonite according to
the procedure described in our previous work [13]. In order
to enhance adsorption capacity of natural bentonite, Na-
modified with
hexadecyltrimethylammonium  bromide

cationic  surfactant
(HDTMA), the
modification was obtained by a cationic ion exchange
reaction between Na" and HDTMA" [14]. For this purpose,
20 g of Na-bentonite was stirred magnetically for 48 h at
room temperature (20 £ 2 °C) with 200 ml of HDTMA
aqueous solution [15]. The amount of HDTMA is taken
equal 100% the CEC of natural bentonite. After filtration,
the organically obtained material was washed several times

bentonite  was

with deionized water until no bromide ion was detected with
0.1 M AgNO; test [16,17].

Preparation of Adsorbate

The HA stock solution (100 mg I'') was prepared by
dissolving 100 mg of HA in 20 ml NaOH (0.025 M) and
completing at 1 1 with deionized water. The experimental
solutions were prepared by diluting stock solution to the
desired initial concentrations (C,).

Characterization of Modified Clay

Natural bentonite and HDTMA-bentonite clays were
analyzed using thermal analysis (TGA), infra-red analysis
(FTIR) and X-ray diffraction. Thermal decomposition of
bentonite samples was performed using a TA Instruments
TGA 2050 Thermogravimetric Analyzer. The characteristic
feature of this equipment was that the heating rate was
coupled with the mass loss. Therefore, the temperature of
the sample was kept constant until the mass loss
corresponding to a chemical reaction was completed. The
thermal evolution of the natural materials was followed
from room temperature up to 600 °C. The average mass of
the sample used was of about 20 mg. Chemical modification
of clay was confirmed by FTIR spectra obtained by a
spectrophotometer (Spectrum One FTIR spectrometer of
Perkin Elmer) in the wave number range of 4000-650 cm’™.

The internal structural modifications of bentonite clay
were studied by X-ray powder diffraction technique using a
Bruker D8 advance diffractometer, equipped with a Cu Ka
source of radiation and a fast detector Lynxeyes (system
0-0) and working at the monochromatic radiation Kay
wavelength of copper (A =1.5406 A°). The radial scans
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were measured in the reflection mode from 26 = 8 to 80°.
RESULTS AND DISCUSSION

Thermogravimetric Analyses

The TGA and derivative thermogravimetric (DTG)
curves of natural bentonite and HDTMA-bentonite are
illustrated in Figs. 2a and 2b, respectively. The TGA/DTG
curves of the natural bentonite are shown in Fig. 2a. These
curves show a single stage of mass loss at the mean
temperature of 80.7 °C (8.7% of mass loss) associated the
desorption of physically adsorbed water. On the other hand,
no mass loss of bentonite is observed in the temperature
range of 150-500 °C which means that the clay is relatively
stable in this range of temperature.

The TGA/DTG curves of HDTMA-bentonite are given
in Fig. 2b. TGA curve showed three stages of the mass loss.
In the first stage, at the mean temperature of 60.6 °C (2.2%
of mass loss), clay dehydration occurs. This mass loss is
lower for HDTMA-bentonite than that for natural bentonite
which confirms the hydrophobic nature of the modified
bentonite [18]. The second stage occurs in the temperature
range of 200-325 °C, DTG curve showed an intense peak at
248.8 °C (17.6% of mass loss). Knowing that pure HDTMA
is decomposed at the same temperature, this peak
corresponds to the decomposition of the surfactant on the
surface of bentonite [16]. The third stage occurs in the
temperature range of 325-450 °C (7.9% of mass loss)
indicating the surfactant decomposition in the interlayer
spaces of the bentonite clay [16,18].

FT-IR Analysis

The FTIR spectra of bentonite and HDTMA-bentonite
are illustrated in Fig. 3. Regarding Fig. 3 for both bentonite
(a) and HDTMA-bentonite (b), the peak at 3615 is assigned
to H-O-H stretching vibration bands of water molecules
attached to weakly hydrogen bonded to the Si-O surface
[16]. The board band at 3390 cm™ is due to H-O-H vibration
of adsorbed water [19]. Furthermore, the peak around 1635
em” corresponds to the OH deformation of water. The
adsorbed water band’s intensities are lower in the case of
HDTMA-bentonite. This result confirms once again the
hydrophobic nature of the modified bentonite, which is
in good agreement with TGA results and with the literature
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Fig. 4. XRD patterns of bentonite (a) and HDTMA-bentonite (b).
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[16,18].

The two intensive peaks at 2850 and 2920 cm’,
corresponding to the anti-symmetric and symmetric CH,
stretching vibrations [20] and their bending vibrations at
1468 and 1418 cm™, were only observed on HDTMA-
bentonite (Fig. 3b). The presence of HDTMA is also
confirmed by the significant peak at 720 cm” (Fig. 3b)
corresponding to the CH; rocking band.

The intercalation of HDTMA surfactant results in the
shift of the band of AI-OH-Al from 916 to 910 cm™. At the
same time, the most intensive band of Si-O-Si stretching
moves from 982 to 988 cm™.

XRD Analysis

The XRD patterns of bentonite (a) and HDTMA-
bentonite (b) are illustrated in Fig. 4. The dg reflection
peak occurs at 20 = 6.6° for bentonite (Fig. 4a) and shifts to
smaller angle 20 = 4.5° for HDTMA-bentonite with a
shoulder at 20 7° (Fig. 4b). This indicates the
modification of the interlayer space of the bentonite clay by

the intercalation of HDTMA molecule. In the case of
bentonite, the interlayer distance observed was 13.38 A
(1.34 nm). For HDTMA-bentonite, the interlayer distance
was increased to 19.62 A (1.96 nm), similar results have
been observed for Na-bentonite modified with 100% CEC
equivalent concentration of HDTMA [18,21,22]. According
to the literature, the length of the HDTMA" cation is 2.53
nm with 0.43 nm “nail-head” and 2.1 nm “nail-body”. The
height of the ‘nail-body’ is between 0.41 and 0.46 nm and
that of the "nail-head" is between 0.51 and 0.67 nm
depending on whether a zigzag arrangement of the carbon
atoms of HDTMA" is parallel to the plane of the bentonite
layer, or perpendicular [21]. Knowing that the thickness of a
single bentonite layer is about 0.96 nm [23,24], then the
basal spacing of 1.96 nm of HDTAM-bentonite indicates a
dimension of the interlayer space around 1 nm. This
dimension of interlayer space indicated that HDTMA
cations could have pseudotri-molecular arrangements in the
interlayer space [23].

Effect of Contact Time

Kinetic experiments were carried out at room

temperature (20 £ 2 °C) in Erlenmeyer flasks containing HA
aqueous solution at the initial concentration of 20 mg 1. A
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40 mg of bentonite or HDTMA-bentonite was added to 100
ml of HA solution and agitated magnetically at 300 rpm.
Samples of 2 ml were withdrawn at suitable time intervals
and centrifuged to remove the clay dispersion, and the HA
residual concentration from the supernatant solution was
measured by a UV-Vis spectrophotometer. The residual
concentration of HA at time t (C,) allowed to calculate the
quantity q; (mg g') of the HA adsorbed by one gram of each
adsorbent,

q, :(CO_C;‘)% (1)

where q, (mg g") is the adsorption capacity of bentonite or
HDTMA-bentonite, and C, (mg 17) the
concentration of the adsorbate in the solution. V (1) is the
volume of the HA solution, and m (g) is the mass of
bentonite or HDTMA-bentonite used.

Figure 5 presents the variation of the adsorption
capacity for HA onto bentonite and HDTMA-bentonite q,
(mg g') as a function of time t (min) at the initial
concentration of 20 mg I'. From this figure, it can be

is initial

observed that the amount of HA adsorbed onto bentonite
and HDTMA-bentonite was rapid initially and then slowed
down gradually until they reached equilibrium around 120
min for bentonite and 210 min for HDTMA-bentonite. This
is evident from the fact that in the beginning, a large
number of vacant surface sites are available for HA, after a
while the remaining vacant surface sites are hardly occupied
due to repulsive forces between the HA molecules in the
aqueous solution and those on the adsorbent surface [25-
27].

As can be seen in Fig. 5, the adsorption capacity at
equilibrium of HA onto HDTMA-bentonite (47.85 mg g™)
is almost four times higher than the adsorption capacity of
natural bentonite (11.23 mg g"). In reality and according to
FTIR and TGA/DTG results, the surface of the modified
HDTMA-bentonite is more hydrophobic than the surface of
the natural bentonite. This increase in the hydrophobicity of
HDTMA-bentonite enhances its adsorption capacity for
organic pollutants, such as humic acid.

Adsorption Kinetics
Kinetic studies of adsorption are helpful to understand
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Fig. 5. Kinetics of the adsorption of HA on bentonite and HDTMA-bentonite.

Table 1. Pseudo-first-order PFO and Pseudo-second-order PSO Kinetic Parameters

Pseudo-first-order PFO

Pseudo-second-order PSO

Adsorbent Je €XP. K; gecal. ) K> gecal. R?
(mgg™) (min)  (mgg’) (gmg' min) (mgg))

Bentonite 112 0.020 12.18 0.99 9.6110* 15.28 0.98

HDTMA-bentonite 47.8 0.01 50.69 0.99 1.78 10 67.83 0.98

the mechanism of this process. Moreover, the knowledge of
adsorption kinetics is crucial for designing adsorption
processes. In the present study, the rates of adsorption of
HA were determined with bentonite and HDTMA-
bentonite.

In order to elucidate the adsorption mechanism of
solid/liquid systems, two types of kinetics are generally
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used, namely, the pseudo-first-order (PFO) and pseudo-
second-order (PSO).

The PFO model [28,29] is expressed by the following
equation:

ky
2,303

2

log(q, —¢,) = log(q.) —( M
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where g, and q, are the adsorption capacities of HA adsorbed
onto the bentonite clays at equilibrium and after time t,
respectively. The constant k; (min™") represent the PFO rate
of adsorption. If the plot of log(q. - q;) versus time is linear,
then the value of k; may be directly obtained from the slope
of the plot.

The PSO model formula is generally employed in the form
below [30]:

dgq,
dt

=k (q. -4, 3)

where k;, is the equilibrium rate constant of the PSO model

(g mg"' min™).
The linear form of the previous equation is given as:

1

= “)
k,xq; q,

q.

The slope and the intercept allow establishing q. and k;,
respectively.

The PFO and PSO models were used to fit, by linear
regression, the experimental data of HA adsorption onto
bentonite and HDTMA-bentonite (figures not shown). The
PFO and PSO rate constants k; and k, and the values of the
theoretical q. (q. cal.) were calculated, and are given in
Table 1. The values of the coefficient of determination R*
for both models are also calculated and grouped in Table 1.
As can be seen from Table 1, the coefficient of
determination R” for PFO model was 0.99, higher than that
for PSO model (0.98). The theoretical q. (q. cal.) obtained
by PFO model is closer to the experimental data than the
theoretical q. values obtained by PSO model. This indicates
the applicability of the PFO kinetic model to describe the
adsorption process of HA onto both bentonite and HDTMA-
bentonite.

Adsorption Isotherms

Batch equilibrium experiments were carried out by
contacting 40 mg of bentonite or HDTMA-bentonite with
100 ml of HA aqueous solution at different initial
concentrations (2-50 mg I'") in 250 ml stopper Erlenmeyer.
The solution was agitated magnetically at 300 rpm during
210 min.
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The two classical models of Langmuir and Freundlich
were tested to describe the adsorption equilibrium of HA
onto both bentonite and HDTMA-bentonite.

The Langmuir equation can be written as follows [31]:

K, xC,
"1+4b.C,

)

9. =49

where qn (mg g') is the theoretical maximum monolayer
adsorption capacity and K. (I mg') is the Langmuir
constant related to the energy of adsorption.

The dimensionless separation factor Ry gives an idea on
the favorability of the adsorption process. In fact, according
to Ry value, the shape of Langmuir isotherm is evaluated to
be favorable (0 < Ry < 1), unfavorable (Ry. > 1), irreversible
(Ry = 0) or linear adsorption (Ry = 1) [30,32]. The smaller
R; value indicates a highly favorable adsorption. Ry values
were calculated using the following equation:

__ 1 (6)
1+K,C,
The Freundlich model is expressed as follows [31]:
q. :KFC;/" ™)

where Ky and n are Freundlich constants, with K¢ (I g)
indicating the sorption capacity and n (dimensionless)
indicating the favorable nature of the adsorption process. In
reality, the Freundlich exponent (1/n) explains the type of
isotherm, when (1/n > 1) the adsorption is unfavorable, (1/n
= 1) the adsorption is homogeneous and (0 < 1/n < 1) the
adsorption is favorable [33].

The plots of q. versus C, for the adsorption of HA onto
bentonite and HDTMA-bentonite according to the non-
linear form of Langmuir and Freundlich isotherm models
were shown in Figs. 6a and 6b, respectively. All parameters
were calculated by non-linear regression analysis of the
corresponding isotherms and are given in Table 2.

For HA adsorption isotherms onto bentonite, it can be
seen from Table 2 that the coefficient of determination R? is
high for both models, however with a better fit of the

experimental data by means of Freundlich isotherm,
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Table 2. Langmuir and Freundlich Isotherm Parameters

Langmuir isotherm

Freundlich isotherm

Adsorbent K. Om R’ RL Kg Im R’
Bentonite 0.019  54.80 0.838 092-031 226 0.64  0.889
HDTMA-bentonite 0.207 33034 0979 0.74-0.05  60.57 0.53  0.967

Table 3. Comparison of Maximum Monolayer Adsorption of HA onto Various Adsorbents

Adsorbent m Ref.
(mg g™
Natural Algerian bentonite (Maghnia) 54.80 This work
Raw Jordanian bentonite (Azraq) 53 [34]
Acid-activated Greek bentonite 10.75 [35]
Activated carbon (Rice husk) 454 [36]
Fe;04-chitosan hybrid nano-particles 44 .84 [37]
Zeolitic Imidazole Framework-8 (ZIF-8) 45 [38]
Modified HDTMA-bentonite 330.34 This work
HDTMA-bentonite 104.77 [39]
Amine-modified polyacrylamide-bentonite 174.03 [40]
Zn0-30N-zeolite 109-120 [41]

indicating the multilayer adsorption and the heterogeneity of
the bentonite surface. In the case of HDTMA-bentonite,
Langmuir model gives a better fit of the experimental data,
proving monolayer and a homogenous surface of the
HDTMA-bentonite adsorbent. The Langmuir maximum
monolayer adsorption capacity q, was found to be 54.80
mg g' and 330.34 mg g’ for bentonite and HDTMA-
bentonite, respectively. In addition, it can be seen that the
values of Ry and 1/n were found to be within the range of 0-
1, indicating that the adsorption of HA onto both bentonite
and HDTMA-bentonite is favorable according to Langmuir
and Freundlich models. On the other hand, smallest values
of Ry and 1/n are obtained in the case of HA adsorption
onto HDTMA-bentonite indicating that the adsorption is
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more favorable in this case.

The comparison of maximum monolayer adsorption
capacity q,, of HA onto various adsorbents is listed in Table
3, showing that q,, of natural Algerian bentonite used in the
present work is comparable with some other reported
adsorbents [34-38]. On the other hand, the modified
HDTMA-bentonite prepared
relatively large adsorption capacity of 330.34 mg g’
compared to some adsorbents in previous literature studies
[39-41].

in this work showed a

The Effect of pH on the HA Adsorption
The influence of pH on the adsorption of HA onto
bentonite and HDTMA-bentonite was investigated in the pH
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range of 2.3-9. Figure 7 shows the variations in the removal
of HA at various initial pHs. It was observed that the
maximum quantity removed from HA was at pH 3.2 for
both bentonite and HDTMA-bentonite. On the other hand,
the adsorption capacity of bentonite decreases dramatically
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from 47.07 mg g to 4.05 mg g with the increase of the pH
of the solution from 2.3 to 9, similar results are reported in
the literature [42]. The high adsorption of HA at lower pH
values can be attributed to the external hydrogen bonds
formed between phenolic hydroxyl groups of HA and the
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hydrogen bonding sites on the clay [39]. In fact, the
molecular form of HA dominating at low pH is hydrophobic
and more absorbable than the ionized form as the
hydrophobic bonding becomes the driving force for
adsorption. Additionally, when the HA molecules approach
to organic cations on the clay surface, the interaction
between

thermodynamically favored, and this results in expulsion of

the positive surface and HA molecule is
an acidic hydrogen from a carboxylic acid group of HA
molecule to generate a negatively charged HA as shown by

equation 8 [39].

Clay-HDTMA™ + OOC-HA —
clay-HDTMA" ..."O0C-HA ®)
Also from Fig. 7, It seems that the percentage removal of
HA by HDTMA-bentonite is less pH-dependent than that by
natural bentonite. Perhaps this is because the modification
of bentonite by HDTMA surfactant resulted in a shift of the
value of the surface charge of the clay from the acidic
domain (for natural bentonite) to the basic domain for
(HDTMA-bentonite) [43]. According to literature, the zeta-
potential, which is directly related to the surface charge of
the caly changed from negative value (for natural bentonite)
to positive value for modified bentonite with HDTMA
concentration higher than 93% CEC (in our case HDTMA
concentration is equal to 100% CEC) [43]. Similar results
are also reported in the case of zeolite modification by
HDTMA [44].

CONCLUSIONS

In this work, adsorption removal of humic acid from
water using Algerian bentonite modified by intercalation
with HDTMA  was The of
characterization confirmed the modification of HDTMA-
Higher capacity and
efficiency values were obtained with modified HDTMA-

investigated. results

bentonite. adsorption removal
bentonite. The quantity of adsorbed humic acid ranged from
11.2 mg g' for bentonite to 47.85 mg g' for HDTMA-
bentonite, which means that the adsorption capacity of
HDTMA-bentonite is four times greater than that of natural
the HA

adsorption onto bentonite, while Langmuir model was

bentonite. Freundlich model describes well
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adequate for HA adsorption onto HDTMA-bentonite. The
theoretical monolayer adsorption capacity q,, was found to
be 50.80 mg g' and 330.34 mg g' for bentonite and
HDTMA-bentonite, The study
indicated that the adsorption process obeyed the pseudo-

respectively. kinetic
first-order model for both adsorbents. The results of the
present investigation show that natural and modified
Algerian bentonites may be used as a low-cost, natural, and
abundant source for the removal of humic acid from
aqueous solutions.
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