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1. Introduction

Abstract. Heat-Treated Gilsonite (HT-Gil) has been used for adsorptive removal of
toluene from wastewater for years. In this respect, some appropriate standard test methods
were employed to characterize the sample. The FT-IR spectrum was a proof of the presence
of long aliphatic chains and aromatic rings. In addition, FE-SEM imaging was employed to
investigate the surface morphology and grain size of the sample and confirm the irregular
shape of the HT-Gil with different particle size distributions. The chemical properties and
elemental composition of the sample were determined through several ASTM tests and
XRF analysis. Moreover, TGA experimental results revealed the thermal stability of the
sample at 350°C. Adsorption parameters including temperature (A: 5-45°C), pH (B: 4-9),
and contact time (C: 20-90 min) were optimized using BBD. The results showed that the
maximum adsorption capacity of 69.1% was achieved in an optimum condition featuring
5°C, pH 9, and 90 min. The used adsorbent had acceptable adsorption efficiency (62.12%)
following four thermal regeneration cycles. Moreover, the results of equilibrium data were
in accordance with those of the Freundlich isotherm model (R* = 0.9531) and revealed
that the non-uniformity of the adsorbent surface was in line with that found previously in
the literature.

(© 2021 Sharif University of Technology. All rights reserved.

represent a distinct group of organic compounds with
a Reid vapor pressure of 0.01 kPa or higher that can

Volatile Organic Compounds (VOCs) encompass a
wide range of carbon-containing gases and vapors
which are mainly produced through the semiconductor
manufacturing process and many other chemical pro-
cesses containing hydrocarbon solvents [1,2]. VOCs,
known as one of the major atmospheric pollutants,
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readily evaporate at room temperature [3-5]. Different
hazardous effects of VOCs on the environment and
human health including the formation of ground-level
ozone, fine particulate matt (PMs.5), photochemical
smog, and Secondary Organic Aerosols (SOAs) have
been already reported in the literature [6-8]. A
prominent member of VOCs, toluene (methylbenzene)
is a clear, colorless, volatile, flammable liquid of low
viscosity and explosive nature in the air with a benzene-
like odor [9]. This aromatic hydrocarbon causes
severe health-related problems involving respiratory
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diseases, failure of the liver, kidneys, central nervous
system, and even cancer at very low concentration
levels (< 100 ppmv) [10,11]. Therefore, a number of
countries and regions have introduced stringent regu-
lations to control the VOC emissions from polluting
industries by imposing strict emission standards in
recent years [12]. Nowadays, a number of techniques
such as adsorption [13,14], absorption [15], catalytic ox-
idation [16], catalytic combustion [17], photocatalytic
oxidation [18], condensation [19], and biofiltration [20]
have been employed to remove VOCs. Among all the
mentioned techniques, adsorption is broadly utilized
and considered as a simple, efficient, cost-effective, and
eco-friendly process in eliminating VOCs, particularly
in low concentrations [12,21]. To this end, many types
of adsorbents including Activated Carbon (AC) [22],
zeolites [23], silica gel [24], aerogel [25], alumina [26],
and Metal-Organic Frameworks (MOFs) [27] have been
applied to the process of adsorptive removal of VOCs.
For instance, AC is usually used as the most common
adsorbent owing to its high specific surface area, micro-
porous structure as well as functional groups, and high
availability. However, it has a number of drawbacks:
flammability risk, low thermal stability, blocked pores,
difficult regeneration, and hygroscopicity. However,
other common commercial adsorbents such as zeolites
and alumina are often expensive or cause low adsorp-
tion capacity problems [1,28]. Hence, the necessity
of introducing new adsorption materials to eliminate
VOCs is highlighted.

Gilsonite, scientifically known as “uintahite”, is a
natural solid hydrocarbon discovered in the 1860s in
the Uinta Basin, Utah (USA) mined in underground
shafts.  Gilsonite has a brilliant and obsidian-like
appearance that is readily pulverized into dark brown
powder. Due to its unique chemical and physical
properties, gilsonite is widely used in mining and other
different industrial applications such as production
of asphalt binder modifiers, oil drilling fluids, paint
products, enamels, inks, and so on [29-31].

The objective of this study is to introduce Heat-
Treated Gilsonite (HT-Gil) as a new type of natural
adsorbent used for removing toluene, as a represen-
tative of VOCs, from aqueous media. In addition,
characterization of the sample was carried out by
Fourier Transform Infrared (FT-IR) spectroscopy, X-
Ray Diffraction (XRD), X-Ray Fluorescence (XRF)
spectrometry, Thermo-Gravimetric Analysis (TGA),
and Field Emission Scanning Electron Microscopy (FE-
SEM) techniques. The effects of significant param-
eters including temperature, pH, and contact time
were determined using a three-level, three-variable
Box-Behnken Design (BBD) from Response Surface
Methodology (RSM) using the Design Expert® Version
7.0 (StatEase Inc., USA). Moreover, the regeneration
processes were performed using solvent washing and

thermal recycling. Finally, Langmuir, Freundlich, and
Temkin isotherm models were employed to analyze the
experimental equilibrium data.

2. Experimental

2.1. Preparation and characterization of
HT-Gil

The gilsonite samples used in this study were collected
from a gilsonite mine in Kermanshah Province, situated
in the West of Iran. All of the samples were pulverized
and sieved through a 200-mesh sieve. In order to
remove the trapped water molecules and low-boiling
species, the resultant powder was heated in a vacuum
oven at 180°C and 5 mmHg for 1 h.

2.2. Characterization

The FT-IR spectrum (KBr pellet method) was ob-
tained through a Thermo Nicolet Nexus 870 FT-
IR spectrometer at room temperature. The surface
morphology of HT-Gil was evaluated using scanning
electron microscopy (TESCAN, MIRA3 XMU) operat-
ing at 15 kV. The XRD pattern was obtained through
a Seifert XRD 3003 PTS diffractometer with CuKa
X-ray radiation (A = 1.54 A). Thermo-Gravimetric
Analysis (TGA) was carried out using a Mettler
Toledo TGA/SDTA 851 apparatus under argon (Ar)
atmosphere at a ramping rate of 10°C min~' and
temperatures ranging from the ambient temperature
to 950°C. The quantitative elemental analysis of the
sample was conducted using an X-ray fluorescence
spectrometer (RIGAKU ZSX Primus IV). The physical
properties and elemental analysis of the treated sample
are summarized in Table 1. Toluene concentration was
analyzed by a UV-Vis spectrophotometer (Varian Cary
300) at Apax of 261 nm. Moreover, the solutions were
centrifuged using a Hettich Rotofix 32A centrifuge.

Table 1. Physical properties and elemental analysis of

HT-Gil.

Properties Test method Results (%)
Ash content ASTM D3174 6.2
Moisture content ASTM D3173 1.3
Solubility in TCE ~ ASTM D2042 89.1
Carbon content ASTM D5291 77.9
Hydrogen content ~ ASTM D5291 7.9
Nitrogen content ASTM D5291 0.9
Calcium content XRF 0.18
Iron content XRF 0.018
Sulfur content XRF 11.76
Nickel content XRF Trace
Vanadium content XRF 0.024
Strontium content XRF 0.012
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Table 2. The physico-chemical properties of
toluene [33-38].

Property Value
Formula CrHg
Molar mass (g mol™') 92.14
Boiling point (°C) 110.6
Melting point (°C) -94.9
Kinetic diameter (nm) 0.56
Polarizability (A%) 11.86
Relative density (g L™!) 0.86
Saturated vapor pressure at 30°C (kPa) 4.89
Solubility in water at 20°C (g L™1) 515
Dipole moment (Debye) 0.33
Tonization energy (eV) 8.83
Henry’s law constant (unitless) 0.24

2.3. Batch adsorption experiments

The ability of HT-Gil as a natural adsorbent to remove
toluene from aqueous media was investigated in a
batch process. The physical and chemical properties of
toluene are presented in Table 2. Prior to adsorption
experiments, the adsorbent was degassed at 100°C in
a vacuum oven overnight and stored in a desiccator.
Then, the stock solution of toluene with a concen-
tration of 1000 mg L~! was prepared through double
distilled-deionized water and diluted to the required
concentrations for each of the adsorption experiments.
In this study, a temperature-controlled reciprocating
shaker was set to operate at 200 rpm, and 100-ml
glass Erlenmeyer flasks with PTFE-lined screw cap
were utilized in all experiments. Batch optimization
experiments were conducted using 50 mL of toluene
solutions with an initial concentration of 100 mg L~!
and a definite amount (200 mg) of the adsorbent.
Furthermore, the pH values for the solutions were
adjusted using 0.05 M NaOH or 0.05 M H,SO4. To
elaborate the adsorption mechanism, isotherm studies
were conducted under some optimal conditions using
4 g L7! of the adsorbent and the solution with initial
toluene concentration ranging from 25 to 100 mg
L~!. After the adsorption process, the solutions were
centrifuged at 6000 rpm and the supernatant was
filtered by a filter paper with a pore size of 0.45-pm and
immediately analyzed by a UV-Vis spectrophotometer.
The toluene removal percentage and adsorption capac-
ity (¢., mg g=') were determined using Egs. (1) and
(2), respectively [32]:

Removal (%) = w, (1)
0

(CO — Ce)l)

Ge=——, (2)

where Cj is the initial toluene concentration (mg L™1),
C. the equilibrium concentration of toluene in solution
(mg L=1), v the volume of the liquid phase in liter, and
m the dry weight of adsorbent in gram.

2.4. Boxz-Behnken statistical design of

experiment
BBD, a very appealing design for the RSM model,
is a powerful and up-to-date method for optimizing
the process conditions, categorized into a rotatable or
nearly rotatable second-order design on the basis of
three-level incomplete factorial designs [39]. A three-
level three-variable BBD in some conditions including
temperatures A (5, 25, and 45°C), pH, B (4, 6.5, and
9), and contact times C (20, 55, and 90 min) was
employed to determine the main effects of the variables
on the toluene adsorption by the proposed adsorbent.
The main variables with three levels (the high, low, and
central points of factors were coded as +1, —1, and 0,
respectively) are presented in Table 3.

The actual variables (X;) were coded based on
linear transformation according to Eq. (3):

(Xnigh+X1ow)
X, — st ows 5

Ti = Xhigh + Xiow ’ (3)
2
where z; is the dimensionless coded value of the ith
independent variable and X; is the uncoded value of
the sth independent variable. In addition, Xyje, and
Xiow are the high and low levels of uncoded factors,
respectively [40].
The total number of 17 experiments (N) were
conducted to develop BBD consisting of 12 factorial
points and 5 center points.

N=2kk-1)+c, (4)

N=2x3x(3-1)+5=17, (5)

where k is the number of independent variables and ¢
is the number of center points [41].

The mathematical relationship between the vari-
ables and responses was illustrated by the following
second-order polynomial equation (Eq. (6)), which is
a function of independent variables, interactions, and
squared terms:

K K Kook
Y 250+Z 5#&"#2 ﬂnﬂcvaZ Z Bijrirj+e. (6)
1=1 =1

i=1 i<j

Table 3. Independent variables and coded levels for the
BBD design.

Variables Symbol Level

1 0 41
Temperature (°C) A 5 25 45
pH B 4 65 9
Contact time (min) C 20 55 90
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Here, Y is the predicted response (i.e., toluene removal
percentage); x; and x; are the coded independent
variables; 3y is the offset term; (3;, B;;, and 3;; are
linear, quadratic, and interaction coefficients, respec-
tively. Further, ¢ and 7 are the index numbers of
variables, and e represents the residual error [42,43].

3. Results and discussion

3.1. Characterization

FT-IR spectroscopy was employed in this study to
identify the functional groups on the surface of the
mineral materials. Figure 1 shows the FT-IR spectrum
for the HT-Gil sample in the wavenumber ranging from
3700 to 500 em~!. In Figure 1, two very strong peaks
at 2918 and 2852 cm™! are assigned as asymmetric
and symmetric C-H stretching vibrations, respectively.
The intensity of the peak at 2918 cm~! corroborates
the presence of long aliphatic chains in the respective

% transmittance

2918

T T T T T T T T T . T .
3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™1)

Figure 1. FT-IR spectrum of HT-Gil.

2 ym
I

sample. The appearance of an sp? aromatic band in
the region of 3000-3100 ¢cm~! results from the C-H
stretching modes. The peak observed at 2357 cm™!
is possibly related to the C=0 stretching vibrations
of ambient CO, molecules. The peak observed at
1585 cm~! is caused by the stretching vibrations
of C=C in the aromatic rings. The peaks 1450 and
1370 ¢cm~! are related to the bending vibrations of
asymmetric C-CHj bonds and/or CH, and symmetric
C-CH3 bonds. The high-intensity band at 1023 cm™!
is attributed to the sulfoxide group. Medium intensity
bands between 730 and 850 cm~! wavenumbers
originated from C-H out-of-plane bending vibrations
of aromatic compounds. The broadband centered
around 3450 cm~! is also visible in the IR spectrum
and corresponds to N-H or O-H groups [44-49].

The FE-SEM, a significant sort of electron mi-
croscopical technique, is a promising tool for gener-
ating high-resolution images of micro/nano-materials
through high-energy electron beams and provides use-
ful data about particle size distribution and surface
morphology of different samples [50,51]. The surface
morphology of HT-Gil is characterized by FE-SEM
images, as depicted in Figure 2. As observed, the
sample is characterized by a porous structure with
different particle size distributions, and it appears that
the particles have polyhedral shapes with a relatively
smooth surface morphology.

The XRD pattern of HT-Gil at 26 ranges from
10° to 80°, as shown in Figure 3. No sharp peaks are
observed in the XRD pattern, which is indicative of
the amorphous nature of HT-Gil. The diffractogram
contains two very broad and weak peaks at 26 angles
around 23° and 43°, which are related to the diffraction
planes of (dpo2) and (do1o), respectively. While the
peak appearing at 23° is attributed to crystalline
regions of diffraction from the layering of graphitic
carbons, that at 43° corresponds to the formation

(b)
Figure 2. (a) Low- and (b) high-magnification FE-SEM images of HT-Gil.
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Figure 3. Wide-angle X-ray pattern of HT-Gil.
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Figure 4. TGA/DTG analysis curves for HT-Gil sample
under argon atmosphere.

of small 2D lattices. To be specific, the sample is
characterized by small crystallinity produced by the
sp?-hybridized graphitic system according to the XRD
analysis [45,52].

Thermo-Gravimetric Analysis (TGA) is a simple
analytical method that determines the thermal stabil-
ity and fraction of volatile components of a material by
measuring the weight variations for the sample when
exposed to heat at a constant rate [53]. Figure 4
shows the profiles of TGA and Derivative Thermo-
Gravimetric (DTG) analysis of the HT-Gil sample
with a heating rate of 10°C min~!. The TGA curve
shows one single stage of weight loss about 52% w/w
between 350°C and 550°C. Moreover, the DTG curve
of the sample exhibited one distinct peak centered at
456°C corresponding to the maximum weight loss rate.
The mass loss of the specimen is mainly attributed
to the decomposition (pyrolysis) and volatilization of
hydrocarbon compounds. The weight loss of the
sample continued marginally above 550°C. In addition,

the amount of solid residue at the final temperature of
950°C was 37% w/w.

3.2. Experimental design methodology

A three-level three-variable BBD from RSM was em-
ployed to determine the optimal removal efficiency
of toluene (representative of VOCs) from aqueous
media. BBD matrix with three factors consisting of 17
experimental runs and 5 replicates at the center point
was investigated, the results of which are summarized
in Table 4.

According to the statistics of the model summary
(Table 5), the cubic model was found to be statistically
aliased, and 2-Factor Interaction (2FI) model had the
highest values of adjusted determination coefficient
(Adj R-Sq = 0.896) and predicted determination co-
efficient (Pred R-Sq = 0.8246). Consequently, the 2FI
model was selected for further analysis.

The results of the Analysis of Variance (ANOVA)
statistical method are presented in Table 6. Generally,
the proposed model and its corresponding terms with
p-values smaller than 0.05 are highly significant at a
confidence interval of 95%. In this respect, in the
2FI model, although independent variables of A and
B and all the interaction terms (i.e., AB, AC, and
BC) are statistically significant, C' is not significant
(p — value > 0.05). Among the model terms, AC' and
C terms with F-values of 61.29 and 0.17 have the most
and the least impacts on the response, respectively.
Furthermore, the Lack Of Fit (LOF) of the model was
not as significant as the F-value of 0.44, and the p-value
was more than 0.05 (0.8267).

The final equation calculated in terms of the
coded variables can be expressed by the following
equation:

Removal (%) =59.56 — 2.244 4+ 2.11B — 0.25C

—3.95AB — 6.73AC + 5.12BC. (7)

The 3D surface and 2D contour plots in Figure 5 indi-
cate the relationship of each of the input variables with
the removal efficiency of toluene. Figure 5(a) illustrates
the interactive effects of pH and temperature param-
eters. As observed, the amount of toluene adsorption
increased gently with increasing temperature from 5°C
to 45°C. Figure 5(b) depicts the interaction between
the contact time and pH. The removal efficiency of
toluene slightly decreased by increasing the contact
time in the acidic pH range. On the contrary, at
basic pH values, upon increasing the contact time, the
removal percentage rose dramatically. Therefore, it can
be concluded that the contact time is less significant
than the pH value in terms of the response. The
combined effect of the contact time and temperature
is shown in Figure 5(c). The toluene removal efficiency
slightly increases upon increasing the temperature and
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Table 4. Box-Behnken design matrix and experimental responses.

Independent variables

Run no. Removal (%)
A: Temperature (°C) B: pH C: Contact time (min)
1 5 4 55 55.6
2 45 4 55 58
3 5 9 55 69.1
4 45 9 55 55.7
5 5 6.5 20 54
6 45 6.5 20 64
7 5 6.5 90 66.7
8 45 6.5 90 49.8
9 25 4 20 64.1
10 25 9 20 56.7
11 25 4 90 53.6
12 25 9 90 66.7
13 25 6.5 55 59.2
14 25 6.5 55 62.6
15 25 6.5 55 57.9
16 25 6.5 55 61.1
17 25 6.5 55 57.7
Table 5. Model summary statistics.
Source Std. Dev. R-Sq Adj R-Sq Pred R-Sq PRESS
Linear 5.39 0.1679 -0.0241 -0.7037 773.7
2F1 1.72 0.935 0.896 0.8246 79.64
Quadratic 1.85 0.9474 0.8799 0.7269 124.03
Cubic 2.11 0.9607 0.8427 +
Table 6. Analysis of variance table for response surface 2FI model.
Source Sum of squares df Mean square F'-value p-value
Prob > F
Model 424.63 6 70.77 23.98 < 0.0001
A: Temperature 40.05 1 40.05 13.57 0.0042
B: pH 35.7 1 35.7 12.1 0.0059
C: Contact time 0.5 1 0.5 0.17 0.6893
AB 62.41 1 62.41 21.15 0.001
AC 180.9 1 180.9 61.29 < 0.0001
BC 105.06 1 105.06 35.6 0.0001
Residual 29.51 10 2.95
Lack of fit 11.65 6 1.94 0.44 0.8267
Pure error 17.86 4 4.47
Cor total 454.14 16
the curvature of the response surface is clearly visible. parameter for assessing its efficiency, especially for
Moreover, the maximum adsorption capacity of 69.1% commercial applications. Prior to the regeneration
is obtained at 5°C, pH 9, and 90 min. process, HT-Gil was saturated in a toluene solution
(at a constant concentration of 100 mg L~!) under an
3.3. Regeneration of HT-G1l optimum adsorption condition and then, collected after

Reusability of the adsorbent is regarded as an integral filtration. The regeneration process was implemented
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Figure 5. 3D surface and 2D contour plots of toluene removal as a function of (a) temperature vs. pH (contact time = 55
min), (b) pH vs. contact time (temperature = 25°C), and (c) temperature vs. contact time (pH = 6.5).

through solvent washing (10 mL, including ethanol
and acetone) and thermal regeneration (calcination
at 250°C for 20 min). As presented in Figure 6(a),
the removal efficiency of the recycled HT-Gil after
applying the regeneration methods is of the following
order: thermal regeneration > acetone washing >
ethanol washing. As a result, the thermal regeneration
method was chosen for the next four regenerative
cycles. According to Figure 6(b), the regenerated
adsorbent caused a slight reduction in the adsorption
capacity of toluene after four adsorption-regeneration
cycles. This reduction might be related to the blocked
pores of adsorbent by agglomerates of decomposed
products during each regeneration cycle.

3.4. Adsorption isotherms

In this study, three common isotherm models including
Langmuir, Freundlich, and Temkin were employed to
fit the equilibrium adsorption data. In the Langmuir
model, all of the adsorption sites are active, the surface

is homogenous, only a monolayer surface with no at-
traction of adsorbate is formed through the adsorption
process, and each adsorbate has equal sorption [54].
The linear equation of the Langmuir model is given in
the following (Eq. (8)):

C. C. 1

e qm KL qm ’

(8)

where ¢,, (mg g~!) is the theoretical monolayer satura-
tion capacity, K (L mg™!) is the Langmuir constant,
and ¢. (mg/g) and C. (mg/L) are the amount of
adsorbed per unit weight of adsorbent and unadsorbed
adsorbate in solution in the equilibrium concentra-
tion, separately. To clarify the adsorption process, a
dimensionless constant separation factor equilibrium
parameter (Ry) is presented (Eq. (9)):

1

R = ——
L= 1y K. c

(9)
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Figure 6. (a) Regeneration of spent HT-Gil through several regeneration procedures. (b) Removal capacities of the
regenerated HT-Gil by thermal regeneration method up to four regeneration cycles.
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Figure 7. (a) Langmuir, (b) Freundlich, and (c¢) Temkin isotherm plots for adsorption of toluene onto HT-Gil.

where K; (L mg~!) is the Langmuir constant and
C; (mg L71) is the initial concentration of adsor-
bate. The value of Ry determines that whether the
adsorption process is unfavorable (R > 1), linear
(R = 1), favorable (0 < Rp < 1), or irreversible
(Ry = 0) [55,56].

In the Freundlich isotherm, the interaction be-
tween the adsorbate and the surface sites is observable.
Consequently, at the ending point of the adsorbent,
the adsorption energy decreases exponentially. The
linearized form of the Freundlich equation is as follows:

Ing. =InKp + %ln C., (10)
where Kr (mg g ') and n are the Freundlich con-
stants denoting the adsorption capacity and adsorption
intensity, respectively. The degree of non-linearity of
solution concentration and adsorption was determined
by the n value. The adsorption process can be linear
(n = 1), chemical (n < 1), or favorable physical process
(n > 1) [56,57].

In the Temkin isotherm model, the adsorption
heat of the molecules declined linearly with the cov-
erage of the surface. The adsorption process is de-
termined by the homogenous dispensation of binding
energies up to the highest binding energies. The linear

form of the Temkin model is defined as (Eq. (11)):

¢e = Brln Kt + By InC., (11)
where By and K7 (L mg™!) are the heat of adsorption
and Temkin isotherm constant, ¢. is the amount of
adsorbate in the adsorbent at equilibrium, and C, is
equilibrium concentration [57,58]. Adsorption isotherm
model plots are depicted in Figure 7(a)—(c). The
related parameters for each model are presented in Ta-
ble 7. A comparison of regression coefficient (R?) val-
ues from these models showed that the equilibrium data
were well adapted to the Freundlich model (the highest
R? value of 0.9531). The n value in the Freundlich
equation was 2.3590 (n > 1) which was indicative
of favorable physisorption. The maximum adsorption
capacity was measured as 21.8341. Moreover, the R
value from Langmuir isotherm was between 0 and 1,
suggesting a favorable adsorption process.
Thermalization of untreated gilsonite (extracted
gilsonite) contributes to removing oils and obtaining
stable pores after cooling to room temperature. This
process causes a decrease in the relative amounts of
functional groups containing oxygen due to evapora-
tion. According to the results of FT-IR and XRD,
the heat treatment operation is a vital process in
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Table 7. Langmuir, Freundlich, and Temkin isotherm
model constants and correlation coefficients.

Isotherm model Parameters Values

gm (mg g™')  21.8341

—1
Langmuir ]\2L (Lmg ") 0.0910

R 0.8779

R 0.0990-0.3053

Kr (mgg™') 3.7216
Freundlich n 2.3590

R? 0.9531

Kr (Lmg™') 1.3040
Temkin Br 4.2107

R? 0.8733

forming carbon-rich polycyclic aromatic hydrocarbons
as high-boiling species. Consequently, the adsorption
of toluene by HT-Gil is probably related to the -
7 interaction of the aromatic ring of toluene with
residual aromatic hydrocarbons in the pores of the sor-
bent [45,52]. In addition, Table 8 compares the toluene
adsorption capacity of HT-Gil with those of some other
adsorbents previously reported in the literature.

4. Conclusion

HT-Gil was introduced as a low-cost natural adsorbent
used for the removal of toluene from aqueous solution.

Different surface chemical functional groups confirmed
the amorphous structure of HT-Gil with small crys-
tallinity from the sp?-hybridized graphitic system,
which would cause 7— interactions of toluene onto the
HT-Gil during the adsorption process. BBD technique
under RSM was selected to optimize the adsorption
process. The effects of temperature, pH, and contact
time as three different variables on the response were
also investigated. According to the results obtained
from ANOVA analysis, the validity and accuracy of the
2FI model based on an F-value of 23.98, p — value <
0.0001, and insignificant LOF were confirmed. Among
independent variables and interactions, AC with an F-
value of 61.29 and C with an F-value of 0.17 had the
most and the least effects on the response, respectively.
The proposed adsorbent enjoyed another advantage,
i.e., simple regeneration by thermal regeneration at a
relatively moderate temperature or by solvent wash-
ing. The Freundlich adsorption isotherm model was
well fitted to the experimental data. The calculated
Freundlich constant n was larger than unity, and the
physical adsorption was the most favorable adsorption
mechanism. The obtained results indicated that natu-
ral gilsonite was an appropriate candidate for removing
hazardous chemicals from wastewater in terms of cost-
effectiveness, efficiency, and mild technical condition.
This new type of adsorbent can be employed to
eliminate harmful organic compounds, which cannot
be easily removed by conventional adsorbents such as
some activated carbons and zeolites.

Table 8. Comparison of adsorption capacities of various adsorbents for adsorptive removal of toluene from aqueous media.

Adsorption capacity

Adsorbents Conditions Ref.
ge (mg g™")
HT-Gil 21.83* pH:9,7:5 Present work
APCNTs 23.28 pH: 6, T : 20 [59]
ONTs-5.9% 31.28 pH:7,T:20 [59]
Nano-Fe 9.8 pH:7,7:10, Co:10  [60]
Hybrid CNT 9.95 pH:7,T:10,Co:10 [60]
HONT (MWCNT-SiOs) 9.96 pH:7,T: 10 (61]
OoMC 18.2 pH:7,7T:25 Co:10 [62]
Thermally treated lignite 0.0343 pH:5, T :20 [63]
Activated carbon (date-palm pits) 5.53% pH: 10, T : 20 [64]
Activated carbon (olive stones) 5.8 pH:7.8,T:25 [65]
Activated carbon (cotton stalks) 6.7 pH:7.8,T:25 [65]
Smectite organoclay 1.27* pH:9,T:24 [66]
Sericite mica 16 pH: 7.7, T :20 [61]
MWCNT 9.8 pH:7,T:10, Co:10 [60]

Note: T = temperature (°C); Cp = initial concentration (mg L~1);
MWCNT = Multi-Walled Carbon Nanotube; OMC = Ordered Mesoporous Carbon;

2; Maximum adsorption capacity (mg g~1);

b: mmol g—1.
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