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ABSTRACT: Desulfurization using porous materials is based on the capability of a solid sorbent
to selectively adsorb organic sulfur-containing compounds. In the present study, different sorbents
were prepared by varying the NiO/WOs loadings onto bentonite for the removal of sulfur from
commercial diesel fuel containing approximately 100 ppm total sulfur (S). X-Ray Diffraction (XRD),
Fourier Transform InfraRed (FT-IR) spectroscopy, and Scanning Electron Microscopy (SEM) showed
the ability of modified bentonite to adsorb dibenzothiophene (DBT) depends strongly on the surface
chemistry, particularly on the presence of basic oxygen-containing groups and acid content.
A Plackett—Burman Design (PBD) was chosen as a screening method to estimate the relative influence
of the factors that could have an influence on the analytical response. The significant variables
included: sorbent amount, feed volume, extraction solvent kind, and its volume were optimized using
Central Composite Design (CCD). 93.5% removal of sulfur was observed with NiO@WOs;@bentonite.
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INTRODUCTION

Novel environmental regulations regarding the sulfur
content in oil fuel products have forced researchers and
refineries to extend efficient processes for producing
cleaner fuels [1-3]. Mainly, oil products with an ultra-low
sulfur content (<1 ppm) are required in several cases like

the fuel cells application. Therefore, ultra-deep
desulfurization of liquid hydrocarbon fuels has become an
increasingly essential subject worldwide. Besides, the
traditional hydrodesulphurization (HDS) by CoMoS or
NiMoS-based catalysts are the established processes
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in petroleum refineries for the production of desulfurized
transportation fuels similar to gasoline, diesel, and jet
fuels. In spite of the best high efficiency and the
technological importance of HDS, dibenzothiophenes
and particularly 4, 6-dimethyldibenzothiophene which is
considered resistant to chemical reactions, cannot be
totally removed by this process. Thus, research efforts
have focused recently on the novel, alternative methods.
Such as adsorptive desulfurization and oxidative
desulfurization have been explored [4-6].

Among all these alternative desulfurization techniques,
ADS has attracted the extensive attention of several
research groups to produce ultra-clean fuels due to the saving
of energy and operation costs. Many researchers used ADS
method for the removal of sulfur compounds from diesel,
gasoline, jet, or model fuels using porous materials, such as
charcoal [7] mesoporous silica [8], metal cation-exchanger
microporous zeolites [9, 10], and transition metal compounds
supported on porous silica gel [11]. In this paper, bentonite
was used as the base adsorbent. It is beneficial for the treatment
of environmental pollution because of its large surface
area, excellent swelling capacity, high adsorption capacity,
and low-cost [12-14]. Bentonite has been used
as a binder of oxide material like; iron, zinc, chromium,
Cu, cobalt, and titanium oxides [15] for SO,, [16-18]
dibenzothiophene, [19] and Chattonella marina [20].
However, raw bentonites usually exhibit a small surface
area due to the strong restack of layers, limiting their
application in dye removal. Modification such as acid
activation and thermal treatment has been performed
to expand the surface area and enlarge the pore size
of bentonites. However, such modification may result
in the destruction of bentonites and reduce the sum
of the reactive surface sites, thus having a detrimental
effect on the uptake capacity.

In the past decades, modification with metals and
oxides for example Al, Fe, Ti, Ni, Cu, and Ag [21-23] has
been used to improve and increase the properties of
bentonites. Ni-based sorbents exhibited improved
performance for ultra-deep desulfurization of liquid
hydrocarbons due to high sulfur capacity and selectivity [24].
Reported that Ni-based sorbents were very efficient in
selective removal of T, BT, and DBT from commercial
and model fuels. Ni has a unique sponge texture and bears
the merits of high surface area (ca. 100 m?/g), high
porosity (ca. 0.1 cm®/g), large pore size (ca.4 nm), low
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cost, and ready availability [12, 13], thus having the
potentiality to be a practical desulfurization adsorbent
or clean fuel production. Also, among these materials,
nano-sized tungsten trioxide materials have attracted much
attention for the removal of organic dyes because of their
environmentally benign nature and excellent adsorption
properties. To date, various structures based on WOs3, such as
nanorods, nanoplates, and nanodiscs have been successfully
fabricated and applied in adsorption processes [12, 13].
In the present paper, the major objective is to study the
efficiency of modified bentonite with Ni and W for DBT
removal. The effect of impregnating metal ions onto
the bentonite on its adsorption performance was explored.
The modified NiO/WO3; composites show excellent DBT
detecting and highly efficient adsorption properties. With
physical and chemical properties (i.e., large specific
surface area and adsorptive affinity for organic and
inorganic ions), bentonite is increasingly attracting
widespread attention as a new kind of microporous solid
that can serve as separating agents or sorbents, etc.
The adsorption characteristics of DBT on sorbents
were studied by using a dynamic adsorption method.
The chemical, morphological, and thermal degradation
properties and surface area were characterized by using
FT-IR, SEM, and XRD analysis methods. The
experimental conditions were optimized based on the
results obtained from the Plackett—-Burman Design (PBD)
using a Central Composite Design (CCD).

EXPERIMENTAL SECTION
Materials

In this study, raw bentonite was obtained from
Zarinkhak Ghayen, Iran. DBT was purchased from
Aldrich (USA). N-heptane, Na;WO4, Ni (NOszy. 9H0,
HNO3, H.SO4 methanol, and ethanol were purchased from
Merck Company (Darmstadt, Germany).

All chemicals were of analytical grade and used
without further purification. Deionized double distilled
water was used throughout all the experiments.

The stock solution of 100 mg/L DBT was prepared and
saved at 4 °C. Working standard solutions were obtained
by sufficient dilution of the stock standard solutions.

Instrumentation

The Fourier Transform InfraRed (FT-IR) spectroscopy,
Thermo Nicolet Avatar- model 560 (USA) operating
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in transmission mode was used to characterize the surface
of magnetic nanoparticles. The nanoparticles were ground
with KBr and compressed into a pellet whose spectra were
recorded. The morphology of the clays used in the
adsorption study was examined by the field emission
scanning electron microscope (FE-SEM) TESCAN model
MIRA3-FIG (Cesko). The adsorbents were characterized
by determining their surface area, pore diameter, and pore
volume, SEM in order to know about their nature of
the adsorbents. The mineralogical composition of the clays
used in the adsorption study was examined by the
mentioned SEM too. The crystalline structure of the
adsorbents was confirmed by powder X-ray diffraction
by using a Siemens D-500 X-ray diffractometer (Germany),
equipped with Ni-filtrated Cu K « radiation (40 kV tube
voltage, 100 mA tube current, and A =0.154nm).
Experimental design and analysis of the experiments were
done using Minitab Release 16 Statistical Software.

Adsorbent Preparation.
Preparation of bentonite as adsorbent

10 g of raw bentonite was obtained from Zarinkhak
Ghayen taken in a round bottom flask and 200 mL of
0.1 M HNOs and 0.1 M H,SO, solutions were added to it.
The bentonite and acid solutions in the flask were refluxed
with continuous stirring and heating (90 °C) for 3 h. After
3 h the bentonite slurry was filtered by a Buchner funnel,
then washed with distilled water, dried at 110°C in the
oven, and stored for further use.

Preparation of nano bentonite

In summary, a suspension of 0.8 g of the pretreated
bentonite in 50 mL ethanol was prepared and sonicated
with Powers 50-W. The suspension was ultrasonically
irradiated for 4h, at (25 °C). The nanostructures bentonite
was calcined at (800 °C) for 4h [25].

Preparation of nanocomposites

The first 10 g nano bentonite and 4.28g Ni (NO3)2.9H0,
4.28 g Na;WO,4 were added to the flask with 200 mL
distilled water, then these solutions were refluxed with
continuous stirring and heating (60 °C) for 24 h. Solution
slurry was filtered and then dried at (110 °C) in the oven
for 24h. Nanostructures bentonite was calcined at (400 °C)
for 4h.
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Sulfur adsorption experiments

Batch adsorption experiments were performed at (60 °C)
temperature for 20 min in order to remove sulfur from
a model fuel made from n-heptane mixed with a known-
trace amount of dibenzothiophene. In each test, 0.01 g of
the prepared adsorbent was added to 12 mL of the model
fuel (0.01 g sorbent / 12mL model fuel) and the mix
was shaken for 20 min. The experiments were carried out
under optimal conditions. The concentration of DBT
in model oil was determined by UV-Visible Spectrophotometer
(Schimadzu, 2010, Japan) at a wavelength of 325 nm.
The adsorbed amount of sulfur was calculated directly
from breakthrough curves.

Desulfurization ratio (%) = [(Co — C)/Co] x 100

Where Cy is the initial molar concentration of sulfur
(mol/L), and C is the final molar concentration of sulfur
(mol/L).

Adsorption isotherm studies

Research on the variation of initial DBT solutions with
concentrations ranging from 5 mg/L to 180 mg/L was used.
In stopper Erlenmeyer flasks, 0.01 g of the adsorbents and
12mL of the solutions were added and stirred at 3000 rpm
for 20 min maintained at (60 °C). The Langmuir and
Freundlich isotherm models were used to explain the
adsorption equilibrium. From these models, the adsorption
performance of the adsorbents could be evaluated.
The adsorption capacity of the adsorbent was calculated,
and equation constants that give indications of adsorption
performance were also determined. The amount of DBT
adsorbed is calculated by:

(Ce-CO)V

qg=—""" @
w

Where q (mg/g) is (the amount of adsorbate adsorbed
in mg)/(amount of adsorbent used for adsorption expressed
in gram). Co, and C. are the initial and equilibrium
concentrations of DBT (mg/L) in the solution, V is the
volume of solution (L), and W is the weight of adsorbent
(9) in the mixture. Adsorbed amounts per unit weight for
DBT removal at 50, 60, 80.100,150 and 180 mg/L initial
concentrations and 20 min time are: 59.64, 71.58, 95.45,
119.28, 178.59, 243.10 mg/g, respectively. The isotherm
data are tested with Freundlich and Langmuir models
for further investigation.
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Fig. 1: Adsorption isotherm of DBT on modified bentonite.

Adsorption Isotherms

The relationship of the amount of DBT adsorbed,
ge (mg/g) per gram of NiO@WOs@bentonite was studied.
Nanocomposite with the equilibrium concentrations C. (mg/L)
is shown in Fig. 1. A study on the variation of initial DBT
concentration at a fixed amount of adsorbent (0.01 g) per
12 mL solution was carried out at a temperature (60 °C).
The adsorption isotherms for DBT sorption on adsorbent
were obtained for concentrations ranging from 5 to 180 mg/L,
while keeping all other parameters constant. These
parameters were: shaking time = 20 min, stirring speed =
3000 rpm. ge increased sharply with an increase of C. and
then adsorption of the monomolecular layer reached
saturation i.e. ge is close to the maximum adsorption
amount (Qm).

Freundlich model

Langmuir and Freundlich's equations are usually used
for describing the adsorption equilibrium used for DBT
treatment applications. Freundlich's model very gives
a better fit, particularly for adsorption from liquids, and
can be expressed as [26]:

KfC1

d. )

n

Where K; and n are Freundlich constants related to
adsorption capacity and adsorption intensity. The plot for
the adsorption of DBT on adsorbent is shown in Fig. 2.
It is seen that the model gives an excellent fit to the
experimental data with the correlation coefficient of
R? = 0.9744. Usually, for a good adsorbent n is in this range:
1 <n<10. Asmaller value of n indicates better adsorption
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Fig. 2: Freundlich plot of DBT at 60 °C.

and the formation of a relatively powerful bond between
adsorbate and adsorbent.

Langmuir model

Langmuir adsorption isotherm is given by the
following equation
Ce 1 1

+—ce (3)
ge gmb gm

In the model, gm (Mg/g) is the amount of adsorption
corresponding to complete monolayer coverage and b
(L/mg) is the Langmuir constant related to the energy or
net enthalpy of adsorption [27]. When C./g. is plotted
against Ce, a straight line with the slope of 1/bgm
is obtained in Fig. 3. The plot indicates that the adsorption
of DBT follows the Langmuir isotherm. A host of research
workers have applied this model to interpret their sorption
data [28, 29]. In the present paper, we have observed that
the Langmuir plot gives a fairly well fit to the experimental
data with R? = 0.9529. The values of Freundlich and
Langmuir's constants obtained from the plots are given
in Table 1 for comparison. It is seen that the Langmuir
model fitted the results a little better than the Freundlich
model. It should be mentioned that the separation factor (RL)
value indicates the type of isotherm. RL values between
0 and 1 suggest favorable adsorption [30].

RL=1/(1+C,xb) @)

Where b is the Langmuir constant and Co is the initial
adsorbate concentration (mg/L). RL values of DBT
presented in Table 2 are between 0 and 1 for all
concentrations at 60 °C, indicating favorable adsorption.
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Table 1: Fitted isotherm models for the adsorption of DBT on modified bentonite.

4 Model Linearized equation Parameters R2 )
Freundlich Ln(ge) = Ln(Kf) + 1nLn(Ce) K: :109;;8 0.9744
. _ gm =243.9
\_ Langmuir Ce/ge= 1/gmb+ 1 /gm .Ce b =196 0.9529 )
Table 2L RL values for adsorption of DBT onto modified bentonite at 60 °C.
( DBT initial concentration, mgL* 50 60 70 80 100 150 180 w
k Re 0.001 0.0084 0.007 0.0063 0.005 0.0034 0.0028 )
0.009 ¥ = 0,0021x + 0.0041 Eq. (5). The value of AG, AH® , and AS® is given in Table 3.
0.008 R = 09529 { The value of AG® is negative which indicates that the
0.007 } """""""""""""""""""""" adsorption was spontaneous. The value of AS® is positive
0.006 which suggests that the DBT molecule was adsorbed
& oo H}f randomLy on the surface of the adsorbent; while the
g ooo4 positive value of AH® confirms that the adsorption process
0.003 was endothermic.
0.002
0.001 RESULTS AND DISCUSSION
0 02 04 06 08 1 12 14 16 18 Sorbents characterization

Ce

Fig. 3: Langmuir plot of DBT at 60 °C.

Thermodynamic parameters

The temperature effect on the adsorption of DBT on
NiO@WO;z;@bentonite nanocomposite was explained
more by thermodynamic parameters. Thermodynamic
parameters i.e. change in free energy (AG® ); change in
enthalpy (AH® ) and change in entropy (AS°) were
investigated by the next equations [31]:

AG’=-RTInK, (5)
AS AH

InK, =—-—— (6)
R RT
ge

Ik, =42 )
Ce

Where Kp is the distribution coefficient, R is the ideal
gas constant (8.314 J/mol.K) and T is the absolute
temperature in Kelvin. Ln Kp was plotted versus 1/T as
given in Fig. 4. The value of AH® and AS°® was calculated
from the slopes and intercepts of the linear plot in Kp
versus 1/T while the value of AG® was calculated through

812

The elemental analysis (mass %) showed the
composition of the bentonite to be: SiOz, ~67.8; Al2Os,
~11.5; Fe;03, ~2.1; MgO, ~2.34; CaO, ~1.4; Ca0, ~1.4;
Na,O, ~0.31; and KO, ~0.14. DBT has been used
as a model, compound to measure the extent of activity of
the sorbents toward sulfur compounds' adsorption.
To obtain the model oil for desulfurization, DBT was placed
into n-heptanes, and in the final solution, the sulfur
concentration was 100 ppm.

FTIR Spectra of the Sorbents

“Figs. ba—b.” shows the FT-IR spectrum of natural
Na-bentonite and modified sample. A sharp intense band
at 3629.5cm* assigned to OH stretching vibrations of
bentonite and attributed to the inner hydroxyl units within
the clay layers, in the 4000-3000 cm* range. The band at
3629 cm is responsible for free un-complexed hydroxyls,
as well as the band 1643 cm is responsible for bending
H-O-H vibration in the water. The band 3425 cm? is
responsible for hydroxyls bound via hydrogen bonds.
The very strong absorption band at 1037.6 cm™ is due to
Si-O bending vibration [32]. The band 1384 cm? is
attributed to C—H scissoring vibrations of CHz-N* moiety [33].
The peak observed at 794.6 cm™ is assigned to the stretching
vibration of Si- O [34]. Peaks at 520.9 cm™ and 470 cm?
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Table 3: Thermodynamic parameters for the adsorption of DBT onto modified bentonite.

4 AH® (kJ/mol) AS° (kd/mol K) AG® (kJ/mol)
-56.83 0.23 288K 298K 308K 318K 322K
\_ -7.854 -13.007 -15.185 -16.418 -18.23
8 100.0
=-6.83x + 27.488 1
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Fig. 4: Van’t Hoff plots for the adsorption of DBT onto
modified bentonite.

are referred to Si-O-Al and Al-OH respectively [35-37].
Two new peaks were shown at 445 and 490 cm-! in
spectrum Fig. 5b. These peaks were assigned to Ni-O
stretching as was reported in the literature [38].

Surface morphological study of the prepared adsorbents
The morphological study of the prepared adsorbents
was carried out with scanning electron microscopy (SEM)
in order to check its surface and porosity. Pores present
in the adsorbent surface have a high role in the adsorbate
adsorption. Usually, the adsorbent with porous and rough
morphology has a high adsorption capacity [39-41]. The
morphologies of the Na-Bentonite and NiO@WOsz@bentonite
are shown in Figs. 6a and 6b respectively. The bentonite
consisted of large area nanosheets that can be seen clearly
in Fig. 6b. As well, the layered structure with larger pores
can be seen. The surface is mainly comprised of
irregularities and plateaus. The textural non-uniformity is
evident in both magnifications. The particle size, though,
seems of uniform size as compared to the original clay.
It shows that Ni and W cations are uniformly dispersed
on the entire surface of the clay, and it can be observed that
agglomeration of many micro-fine particles with a diameter
of about 20 nm for NiO@WOs;@bentonite nanocomposite,
which leads to a rough surface and the presence of a porous
structure. This conclusion was evidenced by the high
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Fig. 5: FT-IR spectra of adsorbents at 60 °C: raw bentonite (a)
and NiO@WOs@bentonite (b).

surface area of the resultant NiO@WOs@bentonite
nanocomposite.

X-ray Diffraction analysis of the Modified Bentonite
Adsorbents

The crystalline structure of the adsorbents was confirmed
by powder X-Ray Diffraction (XRD) using a Siemens
D-500 X-ray diffractometer equipped with Ni-filtrated
CuKa radiation (40 kV tube voltage, 100 mA tube current
and A= 0.154 nm) and the chemical composition of
bentonite obtained using X-Ray Diffraction (XRD) analysis.

The XRD results indicated the presence of iron oxide
(Hematite), silicon oxide (quartz), aluminum silicate
hydroxide (Kaolinite), aluminum hydroxide silicate
(Montmorillonite), magnesium aluminum silicon oxide
hydroxide hydrate (Palygorskite), calcium strontium
aluminum silicate hydrate (Chabazite-Ca), silicon oxide
(Cristobalite). The 26 scanning angle range was 5—80°
with a step of 0.02 deg/s. X-ray diffraction analysis
in Fig.7 was carried out to identify the mineralogical
structure of the modified bentonite sorbents. The sharp
diffraction peaks of the bentonite were due to the feature
of Montmorillonite, which showed characteristic reflections
at 20 = 7.87°. The sharp peak of the Palygorskite showed
characteristic reflections at 20 = 8.57°. The diffraction
peaks at 20 = 9.89° represent Chabazite-Ca. The diffraction
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SEM HV: 20.0 kv
View neia: 104 ym
SEM MAG: 2.00 k

Fig. 6: a) SEM images of raw bentonite. b) SEM images of NiO@WOs@bentonite.
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Fig. 7: XRD spectra of NIO@WOs@bentonite.

reflections at 20 = 21.96° show the presence of
Cristobalite. Also, the sharp peak at 26 = 33.23° shows
the presence of Hematite. The diffraction peaks at
20 = 36.62° and 26.7° represent the Quartz.

Experimental design
Screening of significant factors using PBD

In this paper, modified bentonites were used and
evaluated by experimental design. Although a large
number of factors influence this process, some of them
do not have a significant effect on it. Screening designs are
used to determine the main important factors and their
interactions with all potential factors [42]. PBD is a
valuable practical design to screen the significant variables
of a process [43]. So, the screening design was applied
mostly. The significant factors of the appraisal model
can be identified by analysis of variance (ANOVA) [44].
The Placket-Burman (PB) factorial design can identify
major factors affecting DBT adsorption and extraction
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by a relatively small number of experiments. Table 4
shows the experimental layout for the 12-run PBD with
response values (as current peak heights) in two levels of
factors. According to the preliminary experiments, sorbent
amount, solution volume, temperature, mix rate, time,
solvent kind, solvent volume, and time of sonication with
two levels were the considered variables for modified
bentonite. Table 4 shows the experimental layout for the
12-run PBD with response values (as current peak heights)
in two levels of factors. Fig. 8 illustrates the standardized
Pareto plot of the main effects for the PBD. The Pareto plot
shows that effects of sorbent amount, solution volume,
extraction solvent volume and extraction solvent kind are
most important to the process, thus these factors should be
studied at a greater depth. Based on the preliminary
experiments, variations in the parameters considered
might affect the analytical signal. It was studied using
Central Composite Design (CCD).

Optimization using CCD

The optimization approach frequently starts with
a screening design to select the essential factors and it
proceeds with an optimization design for example Taguchi
design, Central Composite Design (CCD), Doehlert
Matrix (DM), or Box—Behnken Design (BBD) [45]. CCD
was shown to be well efficient compared with other
designs such as BBD and DM [46]. A CCD combines
a two-level full or fractional factorial design with extra points
(star points) and at least one point at the center of the
experimental region this point is selected to obtain various
properties, for example, reliability or orthogonality [44]. This
design consists of a full factorial design (23 hypercube
points, 2x3 axial points, and 6 replicates of center points).
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Fig. 8: The standardized main effect Pareto chart for PBD.

In this paper, four factors; two-level CCD with 31 runs
was employed. Table 5 shows CCD and current peak
heights for modified bentonite. The aim of this analysis is
to maximize these responses estimated for the average
value of four signals obtained under the same experimental
conditions.

The purpose of this analysis is to maximize these
responses estimated for the average value of four signals
obtained under the same experimental situation by

Research Article

applying regression analysis to experimental data. The results
of CCD were fitted with a polynomial equation for each
response. The following quadratic models expressed
an empirical relationship between response and input
variables in un-coded values:

A: 2,947 - 3.82 g -0.1701 solvent volume + 0.03303
volume + 0.001487 %methanol + 2.783 gxg + 0.01333
solvent volume x solvent volume — 0.0659 g x solvent
volume — 0.002487 solvent volume x volume — 0.000095
volume x %methanol

R? and adjusted R? were obtained 99.57% and 99.35%
for the modified model, respectively. Table 6 shows the
analysis of variance (ANOVA) results for this regression
model. The maximum p-value for lack-of-fit i.e. 0.082
(p-value > 0.05) were obtained for modified. According to
the method proposed by Derringer and Such [47], the
optimal conditions were obtained 0.01 g, 12 cm?, 60 °C,
3000 rpm, 20 min,100% methanol, 3 cm?, 30 min for sorbent
amount, solution volume, temperature, rate, time,
%extraction solvent, extraction solvent volume, and
sonication time respectively. At the optimal conditions, the
predicted responses of conditions and responses to the applied
desirability, and desulfurization method were performed.
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/Standard order | Run order PtType Blocks | Sorbentamount (g) | Solution volume Methanol % Volume Solvent A \
1 1 1 1 0.006 7 50 3 1.350
2 2 1 1 0.01 7 50 3 1.530
3 3 1 1 0.006 7 50 7 0.951
4 4 1 1 0.01 7 50 7 1.044
5 5 1 1 0.006 12 50 3 1.450
6 6 1 1 0.01 12 50 3 1.630
7 7 1 1 0.006 12 50 7 0.960
8 8 1 1 0.01 12 50 7 1.128
9 9 1 1 0.006 7 100 3 1.400
10 10 1 1 0.01 7 100 3 1.590
11 11 1 1 0.006 7 100 7 0.954
12 12 1 1 0.01 7 100 7 1.105
13 13 1 1 0.006 12 100 3 1.455
14 14 1 1 0.01 12 100 3 1.680
15 15 1 1 0.006 12 100 7 0.980
16 16 1 1 0.01 12 100 7 1.132
17 17 -1 1 0.006 9.5 75 5 1.110
18 18 -1 1 0.01 95 75 5 1.320
19 19 -1 1 0.009 9.5 75 3 1.480
20 20 -1 1 0.009 95 75 7 1.001
21 21 -1 1 0.009 7 75 5 1.135
22 22 -1 1 0.009 12 75 5 1.250
23 23 -1 1 0.009 9.5 50 5 1.190
24 24 -1 1 0.009 9.5 100 5 1.200
25 25 0 1 0.009 9.5 75 5 1.196
26 26 0 1 0.009 95 75 5 1174
27 27 0 1 0.009 95 75 5 1.195
28 28 0 1 0.009 9.5 75 5 1.180
29 29 0 1 0.009 9.5 75 5 1.199
30 30 0 1 0.009 9.5 75 5 1.178

\ 31 31 0 1 0.009 95 75 5 1'195/
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Table 6: The ANOVA results for evaluation of mathematical models of sensitivity in relation to electrode preparation factors,
obtained by response surface design.

K Source DF?

p-Value \

Adj SS° Adj MS¢ F -Value
ANOVA for five exprimental

Linear 4 1.18955 0.29739 1086.41 0.000
Square 2 0.04377 0.02189 79.96 0.000

Residual error 21 0.00575 0.00027
Lack-of-fit 15 0.00511 0.00034 3.18 0.081

Pure error 6 0.00064 0.00011

K Total 30 1.24489 j

a) Degrees of freedom, b) Adjusted sum of squares,
In the optimal condition, the predicted desulfurization rate
was equal to 99.4 %, and the amount of the remaining DBT
was equal to 0/59 ppm.

Interpretation of residual graphs

One technique of testing for a normal distribution is
to determine how closely the points on a normal probability
plot conform to a direct line. Minitab normally gives
the usual probability plot directly as depicted in Fig. 9.
The usual probability plot is a helpful instrument for
indicating the normal distribution of residuals. In this plot,
the points pursue a straight line. It is evident from this test
that the data were normally distributed. The study of
residuals (the difference between the experimental and the
predicted value) is an essential component in interpreting
models. For an excellent model, the residuals should be
randomLy and normally distributed. In Fig. 9 the plot of
residuals against the fitted values is provided and the
residuals do not explain any particular sample and are
approximately usually distributed. The histogram in Fig. 9
shows a distribution of measurements around symmetrical
the mean with most of the measurements clustered around
the center of the graph suggestive of a normal distribution
of the residuals without any outlier. The final graph of
residual against observation order is balanced and centered
close to zero with no clear outlier in the observation order.

Effect of calcination temperature on the performance of
adsorption desulfurization

Different calcination temperatures range from
(110 °C) to (500 °C) were tested on bentonite loaded with
W and Ni. Under the different calcination temperatures, the

Research Article

¢) Adjusted mean squares

static desulfurization effects of the absorbents were collected.
The calcination temperature has a strong influence on the
desulfurization performance of the modified bentonite
sorbents. It revealed that the best calcination temperature
of the modified bentonite adsorbents was 400 °C.
As the calcination temperature increased from 110 °C to 500 °C,
the breakthrough time and sulfur removal ability of the
adsorbents were gradually increased.

CONCLUSIONS

In this research, a novel adsorbent has been
successfully synthesized and its adsorption behavior was
examined. The nanocomposite NiO@WOs;@bentonite
was investigated for adsorptive desulfurization (ADS) as
a nano sorbent. W and Ni have been found effective for the
removal of sulfur compounds from commercial diesel.
Experimental adsorption results show that NiO@WOz@bentonite
exhibits high adsorption capacity for DBT solution with
maximum adsorption capacities of 93.5 % which is a large
amount higher than another similar adsorbent. The direct
interaction between the sulfur compounds in diesel and
the surface of the NiO and WO3; plays the main role,
indicating that NiO and WOs; adsorbents are well
for desulfurization. The Langmuir isotherms best represent
the equilibrium adsorption data. Thus, considering the
simple synthesis procedure, low cost, high removal
efficiency, excellent stability, and easy separation,
NiO@WO3@ bentonite appears to have good potential
for use in removing radioactive DBT in liquid fuel.
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