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Abstract  

Presence of BTEX compounds in water is a global 

concern. The effectiveness of HDTMA and TMPA 

cations intercalated Bentonite, corresponding to 

100% of CEC in the removal of Benzene, Toluene, 

Ethylbenzene and Xylene (BTEX) in aqueous 

solution was assessed. Batch experiments were 

conducted to determine the influences of contact time 

and adsorbate concentration on the adsorption 

efficiency. FTIR spectroscopy, SEM and XRD were 

used to determine the adsorbent properties. Results 

showed that surfactant modification of the adsorbent 

led to structural changes and fractional attainment to 

equilibrium showed that equilibrium was reached 

after 120mins. The sorption of BTEX by Bt-HDTMA 

and Bt-TMPA were in the order of B<T<E<X. The 

experimental data were fitted by many kinetic and 

isotherm models. The results also showed that 

pseudo-second-order kinetic model with highest R
2 

values ranging from 0.883-0.997 for BTEX gave the 
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best fit to the experimental data compared to other 

available kinetic models. Freundlich isotherm model 

with highest R
2 

values ranging from 0.979-0.993 for 

BTEX and n values from 0.55-1.55, fitted to the 

experimental data better than other isotherm models, 

confirming Freundlich isotherm as best fit to the 

sorption process and high efficiency of organoclays 

for BTEX removal. 

Keywords: Hexadecyltrimethyl ammonium; 

Trimethylphenyl ammonium; Benzene, Toluene, 

Ethylbenzene and Xylene (BTEX); Isotherm; 

Bentonite 

1. Introduction 

Water is a vital resource for life but is increasingly 

being polluted by anthropogenic activities including 

oil spillage, urbanization, population growth, poor 

land use, and agricultural activities that have led to 

increased degradation of surface and ground water 

quality. The world faces serious problem of water 

scarcity for various purpose including household 

needs. This depends on economic growth, 

development climate change, season and human 

activity [1]. Owing to antropogenic activities, the vast 

amount of contamination discharge to the 

environment from various sources causing 

detrimental impact on the environment is a growing 

concern [1,2]. Water pollution consists of duel effects 

such as: on the environment and living organisms. In 

the aquatic systems the pollution affects the 

productivity, diminution and elimination of 

environmentally sensitive organisms. In the world, 

nearly 14,000 people died every day due to water 

pollution [1]. Various pollutants in water affect the 

water bodies by changing the properties, like algal 

blooming, pH changes, turbidity, TDS, conductivity, 

salinity, odor, sulphate content and carbon dioxide 

content [3]. Of all these anthropogenic activities 

mentioned above, hydrocarbon pollution from oil 

spillage and gas flaring remains a serious global 

concern with great priority in oil producing regions 

of the world [4], since larger hydrocarbon molecules 

like polycyclic and monocyclic hydrocarbons, are 

discharged into the environment. Most oil spills 

occur due to underground water well blowouts, 

tanker accidents, storage tank failures, production 

platform blowouts, intensified petroleum exploration 

on the continental shelf, transfer operations between 

ships and shores, economic sabotage and youth 

restiveness like the Niger Delta militias in South-

South, Nigeria [5]. 

Hydrocarbons and volatile organic compounds 

(VOCs) play a crucial role among the substances 

determining water and soil pollution [6]. European 

Union regulations defines VOCs as the organic 

compounds which possess initial boiling point below 

or equal to 250°C at a standard atmospheric pressure 

of 101.3 kPa [7]. Generally, most VOCs are toxic or 

odorous and regarded as the main contributor of 

photochemical smog, ozone depletion and global 

warming. Chemical, pharmaceutical, petrochemical, 

adhesives production and wastewater treatment plants 

are the main sources of VOCs [6]. The petroleum 

hydrocarbon compounds are a group of organic 

constituents, which are components of gasoline and 

aviation fuels and are widely used in industrial 

syntheses. Crude oil, and in particular gasoline 

fraction is a main source of monoaromatic 

hydrocarbons, such as benzene, toluene, 

ethylbenzene and xylene (BTEX) [6,8]. These 

compounds are utilized as industrial solvents, serving 

as precursors for the production of many 
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pharmaceuticals, agrochemicals, polymers, 

explosives, paints, cosmetics etc [9,10]. Recent 

reports have shown high concentrations of BTEX 

compounds in soil, water, air [1,6,10-17] and even 

blood samples [18]. BTEX are frequently introduced 

into groundwater, soil and sediment via accidental 

spills and leakage from storage tanks and associated 

piping, improper waste disposal practice and leaching 

landfills as well as industrial effluent discharges 

[6,19-21]. In addition, studies such as Grady and 

Casey [22], Schmidt et al. [23], Mitra and Roy [24], 

and Reddy et al. [25] have reported the presence of 

BTEX compounds in drinking water, indicating 

extensive health risks that may not obvious. BTEX 

are known carcinogenic [18] and possess a negative 

health impact on human beings, other living 

organisms and the environment at large. 

It is crystal clear that BTEX compounds are harmful 

to human health; long-term exposure may lead to 

respiratory and cardiovascular illnesses and also 

affects the function and development of the immune, 

metabolic and reproductive systems [10,24,26-28]. 

Recently, Ran et al., [29] reported that short-term 

elevations in ambient BTEX concentrations may 

trigger failure of the respiratory system. Frequent 

exposure to BTEX compounds can cause 

neurological impairment while exposure to benzene 

can contribute to carcinogenicity, haematological 

effects including aplastic anaemia and acute 

myelogenous leukaemia [30,31]. Ethylbenzene and 

xylene could cause acute eye and skin irritation 

[26,29]. The health risk assessment (HRA) of BTEX 

(carcinogenic and non-carcinogenic) suggested by the 

United States Environmental Protection Agency 

(USEPA) is usually applied when estimating the 

nature and likelihood of adverse health impacts of 

each monitored BTEX compounds [10,27,32-34]. In 

addition to its adverse health implication, BTEX are 

also precursors to other air pollutants such as 

tropospheric ozone, polycyclic aromatic 

hydrocarbons, particulate matter, and ultrafine 

particles [10,26,35,36]. The exposure of BTEX can 

trigger acute and chronic effects to human health as 

indicated by many previous studies [10,26,37,38]. As 

a result, it is imperative that the remediation of these 

compounds in water is prioritized in future water 

treatment systems. 

Numerous methods have been reported for BTEX 

removal from aqueous solutions [8,39,40]. Chemical 

oxidation, biological treatment, air stripping, and 

adsorption have been successfully carried out for the 

removal of BTEX from aqueous solutions [40]. 

Adsorption process is one of the prominent methods 

for the removal of these pollutants from the aqueous 

mediums because it is possible to recover the 

adsorbent and adsorbate [41]. Many adsorbents 

including activated carbon [42], carbon nanotube 

[43], nanoparticle electro-catalytic system [1], zeolite 

[15,16], macroreticular resins [12,41], diatomite [44], 

and organoclay [8,45-47] have been used for 

adsorption of BTEX from aqueous solutions. 

Activated carbon is widely and commonly used as an 

adsorbent for this purpose [45]; however, it is 

expensive and the regeneration cost is high [42]. 

Clay, owing to its high surface area, low cost, being 

eco-friendly, and nontoxicity, has a good efficacy in 

the adsorption of various pollutants in aqueous 

solutions [48]. Raw clay, due to the hydration of 

inorganic cations in its active sites, has a hydrophilic 

property. Therefore, it is not effective for the removal 

of nonpolar nonionic organic compounds such as 

BTEX. Hence, the modification of clay by a 
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surfactant, especially the cationic type, transforms it 

from the hydrophilic nature to the organophilic one 

[49], making it more suitable for sorption of BTEX 

compounds. 

Many studies have been conducted by other 

researchers for the removal of BTEX with clay 

modified by cationic surfactants [8,45-47]. 

Organoclays, essentially 2:1 clays, have been widely 

used for the removal of BTEX compounds from 

aqueous solutions [8,40,46,50,51]. However, 

modification of bentonite clay with Trimethylphenyl 

ammonium chloride (TMPA-Cl) and 

Hexadecyltrimethyl ammonium bromide (HDTMA-

Br) as cationic surfactants have not been poorly 

investigated. In this study, bentonite, in its natural 

and modified states was used as adsorbents for multi-

component adsorption of benzene, toluene, 

ethylbenzene and xylene (BTEX) from aqueous 

solution, via batch adsorption experiment. Intra-

particle diffusivity and effect of various conditions 

such as contact time and initial adsorbate 

concentration were investigated. 

2. Materials and Methods 

2.1 Preparation and Pre-Treatment of 

Adsorbent 

The bentonite (Bt) clays exploited in this research 

was collected from Mansid Nigeria Limited, Port 

Harcourt Rivers State, Nigeria. In order to purify the 

clays, the method of Nourmoradi et al. [8] was 

adopted. 30g each of raw bentonite (Bt) was 

dissolved in 1L of distilled water and mixed with a 

magnetic stirrer (6000 rpm for 24h) at room 

temperature (25
0
C). The Bt impurities such as iron 

oxide and silica, because of higher density were 

precipitated in the tube using a centrifuge rotating at 

6000 rpm for 15 mins [53]. The impurities were 

removed and highly pure Bt dried at 110
0
C for 24h, 

ground and sieved to a size of less than 125µm. The 

cation exchange capacity of Bt after purification was 

determined and compared with that of the raw 

Bentonite (before purification). 

The pure Bt was pre-modified by adopting the 

methods of Baskaralingam [53]. High-purity Bt was 

mixed with sufficient amount of 1M NaCl using a 

mechanical stirrer (6000 rpm for 24h) at room 

temperature of 25
0
C. The Na-Bt were then separated 

and washed four times with distilled water to remove 

any trace of chlorides, which was confirmed by the 

addition of 1M AgNO3, resulting to the absence of a 

white or an off-white precipitate. 

2.2 Organoclay preparation 

2.2.1 Preparation of Surfactant Modified Bentonite 

Using HDTMA-Br and TMPA -Cl 

HDTMA and TMPA organoclays were separately 

prepared according to the method of Banik et al., 

[54], with little modification. 5g each of sodium 

exchanged bentonite (Na-Bt) were seperately 

dispersed in 400 mL of distilled water under 

continuous stirring for 4 h. The amount of HDTMA-

Br and TMPA-Cl added respectively to each mixture 

were calculated with the CEC value (110 meq/100 g 

clay) of bentonite. Desired amount of each surfactant 

(HDTMA-Br and TMPA-Cl) were separately added 

to 200 mL of distilled water each in a separate 

container slowly. The reaction mixtures were stirred 

for 10 hours at 80ºC. The resulting products were 

separated individually by filtration and washed with 

distilled water for 3 times. Then the products were 

washed with ethanol. Synthesized organoclays (Bt-

HDTMA and Bt-TMPA) were dried in an oven at 
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80ºC for 48 hours and grind into powder, stored in 

desiccators for characterization and further use. 

2.3 Preparation of BTEX solution 

Benzene (≥98%), toluene (98.5%), ethylbenzene 

(≥99%), and xylene (98.5%) 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 4
0
C. The stock solutions 

were further diluted to prepare various working 

standard concentrations. 

2.4 Adsorbent characterization and batch 

adsorption Studies 

The surface areas of the Bt, Bt-HDTMA and Bt-

TMPA were determined by Sear’s procedure as 

follows: 0.5 g  each of Bentonite (Bt); HDTMA 

modified bentonite (Bt-HDTMA) and TMPA 

modified bentonite (Mt-TMPA) were  mixed with 50 

ml of 0.1 M HCl solution on a magnetic stirrer and 

10.0 g of sodium chloride salt was added to each 

mixture. The mixture was then titrated with standard 

0.1 M NaOH solution in a water bath at 298±0.5 K 

from pH 4.0 to 9.0. The surface areas were measured 

by the following equation: 

                                              

where S (m
2
/g) is the surface area of the adsorbent 

and V (ml) is the volume of NaOH solution required 

to increase the solution pH from 4.0 to 9.0 [55]. 

Possible variations in the functional groups of the 

adsorbents were assessed by Buck scientific M530 

USA FTIR. This instrument was equipped with a 

detector of deuterated triglycine sulphate and beam 

splitter of potassium bromide. The software of the 

Gram A1 was used to obtain the spectra and to 

manipulate them. An approximately 1.0 g each of Bt, 

Bt-HDTMA and Bt-TMPA were properly placed on 

the salt pellet. During measurement, FTIR spectra 

was obtained at frequency regions of 4,000-600 cm
-1

and coded at 32 scans and at 4 cm
-1

 resolution. FTIR 

spectra were displayed as transmitter values. 

The compositions of the adsorbents were also 

identified by X-ray defractometer (Bruker, 

D8ADVANCE Germany). 20 mg each, of Bt, Bt-

HDTMA and Bt-TMPA were ultrasonically dispersed 

in I mL of 95% ethanol and dried as oriented 

aggregates on 2.5 cm-diam. Circular glass slides, 

separately. 20 mg of the raw and modified clays were 

dispersed in 1 mL of water and dried on glass slides. 

Basal x-ray diffraction spacings were then recorded 

using Ni-filtered Cu K𝛼𝛼 radiation (1.5406 Å), x-ray 

diffractometer with a graphite monochromator, a 

solid state detector, and an autosampler. Digital 

intensity and 
o
2θ values from 2 to 20

 o
2θ x-ray scans 

were recorded on disk and were later used with a 

graphics program to print x-ray diffraction patterns. 

Because organo-clays often yield low angle peaks 

that correspond to very large (˃18 Å) basal spacings. 

The diffractomerer was aligned using a cholesterol 

standard [56] to ensure accuracy of the x-ray data at 

low 
o
2θ values. 

Surface topographical information was obtained by a 

surface morphological study using Scanning Electron 

Microscope (Seron, AIS-2100, Republic of Korea). 

Bt, Bt-HDTMA and Bt-TMPA were separately 

placed on a sample stub with the aid of a graphite 

conductive adhesive paste before being firmly loaded 
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on a cylindrical rod which serves as the sample 

holder. The rod was thereafter placed in the analysis 

chamber of the SEM which remains under vacuum 

all through the analysis. When excited primary beam 

of electrons from the light source strikes a sample, 

various secondary electrons from the sample surfaces 

were emitted which are characteristic of each of the 

samples. Various secondary electron detectors attract 

the scattered electrons, and the signals were used to 

form images of the specimen. 

Batch adsorption tests were carried out to examine 

the adsorption efficiency of the raw and surfactant 

modified clays (Bt, Bt-HDTMA and Bt-TMPA). All 

adsorption experiments were carried out at room 

temperature (25
0
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. 

The GC-MS method for determination of BTEX was 

optimized as follows: 

(i) Sampling method: head space; 

(ii) Injected sample volume: 250 𝜇L; 

(iii) Carrier gas: helium (purity 99.995%) with flow 

rate of 1.11 mL/min; 

(iv) GC column characteristic: Agilent HP-5 MS UI 

30m x 0.250m,-60 to 325/350
0
C; 

(v) Oven temperature: 200
0
C. 

Blank samples (BTEX solution without the 

adsorbent) were also utilized 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 

BTEX loss occasioned by volatilization. The 

adsorption capacities of Bt, Bt-HDTMA, and Bt-

TMPA for BTEX uptake were determined using: 

   
        

 
                             

           

Where qe (mg/g) is the adsorption capacity of the 

adsorbent,  o (mg/L) is the initial concentration of 

the adsorbate,  𝑒 (mg/L) is the equilibrium 

concentration of the adsorbate in the solution,   (g) 

is the mass of the adsorbent, and   (L) is the volume 

of the solution. 

The effect of contact time on the adsorption of BTEX 

by Bt, Bt-HDTMA and Bt-TMPA was carried out, 

using 100 mL of a solution containing 0.5 g 

adsorbent and 50 mg/L BTEX solution (Benzene 10 

mg/l, Toluene 10 mg/l, Ethylbenzene 10 mg/l and 

Xylene 20 mg/l) 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 [43]. Hence, 

the effect of initial BTEX concentrations of 50, 100, 

125, 150, and 200 mg/L on the adsorption efficiency 

was examined at optimum contact time and pH at at 

room temperature (25
0
C). 

3. Results and Discussion 

3.1 Adsorbent Characterization 

Table 1, show the values for surface areas for 

bentonite (Bt), HDTMA modified bentonite (Bt-

HDTMA) and TMPA modified bentonite (Bt-

TMPA). The modification of the adsorbents by 

Haxadecyltrimethylanonium bromide and 



J Anal Tech Res 2020; 2 (2): 70-95 DOI: 10.26502/jatri.013 

Journal of Analytical Techniques and Research   76 

Trimethylphenylamonium chloride led to increment 

in surface area from 327m
2
/g for Bt to 512.6m

2
/g and 

384.6m
2
/g for Bt-HDTMA and Bt-TMPA 

respectively, suggesting the occurrence of micropores 

in the interlayer between organic cations. From the 

values obtained for CEC of bentonite (Bt), HDTMA 

modified bentonite (Bt-HDTMA) and TMPA 

modified bentonite (Bt-TMPA) in Table 1, an 

increase in cation exchange capacity (CEC) from 

30.94 meq/100g for Bt to 55.01meq/100g and 

47.57meq/100g for Bt-HDTMA and Bt-TMPA 

respectively was observed, corresponding to the 

values obtained by Nourmoradi et al. [8]. 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.

The SEM images of bentonite (Bt), TMPA modified 

bentonite (Bt-TMPA) and HDTMA modified 

bentonite (Bt-HDTMA) are presented in Figures 1a, 

1b and 1c respectively. The surface structure of the 

adsorbent is changed by the modification with 

HDTMA and TMPA. It is evident that the surface 

texture of bentonite (Bt) is rough with irregular 

shapes. However, the surface morphologies of 

HDTMA modified bentonite (Bt-HDTMA) and 

TMPA modified bentonite (Bt-TMPA) are smoother 

than unmodified bentonite (Bt). This is due to the fact 

that the porous surface of bentonite is occupied with 

surfactant. Similar results have been reported by 

Aivalioti et al. [44] and Nourmoradi et al. [8]. 

XRD patterns of bentonite (Bt), HDTMA modified 

bentonite (Bt-HDTMA) and TMPA modified 

bentonite (Bt-TMPA) samples are shown in Figure 

1d. The XRD basal spacing (𝑑001) of Bt, Bt-HDTMA 

and Bt-TMPA were found to be 10.006Å, 14.172Å 
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and 13.285Å respectively. There was also a 

noticeable increase in the reflection intensity from 

5.34% for Bt to 100 % for both Bt-HDTMA and Bt-

TMPA respectively indicating structural changes in 

the bentonite clay, occasioned my surfactant 

modification. The interlamellar expansion in the 

modified adsorbent is attributed to the penetration of 

haxadecyltrimethyl ammonium cation and 

trimethylphenyl ammonium cation into the layers of 

Bt. The values of basal spacing obtained are in 

agreement with that reported by Taleb [57]. The 

cation exchange reactions have been frequently used 

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 resulting 

to an increase in the basal spacing [58-61]. 

IR spectra peak for unmodified bentonite clay shows 

that the -OH bending band at 871cm
-1

 respectively 

were assigned to Al-OH. The shape and position of 

the -OH stretching band in the IR spectra of bentonite 

are are affected by the nature of the octahedral atoms 

to which the hydroxyl groups are domiciled [62,63]. 

The strong band located at 1059.7cm
-1 

for bentonite 

was consequent of 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 3365.3cm
-1

, 1611.03cm
-1

 for bentonite   

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
-1

). Organo-modification of Bt with 

HDTMA and TMPA cations (Figures 1e.) increased 

the intensity at around 2901.29cm
-1

, 2743.77cm
-1

 and 

2939.7cm
-1

, 2806.7cm
-1

 respectively in HDTMA 

modified bentonite (Bt-HDTMA) and TMPA 

modified bentonite (Bt-TMPA), corresponding to 

asymmetric and symmetric stretching of methylene 

(CH2) bond [60,63]. Also a bending vibration of the 

methylene groups can be observed at bands of 1475 

cm
-1

 for bentonite (Bt), confirming intercalation 

between cationic surfactants and clay layer [63,64]. 

Other bands in the 1149-600 cm
-1

 region are the Si-O 

stretching bands at around 1149 cm
-1

 (in-plane) and 

914 cm
-1

 (out-of-plane), the Al-O+Si-O out-of-plane 

vibration at 607.59cm
-1

 for bentonite (Bt) 

respectively. IR spectra analysis justified the 

existence of a strong affinity between organic 

modifiers (HDTMABr and TMPACl) and bentonite 

when placed in its interlayer space and this 

consequently results to the formation of a new 

substance, which, because of the different structure 

relative to the clays and the monomers, will exhibit 

different characteristics [63,65,66]. 
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Figure 1: SEM Images of Bt (a), Bt-TMPA (b) and Bt-HDTMA (c); XRD patterns of Bt, Bt-HDTMA, Bt-TMPA 

(d) and FT-IR spectra of Bt, Bt-HDTMA, Bt-TMPA (e). 

3.2 Effect of Contact Time 

The efficiency of BTEX removal by bentonite (Bt), 

HDTMA modified bentonite (Bt-HDTMA) and 

TMPA modified bentonite (Bt-TMPA) are shown in 

Figures 2a, 2b and 2c respectively. It was noticed that 

increase in the contact time of the Bt, Bt-HDTMA 

and Bt-TMPA in the BTEX solution from 10-120 

mins resulted in a dramatic increase in the amount of 

BTEX being adsorbed. The adsorption capacities of 

Bt, Bt-HDTMA and Bt-TMPA at the first 60 mins of 

the adsorption was found to be 0.092 mg/g, 0.090 

mg/g, 0.13 mg/g, 0.473 mg/g, 1.442 mg/g, 1.49 mg/g, 

1.542 mg/g, 3.672 mg/g, 1.434 mg/g, 1.676 mg/g, 

1.74 mg/g, 3.556 mg/g for benzene, toluene, 

ethylbenzene, and xylene, respectively. The 

corresponding adsorption capacity at the equilibrium 

time was estimated to be 0.10 mg/g, 0.108 mg/g, 

0.142 mg/g, 0.496 mg/g; 1.526 mg/g, 1.576 mg/g, 

1.686 mg/g, 3.741 mg/g; 1.522 mg/g, 1.996 mg/g, 

2.014 mg/g, 4.370 mg/g; thereby decreasing the 

concentration of the BTEX solution. The relatively 

high removal of BTEX is attributed to the availability 

of large number of vacant sites for adsorption of 

BTEX and at some point, reaches a constant value 

beyond which no more is removed from solution. At 

this point, the amount of the BTEX desorbing from 
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the adsorbent is in a state of dynamic equilibrium 

with the amount being absorbed by the adsorbent 

[63,67]. Equilibrium was attained at 120 mins in both 

Bt, Bt-HDTMA and Bt-TMPA. This can be 

explained by the fact that initially, the rate of BTEX 

uptake was higher because all sites on the adsorbent 

were vacant and BTEX concentration was high but 

decrease of adsorption sites declined the uptake rate. 

Similar results have been reported in previous studies 

[8,63,68]. The order of the sorption capacities of the 

modified adsorbents are B < T < E < X. This order 

may be attributed to water solubility [8,43], 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) calculated as B = 

2.13, T = 2.69, E = 3.15, and X = 3.15 [44]. Many 

previous studies have confirmed that the sorption of 

BTEX from aqueous solutions with various 

adsorbents (Table 3.), follows a similar trend as 

above [8,40,42-44]. 

Figure 2: Effect of contact time on adsorption of BTEX using Bt (a), Bt-HDTMA (b), and Bt-TMPA (c), (BTEX 

solution = 50mg/L, initial pH= 7±0.5, contact time = 2hours, Bt =0.5g); Effect of BTEX concentration on  

adsorption by Bt (d), Bt-HDTMA (e), and Bt-TMPA (f), (Initial pH= 7± 0.5, contact time= 2 hours Bt conc = 5g/L) 
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BTEX adsorption by various adsorbents is presented 

in Table 2. 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, 

is nearly equal with values obtained for Bt-HDTMA 

and Bt-TMPA. However the uptake efficiency for 

carbon nanotube (CNTNaOCl) and OMC-2NC were 

much higher than those of Bt-HDTMA and Bt-

TMPA. Also, BTEX uptake efficiency by Bt-

HDTMA and Bt-TMPA were higher than those of 

Angico sawdust (Su et al., 2010), peat (Su et al., 

2010), mature compost (Bandura et al., 2017) and 

diatomite (Aivalioti et al., 2012). The effect of 

contact time on removing BTEX by raw Bt showed 

that the adsorption capacity of the raw adsorbents for 

these compounds were about 7 to 10 times less than 

that for Bt-HDTMA and Bt-TMPA. Therefore, 120 

minutes was used as the optimum time for the other 

experiment. 

3.3 Effect of Initial BTEX Concentration 

Figures 2d, 2e and 2f displays the effects of initial 

BTEX concentrations between 50 and 200 mg/L on 

the sorption using bentonite (Bt), HDTMA modified 

bentonite (Bt-HDTMA) and TMPA modified 

bentonite (Bt-TMPA) at initial pH of 7 ± 0.5 for 120 

minutes. From the results, the initial concentration of 

BTEX has important role on the adsorption capacity. 

As seen, the adsorption capacities of the sorbents 

were increased by increasing BTEX concentration in 

the solution. This may be attributed to increase in 

driving forces (van der Waal’s force) affecting BTEX 

compounds and active adsorption sites of the 

adsorbent, which occurs at optimum concentrations 

[8,42].

3.4 Adsorption Kinetics 

Adsorption kinetics is one of the most vital 

parameters for determining the adsorption 

mechanism and also to investigate the efficacy of 

adsorbent for the removal of pollutants [8]. In this 

study, three kinetic models; pseudo-first-order, 
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pseudo-second-order, and intra-particle diffusion 

models, were used to predict the sorption behavior of 

the data. The pseudo-first-order kinetic model known 

as the Lagergren equation [55] is defined as: 

                   (
𝑘 

     
)                   

Where is the amount of BTEX adsorbed at 

equilibrium (mg/g),    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 ( 𝑒−   ) against t 

gives a linear slope (Figures 3a and 3b) from which 

the values of k1 and  𝑒 can be determined from the 

slope and intercept. 

The pseudo-second-order model was also fitted to the 

sorption data using the following equation [73]: 

 

  

 
 

𝑘   
 
 

 

  

                                     

where q𝑒 and    are the same as for the pseudo-first-

order parameters. 𝑘2 (g/mg
-
h) is the rate constant of 

pseudo-second order. In Figures 3b and 3c,  2 and  𝑒

values were obtained from the intercept and slope of 

linear plot of  /qt against  , respectively [8]. At initial 

stage of the adsorption process ( ∽0), the initial 

adsorption rate, h (g/mg 
-
h), is obtained from; 

    𝑘    
                                              

The intra-particle diffusion kinetic model is 

mathematically described by the following equation 

[8]: 

    𝑘                                    

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

diffusion kinetic model [43]. 𝑘id and   are obtained 

from the slope and intercept of    versus  1/2
, 

respectively. 

Figures 3c and 3d show plots of pseudo-second-order 

kinetic model for the adsorption of BTEX with Bt-

HDTMA and Bt-TMPA. As can be seen from the 

correlation coefficient (𝑅2
), the pseudo-second-order 

kinetic model gave the best fit to the experimental 

data, compared to other available kinetic models 

(Figures 3, a-f). Moreover, the  e,calculated (mg/g) 

achieved using the pseudo-second-order kinetic 

model is rationally similar to the  𝑒,experimental (mg/g) 

obtained from the experimental data. On the other 

hand, the pseudo-first-order and intra-particle 

diffusion models, because of the significant 

variations between calculated  𝑒 from the models and 

experimental  𝑒, do not suitably predict BTEX 

sorption by the adsorbent. Aivalioti et al. [44] and 

Nourmoradi et al. [8] 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 [8,44]. The parameters for pseudo-

second-order kinetic model are listed in Tables 3, for 

Bt-HDTMA and Bt-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. 
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Fig. 3. Kinetic models for adsorption of BTEX unto: Bt-HDTMA- Pseudo first order (a), Bt-TMPA-Pseudo first 

order (b,) Bt-HDTMA-Pseudo second order (c), Bt-TMPA-Pseudo second order (d),  Bt-HDTMA-Intra-particle 

diffusion (e),  Bt-TMPA-Intra-particle diffusion (f). 

Figure 3: Kinetic models for adsorption of BTEX unto: Bt-HDTMA- Pseudo first order (a), Bt-TMPA-Pseudo first 

order (b), Bt-HDTMA-Pseudo second order (c), Bt-TMPA-Pseudo second order (d), Bt-HDTMA-Intra-particle 

diffusion (e), Bt-TMPA-Intra-particle diffusion (f). 

a 
b 

c d 

e f 
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The order of h values may be attributed to availability 

of more active vacant sites on the adsorbent at the 

beginning of the sorption process [8,74]. Hence, the 

lower hydrophilic compounds such as xylene and 

ethylbenzene have a higher tendency to the 

adsorbent, especially at the start of the adsorption 

process. But as the time elapsed, the order of 𝑘2 value 

has an inv inverse relation with the order of h value. 

This may be attributed to the molecular weight of 

BTEX. Owing to lower molecular weight [8], 

benzene and then toluene can penetrate better onto 

the internal adsorption sites of the adsorbent 

compared to higher-molecular weight compounds 

such as ethylbenzene and xylene. 

3.5 Intra-Particulate Diffusivity 

The intraparticulate diffusivity was estimated using equation (7) which was developed using the linear driving force 

concept [75]. 

     𝛼                                      

Table 3. Pseudo first order, second order and intraparticle diffusion parameters for the adsorption of BTEX by Bt-HDTMA and Bt-TMPA
ADSORBENT      Bt-HDTMA         Bt-TMPA

ADSORBATE    Benzene    Toluene Ethylbenzene    Xylene     Benzene      Toluene Ethylbenzene       Xylene

Kinetic Models Parameters

Pseudo first Order

k1 -0.02 -0.06 -0.014 0.011 -0.016 -0.015 -0.026 -0.016

qe 1.267 0.795 1.16 0.65 1.188 1.249 1.849 1.564

R
2

0.982 0.184 0.965 0.179 0.925 0.94 0.833 0.928

Pseudo second Order

k2 0.043 0.034 0.031 0.021 0.092 0.018 0.015 0.014

qe cal 1.862 1.802 1.937 4.149 1.88 2.198 2.198 4.24

h 0.149 0.11 0.116 0.362 0.071 0.087 0.093 0.25

qe exp 1.526 1.576 0.1686 3.742 1.522 1.796 1.814 3.7

R
2

0.984 0.994 0.977 0.997 0.922 0.92 0.91 0.883

Intra-particle diffusion

Kid 0.109 0.115 0.134 0.232 0.128 0.15 0.48 0.264

C 0.432 0.404 0.32 1.466 0.212 0.268 0.34 1.07

R
2

0.903 0.865 0.905 0.868 0.922 0.92 0.91 0.883

Table 4. Langmuir, Freundlich, Temkin and D-R isotherm parameters for the adsorption of BTEX by Bt-HDTMA and Bt-TMPA

Adsorbent Adsorbate Langmuir Freundlich Temkin Dubnin Radushkevick

Qm(mg/g)      b(L/mg)           R
2

   Kf(mg/g)               n            R
2

    A(L/mg)               b             R
2

    qm(mg/g)     E(KJ/mol)             R
2

Bt-HDTMA B 6.135 0.083 0.765 0.432 0.687 0.998 0.037 0.669 0.561 6.488 0.048 0.984

T 5.882 0.0887 0.829 0.457 0.664 0.982 0.037 0.686 0.574 6.533 0.0485 0.954

E 9.803 0.118 0.929 0.821 0.745 0.993 1.487 11.674 0.001 7.933 0.072 0.988

X 16.949 0.138 0.772 2.689 0.753 0.979 443.34 0.265 0.664 15.41 0.0788 0.977

Bt-TMPA B 10.753 0.0503 0.854 0.48 0.786 0.98 0.0179 0.612 0.864 6.166 0.0476 0.887

T 6.097 0.196 0.998 1.649 0.552 0.991 10.75 0.351 0.323 6.296 0.104 0.97

E 6.098 0.225 0.895 2.07 0.654 0.989 61.967 0.466 0.543 8.679 0.089 0.987

X 23.81 0.253 0.979 5.038 1.554 0.996 0.088 -4.15 0.006 11.929 0.108 0.976
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Where α is the fractional attainment to equilibrium

(FATE) given by equation (8), Kp is the rate constant 

for intraparticulate diffusivity 

𝛼   
    
   

                                               

Where [M]t represents amount of BTEX adsorbed at 

time t and [M] the amount of BTEX adsorbed at 

infinity. The plot of the fractional attainment to 

equilibrium (FATE) is shown in figures 4a, and 4b 

for HDTMA modified bentonite (Bt-HDTMA) and 

TMPA modified bentonite (Bt-TMPA) respectively. 

FATE helps to ascertain in detail how equilibrium 

was approached by both the modified and unmodified 

clay adsorbents. All values of alpha coverage to 1 

(one), showing that equilibrium was reached. The 

adsorption of benzene, toluene, ethylbenzene and 

xylene reached equilibrium in 120 mins for Bt-

HDTMA and Bt-TMPA, implying higher sorption 

rate [76,77]. 

a b 

c d 
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Figure 4: Fractional attainment to equilibrium (FATE), alpha against Time (min) for BTEX adsorption on Bt-

HDTMA (a) and Bt-TMPA (b), (BTEX conc = 50mg/L); Isotherm models for: Bt-HDTMA-Langmiur (c), Bt-

TMPA-Langmiur (d). 

3.6 Adsorption Isotherm 

Adsorption isotherm is one of the most crucial 

parameters used to find the adsorption mechanism 

necessary for designing any sorption system. 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. 

Adsorption isotherms are precisely used to ascertain 

whether the adsorbent could be efficiently exploited 

for the removal of the adsorbate molecule from 

several solutions [78]. The use of adsorption isotherm 

model helps one to understand the process of 

adsorption [79]. The two widely used adsorption 

isotherm models include; Langmuir and Freundlich 

adsorption isotherm models [8,79,80]. 

3.7 Langmuir Isotherm Model 

This is a mathematical isotherm model, which is 

gotten 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 [8,78-80]. 

This isotherm model [83] in linear form is given as: 

  

  

 
  

  

 
 

    
                                     

Where C (mg/L) and  𝑒 (mg/g) are the concentration 

of adsorbate and the adsorption capacity of the 

adsorbent at the equilibrium time, respectively.  

(L/mg) is the Langmuir constant and    (mg/g) is 

maximum adsorbent capacity.    and   are attained 

by the slope and intercept of  𝑒/ 𝑒 versus  𝑒, 

respectively. The values of the Langmuir isotherm 

parameters are shown in Table 4. Langmuir isotherm 

rather fitted poorly to the experimental data. Similar 

result was obtained by Nourmoradi et al. [8]. 

3.8 Freundlich Isotherm Model 

The Freundlich isotherm model is an empirical 

adsorption isotherm model which explains the 

equilibrium relationships existing between the 

adsorbate and the adsorbent molecules and assumes 

multilayer adsorption on the adsorbent heterogeneous 

site. The Freundlich isotherm model [78,80,81] is 

given as: 

          𝑘  
 

 
                                   

qe 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 In qe 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 
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the adsorbent surface and adsorption capacity 

respectively [80]. The Freundlich isotherm 

parameters and its correlation coefficient (𝑅2
) for 

BTEX adsorption by Bt-HDTMA and Bt-TMPA are 

exhibited in Table 4; Figures 5e and 5f. From the 

results, Freundlich isotherm model fitted well to the 

experimental data. Many researchers have reported 

that sorption of BTEX from aqueous solutions with 

different adsorbents is well described by Freundlich 

isotherm model [8,41,43,44,46]. The   values 

ranging from 0.55-1.55 obtained by this isotherm 

model showed that BTEX is suitably adsorbed by Bt-

HDTMA and Bt-TMPA, indicating strong adsorption 

bonds between organoclays and BTEX compounds. 

Nourmoradi et al., [8] and Sharmasarkar et al., [46] 

reported that the   values for the removal of BTEX 

via the cationic modified clays (TTAB-Mt) and 

(TMPA-SWy and Adam-SWy) were in the range of 

1.04 to 1.55 and 1.59 to 1.88 respectively. 

3.9 Dubnin-Radushkevich Isotherm Model 

The Dubinin-Radushkevich isotherm (𝐷-𝑅) model 

has been used to ascertain the type of sorption 

process as physical, chemical adsorption or ion 

exchange [8,81]. The linear form of the 𝐷-𝑅 isotherm 

model can be represented as: 

                                        

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

based on the isotherm,   (kJ/mol) is related to mean 

adsorption energy and   (Polanyi Potential) is equal 

to 𝑅T ln (1 + 1/Ce). 𝑅 (kJ/mol
-
 K) is the universal gas 

constant and (K) is temperature [81]. From Figures 

5c and 5d,    and   are obtained from the intercept 

and slope ln 𝑒 versus  2
, respectively.   (kJ/mol) is 

the mean adsorption energy that is represented by 

equation (12): 

  
 

   
                                           

The type of adsorption process is specified by the E 

value as follow: Physisorption or Chemisorption 

occurs if E < 8 kJ/mol or E ˃ 16 kJ/mol, respectively. 

But the chemical ion exchange occurs for E in the 8-

16 kJ/mol [82]. The values of parameters for D-R 

isotherm model for adsorption of BTEX by Bt-

HDTMA and Bt-TMPA are displayed  in Table 4. As 

seen, the adsorption of BTEX by Bt-HDTMA and Bt-

TMPA has occurred for E values in the range of  

0.048-0.079 and 0.048-0.11 kJ/mol for Bt-HDTMA 

and Bt-TMPA respectively. Hence, the removal of 

BTEX in the solution by Bt-HDTMA and Bt-TMPA 

is governed by physisorption. 

3.10 Temkin Isotherm Model 

The Temkin model accounts for the effects of 

indirect adsorbate-adsorbate interactions on the 

adsorption isotherm, with heat of adsorption tending 

to decrease with increasing coverage due to these 

interactions [39,70]. Temkin model assumes a linear 

decrease in the heat of adsorption with temperature, 

rather than logarithmic decrease as implied by the 

Freundlich equation. The linear form of the Temkin 

model is given by Eq. (13). 

                                                                          

     
𝑅 

 
    

𝑅 
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where A (L.mg
-1

) and b are Temkin isotherm 

constants, R = 0.0083kJmol
-1

 K
-1

 and T is 

temperature (K) of the experiment. A plot of  𝑒

versus 𝐼  𝑒 is linear and the Temkin constants 

determined from the slope and intercept. From 

figures 5e and 5f, it can be seen that the Temkin 

isotherm fitted rather poorly to the experimental data. 

Similar result was also obtained by Egbuchunam et 

al., [70]. 
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Figure 5: Isotherm models for the adsorption of BTEX by: Bt-HDTMA-Temkin (a), Bt-TMPA-Temkin (b), Bt-

HDTMA-D-R (c), Bt-TMPA-D-R (d), Bt-HDTMA-Freundlich (e), Bt-TMPA-Freundlich (f). 

a b 

c d 

e f 
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4. Conclusion 

In this study, the effectiveness of 

hexadecyltrimethylammonium (HDTMA) and 

Trimethylphenylammonium (TMPA) cations 

intercalation with Bentonite clay, corresponding to 

100% of the cation exchange capacity (CEC) in the 

removal of benzene, toluene, ethylbenzene and 

xylene (BTEX) in aqueous solution was investigated 

with contact time of 2 hours. BTEX adsorption onto 

Bt-HDTMA and Bt-TMPA was well described by the 

pseudo-second-order kinetic and Freundlich isotherm 

models. The result of the present study indicates that 

bentonite modified with HDTMA and TMPA can be 

successfully employed for the removal of BTEX over 

a concentration range and at varying contact time. In 

addition, the modified bentonite has the potential to 

replace the high cost adsorbents such as diatomite, 

activated carbon, zeolites, etc, owing to its high 

surface area, low cost, eco-friendly , non-toxic and 

great adsorption capacity. 
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