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The efficiency of hexadecyltrimethly ammonium and Triphenyl ammonium cation
intercalated montmorillonite for sorption of benzene toluene, ethylbenzene and xylene
(BTEX) in aqueous solution has been investigated. X-ray diffraction (XRD), Scanning
electron microscopy (SEM) and Fourier Transform infrared spectroscopy (FTIR) were
employed to characterize the adsorbents. From characterization, it is evident that
the intercalation of montmorillonite’s surface cations by those of HDTMA and TMPA
cations resulted to a structural change in the surface of the adsorbents. Results from
adsorption experiment confirmed 2 hours as optimum time for equilibrium sorption
of BTEX by both modified and un-modified montmorillonite. The sorption mechanism
of BTEX onto organoclay was assessed by subjecting sorption data to six isotherm
models, namely: Langmuir, Freundlich, Dubnin Radushkevich, Temkin, Halsey And
Harkins Jara isotherm models; and three kinetic models (Pseudo first order, Pseudo
second order and intra-particle diffusion model), with results confirming Freundlich
isotherm model and pseudo second order kinetic models as best fit to experimental
data, thereby implying suitability of organaomontmorillonite for BTEX sorption.

Montmorillonite
Abbreviations: XRD: X-ray Diffraction; SEM: Scanning Electron Microscopy; FTIR:
Fourier Transform Infrared Spectroscopy; VOC: Volatile Organic Compounds; BTEX:
Benzene Toluene; Ethylbenzene and Xylene

Introduction

and diesel fuels, especially for motor vehicles, constitutes the most

The vast amount of organic pollutants such as BTEX, PAHs,
Phenols etc, present in the aquatic environment today is a matter
of global concern which requires an urgent attention. BTEX is
the acronym for the group of volatile organic compounds (VOCs)
benzene, toluene, ethylbenzene and xylene. Anthropogenic sources
of BTEXin ambientair largely include petrochemical fuel derivatives
such as petrol or gasoline, automobile emissions, and the use of
solvents and paints [1-6]. In urban areas, the combustion of gasoline

important source of BTEX [6-10]. BTEX compounds are volatile and
easily vaporize at temperatures above 200°C, and hence fugitive
emissions from fuel storage facilities and transportation activities
are also important sources of BTEX [9,11]. A number of studies
have reported high ambient concentrations of BTEX during fuel
tank filling [12-14], from oil and gas operations [14-16], and during
solvent usage and spills from accidents [10,14].
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It is known from the literature that these compounds have a
negative impact on the environment since they contribute to the
formation of ozone and other photochemical oxidants [17,18].
Moreover, BTEX are either known for being, or suspected to be,
irritants, neurotoxins, allergens or carcinogens [19] and their
exposure on a long term basis presents a serious threat to the
human health [20,21]. Therefore, implementing effective strategies
for pollution control is of paramount importance to limit human
exposure and prevent environment degradation [18,22]. Many
conventional methods can be employed to remove BTX from water
and wastewater, including adsorption, aeration, biological oxidation
and chemical oxidation [18]. Of these, adsorption processes
involving porous solids are the most popular, and are widely utilized
in engineering practice since they permit the recovery of these
compounds [23]. Various mineral and organo-mineral sorbents
have recently been regarded as alternative adsorbents which are
potentially useful for the removal of BTX from water [24-40].

Clay is generally considered ineffective for sorption of
hydrophobic organic compounds like BTEX and Polycyclic aromatic
hydrocarbons (PAHs) due to its hydrophilic surface [33,40].
Montmorillonites (MMT) are commonly used clays owing to their
high cation exchange capacity (CEC), swelling properties, and high
surface areas but they are hydrophilic but can be modified for
hydrophobic sorption by a simple organophilicization achieved
by ion exchange reaction between clay surface ions and those of
organic cations [33,40,41]. In attempt to design this new adsorbents
to remove non-ionic organic contaminants from waste water,
several researchers have replaced the inorganic exchange cations
with quaternary amine cations [(CH3)2NHR]+, where R is a large
alkyl hydrocarbon chain, yields organoclays with organophilic clay
surfaces, by simple ion-exchange reaction [42,43]. It is generally
accepted that adsorption of hydropholic long-chain quaternary
ammonium cations onto clays occurs according to the ion-exchange
mechanism [44,45].

The adsorption extent of such cations can approach double
the cation-exchange capacity (CEC). Earlier workers reported
that the lyophilic tails from cations of long-chain quaternary
ammonium salts, previously retained on the clay, lead to the
adsorption of organics such as benzene, toluene, phenol, and its
chlorinated compounds and herbicides [43,45,46]. Therefore, the
present study monitors BTEX Adsorption by HDTMA+ and TMPA+
Intercalated Montmorillonite clay. Effect of adsorption parameters
such as contact time and initial adsorbate concentration, multiple
adsorption isotherms and kinetic models were used to study the
sorption mechanism.

Experimentals
Adsorbents

The montmorillonite (Mt) clay exploited in this research were
collected from Ropp, Plateau State, situated at Longitude 80E and
Latitude 90N, Northern Nigeria, and the clay was beneficiated
according to our previous study [40]. The pure Mt was pre-modified
by adopting the methods of Baskaralingam [47]. High-purity Mt
was mixed with sufficient amount of 1M NaCl using a mechanical
stirrer (6000 rpm for 24h) at room temperature of 250°C. The
Na-Mt was then separated and washed four times with distilled
water to remove any trace of chlorides, which was confirmed by
the addition of 1M AgNO,, resulting to the absence of a white or
off-white precipitate. Wanders and Fourie’s Procedure [48] was
followed to impregnate the pre-modified Montmorillonite (Na-
Mt). 21 g of Na-Mt each was separately added to 0.54 L of distilled
water. The impregnated Na-Mt was prepared by separately adding
the surfactants (HDTMA and TMPA) to their individual mass value
equivalent to twice the clays’ CEC. The mixtures were separately
kept in suspension for 24 hours at 160 rpm and 25°C by using a
temperature controlled orbital shaker. The impregnated Na-Mt was
washed with distilled water and dried at 70°C for 24 hours, and
were designated as Mt-HDTA and Mt-TMPA.

Adsorbent Characterization

The surface area of the adsorbents were determined by Sear’s
method [49] and cation exchange capacity (CEC) by the ammonium
acetate procedure [50]. The morphological and X-ray diffraction
properties of the adsorbents, as well as variation in functional
groups were studied using scanning electron microscope (Leo 1455
VP), X-ray diffractometer (XRD-7000 Shimadzu) and Buck scientific
M530 USA FTIR respectively. Detail of procedures employed in
these characterization are available in our previously published
work [40].

Adsorbate

Benzene (299%), toluene (99.5%), ethylbenzene (299%), and
xylene (99.5%) were purchased from Sigma- Aldrich Chemical
Company Switzerland. The BTEX standard solution (400 mg/L BTEX
=100 mg/L benzene + 100 mg/L toluene + 100 mg/L ethylbenzene
+ 100 mg/L xylene) was prepared in distilled water and kept at
40C. The stock solutions were further diluted by distilled water as

working solutions.

Batch Adsorption Studies

Batch adsorption tests were carried out to assess the
adsorption efficiency of the raw and surfactant modified clays (Mt,

Copyright@ Kelechi E Onwuka | Biomed ] Sci & Tech Res | BJSTR. MS.ID.006678.

33144


https://dx.doi.org/10.26717/BJSTR.2022.41.006678

Volume 41- Issue 5

DOI: 10.26717/BJSTR.2022.41.006678

Mt-HDTMA, Mt-TMPA). All adsorption experiments were carried
out at room temperature (250°C) with 100 mL of BTEX solution
into a 200 mL conical flask (with air tight cape) and shaken at 250
rpm for 24 h. After this, the suspensions were centrifuged (6000
rpm for 15 min) and the clear supernatant was then measured for
BTEX by Gas chromatography (Agilent GC, 6890N), equipped with
mass spectrometer detector. Blank samples (BTEX solution without
the adsorbent) were also used to determine the value of BTEX
volatilization. The BTEX loss due to the volatilization was estimated
in percentage. The experimental data were corrected to account for
volatilize BTEX. The adsorption capacities of Mt, Mt-HDTMA and
Mt-TMPA for BTEX uptake were determined using:

_ v
qie—[cio—cie]z )

where ge(mg/g) is the adsorption capacity of the adsorbent,
Co(mg/L) is the initial concentration of the adsorbate, Ce (mg/L)
is the equilibrium concentration of the adsorbate in the solution,
m(g) is the mass of the adsorbent, and V(L) is the volume of the
solution. The effect of contact time on the adsorption of BTEX
by Mt, Mt-HDTMA, Mt-TMPA, was carried out, using 100 mL of a
solution containing 0.5 g adsorbent and 50 mg/L BTEX solution
(Benzene 10 mg/], Toluene 10mg/l, Ethylbenzene 10 mg/l and
Xylene 20 mg/1) at various contact times of 10, 20, 40, 60, 100
and 120 mins. In many industrial wastewaters the concentration
of BTEX varies between 20 to 200 mg/L [51]. Hence, the effect of
initial BTEX concentrations of 50, 100, 125, 150, and 200 mg/L on
the adsorption efficiency was evaluated at optimum contact time
and pH at 250°C.

Results and Disscussion

Surface Characterization

Results of the experiments and analyses representing the
chemical composition of raw adsorbents montmorillonite (Mt),
and results for specific surface area and cation exchange capacity
(CEC) of montmorillonite (Mt); HDTMA modified Montmorillonite
(Mt-HDTMA); TMPA modified montmorillonite (Mt-TMPA) are
represented in (Tables 1 & 2) respectively3.1.1. Surface

Area Determination and CEC Measurements

(Table 2). show the values for surface areas for montmorillonite
(Mt), HDTMA modified montmorillonite (Mt-HDTMA), TMPA
modified montmorillonite (Mt-TMPA).
the adsorbents by Haxadecyltrimethylanonium bromide and

The modification of

Trimethylphenylamonium chloride led to reduction of surface
areas for modified montmorrilonite from 39.1 m?/g for Mt to 29.4
m?/g and 24.87m?/g for Mt HDTMA and Mt-TMPA respectively.
These values for surface areas are in line with that obtained for
raw and TTAB modified Montmorillonite clay by Nourmoradi et
al. [33]. From the values obtained for CEC of montmorillonite (Mt),
HDTMA modified montmorillonite (Mt-HDTMA), TMPA modified
montmorillonite (Mt-TMPA), an increase in cation exchange
capacity (CEC) from 78.51 meq/100g for Mt to 95.48meq/100g
respectively was observed, corresponding to the values obtained
by Nourmoradi et al [33]. Due to the favorable interlayer
microenvironment created by the long chain alkyl ammonium ions
for the partitioning of organic molecules, the size of the alkyl chain
and the charge density of the clay layer are responsible for the
arrangement of the intercalated cations corresponding to increase
in the clay cation exchange capacity.

Table 2: Values for cation exchange capacity and specific surface

area of montmorillonite (Mt); HDTMA modified Montmorillonite
(Mt-HDTMA) and TMPA modified montmorillonite (Mt-TMPA).

Adsorbents CEC (Meq/100g) Surface area m?/g
Table 1: Chemical composition of raw Montmorillonite.
Mt 78.51 39.1
Chemical composition (%) Montmorillonite Mt-HDTMA 95.48 29.4
Sio, 60.6 Mt-TMPA 84.51 24.87
ALO, 20.03 FT-IR Spectroscopy
Fe,0, 231
Na.O 3.02 (Figure 1) represents FT-IR spectra of the adsorbents. FTIR
, .
MgO 411 spectroscopy has significantly contributed to the understanding of
PO 0.05 the structure, bonding, and reactivity of clay minerals [52]. FTIR
KZOS 013 spectra reveals the specific functional groups on montmorillonite
CZO 1.40 and organoclay surface qualitatively based on the characteristics
a o
absorbed energy for each bonds in certain groups [53]. The
TiO 0.18
2 examination of the IR spectra in the range 4000-400 cm™ provides
MnO 0.08 . . . . .
1 information on fundamental vibrational modes of the constituent
H,0 8.62
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units of these materials [54]. OH, stretching and bending occur in
the spectral region of 3750-3500 and 950-600 cm™ respectively.
Si-0 and Al-O stretching modes are found in the 1200-700 cm™
range while Si-O and Al-O bending modes dominate in the 600-400
cm™ region [55]. IR spectra peak for unmodified montmorillonite
clay indicates that the -OH bending band at 850.63cm™ respectively
were readily assigned to Al-OH.

The position and the shape of the -OH stretching band in the IR
spectra of montmorillonite is basically influenced by the nature of
the octahedral atoms to which the hydroxyl groups are contained
[54,56]. The strong band located at 1157.6 cm® was the Si-O
stretching vibrations, indicating that Si-O-Al and Si-O-Si bending
vibrations respectively were typical of the tetrahedral Si-O. Bands
at 3249.37cm’, 1612.6cm™ are attributed to the OH stretching and
bending vibrations of molecular water respectively. The quantity
of adsorbed water in the clay is attributed to the deformation
vibration of the H-O-H group (around 1631 cm™). Bands at around

1612.69cm™ for montmorillonite (Mt) is a consequence of Si-O

valence vibrations.

The addition of organic modifier-HDTMA and TMPA (Figure
1) increased the intensity at around 2898.3cm™, 2796.3cm™ and
2840.53cm?, 3235.31cm* for HDTMA modified montmorillonite
(Mt-HDTMA) and TMPA modified montmorillonite (Mt-TMPA)
respectively. The absorption band at around 2898.3cm?,
2796.3cm™ and 2840.53cm™, 3235.31cm for HDTMA modified
montmorillonite (Mt-HDTMA) and TMPA modified montmorillonite
(Mt-TMPA) respectively corresponds to asymmetric and symmetric
stretching methylene (CH2) bond [54,57]. Also, a bending vibration
of the methylene groups can be seen at bands of 1613cm™ for
montmorillonite (Mt), verifying the intercalation of surfactant
molecules between the silica and layers [54,58]. The change of the
percentages of clay in the composite does not strongly affect the

intensity of the remaining vibrational bands.

Figure 1: FT-IR Spectra of montmorillonite (Mt); HDTMA modified Montmorillonite (Mt-HDTMA) and TMPA modified

montmorillonite (Mt-TMPA).

The AI-AI-OH stretching band typically occurs at 3620-3630
cm’, the Al-Mg-OH stretching band at 3695 cm™ and the Al-Fe +-
OH band at 3599 cm™. The frequency of maximum absorption thus
indicates that the montmorillonite is Al-rich. The broadness of the
band is due to the contribution of Mg and Fe in octahedral sheets and
might also indicate, that the momtmorillonite structure is poorly
ordered. The OH vibrations are better resolved in the bending
frequencies as compared to the stretching frequencies. Other bands
in the 1149-600 cm™ region are the Si-O stretching bands at around
1149 cm™ (in-plane) and 914 cm™ (out-of-plane), the Al-0+Si-O out-
of-plane vibration at 690.2 cm™ for montmorillonite (Mt). Analysis

of IR spectra confirmed that the organic modifiers-HDTMABr and
TMPACI are strongly associated with montmorillonite when put in
its interlayer space and this equally leads to the formation of a new
composite, which, because of the different structure relative to the
clays and the monomers, will have different properties [54,59,60]

Scanning Electron Microscopy (SEM)

The SEM images of montmorillonite (Mt), HDTMA modified
montmorillonite (Mt-HDTMA), TMPA modified montmorillonite
(Mt-TMPA) are presented in (Figure 2) (a-c). The surface structure
of the adsorbent is changed by the modification with HDTMA and
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TMPA. It can be seen that the surface textures of montmorillonite
(Mt) are rough with irregular shapes. However, the surface
morphologies of HDTMA modified montmorillonite (Mt-HDTMA)
and TMPA modified montmorillonite (Mt-TMPA) are smoother
than montmorillonite (Mt). This is due to the fact that the porous

surfaces of montmorillonite is filled with surfactant. Similar

results have been reported by Aivalioti et al [61]. Nourmoradi et
al [33]. and Onwuka et al., [40]. The combined XRD patterns of
montmorillonite (Mt), HDTMA modified montmorillonite (Mt-
HDTMA), TMPA modified montmorillonite (Mt-TMPA) samples are
shown in (Figure 3).

{a) (2]} (=)

Figure 2: SEM images for
(a) Mt,
(b) Mt-HDTMA and
(c) Mt-TMPA.

% A bt MA-TIPA

£
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Figure 3: Combined XRD pattern for montmorillonite (Mt); HDTMA modified Montmorillonite (Mt-HDTMA) and TMPA

modified montmorillonite (Mt-TMPA).

The XRD basal spacing (d001) of Mt, Mt-HDTMA, Mt-
TMPA, Bt, Bt-HDTMA and Bt-TMPA were found to be 12.004A,
16.780A,15.834A respectively. Moreover, increasing the reflection
intensity from 2.52% for Mt to 100% for both Mt-HDTMA and
Mt-TMPA respectively showed that the surfactant modification
has led to structural changes in Mt. The interlamellar expansion
in the modified adsorbent is attributed to the penetration of
haxadecyltrimethylanonium cation and trimethylphenylamonium
cation into the layers of Mt. The values of basal spacing obtained are
in agreement with that reported in the literature [62]. The cation
exchange reactions have been traditionally exploited as an effective
method to replace inorganic ions with organic cationic surfactant
molecules which intercalate into the clay gallery, resulting in
expansion of the interlayer spacing thereby leading to an increase
in the basal spacing [63-66].

The adsorption data for BTEX uptake by montmorillonite
(Mt), HDTMA modified montmorillonite (Mt-HDTMA), TMPA
modified montmorillonite (Mt-TMPA) are presented in (Figures
4-6) respectively. The adsorption capacity of BTEX using modified
adsorbent has been rapidly increased at the beginning of contact
time which could be due to the availability of more adsorption sites
[33,40,66]. Then the adsorption capacity increases slowly up to
about up to 120 mins. The adsorption capacities of Mt, Mt-HDTMA
and Mt-TMPA at the first 60mins of the adsorption was determined
to be 0.12 mg/g, 0.10 mg/g, 0.11 mg/g, 0.418 mg/g; 1.208 mg/g,
1.396 mg/g, 1.596 mg/g 3.768 mg/g; 1.066 mg/g, 1.412 mg/g,
1.426 mg/g, 3.478 mg/g for benzene, toluene, ethylbenzene, and
xylene, respectively. But the corresponding adsorption capacity at
the equilibrium time was estimated to be 0.168 mg/g, 0.144 mg/g,
0.352 mg/g, 0.438 mg/g; 1.228 mg/g, 1.462 mg/g, 2.132 mg/g,
4.504 mg/g; 1.724 mg/g, 1.506 mg/g, 2.584 mg/g, 4.618 mg/g.
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Figure 4: Effect of contact time on the adsorption of BTEX using Mt (BTEX solution = 50mg/L, initial pH= 7£0.5, contact time
= 2hours, Mt = 0.5g).
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Figure 5: Effect of contact time on the removal of BTEX using Mt-HDTMA ( BTEX solution = 50mg/L, initial pH= 7+0.5, contact
time = 2hours, Mt-HDTMA = 0.5g).
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Figure 6: Effect of contact time on the adsorption of BTEX using Mt-TMPA (BTEX solution = 50mg/L, initial pH= 7+0.5, contact
time = 2hours, Mt-TMPA =0.5g).
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The order of the sorption capacities of the modified adsorbents
are B <T <E <X. This order may be due to the water solubility
[333,40,51], B (1790 mg/L) >T (530 mg/L) >E (152 mg/L) >X
(150.5 mg/L) and the corresponding nature of hydrophobicity
(based on log kow) estimated as B=2.13, T=2.69,E =3.15,and X =
3.15 [61]. Many previous studies have confirmed that the sorption
of BTEX from aqueous solutions with various adsorbents (Table
3), follows a similar order as above [33,40,51,61,67]. Removal of
BTEX by various adsorbents is presented in (Table 3). As seen,
the adsorption capacity of BTEX with the modified clays in this
study is high, especially for Ethylbenzene and Xylene. The removal
efficiency of BTEX by TMPA-clay and Adam-clay, Bt-HDTMA and

Bt-TMPA (Table 3). is nearly equal with values obtained for Mt-
HDTMA, Mt-TMPA. However, the uptake efficiency for carbon
nanotube (CNTNaOCl) and OMC-2NC were much higher than
those of Mt-HDTMA, Mt-TMPA. Also, BTEX uptake efficiency by Mt-
HDTMA, Mt-TMPA, were higher than those of Angico sawdust [51],
peat [51], mature compost [68] and diatomite [61]. The effect of
contact time on removing BTEX by raw Mt (Figure 4). showed that
the adsorption capacity of the raw adsorbents for these compounds
were about 7 to 10 times less than that for Mt-HDTMA, Mt-TMPA,
Therefore, 2 hours was used as the optimum time for the other
experiments.

Table 3: Comparison of BTEX removal of aqueous solution by adsorbent used in this study to those of other studies.

Adsorbent B(mg/g) T(mg/g) E(mg/g) X(mg/g) Conditions References
TMPA- clay 1.13 8.65 3.18 4.24 [25]
Adam-clay 0.47 4.32 1.59 241 [25]
Diatomite 0.031 0.037 0.042 0.042-0.09 5mg/L [61]
CNT(NaOcl) 200 220 250 270 C0=100 [51]
Activated carbon 4.5 5 6 6.5 3 hours, 5mg/L [61]
TTAB-clay 3.98 5.15 6 6.98 824hrs, 150mg/L [33]
HDTMA-Kao 9.202 0.697 0.147 0.042 30min, 0.01mg/L [79]
Angio-sawdast 0.00342 0.0041 0.00577 0.0107 C0=100 [51]
Peat 0.00341 0.0047 0.00581 0.019 €0=100 [51]
Mature Compost 112 1.59 2.16 35 CO;}ES‘lg//L}Lg';EZO [69]
Modified diatomite 0.0468 0.0552 0.0849 0.267 €0=5,5/ [85]

L=50/1g/L

OMN-2NC 12.7 329 37.7 58.7 COT}:(;/FZ;?‘ S/ [86]
Bt-HDTM 1.53 1.58 1.69 3.74 2hrs, 50mg/L [40]
Bt-TMPA 1.52 2 2.01 437 2hrs, 50mg/L [40]

Mt-HDTM 1.228 1.462 2.132 4.618 2hrs, 50mg/L This Study

Mt-TMPA 1724 1.506 2.58 4.618 2hrs, 50mg/L This Study

Effect of Initial BTEX Concentration:

(Figures 7-9) shows the influences of initial BTEX concentrations
between 50 and 200 mg/L on the sorption using montmorillonite
(Mt), HDTMA modified montmorillonite (Mt-HDTMA), TMPA
modified montmorillonite (Mt-TMPA) at initial pH of 7 + 0.5 for
120 minutes. Based on the results, the initial concentration of
BTEX has substantial role on the adsorption capacity. As seen, the
adsorption capacities of the sorbents were increased by increasing
BTEX concentration in the solution [69]. This may be due to an
increase in driving forces affecting BTEX compounds. One of these
forces is van der adsorbed at infinity. The plot of the fractional
attainment to equilibrium (FATE) is shown in (Figures 10-12) for

montmorillonite (Mt), HDTMA modified montmorillonite (Mt-
HDTMA), TMPA modified montmorillonite (Mt-TMPA), 3.5.3. Intra-
Particulate Diffusivity

The intraparticulate diffusivity was estimated using equation
(2) which was developed using the linear driving force concept[70].

In[l-a]=—kpt

where o is the fractional attainment to equilibrium (FATE)
given by equation (3), Kp is the rate constant for intraparticulate
diffusivity

a:[m]—t/([M]) (3)
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Figure 7: Effect of BTEX concentration on adsorption by Mt (Initial pH= 7+ 0.5, contact time= 2 hours Mt conc = 5g/L).
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Figure 8: Effect of BTEX concentration on adsorption by Mt-HDTMA (Initial pH= 7+ 0.5, contact time= 2 hours and Mt-
HDTMA conc= 5g/L).
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Figure 9: Effect of BTEX concentration on adsorption by Mt-TMPA (Initial pH= 7+ 0.5, contact time= 2 hours and Mt-TMPA
conc=5g/L).
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Figure 10: Fractional attainment to equilibrium (FATE) alpha against Time (min) for BTEX adsorption on Mt (BTEX conc =

50mg/L).
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Figure 11: Fractional attainment to equilibrium (FATE) alpha against Time (min) for BTEX adsorption on Mt-HDTMA (BTEX

conc =50mg/L).
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Figure 12: Fractional attainment to equilibrium (FATE) alpha against Time (min) for BTEX adsorption on Mt-TMPA (BTEX

conc =50mg/L).
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where [M]t represents amount of BTEX adsorbed at time t and
[M] the amount of BTEX 3.6. Adsorption Isotherm. Adsorption
isotherm is one of the most important parameters to find the
adsorption mechanism necessary for designing any sorption
system [71]. It could be regarded as a graphical expression which
described the amount or the quantity of the adsorbate that has
been adsorbed onto the surface of the adsorbent at a particular
operating condition [72]. Adsorption isotherms are precisely
used to ascertain whether the adsorbent could be efficiently
exploited for the removal of the adsorbate molecule from several
solutions [73]. The use of adsorption isotherm model helps one to
understand the process of adsorption [74]. The two widely used
adsorption isotherm models include; Langmuir and Freundlich
adsorption isotherm models. [33,74,75]. The Langmuir Isotherm
model is a mathematical isotherm model, which is being obtained
from theoretical approach or non experimental analysis and also
has a constant referred to as Langmuir constant. The Langmuir
isotherm model assumes that the adsorption of adsorbate molecule
can only occur at a homogeneous site of the adsorbent and when
this happen, no other adsorption will take place on the adsorbent
surface [33, 73-75]. This isotherm model [40] in linear form is given

as:

¢ mi—
q g (bg_m) (4)

where Ce(mg/L) and gqe(mg/g) are the concentration of
adsorbate and the adsorption capacity of the adsorbent at
the equilibrium time, respectively. b(L/mg) is the Langmuir
constant and Qm(mg/g) is maximum adsorbent capacity. Qm

and b are attained by the slope and intercept of Ce/qge versus Ce,
respectively. The values of the Langmuir isotherm parameters are
shown in (Table 4a). Lngmuir isotherm rather fitted poorly to the
experimental data. Similar result was obtained by Nourmoradi et
al. [33]; Onwuka et al [40].

Freundlich isotherm model is an empirical adsorption isotherm
model which explains the equilibrium relationships existing
between the adsorbate and the adsorbent molecules and assumes
multi layer adsorption on the adsorbent heterogeneous site. The
Freundlich isotherm model [73,75,76] is given as;

f+1
Ing _e= Ink_m (5)

ge and Ce are the adsorption capacity (mg/g) and the
concentration (mg/L) of the adsorbate at equilibrium. The values of
1/n and kf are gotten from the linear plot of Inqe against In Ce. 1/n
is the slope of the graph while kf is the intercept on y-axis, which are
the Freundlich constant relating to heterogeneity of the adsorbent
surface and adsorption capacity respectively [75]. The Freundlich
isotherm parameters and its correlation coefficient (R?) for BTEX
adsorption by Mt-HDTMA and Mt-TMPA are exhibited in (Table 4a).
The results show that Freundlich isotherm model fits well to the
experimental data. Many researchers have shown that sorption
of BTEX from aqueous solutions with different adsorbents is
described well by Freundlich isotherm model [23,26,33,40,51,61].
The adsorption bond between adsorbent and adsorbate would be
relatively strong if the nvalue, obtained from Freundlich isotherm

model, is greater than one [76].

Table 4a: Parameter for Halsey, Lanmuir and Freundlich isotherms for the adsorption of BTEX.

Halsey Langmuir Freundlich

Adsorbent Adsorbate , " .

K, N, R Qg | B(L/Mg/8) R K gy L R
Benzene 0.0152 0.7 0.994 -0.513 0.0116 0.812 0.0033 0.733 0.979
M Toulene 0.0128 0.75 0.989 -0.352 0.0116 0.945 0.156 4.695 0.11

t
Ethylbenzene 0.0191 0.633 0.983 -1.126 0.0058 0.88 0.618 2703 0.002
Xylene 0.0811 1.992 0.065 -0.347 0.0065 0.021 0.011 1184 0.111
Benzene 0.0272 0.669 0.992 -4.926 0.0676 0.987 69.893 0.657 0.992
Toulene 0.504 0.679 0.99 -6.579 0.736 0.965 9.459 0.679 0.99
Mt-HDTM
Ethylbenzene 2.563 0.548 0.009 -6.879 0.255 0.902 1.218 2.105 0.996
Xylene 4727 0.883 0.457 -11.494 0.0237 0.888 1.406 0.611 0.992
Benzene 0.246 0.783 0.998 -10.101 0.0237 0.985 0.166 0.781 0.998
METMPA Toulene 0.523 0.6358 0.833 6.494 0.0764 0.685 0.407 0.682 0.994
t-

Ethylbenz 0.68 0.617 0.727 5.076 0.1170 0.899 0.514 0.64 0.989
Xylene 1.401 0.767 0.988 32.258 0.0143 0.814 1.77 0.797 0.997

Therefore, the nvalues of 2.61 to 1.66 for Mt-HDTMA and 3.80
to 1.78 for Mt-TMPA obtained by this isotherm model showed that
BTEX is suitably adsorbed by Mt-HDTMA, Mt-TMPA, compared
to Mt whose values are inconsistent with some values less than

1, indicating weak adsorption bonds between adsorbents and
adsorbates. Nourmoradi et al [33] and Sharmasarkar et al [25].
reported that the n values for the removal of BTEX via the cationic
modified clays (TTAB-Mt) and (TMPA-SWy and Adam-SWy) were
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in range of 1.04 to 1.55 and 1.59 to 1.88 respectively . The Dubinin-
Radushkevich isotherm (D-R) model has been used to determine
the type of adsorption process as physical, chemical adsorption or
ion exchange [33,77]. The linear form of the D-Risotherm model

can be shown as:

Ing, = Ing,, - p* (6)

where, gm(mg/g) is the theoretical sorption capacity based on

the isotherm, B (kJ/mol) is related to mean adsorption energy and &
(Polanyi Potential) is equal to RT In (1 + 1/Ce). R(k]/mol-K) is the
universal gas constant and (K) is temperature [77]. From (Figures
13,14 & 15) gm and S are obtained from the intercept and slope In
qeversus €2, respectively. E(k]/mol) is the mean adsorption energy

that is illustrated by equation (7):

1
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Figure 13: Langmuir Isotherm model for the adsorption of BTEX by Mt.
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Figure 14: Temkin Isotherm model for the adsorption of BTEX by Mt.
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Figure 15: Harkins-Jara Isotherm model for the adsorption of BTEX by Mt.
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The type of adsorption process is specified by the Evalue as
follow: The physical and chemical adsorptions occurs if E < 8 kJ/
mol or E > 16 kJ/mol, respectively. But the chemical ion exchange
occurs for Ein the 8-16 k]J/mol [78]. The values of parameters for
D-R isotherm model for adsorption of BTEX by Mt, Mt-HDTMA, Mt-
TMPA, are presented in (Table 4b). As seen, the adsorption of BTEX

through Mt, Mt-HDTMA and Mt-TMPA, has occurred for Evalues in
the range of 0.023 -0.11, 0.041-0.12, 0.028-0.057 k]J/mol for Mt,
Mt-HDTMA and Mt-TMPA, respectively. Hence, the removal of BTEX
in the solution by Mt, Mt-HDTMA and Mt-TMPA is governed by the
physical adsorption.

Table 4b: Parameter for Temkin,Dubin Radushkevick and Harkins- jara isoterms for the adsorption of BTEX.

TemKin Dubin Radushkevick Harkins-jara
Adsorbent Adsorbate
A(L/mg) b R? Dmg/e) E(kj/mol) R? A, B, R?
Benzene 0.953 1.203 0.818 0.303 0.0127 0.844 0.0024 1.49 0.866
M Toulene 0.907 7.64 0.759 0.302 0.841 0.874 0.0024 1.78 0.631
t
Ethylbenzene 0.883 6.644 0.81 0.912 0.0116 0.256 0.0029 1.45 0.853
Xylene 0.673 4.469 0.257 0 0.016 0.886 0.0089 2.82 0.008
Benzene 0.0007 0.632 0.879 3.963 0.016 0.808 0.563 101 0.918
Toulene 0.0007 0.518 0.89 6.924 0.0405 0.92 0.959 0.84 0.904
Mt-HDTM
Ethylbenzene 0.0382 -2.02 0.051 6.062 0.116 0.978 38.46 2.08 0.039
Xylene 2.602 0.331 0.358 22.065 0.0848 0.996 6.623 0.32 0.56
Benzene 0.019 0.864 0.947 4.768 0.0276 0.857 0.596 1.09 0.93
Toulene 0.0065 0.534 0.702 6.952 0.0456 0.742 0.825 0.75 0.979
Mt-TMPA
Ethylbenzene 0.065 0.527 0.5 8.085 0.0511 0.686 0.838 0.63 0.906
Xylene 0.00005 0.273 0.901 15.287 0.0566 0.949 5.78 0.69 0.939
The Temkin model takes into account the effects of indirect
adsorbate-adsorbate interactions on the adsorption isotherm and 1200
. o . 1000 # Benzene
the heat of adsorption tends to decrease with increasing coverage B Toluene X
due to these interactions [35,79]. The derivation of the Temkin 800
e Ethylbenzene
model is based on the assumption that the decrease of the heat of < 600 [ Xylene
adsorption with temperature is linear rather than logarithmic as o 400
implied by the Freundlich equation. The linear form of the Temkin 200 ‘\‘—‘QS\_
model is given by Eq. (8). % X
0
RT RT
q_e:—[nA+— D 20 40 ED BD
b binC _e (8) Ce

where A (L.mg-1) and b are Temkin isotherm constants, R =
0.0083k]Jmol-1 K-1 and T is temperature (K) of the experiment.
A plot of ge versus InCe is linear and the Temkin constants
determined from the slope and intercept. From (Figures 16,17 &
18) it can be seen that the Temkin isotherm fitted rather poorly
to the experimental data. Similar result was also obtained by
Egbuchunam et al [79]. Halsey isotherm describes condensation
of a multilayer at a relatively large distance from the surface [80].
This equations are suitable for multilayer adsorption and the poor
fitting of the experimental data to this equation attest to the non-
heteroporous nature of Mt, Mt-HDTMA and Mt-TMPA [81].The
Linear form of this equation is given as follow:

H—l
logC e
H gL _

- 9)

1
loge=—Ilogk
g H g

Figure 16: Langmuir Isotherm model for the adsorption of
BTEX by Mt.
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Figure 17: Temkin Isotherm model for the adsorption of
BTEX by Mt.
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Figure 18: Harkins-Jara Isotherm model for the adsorption
of BTEX by Mt.

The Halsey isotherm parameters are obtained from the plot
of logqe versus log Ce. Where nH and KH are isotherm constants.
(Figures 19, 20 & 21) shows linear Halsey isotherms graph. The
constants and correlation coefficients of the related equation are
listed in (Table 4a). The fitting of the Halsey isotherm equation was
very low R? =0 in some cases, suggesting non-heteroporosity of the
adsorbents [82].
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Figure 19: Dubnin-Radushkevich Isotherm model for the
adsorption of BTEX by Mt.
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Figure 20: Halsey Isotherm model for the adsorption of
BTEX by Mt.
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Figure 21: Freundlich Isotherm model for the adsorption
of BTEX by Mt.
accounts to

The isotherm

multilayer adsorption and can be explained with the existence of

Harkins-Jura adsorption

heterogeneous pore distribution. The linear form of Harkins-Jura

adsorption isotherm can be expressed as

1 B, LogC,
qf - Ay Ay (10)
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Figure 22: Temkin Isotherm model for the adsorption of
BTEX by Mt-HDTMA.

AH] is Harkins-Jura isotherm parameter which accounts for
multilayer adsorption and explains the existence of heterogeneous
pore distribution, BH]J is the isotherm constants (Ali et al., 2017).
The Harkins-Jura isotherm models for BTEX adsorption onto Mt, Mt-
HDTMA and Mt-TMPA are presented in (Figures 22, 23, 24) and the
relevant isotherm parameters (Table 4b) shows that the low values
of R? reveals the unlikelihood of the existence of heterogeneous
pore distribution in Mt, Mt-HDTMA and Mt-TMPA. 3.6.1 Statistical
Validation of Isotherm Model Percentage (%) residual error
analysis was carried out to determine the best fitness, suitability
and agreement of isotherm models and this was done using
normalized standard deviation Aq (%) of root mean square residual
error to compare the validity of each of the isotherm models more

efficiently [83]. This is according to the relation.
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Figure 23: Harkins-Jara Isotherm model for the adsorption of BTEX by Mt-HDTMA.

# Benzene

B Toluene
Ethylbenzene

# Xylene

1 1.5
og Ce

3 # Benzene
2.5 W Toluene
o Ethylbenzen:
lgj \\H—"‘\H_ # Xylene
0.5
0
0 0.01 0.02 0.03 0.04
£

Figure 24: Dubnin-Radushkevich Isotherm model for the adsorption of BTEX by Mt-HDTMA.

The qeexpand gecal are the experimental and calculated values
respectively and n is the number of measurements. The values
of Aq are also given in (Table 5). It can been seen that the lowest
values obtained for benzene, toluene, ethylbenzene and xylene for
modified clays were in the range of Aq=2.19% to Agq=9.69% for

Table 5: Percentage Aqe values for Adsorption Isotherms.

Freundlich isotherm, and the highest value 102.98% was obtained
for ethylbenzene for Langmuir isotherm (for Mt).Therefore,
the Freundlich isotherm model was considered to describe the
satisfactory fit with the sorption process since the value of Aq(%)
is less than <10% [40]. Similar results was obtained by 40,82,83].
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Adsorbent Adsorbate Langmuir Temkin Halsey Freundlich Harkins-Jara | DubninRadushkevich
Benzene Aq=76.34% Aq=56.876% Aq=19.76% Aq=19.65% Agq=91.98% Aq=65.89%
Mt Toulene Aq=65.63% Aq=87.654% Aq=29.86% Aq=17.507% Aq=77.008% Aq=18.543%
Ethylbenz Aq=102.98% Aq=54.287% Aq=94.65% Aq=14.599% Aq=78.41% Aq=90.56%
Xylene Aq=65.89% Ag=76.76% Aq=65.45% Ag=13.876% Ag=65.98% Aq=45.7%
Benzene Aq=49.76% Aq=65.987% Ag=55.9% Aq=5.87% Aq=52.981% Aq=69.651%
MEHDTMA Toulene Aq=54.98% Aq=93.287% Aq=19.64% Aq=5.31% Aq=87.542% Aq=91.26%
Ethylbenzene Aq=78.84% Aq=34.54% Aq=35.69% Aq=9.1% Aq=75.776% Aq=87.35%
Xylene Aq=87.65% Aq=76.98% Aq=45.876% Aq=2.19% Aq=29.31% Ag=86.21%
Benzene Aq=65.73% Aq=46.9% Aq=61.45% Aq=2.309% Aq=98.54% Aq=65.778%
METMPA Toulene Aq=48.901% Aq=74.621% Aq=35.95% Ag=9.69% Aq=57.811% Aq=43.432%
Ethylbenzene Aq=48.677% Aq=43.85% Aq=59.31% Aq=3.879% Aq=54.81% Aq=84.989%
Xylene Aq=54.321% Aq=45.551% Aq=54.987% Aq=4.549% Aq=96.23% Aq=43.87%
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Adsorption Kinetics

Adsorption kinetics is one of the most important parameters
for determining the adsorption mechanism and also to investigate
the efficacy of adsorbent for the removal of pollutants [33]. In this
study, three kinetic models; pseudo-first-order, pseudo-second-
order, and intra-particle diffusion models, were used to predict the
sorption behavior of the data (Figures 25-38). below, represents
various plots for these adsorption kinetic models. The pseudo-
first-order kinetic model known as the Lagergren equation [49] is

defined as

k
1 —gq)=logq, —(——)
0g(q. —q,) =logg, (2.303) (12)
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Figure 25: Halsey Isotherm model for the adsorption of
BTEX by Mt-HDTMA.
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Figure 26: Langmuir Isotherm model for the adsorption of
BTEX by Mt-HDTMA.
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Figure 27: Freundlich Isotherm model for the adsorption
of BTEX by Mt-HDTMA.
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Figure 28: Langmuir Isotherm model for the adsorption of
BTEX by Mt-TMPA.
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Figure 29: Freundlich Isotherm model for the adsorption
of BTEX by Mt-TMPA.
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Figure 30: Temkin Isotherm model for the adsorption of
BTEX by Mt-TMPA.
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Figure 31: Harkins-Jara Isotherm model for the adsorption
of BTEX by Mt-TMPA.
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Figure 32: Dubnin Radushkevich Isotherm model for the
adsorption of BTEX by Mt-TMPA.
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Figure 33: Halsey Isotherm model for the adsorption of
BTEX by Mt-TMPA.
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Figure 34: Pseudo Second Order model for the adsorption

of BTEX by Mt.
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Figure 35: Intra-particle Diffusion model for the adsorption

of BTEX by Mt.
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Figure 36: Pseudo First Order model for the adsorption of
BTEX by Mt-HDTMA.
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Figure 37: Pseudo Second Order model for the adsorption
of BTEX by Mt-HDTMA.

120
100
30 4 Benzene
o M toluene
<. 60
* 10 ethylbenzene
20 / xylene
0
0 50 100 150
Time (min)

Figure 38: Intra-particle Diffusion model for the adsorption
of BTEX by Mt-HDTMA.

where ge is the amount of BTEX adsorbed at equilibrium
(mg/g), gt amount of BTEX adsorbed at any given time t (mg/g),
k is the rate constant for the pseudo-first-order model. A plot of
lo(qe- qt) against The pseudo-second-order model was also fitted
to the adsorption data using the following equation [84]:
L

I kg 4,013

where ge and gt are the same as for the pseudo-first-order
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parameters. k2 (g/mg-h) is the rate constant of pseudo-second
order. In (Figure 39) k2 and ge values were obtained from the
intercept and slope of linear plot of t/qt against t, respectively
[33]. At initial stage of the adsorption process (t-0), the initial
adsorption rate, h (g/mg -h), is obtained from;

h=f,y (14)
6
% Benzene
4 M toluene
T / ethylbenzene
2 % xylene
0 &=
0 5 10 15
t1,“2

Figure 39: Pseudo First Order model for the adsorption of
BTEX by Mt-TMPA.

The intra-particle diffusion kinetic model is mathematically
described by the following equation [33]:

g =k +c (@5

where kid(g/mg-h) is the rate of the intraparticle diffusion

kinetic model [51]. kidand Care obtained from the slope and
intercept of gtversus t1/2, respectively.

(Figures 40 & 41) show plots of pseudo-second-order kinetic
model for the adsorption of BTEX with Mt, Mt-HDTMA and Mt-
TMPA. As can be seen from the correlation coefficient (R2), the
pseudo-second-order kinetic model fits to the experimental data
better than the other kinetic models (Figure 39). Moreover, the
qe,calculated (mg/g) achieved using the pseudo-second-order
kinetic model is rationally similar to the ge,experimental (mg/g)
obtained from the experimental data. On the other hand, the
pseudo-first-order and intra-particle diffusion models, because
of the differences between calculated ge from the models and
experimental ge, do not suitably predict BTEX sorption by the
adsorbent. Aivalioti et al [61]. and Nourmoradi et al [33]. reported
that sorption of BTEX with raw and thermally modified diatomite,
and raw and TTAB modified montmorillonite respectively were
described well by the pseudo-second-order kinetic model [33,61].
The parameters for pseudo-second- order kinetic model are listed
in (Table 6) for Mt, Mt-HDTMA, Mt-TMPA. As seen, the values of the
rate constant for pseudo-second-order kinetic models, k2(g/mg.h),
follow the order of B >T >E >X, while the initial adsorption rate
constant values of this kinetic model, h (g/mg - h), are shown to
have the order of B <T <E <X.

Table 6a: Parameters of pseudo-first order, Pseudo Order Second, Intra Particle Diffusion Kinetic models Obtained from Mt

Adsorption Data.
Adsorbent Adsorbate Mt Benzene Toulene Ethylbenzene Xylene
Kinetic Model Parameters

K, -0.004 -0.0009 -0.004 0.03

Pseudo Order First q, 0.384 0.576 0.333 0.147
R? 0.893 0.543 0.95 0.504

K? 0.192 0.312 0.045 0.291

Q. 0.182 0.148 0.319 0.465

Pseudo Order Second h 0.0064 0.0068 0.0076 0.083
9y 0.168 0.144 0352 0.438

R? 0.919 0.969 0.308 0.998

Kid 0.011 0.008 0.008 0.019

Intra Particle Diffusion C 0.022 0.035 0.035 0.243
R, 0916 0.977 0.977 0.929

Table 6b: Parameters of pseudo-first order, Pseudo Order Second, IntObtained from Mt-HDTMA Adsorption Data.
Adsorbent Adsorbate Mt Benzene Toulene Ethylbenzene Xylene
Kinetic Model Parameters

K, -0.019 -0.018 -0.018 -0.019

Pseudo Order First q, 0.936 0.928 1.291 1.441
R? 0.977 0.773 0.994 0.787
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K? 0.087 0.054 0.019 0.017
oy 1.329 1616 2.283 4219
Pseudo Order Second h 0.095 0.141 0.159 0.373
Qe 1.228 1.462 2132 4.5.04
R2 0.998 0.998 0.997 0.996
Kid 0.065 0.091 0.138 0.235
Intra Particle Diffusion C 0.588 0.564 0.35 1.522
R? 0.83 0.833 0.897 0.846
Table 6¢: Parameters of pseudo-first order, Pseudo Order Second, Intra Particle Diffusion Kinetic models Obtained from Mt-TPMA
Adsorption Data.
Adsorbent Adsorbate Mt Benzene Toulene Ethylbenzene Xylene
Kinetic Model Parameters
K, -0.022 -0.016 -0.014 0.029
Pseudo Order First q, 1.198 1.149 1.125 2.102
R? 0.973 0.969 0.991 0.974
K? 0.017 0.014 0.013 0.012
Qo 1.823 2.384 2.64 4.292
Pseudo Order Second h 0.056 0.08 0.09 0.221
s 1.724 1.506 2.584 4618
R? 0.991 0.994 0.995 0.998
Kid 0.096 0.125 0.117 0.233
Intra Particle Diffusion C 0.176 0.254 0.376 1.331
R, 0.922 0.898 0.942 0.873
Thereason forthis (theorderofhvalue) maybeduetoavailability
120 of more adsorption sites of the adsorbent at the beginning of the
100 & Benzene sorption process [33,67]. Hence, the lower hydrophilic compounds
& 20 B toluene such as xylene and ethylbenzene have a higher tendency to the
> j“; ethylbenzene adsorbent, especially at the start of the adsorption process [85].
But as the time elapsed, the order of k2 value has a reverse relation
20 MX xylene with the order of h value. This may be attributed to the molecular
0 weight of BTEX [86]. Due to lower molecular weight [33], benzene
0 50_ _1':”:' 150 and then toluene can better penetrate onto the internal adsorption
Time (min]

Figure 40: Pseudo First Order model for the adsorption of
BTEX by Mt-TMPA.

3]
# Benzene

4 | toluene

S ethylbenzene
2 EE B ﬂ‘l # wylene
r -
D -
0 5 10 15

t2

Figure 41: Intra-particle Diffusion model for the adsorption
of BTEX by Mt-TMPA.

sites of the adsorbent as in comparison to higher-molecular weight

compounds such as ethylbenzene and xylene.
Conclusion

Organophilicization of montmorillonite clay was achieved
via intercalation mechanism involving the exchange of
montmorillonite’s surface cations with those of HDTMA and TMPA
cationic surfactants. The modification enhanced the adsorption
capacity of the new organoclay adsorbents for BTEX removal.
The adsorption capacities of the synthesized organoclays for
adsorption of BTEX was influenced by contact time and initial
BTEX concentration. Freundlich isotherm and Pseudo second
order kinetic models were best fits to sorption data. However, the
adsorption capacities of the synthesized organoclays (Mt-HDTMA
and Mt-TMPA) found to be 7-10 times greater than un-modified
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montmorillonite (Mt) confirms that the synthesized organoclays
are promising and suitable for hydrophobic sorption.
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