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Abstract

The removal of organic pollutants from contaminated water was the interest of
numerous research works, which demonstrated the efficiency of adsorption and
organo-modified bentonite-based adsorbents in discharging organic pollution from
wastewater. However, the availability and the high cost of those adsorbents have
limited further application; this study aims to solve these issues. The intercalation
of an organic surfactant, tetraheptylammonium bromide (THPAB) onto the surface
of Algerian bentonite from the deposit M’zila we named Ben, yields a new material.
The synthesized tetraheptylammonium bentonite (THPA-Ben) underwent charac-
terization before testing its effectiveness as an adsorbent for removing phenol from
aqueous solutions. The FTIR, TGA, XRD, and SEM-EDS analysis confirmed suc-
cessful intercalation of the THPAB onto the Ben surface. The results of adsorption
experiment demonstrate the high efficiency of the new adsorbent in removing phenol
from aqueous solution. The greatest percentage of the removed phenol was 98.2%
when the initial concentration was 5 mg L™!. Adsorbing onto 40 mg of THPA-Ben,
the optimum adsorption conditions were: 55 °C; pH values of 4.26 and ~9; equilib-
rium was reached after a contact time of 90 min. The modeling of phenol removal
results by kinetic equations shows that the pseudo-second-order model is the best
to describe the adsorption process (R*>0.9999). The modeled isotherms of phenol
adsorption onto the THPA-Ben were well fitted with both the Langmuir and Fre-
undlich isotherm models; the highest phenol adsorption capacity was obtained for
the organo-modified bentonite; this indicates that the organo-bentonite THPA-Ben
is a promising low-cost adsorbent that enhanced the phenol removal from aqueous
media.
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Introduction

Environmental pollution is caused by enormous quantities of rejects generated from
industrial activities [1-3]. The large development of chemical and petrochemical
industries generates important amounts of organic pollution in water during manu-
facturing and processing, and this usually exceeds the level for safe discharge. The
presence of organic hydrocarbons on the surface of fresh and salty water causes seri-
ous environmental pollution [4—6]. Phenol is an organic compound, used in pesti-
cides, explosives, dyes and textiles; therefore, it is classified as harmful for organ-
isms even with low concentrations and potentially dangerous pollutant for human
health and is considered to be a prioritized pollutant; consequently, permitted limits
are low (0.5-1.0 mg L) so they must be removed from wastewater [7-9].

Because of its significant advantages such as easy handling, high selectivity,
lower operating cost, easy regeneration of adsorbent, the minimized production of
chemical or biological sludge, and the important efficiency in removing organic
water pollution, adsorption is classified as the most powerful purification method.
The adsorption process is strongly affected by the chemistry and surface morphol-
ogy of the adsorbent [10-13]. Recently, adsorption has emerged economically
and technically important method used for water purification. Developing low-cost
adsorbents based on clays and bentonite for removing soluble organic contaminants
from water is a hot research topic as evident from the increasing number of publica-
tions every year [8, 14, 15]. Consequently, new adsorbents with a strong affinity and
high loading capacity have been required; a large amount of them have been used for
phenolic compound removal [9, 16-20].

Bentonite is a natural resource available for researchers [21, 22]. It is largely
explored in the elimination of some impurities such as inorganic and organic
substances [23, 24]. The adsorption performances of row and modified benton-
ite, such as adsorption capacity, equilibrium time, mechanism and regeneration,
are closely related to specific differences among cationic surfactants. The results
showed that the adsorption of phenols by modified bentonite mainly occurs
through hydrophobic interaction, in which the chain length and the surfactant
stacking density have a synergistic effect on the adsorption capacity. Further-
more, additional interactions derived from the functional groups of organic pol-
lutants and Gemini surfactants, such as n—n and XH-r interactions and hydro-
gen bonds, have all been proven to have positive effects on adsorption [25]. The
bentonite is a negatively charged surface, isomorphous substituted with AI** for
Si** in a tetrahedral layer and Mg?* for AI** in the octahedral layer in the pres-
ence of inorganic cations on the bentonite surface clay such as Na* and Ca*; the
hydrophilic nature of natural bentonite makes it strongly hydrated in the pres-
ence of water but unlike the compounds are weakly adsorbed on its structure [18,
26, 27]. The adsorption properties of bentonite can be improved by modifying
its surface by replacing inorganic exchangeable cations with a cationic surfactant
so that the hydrophilic silicate surface of the clay becomes hydrophobic; in this
case, the modified clay is called organo-clay [18, 28]. This organic clay has been
generally proven as a potential adsorbent [9, 10, 1619, 29-32], especially the
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organic bentonites [6, 33]. As a result, the organic clay complex is an excellent
adsorbent for the removal of phenolic compounds and other organic contaminants
from aqueous solutions [34, 35]. In addition, several studies proved that bentonite
quaternary ammonium surfactants exhibited good efficacy in removing organic
pollutants from wastewater [36—39].

Recently, surfactants are also used for hydrophobic ion pairing, and this is an
effective strategy for converting hydrophilic molecules into hydrophobic complexes
by pairing them with oppositely charged counter ions [40—42]. Many published
reports have been dedicated to studying the effect of the structure of quaternary
ammonium surfactants, including alkyl chain, spacer, head group and functional
group, on the interlayer of modified bentonite [39, 43, 44]. Bentonite has been modi-
fied by different quaternary ammonium cationic surfactants: octyltrimethyl ammo-
nium bromide (OTAB), dodecyltrimethylammonium bromide (DTAB), cetyltrimeth-
ylammonium bromide (CTAB) and stearyltrimethylammonium bromide (STAB)
under similar conditions, and the adsorption capacity of bentonite was investigated
[9]. To the best of our knowledge, there has been no study on tetraheptylammonium
bromide THPAB surfactant used for the modification of bentonite.

Accordingly, removing phenols from water and wastewater by various techniques
as adsorption is an important issue to protect human health and the environment.
Extensive research has been carried out to develop innovative materials and technics
to deal with phenol organic water pollution [19, 33]. S. Richards et al. [45] have con-
cluded a significant increase in phenol adsorption capacity onto mineral clay after a
modest and simple organic modification using organic surfactants HDTMA TMPA.
However, Diaz-Nava et al. [46] found that the adsorption of phenol depends on the
kind of surfactant as organo-modifier for clay-based adsorbents, and the adsorption
was higher for the clay modified with 2 M NaOH than HDTMA. The experimental
results obtained by Y. Xu et al. [35] demonstrate that the organo-modified montmo-
rillonite-based adsorbents used for phenol removal are a low-cost material with high
adsorption efficiency of phenol and organic pollutants from wastewater; that was
confirmed in 2023 by the research work of R. Wei et al. [25] which confirmed that
the organo-modified montmorillonite can serve as a green and potential adsorbent
used efficiently in eliminating phenol from water.

This paper falls within the scope of scientific research on an intermediate mate-
rial and its efficiency in environmental applications. The main goal of this study is to
explore a new low-cost effective adsorbent which is a surfactant-modified clay min-
erals for removing organic pollutants (phenol) from aqueous solutions. In this paper,
bentonite (Ben) was selected as a case of clay minerals due to its extensive applica-
tion in the removal of pollutants. A quaternary ammonium organic cationic tetrahep-
tylammonium bromide (THPAB: [CH;(CH,)¢],N(Br)) surfactants with four alkyl
groups ions (C;H;57) and traditional halogen ion (Br~) were prepared and used to
modify sodium bentonite (Na-Ben). Then, the modified Ben was applied to adsorb
phenol in an aqueous solution. The performance characterization of tetraheptylam-
monium bentonite (THPA-Ben) was studied in detail. The effects of some important
experimental factors on the adsorption process such as temperature, pH, adsorbent
dose, initial concentrations of phenol, and contact time were investigated. Moreover,
the adsorption kinetics was also discussed.
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Materials and experimental methods
Materials

The bentonite used in this study was brought from the deposit of M’zila, a region
in Mostaganem town (northwestern Algeria). This raw bentonite was used in this
study as an adsorbent after purification and chemical modifications. Phenol, a com-
mercial organic compound (analytical reagent grade, CcHsOH, M=94.11 g/mol,
with a purity of 98%), was supplied by China Chemistry Co. Ltd. (Shanghai, China),
the chemical structure of which is illustrated in Fig. l1a. Tetraheptylammonium bro-
mide (THPAB), an organic cationic surfactant (C,gH,N*Br~, M=490.69 g/mol,
purity >99%), was obtained from Fluka, the chemical structure of which is pre-
sented in Fig. 1b. All the reagents were of analytical grade used as received without
further purification. Distilled water also was used in all experiments.

Preparation of adsorbents

Raw bentonite is a mixture of minerals and fragments of crystalline impurities [47].
Practically, clays are purified to remove these impurities. To perform the purifica-
tion, 10 g of crude bentonite were dispersed in a beaker containing 1L of distilled
water, the mixture was stirred for 20 min at room temperature; the suspension was
left to stand for 24 h. The supernatant phase was recovered, filtered and dried at
80 °C; the solid, after cooling in a desiccator, was ground and sieved. A quantity of
10 g of the sieved bentonite was immersed in 500 mL of 0.5 N HCI solution under
magnetic stirring for 4 h at room temperature to remove carbonates (CO5>").

The bentonite suspension was then filtered, and the solid was washed several
times with distilled water until the chloride ions (C17) disappeared, as proved by a
negative test with silver nitrate (AgNO;). The purified clay was then dried, crushed
and sieved, making it ready to be modified.

The purified Algerian bentonite (Ben) underwent a cation exchange by sodium
chloride (NaCl) to obtain sodic bentonite (Na-Ben) [20]. This operation involves
sodium homo-ionization by replacing various kinds of exchangeable cations in ben-
tonite (calcium (Ca®*), magnesium (Mg?"), etc.), with sodium ions (Na*). The puri-
fied bentonite (Ben) was homo-ionized in a sodium chloride solution (1 M, NaCl) by
stirring at room temperature for 24 h until saturation with (Na*). The residual salts
and the rest of the impurities were then removed, and the clay paste was washed

Fig. 1 Chemical structures: a
phenol and b THPAB \/\/\/\ J\/\/

L Iy

(a) (b)
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with distilled water and then centrifuged to remove from the clay all the NaCl excess
salt and the exchanged cations. This operation was repeated several times until the
negative test of C1™ ions using the AgNOj; (0.1 N). The resulting Na-Ben was dried
at 70°, then ground and stored to be used later [31, 48].

The Na-Ben was intercalated by the organic surfactant: the tetraheptylammonium
bromide (THPAB) according to Eq. 1:

M ation

f - MM

B CEC - Mgy cation " X M

where CEC is the cation exchange capacity of bentonite (eq g~') determined by the
standard test method for methylene blue index clay; f is the fraction of the CEC
satisfied by THPAB; m .., 1S the mass of THPAB required to achieve the desired
fraction of CEC (g); m ,, is the mass of the clay (bentonite) (g); MM 4, is the
molecular mass of THPAB (g mol™'); and X is the charge by mole per equivalent
(mol eq™"). The CEC represents the cations proportion of the bentonite exchange-
able for other cations on a scale ranging from 0 to 1.0, and the extremes correspond
to 0 and 100% exchangeability. In this study, we used to exchange 100% of the ben-
tonite cations with the THPAB molecules (100% of CEC), yielding a value of f=1.0
as illustrated in the literature [36]. In the intercalation, 10 grams of <2 um Na-Ben
particles, were treated with the required amount of the cationic surfactant (THPAB)
solution for 48 h under stirring at natural pH. The resulting mixture was filtered.
Then, the solid was washed several times with pure water, centrifuged and then
dried at 60 °C. The new modified clay (THPA-Ben) was sieved and stored in glass
vials for further use and characterization.

Characterization methods

The Fourier transform infrared (FTIR) spectroscopic technique was used to dem-
onstrate the chemical properties and the structural groups of the material, operated
using a spectrometer Thermo Scientific. The X-ray diffraction (XRD) analysis was
used to determine the crystal and mineralogical properties, and the X-ray diffrac-
tion specimens were obtained from a gentle press of the modified bentonites powder
and then analyzed using a PANalytical EMPYREAN diffractometer. The thermo-
gravimetric analysis (TGA) studies the thermal comportment of materials using an
SDTQ600 analyzer. The scanning electron microscopy (SEM) using PHILIPS XL
30S microscope equipped with energy-dispersive X-ray spectroscopy (EDS) was
used to investigate the surface morphology and elemental analysis, respectively.

Adsorption experiments

Adsorption experiments were applied to the new obtained organo-bentonite, and
they were performed to determine the time needed to reach equilibrium and the
pattern of the kinetics. For this purpose, a stock solution of 1000 mg L™ was pre-
pared by dissolving phenol in double-distilled water. A sample of 0.04 g of organo-
clay was transferred into 100 mL of phenol solutions at a known concentration; the
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concentrations of phenol were determined in the aqueous solutions by UV—Vis spec-
troscopy DR6000 at 275 nm. The collected samples at predetermined time inter-
vals from the shaken solutions were centrifuged. The solids were separated from
the samples, and the solution supernatant was analyzed by a spectrophotometer at a
wavelength of 275 nm for the residual phenol concentration. In the experiments that
were studied, the initial concentration of phenol (5, 10, 15, 20, 25 mg L‘l) and con-
tact time were investigated to determine the adsorption equilibrium time.

The phenol removal percentage R (%) can be calculated as C, follows:

(CO - CI)V

Effeciancy Removal % = W

100 )

where C,, is the initial phenol concentrations, mg L', and C. is the residual concen-
trations of phenol in the solution, mg L=,

(G = C)V

9= 3)
_(C—=CV

9= 4)

where q, is the adsorbent capacity, mg g~'; C, is the adsorbate concentration,
mg L C, is the initial concentration of adsorbate, mg L~'; W is the adsorbent
mass, g; and V is the solution volume, L. If the adsorption arrives at equilibrium, C,
equals C, (the adsorbate equilibrium concentration), while g, equals q, (the equilib-
rium adsorption capacity) [49].

Results and discussion
Characterization results

The data of the characterization tests of the modified bentonites prepared with dif-
ferent methods indicate the modification of modified clays.

The FTIR spectra of the Na-Ben and THPA-Ben are presented in Fig. 2 shows
the peak at 3622 cm™! bands is attributed to the structural hydroxyl group vibra-
tions in the mineral bentonites (Mg—OH-Al, Al-OH-Al, and Fe—-OH-Al units)
[28]. The hydroxyl groups stretching and bending vibration bands of the adsorbed
water are seen, respectively, around 3425 and 1630 cm™! for Na-Ben and also at
3423 and 1631 cm™! for THPA-Ben, in which they occupy the sites of the modified
bentonites layers and their octahedral and tetrahedral surface, respectively [50]. The
gradual transformation of the silicate layer of the amorphous silica can be observed
in the region of the stretching vibrations of Si—O groups at the observed spectral
bands at 528, 989, and 1101 cm™', which are due to the Si—O vibrations of Si—O-Al
and Si—O-Si groups, located on the surface of clay minerals [20]. The character-
istic absorption bands of the THPA™ cation intercalated into the Na-Ben surface
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bending vibrations of the amine’s group [29].

The TGA results are summarized in the thermograms presented in Fig. 3, where
the curves interpret the thermal behavior of the modified bentonites. TGA is a useful
tool to evaluate the thermal stability of the synthesized materials by giving a valu-
able modification [2]. The modified bentonites are Na-Ben and THPA-Ben, under
the T changes. TGA is a universal tool to study the thermal stability of surfactant-
modified bentonite. Several studies have interpreted that the decomposition process
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of organo-bentonite often can be divided into four steps: water desorption, dehy-
dration, surfactant desorption and dehydroxylation; it is shown in the thermogram
that below 100 °C, the THPA-Ben has lower mass loss than Na-Ben, signifying less
free water within the organo-bentonite, which can be explained by the reasons that
the surfactant reduces the surface energy of the montmorillonite and converts the
hydrophilic surface to the hydrophobic; the dehydrated Na-Ben loosed water until
the stability of the rest of the materials after 600 °C [35, 51]. In this work, the mass
loss of THPA-Ben was 16% under temperature changes until 600 °C. This is due to
surfactant decomposition; above 800 °C, the organo-bentonite lost mass slightly due
to its dehydroxylation until the stability of the rest of his weight. According to the
TGA results, THPA-Ben can be thermally stable above 800 °C; on the other side,
Na-Ben can be thermally stable above 600 °C, and this depends on the organic and
inorganic phases grafted inside the bentonite.

The mineralogical compositions of the sodic and organo-bentonites were deter-
mined from the XRD analysis results performed on their samples using a PANalyti-
cal EMPYREAN automated diffractometer (Cu-Ka) with A=1.54 Ain 20 range of
3-90° (45 kV, 40 mA). The X-ray patterns of the modified bentonites are illustrated
in Fig. 4 (a, b). When X-ray irradiates, the bentonite particles scattering occurs
and can be described by the Bragg law. According to this law, the layer spacing of
Na—Ben and THPA-Ben can be calculated [52]. The diffractogram shows the differ-
ence between the two analyzed bentonites. It is clear that with the addition of the
intercalant agent, THPAB into the bentonite has a remarkable effect compared with
the sodium bentonite case. The main peaks of the Na-Ben and THPA-Ben phases
are presented in the diffractograms, as proposed in the literature. The principal clay
minerals are montmorillonite and muscovite; the rest of the phases are considered
as non-clay minerals: illite and quartz [47, 53]. Otherwise, these phases were clas-
sified by material researchers as clay phases and are more commonly used in depol-
lution and water treatment [54—-56]. With the surfactant chemical modification, the
structure of the clay’s layers is changed, and the layer spacing d,, increased from
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Fig.4 The X-ray patterns of Na-Ben (a) and THPA-Ben (b) (M: montmorillonite, I: illite, Mu: musco-

vite, Q: quartz)
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Fig.5 The SEM images of (a) Na-Ben and (b) THPA-Ben

Table1 The elementary composition of Na-Ben and THPA-Ben obtained by energy-dispersive X-ray
spectroscopy analysis (EDS)

Element C N (6] Na Mg Br Al Si Cl K Fe

Wt % Na-Ben 0 0 316 34 12 0 125 419 02 31 6.1
THPA-Ben 185 29 298 04 08 9.1 33 302 0 1.1 39

d=12.44 A (206=17.22°)to d=22.72 A (206 =3.89°). The increase in the basal spac-
ing of Na-bentonite by adding the quaternary ammonium surfactant THPAB dem-
onstrates the intercalation of the THPAB molecules into the interlayer space of the
sodic bentonite, and this is with the replacement of the inorganic interlayer cations
and their hydration water with THPA™ cations, as proposed in the literature. Regard-
ing the orientation and the number of molecular layers in the interlamellar spacing
of clay minerals and considering the molecular size of THPAB, the increases in the
basal spacing point to a bilayer arrangement for THPAB [28, 57]. The results con-
firm the modification of bentonite minerals by the organic surfactant that introduces
some changes into the crystal structure of bentonite minerals.

In SEM and EDS study, the SEM images of Na-Ben and THPA-Ben were
observed and are presented in Fig. 5(a,b). When comparing the two images, we
remark a laminated structure for the two materials. They also show a micro-mor-
phology of clays surfaces which changed significantly by intercalation with THPAB.
The sodic bentonite has a flake morphology; however, the resulting THPA-Ben
has an enormous heterogeneous pore that varied in size [58]. The granular particle
shapes are clearly seen that contribute to trapping and adsorbing phenol [59].

Also, the chemical composition of modified bentonite samples was investi-
gated by EDS. The quantitative analysis results are listed in Table 1. The values of
the weight percentage of the compositional elements describe the changes in the
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chemical composition after intercalation of the Na-Ben by THPAB. The appearance
of new elements: C, N, and Br in the THPA-Ben form confirms the presence of
the THPAB in the structure of the organo-modified clay; the decrease in the weight
percentage of some elements: Na, Mg, K, and the disappearing Cl indicate that the
cation exchange of the THAP* was successfully done.

The major element in the structures of the clay is Si with 41.9 and 30.2 wt% for
the Na-Ben and THPA-Ben, respectively, along with the Al, Si and O elements of
SiO,, and Al,O; forming the aluminosilicates structure, as proposed in the literature
[60].

The adsorption experiments of phenol by the modified bentonites
Effect of contact time and initial phenol concentration

A series of experiments for phenol onto the unmodified, the sodic and the organo-
bentonites were carried out at initial phenol concentrations of 5, 10, 15, 20, and
25 mg L~! at natural pH and ambient temperature. Figure 6 (a, b, c) presents the
effect of initial phenol concentration and the contact time of the adsorption pro-
cess. It shows that phenol adsorption rate onto the unmodified and the modified
bentonites (Na-Ben and THPA-Ben) increased rapidly in the first 30 min and then
gradually until it reached equilibrium, which is because there were abundant adsorp-
tion surface sites at the beginning and less and less vacant sites were available for
adsorption with increasing the contact time; in addition, the remaining vacant sites
were hard and occupied due to the increasing electrostatic repulsion between the
phenol molecule adsorbed on the surface of the tested bentonites and that in the
solution [25]. It can also be seen that phenol was better removed onto THPA-Ben
with~98% removal percentage compared with~67% onto Na-Ben, and~36% for
the unmodified bentonite Ben, which means that the interlacing surfactant (THPAB)
has improved the adsorbent character of the intercalated bentonite (THPA-Ben)
while freeing more surface and creating new sites. The adsorption process of phenol
reaches equilibrium at about 180, 120, and 90 min for Ben, Na-Ben, and THPA-
Ben, respectively. Hence, the fixed equilibrium times reflected the most important
adsorption capacities of the unmodified and modified bentonites to be used after in
all subsequent experiments.

Effect of adsorbent dose

The adsorbent dose is one of the important parameters in the adsorption process,
which is due to its role in determining the capacity of retention on its surface [61].
To determine the effects of Ben, Na-Ben, and THPA-Ben doses on phenol adsorp-
tion, a series of experiments were performed at ambient conditions, in which phe-
nol initial concentration was 5 mg L~! (constant), whereas the quantity of the tested
adsorbents varied (10, 20, 30, 40, 50 and 60 mg). The dependency of the percentage
of phenol removal and the adsorbents amounts are shown in Fig. 7. From the adsorp-
tion process results, we concluded that: with increasing the dose of the adsorbent,
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the phenol removal rate onto the unmodified bentonite increased gradually from
10.16 to 47.27% by changing the Ben dose from 10 to 60 mg; however, with the
phenol retention onto the modified bentonites for the amount of adsorbents from 10
to 40 mg, the removal of phenol increased from 41.83 to 64.27% for Na-Ben and
from 89.5 to 97.83% for the THPA-Ben, but by increasing the adsorbent dose above
40 mg the removal process increases slightly. We can conclude that the amount of
the adsorbent used for removing phenol increased, which is due to an increase in the
number of adsorption sites available for the use of the phenol initial concentration;
however, when the amount of the adsorbents is higher than 40 mg, that do not have
an important influence on the phenol retention, which is due to the presence of so
much adsorption sites that occupied the phenol molecules [61, 62].

Effect of pH media

The surface charge of the adsorbent and the ionization degree of the adsorbate are
strongly affected by the pH of the aqueous solutions; hence, the uptake of phenol by
the adsorbent depends on the solution pH [18]. It is well known that solution pH has
an impact on the surface charge of the adsorbent and ionization degree of adsorbate
[25].

To evaluate the effect of pH media on the adsorption of phenol onto organo-ben-
tonite, a comparative study of the effect of pH solution on the phenol adsorption pro-
cess was conducted; the experiments were carried out with an initial phenol concen-
tration of 5 mg L™ at ambient temperature onto a defined amount (40 mg) of Ben,
Na-Ben and THPA-Ben by varying the pH of the initial phenol solutions (adsorbate)
in the range of 2-9. Figure 8 presents the experimental results of this study using three
bentonites as adsorbents. The uptake of phenol by the Ben, Na-Ben and THPA-Ben is
almost constant in the pH range of 2 to 3. However, when the pH value exceeds 3, the
adsorption of phenol decreases slightly with THPA-Ben and Na-Ben; on the other side,
it increases with Na-Ben and Ben also until its maximum at around 5 pH point and
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then it decreases. At higher pH values, the ionization degree of phenol and the quan-
tity of OH™ ions decrease, thereby the diffusion of phenolic ions is hindered, and the
electrostatic repulsion is between the negatively charged surface sites of the adsorbent.
Bentonite contains metal oxides mainly Al and Si, which are hydrolyzed, in an aqueous
solution, and so, a charge (positive or negative) is created on its surface. This charge
is proportional to the pH of the solution which surrounds the oxide particles; so, the
removal of phenol at lower pH is greater compared to higher pH [63]. As a result of our
experiments, the removal of phenol onto THPA-Ben is greater at lower pH values 2-3
[20, 64, 65] and the pH points 4.25 and ~9 were selected as optimum pH values for the
adsorption of phenol onto THPA-Ben and the pH point 5 for both Ben and Na-Ben.

Effect of temperature

For studying the temperature effects on the adsorption of phenol onto the organo-
bentonite, the capacity of phenol removal was evaluated for the same amount of Ben,
Na-Ben and THPA-Ben (40 mg) comparatively for the temperatures of 25, 35, 45 and
55 °C at the natural pH of the phenol solution. The adsorption of phenol onto the three
bentonites was affected by temperature.

The evolution of the phenol capacity of removal as a function of temperature, is pre-
sented in Fig. 9. The most important capacity of phenol removal onto the unmodified
and modified bentonite was at 55 °C; however, it increases proportionally with tem-
perature, which indicates that the sorption of phenol onto Ben, Na-Ben, and THPA-Ben
is endothermic as proper with the literature [9].

Kinetic of adsorption
To identify the dynamic mechanism of the phenol sorption process by the organo-

bentonites, the following kinetic models were used [29], Eq. 5 for the Lagergren
pseudo-first-order model and Eq. 6 for the pseudo-second-order model [18, 49]:
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Fig. 9 The influence of temperature on the phenol removal onto Ben, Na-Ben, and THPA-Ben

ln(qe - qt) =Ing, — k;t 5)
Lt 1
4 kgl 4. ©®

where k; and k, are the kinetic equilibrium rate constants for pseudo-first-order
and pseudo-second-order in min~! and g mg™!' min~!, respectively, q. is the amount
of phenol adsorbed per unit mass of adsorbent at equilibrium in mg/g and q, is the
mass of adsorbed solute per unit mass of adsorbent at time t in mg/g [66, 67].

The model parameters obtained for phenol adsorption onto the three bentonites
after fitting the pseudo-first- and pseudo-second-order kinetic models (Figs. 10,
11) are given in Table 2. For the organo-bentonite, the high correlation coefficients
indicated that the pseudo-second-order (R*>0.9999) models described the phenol
adsorption kinetic well as proposed in the literature [18].

Adsorption isotherms

The adsorption isotherms are useful for understanding the mechanism of the adsorp-
tion process. They expose the particular relation between the concentration of
adsorbate and its degree of accumulation onto the adsorbent surface at a determined
surface at a constant temperature [68].

In our study, the Langmuir and Freundlich isotherm models were chosen and
applied to describe the adsorption phenol experiment onto the raw and modified
bentonites (Ben, Na-Ben, and THPA-Ben), which are shown in Fig. 12, ((A.1),
(A2), (A.3), (B.1), (B.2), (B.3)) according to the classification system for adsorp-
tion proposed by Giles.

The Langmuir model assumes that adsorption takes place at specific homogeneous
sites on the surface of the adsorbent and also when a site is occupied by an adsorbate
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Fig. 11 Pseudo-second-order kinetic model of the phenol removal onto Ben, Na-Ben, and THPA-Ben

molecule, no further adsorption can take place at this site. The linear form of the Lang-
muir isotherm model can be presented as [18]:

Ce _ Ce

9

qmax

1
quax

@)

@ Springer



1004 H. Alidra et al.

Table2 Kinetics models parameters of phenol adsorptions onto purified and modified bentonites at
25°C

Kinetic model parameters for phenol adsorption process (23 °C, natural pH)

Pseudo-first-order Pseudo-second-order
Adsorbents  C, (mg.L"') qe o (mg g‘l) K, (min~h R12 K, (g mg" min~") R22
Ben 4.66 0,7 —0.0248 0.9048  0.2311 0.999
Na-Ben 5,57 0,81 —0,0284 0,6722  0,1033 0,9993
THPA-Ben  4.46 1,19 —0,0223 0,1139  0,0899 0,9999

where g, (mg g™') is the amount of the phenol adsorbed per unit mass of adsorbent,
C. (mg L™ is the equilibrium phenol concentration in the solution, q,,,, (mg g™") is
the Langmuir constant related to the maximum monolayer adsorption capacity and b
(L mg™") is the constant related to the free energy or net enthalpy of adsorption. The
linear plot of C./q, versus Ce indicates that adsorption obeys the Langmuir model,
and the constants q,,,, and b are obtained from the slope and intercept of the linear
plot, respectively.

The essential features of the Langmuir isotherm model can be expressed in terms
of “K;” a dimensionless constant, separation factor or equilibrium parameter, which
is defined by the following equation [18]:

1
K = ——
LT T+0C, ®)

where C, (mg L) is the initial amount of adsorbate and b (L mg_l) is the Langmuir
constant described above. The K; parameter is considered the most more reliable
indicator of the adsorption. There are four probabilities for the K value:

Favorable adsorption 0 <K; <1;
Unfavorable adsorption K; > 1;
Linear adsorption K| =1;
Irreversible adsorption K; =0.

The Freundlich isotherm model is valid for multilayer adsorption on a heteroge-
neous adsorbent surface with sites that have different energies of adsorption, which
is described by the empirical equation given in Eq. 9 [69] and its linear form pre-
sented in Eq. 10 [60]:

1
qe = KFCe; (9)

1
logg, = log Kp+; logC, (10)

where the constant Ky is the Freundlich adsorbent capacity (mg g=! (L mg~!)'m)

and n is the reciprocal of reaction order. The values of n depend on the heterogeneity
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of the adsorbent, and the favorable adsorption process, the value of n should be less
than 10 and higher than unity. The values of Ky and 1/n are determined from the
intercept and slope of the linear plot of log q, versus log C,, respectively.

The fitted thermodynamic isotherm models of both Langmuir and Freundlich
applied on phenol adsorption onto the three adsorbents are shown in Fig. 12 ((A.1),
(A.2), (A.3), (B.1), (B.2), (B.3)). As seen from the data organized in Table 3, the
correlation coefficients of the Freundlich model (Ri%) are comparatively higher than
the Langmuir model’s coefficients (R, ?) for phenol adsorption onto Ben and Na-
Ben. We infer that the phenol adsorption onto both Ben and Na-Ben is better mod-
eled by Freundlich isotherm, while the adsorption pattern of phenol onto THPA-Ben
is good fitted with both the Langmuir and Freundlich.

The results are in accordance with those by Rawajfih et al. [70] and Y. Xu et al.
[35]. It is seen that K| values are between 0 and 1, which indicates that the phenol
adsorption is favorable onto the three adsorbents (Ben, Na-Ben, and THPA-Ben). In
the Langmuir isotherm model, the maximum adsorption capacity of phenol adsorp-
tion onto the three selected adsorbents increases with the increase in temperature
as proposed in the literature. A remarkable high phenol adsorption capacity for the
organo-modified bentonite indicates that THPA-Ben is a promising adsorption mate-
rial for environmental remediation.

Comparison of different sorbents for phenol adsorption

Like zeolite, clays and bentonite have the properties that they can expand their layer
structure and they may allow big molecules such as surfactants and phenols [46].
Besides, phenol can be adsorbed on bentonite surface through the hydrogen bond-
ing between oxygen atoms of the silicate layer and hydroxyl groups of phenol and/
or charge transfer complexes [71]. In this study, the adsorption efficiency removal
of phenol from aqueous solutions onto the synthesized adsorbent THPA-Ben under
different conditions was investigated in this work. THPA-Ben retained success-
fully 98.2% of phenol from the aqueous solution for the lowest initial concentra-
tion (Cy=5 mg L1 without having a significant effect on the time to reach the
equilibrium after 90 min. M. Sprynskyy et al. [72] examine the capacity of phenol
adsorption onto the raw, 2 M NaOH and HDTMA-modified zeolite, and their results
show that the HDTMA-modified zeolite is characterized by its ability to adsorb
phenol from aqueous solution. The best efficiency of phenol removal (>90%) has
been observed at sorption from solutions of low phenol concentrations (<5 mg L)
onto the HDTMA-modified zeolite. Phenol removal increased with time, and three
stages may be divided into the sorption process: an initial rapid sorption extend-
ing over the first 60 minutes, between 60 and 90 min, the stage of slow approach
to equilibrium; and the equilibrium stage of 8 h. The comparative scientific results
of phenol adsorption onto surfactant-modified adsorbents [9, 19, 57] are given in
Table 4. On the other side, we studied the temperature and pH effects, and we found
that they have a significant effect on the phenol adsorption process.

Phenol adsorption increases proportionally with the increase in temperature
and variation of pH, the 4.25 pH value and the temperature of 55 °C (highest
temperature) were selected as the optimum adsorption conditions of phenol onto
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Table 3 Langmuir and Freundlich constants of phenol adsorptions onto Ben, Na-Ben, and THPA-Ben

Adsorbents T (°C) Constants of Langmuir and Freundlich isotherm models of phenol
adsorption (Cy=5 mg L™, m 4o penc=0.04 g, natural pH)
Langmuir
Quax (Mg g7 b(L.mg™) K, (L.mg™") R/’
Ben 25 59.60 0.0221 0.9004 0.7254
35 61.12 0.0589 0.7725 0.9208
45 62.39 0.0959 0.6759 0.9843
55 65.01 0.1161 0.6327 0.9417
Na-Ben 25 67.82 0.0574 0.7770 0.5157
35 75.33 0.0920 0.6849 0.6656
45 79.43 0.2225 0.4734 0.9048
55 80.33 0.2776 0.4187 0.9091
THPA-Ben 25 89.06 1.6301 0.1093 0.9963
35 93.15 2.9794 0.0629 0.9912
45 95.95 4.7197 0.0406 0.9911
55 120.11 8.9137 0.0219 0.9951
Freundlich
Adsorbents T (°C) Kg (g mg‘l) 1/n n RF2
(L mg~H)!m
Ben 25 0.020 0.6011 1.6636 0.9528
35 0.049 0.3953 2.5297 0.9665
45 0.066 0.3761 2.6589 0.9870
55 0.073 0.4213 2.3736 0.9935
Na-Ben 25 0.088 0.8488 1.1781 0.9223
35 0.096 0.7960 1.2563 0.9151
45 1.015 0.6458 1.5485 0.9104
55 1.588 0.6021 1.6608 0.9438
THPA-Ben 25 4.298 0.4207 2.3770 0.9956
35 8.109 0.4055 2.4661 0.9692
45 9.809 0.3731 2.6802 0.9962
55 16.39 0.3731 2.6802 0.9970

THPA-Ben. Z. Ceylan et al. [9] studied the phenol adsorption capacity of cetyl-
trimethylammonium bromide-modified clays (MMT-CTAB) and reported that the
highest phenol removal was found at 4 pH media; their results also show that the
increase in temperature at all tested phenol concentrations leads to a rise in the
phenol removal for MMT-CTAB; this indicates that the sorption of phenol onto
MMT-CTAB is endothermic. The initial sorption phenomenon is considered as
physical and chemical phenomenon. This effect may be based on the expansion of
pore size or the creation of some new active sites on the adsorbent surface.
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Table 4 Comparative scientific results of phenol adsorption onto unmodified and modified bentonites

Adsorbents R% Teq (min) Reference

Ben 36% after 180 min In this study

Na-Ben ~67% after 120 min In this study
THPA-Ben 98.2% after 90 min In this study
CTAB-Bentonite >81.36% after 90 min C.Y. Cao and al (2013)
MMT-CTAB 71% after 60 min [9]

HDTMB ~38% after 120 min S. H. Lin and al. (2001)
CPB ~40% after 90 min S. H. Lin and al. (2001)
TMAB ~35% after 120 min S. H. Lin and al. (2001)
BTEAB ~90% after 90 min S. H. Lin and al. (2001)
Conclusions

In this paper, we present a comparative study of phenol adsorption onto sodic nat-
ural and sodic bentonite (Ben and Na-Ben, respectively) with an organo-bentonite
THPA-Ben. Using a natural Algerian bentonite (Ben), we synthesized Na-Ben by
cation exchange, and the THPA-Ben was prepared via intercalation by cationic
surfactant THPAB. The synthesized Na-Ben and THPAB-Ben were characterized
using FTIR, TGA, XRD, and SEM-EDS. The characterization confirms the inter-
calation of the THPAB cations into the Na-Ben and demonstrates that the interca-
lated material has a good property that comes with an important Phenol removal.
The intercalation causes a penetration of the phenol into the interlayer space of
bentonite as an organic cation when exchanging inorganic cations. Surfactant cat-
ions can interact with bentonite through electrostatic interactions, 7 interactions
and van der Waals forces that create enormous heterogeneous pore that varied in
size with granular particle shapes having a thermal stability beyond 800 °C.
At the end of this study, we were able to extract the following information:

e The THPA-Ben presented the most important phenol adsorption capacity of
98.2% from Cy=5 mg L~! initial phenol concentration which takes a bit rapid
time to reach equilibrium at about 90 min compared with Na-Ben and Ben
that reached their adsorption equilibriums after 120 and 180 min, respectively.

e Temperature and pH have a significant effect on the phenol adsorption process
onto the studied adsorbents; the highest adsorption capacity was obtained at
55 °C for the THPA-Ben and acidic pH points 4 and~9 which are the opti-
mum conditions for the greatest phenol removal onto THPA-Ben; however,
the best phenol removal for both Ben and Na-Ben was at~5 pH point.

e The modeling of the results by kinetic equations shows that the pseudo-sec-
ond-order model is the one that best describes the adsorption process of phe-
nol onto the three studied adsorbents (Ben, Na-Ben, and THPA-Ben) with the
kinetic model parameters. The THPA-Ben is best fitted with: R,>=0.9999 and
K,=0.108 g 7! min~.
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The phenol adsorption onto both Ben and Na-Ben is better modeled by the Fre-
undlich isotherm, while the adsorption pattern of phenol onto THPA-Ben is
good fitted with both the Langmuir and Freundlich. The highest phenol adsorp-
tion capacity was obtained for the organo-modified bentonite, which indicates
that THPA-Ben is a promising adsorption material for environmental remedia-
tion.

The amounts of phenol adsorbed per unit mass of adsorbents at equilibrium are
0.7, 0.81, and 1.19 in mg g_1 for Ben, Na-Ben, and THPA-Ben, respectively,
demonstrating that the chemical modification enhances the adsorption capacity
of the new organo-bentonite THPA-Ben and confirming the efficiency of the sur-
factant THPAB as organo-modifier for the M’Zila Algerian bentonite.

In conclusion, the THPA-Ben has very good properties and an important effi-

ciency of phenol removal that can classify the THPAB surfactant as a good modifier
for the synthesis of the modified organo-bentonites by intercalation to be used as an
adsorbent for environmental applications as desalination and water treatments.
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