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Abstract

The present study is conducted to investigate the adsorption desulfurization process for eliminating sulfur from a simulated fuel
within a sulfur content range similar to what exists in typical naphtha streams. The model oil, n-hexane, was sulfurized with
dibenzothiophene (DBT), which is the most complex form of sulfur constituents in fuels. Corncob, a natural biomass waste material,
was utilized to accomplish the adsorption remedy of sulfur.

The carbonization process took place at 500 °C. FTIR, SEM, XRD, AFM, and BET-surface area facilitated a comprehensive
characterization of carbonized corncob (CC) adsorbent. The results showed that the corncob sample has homogeneous surfaces and
relatively analogous active positions. The CC adsorbent was utilized to adsorb sulfur in its DBT configuration from the sulfurized
fuel (n-hexane). Certain adsorption factors of temperature, contacting time, and adsorbent dosage were examined to select the most
appropriate adsorption conditions. After that, the chosen conditions were employed to adsorb various sulfur concentrations. For the
same initial concentration of sulfur of 400 ppm, the removal attained 75% at favorable parameters of 60°C, 30 min, and 3g L%
respectively. The efficiency of sulfur removal was substantially augmented with the reduction of the initial sulfur content. Thus, it
attained more than 79 % when the original concentration of sulfur in the n-hexane was maintained in the range of 100 ppm. The
results perfectly coincided with the Langmuir model of adsorption isotherms. The thermodynamics of the desulfurization adsorption
process reflected that the adsorption is associated with an endothermic event. The estimated standard enthalpy changes were 6.34 kJ

mol-. The adsorption was spontaneous over the employed temperature range of 30 — 60°C.
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1- Introduction

Crude oil is the most abundant hydrocarbon fuel with a
diversity of sulfur compounds. The sulfur ingredients vary
from the simple sulfur form (S) to the highly complex
constituent of dibenzothiophene (C12HsS). These varieties
are eventually dispersed in different petroleum products
through refining stages. The total sulfur content in crude
oil is around 0.1 — 5 % wt [1]. The dibenzothiophene
(DPT) compound and its group of thiophenes form 70%
of the overall sulfur content in crude oil [2]. Over refining
and combustion, these species are mainly released as
gases of SO, and H,S. These gases seriously damage the
environmental system [3]. To eliminate sulfur from the
different  petroleum  products, two stages of
hydrodesulfurization and sulfur recovery are required.
Commercializing these techniques is associated with high
cost and energy consumption issues. Employing HDS to
treat crude oil streams is inefficient for the removal of
certain sulfur constituents. Thus, alternate desulfurization
approaches are essential for curing crude oil and light
products [4].

Adsorption has been introduced as a low-cost and
energy-effective desulfurization technique, particularly

when using sustainable and waste substances [5].
Activated carbon extracted from natural wastes such as
corncobs can be an effective adsorbent material [6,7].
Finding cheap materials, such as corn waste, to remove
sulfur from petroleum compounds contributes to reducing
pollution and saving a large amount of energy needed to
remove these wastes by other methods. Adsorption for
sulfur treatments using corn waste serves to valorize
agricultural waste and save energy [8, 9]. Corncobs are
favorable for preparing active carbon due to their porous
framework and sufficient effective area. Many industries
successfully applied activated carbon that is produced
from corncob as an adsorbents [10, 11]. Significantly, it is
an attractive feedstock that has been experimented with to
synthesize active adsorbents for desulfurization purposes
[7, 12]. Producing activated carbon from corncob for such
applications is carried out via carbonization of raw
substance at 500 — 900 °C and then applying physical or
chemical activation processes, which increase surface
activity [12, 13]. The physical activation path includes
introducing the carbonized corncob (CC) to an oxidizing
environment (normally oxygen or steam) at a high
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temperature of 600 — 1200°C [14]. Chemical activation
occurs through the use of chemicals such as strong/weak
acids, strong alkalis, and salts. Practically, the chemical is
favorable as it is performed at a smaller temperature
magnitude and less activation time [14, 15].

The elimination of sulfur substances strongly depends on
the utilized method, in which sulfur compounds should be
completely captured [16]. The high surface chemistry of
corncob-based activated carbon should enhance its
adsorption properties, especially for desulfurization [17-
19]. Recently, the adsorption of sulfur using carbonized
corncob that is activated by 2.0 M HCI acid resulted in
sulfur removal by around 83% [7].

The current study focused on using the carbonized
corncob (CC) sample as an adsorbent, avoiding further
treatment with acidic or alkali reagents. Corresponding
parameters were examined, such as comprising
temperature, contacting time, the dosage of adsorbent
material, and initial sulfur concentration. The
thermodynamics of the adsorption process were also
estimated to identify the calorimetric events and
spontaneity of the adsorption stage.

2- Methodology

2.1. Material

In the present work, corncobs were the adsorbent
substance exploited to adsorb sulfur. It was obtained from
a domestic vegetable storehouse in Diyala. A pure sample
of hexane (99%) was used as a model oil. It is
commercially supplied by CDH Chemicals Company,
while dibenzothiophen (DBT) was delivered from Sigma-
Aldrich.

2.2. Methods

The experiments have involved three steps: (1)
preparation of the corncob powder, (2) carbonization and
characterization of the corncob sample, and (3) employing
the carbonized corncob in the elimination of sulfur from
the sulfurized hexane.

2.2.1. Pretreatments of the corncob sample

In this step, the corncob pieces were turned into fine
powder before the thermal treatment for carbonization
purposes. The corncob powder was extracted after
cleaning and removing out seeds. In the beginning, the
corns were first cleaned carefully. The clean cobs were
then exposed to the sunlight for 72 hours in the average
ambient temperature of 38 °C. The dried cobs were then
fragmented into tiny pieces of different sizes that were 2
cm?® on average. Additional heating was essential, and it
was electrically implemented at 75 °C with a heating time
of 6 h. The drying process occurred with periodic
excitement after each heating course of one hour. After
that, these pieces were pulverized and sieved over a 600
pm sieve. The powder was then collected to execute the
carbonization stage [15].
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2.2.2. Carbonization of the carbon sample

A sufficient quantity of the corncob sample (200 g) was
equally divided, carefully loaded in crucibles, and
introduced to a muffle furnace for only 0.1 h with a
controlled temperature of
500 °C to obtain the carbonized sample. After cooling
down, the resulting carbon was maintained in a tight
package to be ready for sulfur desulfurization experiments
from the simulated oil. The samples with thermal
treatment are assigned as thermally carbonized corncob
and remarked as (CC).

To characterize the carbonized corncob (CC),
measurements of surface area, surface morphology,
microstructure, and crystallography were achieved using
Brunauer, Emmett, and Teller (BET) technique, scanning
electron microscopy (SEM), Atomic Force Microscope
(AFM), Fourier transform infrared spectroscopy (FTIR),
and X-ray diffraction (XRD) respectively.

2.2.3. Desulfurization experiments

The desulfurization experiments were performed for the
desulfurization of simulated fuel (n- hexane) using the
adsorptive  desulfurization approach. The utilized
adsorbent substance used in this process was the
thermally carbonized corncob (CC) sample. The
experimental setting is as shown in Fig. 1.

Cooling water out

Cooling water in

4/ Round flask (containing mixture)

n-hexane & DBT& CC

Beaker

Thermometer

Fig. 1. Experimental arrangement of sulfur adsorption
from the model fuel (n-hexane) employing the (CC)
sample as an adsorbent

The simulated oil of 3 L was adequately prepared by
liquefying the dibenzothiophene with simulated fuel [20].
The initial sulfur amount was determined to be 400 ppm.
The dissolving step continued for 25 min, and it was
carried out at a temperature of 60 °C. In each run, 50 mL
of the contaminated hexane was mixed with the CC
sample.

The dependency of the sulfur removal efficiency on the
dosages of CC adsorbent, quantities of dibenzothiophene,
time, and temperature was investigated. The experimental
extents of doses were 1 — 5 g L™, while the range of initial
sulfur concentration was between 100 and 400 ppm. The
applied stirring time varied from 5 to 35 min, and the
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temperature was changed from 30 to 50 °C. After
filtration, the liquid was introduced to measure sulfur
concentration. The calculated error of the performed
experiments was about 2%.

2.3. Adsorption isotherm

As the most common adsorption models, Langmuir and
Freundlich's isotherms were normally used to describe the
spreading of species in solid and liquid phases in
saturation [21, 22]. Utilizing these simulations enables
significant insight into the adsorption and its
corresponding requirements for the designation of sulfur
reduction techniques [23]. In the present research,
carbonized corncob (CC) was employed to remove sulfur
from liquid mixtures. The adsorption data were examined
with the aid of these models. Langmuir's approach [24]
can describe the accumulation of sulfur in a monolayer
form on homogeneous surfaces, and it is mathematically
presented by Eq. 1 [25, 26].

Ce_Ce 1 Q@

qe - qm  Kpqm

Nevertheless, Freundlich covers the adsorption behavior
of sorbate by solids of heterogeneous adsorbing surfaces
[27]. Eqg. 2 represents the linear form of this adsorption
style [26, 28].

Inq, = InKp + %lnCe 2

Where gm represents the maximum theoretical
adsorption capacity in which the CC surface is covered
completely with sulfur (mg-g*), Ce denotes the sulfur
concentration at equilibrium (mg L%), ge refers to the
equilibrium adsorbed sulfur in mg g%, and KL symbolizes
an energy factor. KF and n represent constants that are
related to the intensity of adsorption.

2.4. Adsorption thermodynamics

The thermodynamic parameters of DBT adsorption onto
the carbonized corncob (CC samples) were estimated
from sets of experimental data obtained at different
temperatures with an interval of 10 °C (30, 40, 50, and 60
°C), while the other parameters were kept constant. The
enthalpy (AH®), entropy (AS°), and Gibbs energy (AG®)
were calculated by using Van’t Hoff equations (Egs. 3, 4,
and 5) [26, 28, 29]. Kd in Eq. 3 is a dimensionless factor,
and it is known as the equilibrium constant [30, 31].

= &
Ka = Ce ®)
InKd == -~ 4)
AG® = AH°® — TAS® (5)

3- Results and discussions
3.1. Characterization of carbonized corncob (CC)
3.1.1. Surface area (BET) and pore volume

The produced carbonized corncob (CC) had a BET
surface area of about 137 m? g with a pore volume of
0.09 cm3 gl Further carbonization at a higher
temperature and longer heating time did not significantly
affect the surface area and pore volume. In a prior study,
carbonization of the corncob sample at 800 °C for around
2 h provided a surface area of 160 m2 g* and a pore
volume of 0.1 cm?® g-1 [15]. However, energy
consumption should be considered when using such high
temperatures [32].

3.1.2. XRD analysis
The crystallographic analysis of the CC sample
produced from corncob via thermal treatment is presented

in Fig. 2.
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Fig. 2. XRD spectrum of CC sample

Fig. 2 shows broadening background diffractions,
indicating that the CC sample predominantly has
amorphous structures [33]. The presented wide peaks at
20 of 24.5° and 43.5° magnitudes characterize minor
remains of crystalline corncob. The appearance of the
tiny, pointed peaks at 28°, 30.5°, 35.5°, and 40° is
probably associated with the presence of some unknown
impurities.

Bragg-Scherer's equations facilitated estimation of the
D-spacing of the characteristic peak d002 =
0.36 nm. Compared with the literature of using different
acid and alkali activation techniques after thermal
treatment at above 780 °C [14], the obtained d002 values
were in the range of 0.34 — 0.35 nm. This reflects that the
d002 of the CC sample is slightly higher than the reported
ranges, assigning less surface area [34]. Considering the
avoidance of using multi-thermal treatment courses at
high temperatures (780 — 800 °C before, through, and
after activation) as applied in these studies, the obtained
surface area in the current work could be efficient as an
adsorbent agent.
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3.1.3. FR-IR analysis

The FT-IR spectrum of CC samples is shown in Fig. 3.
The FTIR spectrum reflects a broad band between 3480
and 3100 cm™ which mainly corresponds to the
stretching form of O-H bonds that may overlap with
stretching vibration modes of N-H bonds [35]. At around
2928 cm™, C—H band has likely existed as an indicator
for the appearance of alkyl groups. The stretching
vibrations of carbonyl bands are present at the wavelength

of 1612 cm?, while the normal C—-O groups are close to
1108 cm™. The 2346 cm™ band is more likely associated
with the appearance of some impurities [32]. The
previously reported FTIR data of corncob monitored
locations at 900, 1040, and 1630 cm™* for cellulose [15],
whereas at 850, 1420, 1500, and 1600 cm™, aromatic
ingredients were detected [15, 36]. In the existing study,
the carbonization process has led to the presence of other
bands, which are mainly related to several carbon
assemblies [17].
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3.1.4. SEM analysis

The morphological analysis of the carbonized corncob
(CC) sample is presented in Fig. 4.

. v

@)
Fig. 4. SEM data of the CC sample (a) scale of 200 um,
and (b) scale of 2 um

It is clear to observe that the thermally treated corncob
(CC) sample has a honeycomb layers-like morphology
(Fig. 4a). Each layer seems to be constructed just like a
networking lattice. The interior of the networking frame

20

o
Fig. 3. FT-IR spectrum of CC sample
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contains forked channels. More focus on the interior
sections presents a formation of layers that have been
folded around each other (Fig. 4b). These observations are
almost similar over many sites of the monitored section.
Such morphology could provide the required surface area
for adsorbed DBT.

The EDS measurements facilitated the determination of
the elemental content of the carbonized sample,
particularly the carbon content. The data showed that the
CC sample consists of carbon, oxygen, silicon, and
potassium with weight percentages as listed in Table 1.

Table 1. Elemental contents of the CC sample
Element C o K
W% 64.10 25.26 5.794.84

Si
4.84

3.1.5. AFM analysis of CC sample

The three-dimensional (3D) surface morphology and
particle analysis of the CC sample were determined by
atomic force microscopy (AFM). The monitored data is
shown in Fig. 5.
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(®)
Fig. 5. AFM analysis of the CC samples (a) 3D surface analysis, and (b) particle analysis

The 3D surface image of the CC sample (Fig. 5a) shows
that its particles have a hills and valleys shape. The hills
appear like they have been sculpted. Also, they are
relatively small. The valleys themselves have tiny peaks
in their configurations. Together with the smallness of the
principal hills from their background could be the reason
for the partially homogeneous shape of the surface of the
CC grains. The mean height of peaks is between 30 — 40
nm, which could contribute to smothering the surfaces of
particles of the CC sample.

The particle analysis (Fig. 5b) indicates that most of the
particles are set in a small size range of diameters. The
distribution of particle diameters is reflected in Table 2.

Table 2. Particle diameter analysis of the CC sample

Particle Percentage (%) Diameter (nm)
Small 74 66

Medium 8.5 249

Large 17.5 534

3.2. Adsorption of sulfur

The best conditions for better adsorption of sulfur were
determined by sets of experiments using the carbonized
corncob sample (CC). These conditions were regulated
according to the removed amount of sulfur from the
simulated fuel (n-hexane). The efficiency of sulfur
reduction was varied with time, temperature, and the
dosage of adsorbent. The optimum conditions were
selected and eventually applied to examine the variation
of sulfur removal with the initial concentration (ppm) of
sulfur in the model fuel.

3.2.1. Influences of time

Variation of the DBT removal with contact time in the
range of 0.0 — 35 min with an interval of 5 min is
presented in Fig. 6.

The data in Fig. 6 shows that the adsorption increases
with time. The efficiency of removal is around 66% after
only 5 min. Slight increases were observed to attain
approximately 72.5% as the time became 20 min. After
10 min, the elimination of sulfur reaches 73%. No
increase was monitored after 30 min. A specific
adsorption time for the elimination of sulfur via
carbonized corncob is not available in the previous works.
However, the time to attain the saturation with such
efficiency by just 30 min is relatively short, which was
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adequate to adsorb sulfur species on CC surfaces and
maybe the deeper sites. The best adsorption time was
chosen to be 30 min.
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Fig. 6. Variation of sulfur elimination in different periods
via using the CC sample at constant temperature,
adsorption dosage, and sulfur initial content of 40 °C, 3 g
L%, and 400 ppm, respectively
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3.2.2. Influences of temperature

The dependency of sulfur removal on temperature in the
range of 30 — 70 °C is depicted in Fig. 7.

90

75

0 20 40

Temperature °C
Fig. 7. Variation of DBT removal percent with
temperature (°C) using CC sample at constant time,
adoption dosage, and sulfur initial content of 30 min, 3 g
L%, and 400 ppm, respectively

60 80
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It can be shown that when the temperature is 30 °C, the
efficiency of sulfur reduction is about 72%, while it
reaches 73% after increasing the temperature by 10 °C.
The sulfur removal is increased to 78% when the
temperature is 60 °C. After that, it reduces to around 76%
with increasing temperature. The current observations
present that sulfur elimination on the CC sample is
superior at elevated temperatures of below 70 °C, which
could refer to the occurrence of endothermic events and
the formation of strong forces between sulfur and CC
particles at these temperatures [37,38]. The optimum
temperature of 60 °C was picked as the preferred degree.

3.2.3. Influences of adsorbent dosage

The extent of adsorbent dosage of the CC sample was 1
—5g L™ Fig. 8 presents data on sulfur elimination at this
range.

From Fig. 8, the removal percentage of sulfur is
approximately 76.9% at the dosage of 1 g L™ %, and it
gradually increases to around 78.9% is observed when the
CC dose attains 3 g L%, Further increasing of dosage does
not cause any improvement in the removal efficiency. The
value of 3 g L™ appears as the proper amount.

83

79

Removal%

75

0 6

2 4
Adsorbent dose (g/lit)
Fig. 8. Variation of DBT removal with adsorbent dose (g
L) via using CC sample at constant time, temperature,
and initial sulfur content of 30 min, 40 °C, and 400 ppm,
respectively

3.2.4. Influences of initial sulfur content

Table 3 displays the results of sulfur elimination by CC
material at various initial quantities of sulfur. The
employed range of sulfur was 100 to 400 ppm. The
optimum parameters obtained above were utilized in this
set of experiments.

Table 3. Examination of the best conditions of time, temperature, and adsorbent dose using the CC sample as adsorbent

material
Time (min) Temp. (°C) Adsorbent dose (g L-1) Initial sulfur Conc. (ppm)  Removal of sulfur (%)
30 60 3 100 79.4+£1.59
30 60 3 200 78.3+1.57
30 60 3 300 76.6 £ 1.53
30 60 3 400 75.0 £ 1.50

Table 3 indicates that the removal of sulfur is improved

with a decrease in its initial concentration in the
simulated fuel. The removal is around 79.5% at a sulfur
content of 100 ppm, and it drops to 75% when the
concentration becomes 400 ppm. This is similar to the
highest removal obtained by determining the best
conditions. Unfortunately, there is no data to compare
with regarding the use of carbonized corncob to adsorb
sulfur compounds from fuels.
Compared with previously reported data for sulfur
elimination from naphtha, which has carbon atoms and
sulfur amount almost similar to the model fuel,
elimination of sulfur has not exceeded 68 or 80% [39,
40]. A more recent publication reported a removal
magnitude of around 83% of sulfur from sulfurized n-
hexane using corncob-acid activated carbon [7]. This
reveals that the CC sample is a talented, not expensive,
and energy-effective substance for adsorbing crude oil's
undesired sulfur contents.

3.3. Adsorption isotherm

The adsorption performance with particular adsorption
models was examined. These models have been widely
used to illustrate the spreading of sulfur particles in a
mixture of solid and liquid [41]. Plotting of ge (mg.g™)
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versus the Ce (mg.L?) enables obtaining the data of
equilibrium adsorption using the required mathematical
relations (section 2.3). Fig. 9 a and Fig. 9b present
Langmuir and Freundlich simulations, respectively. The
linking isotherm factors are presented in Table 4.

From Fig. 9, and Table 4, the Langmuir model can
represent the experimental data better than the Frendlich
style for adsorption of DBT onto the CC sample. This is
obtained through comparison of the fitting correlation
factor (R?) of 0.9776 and 0.9773 of these two models,
respectively. Fitting the data with the Langmuir model
means that the CC sample relatively has homogenous
surfaces and uniform adsorption sites. This is consistent
with the results obtained from the above characterization
sections, particularly the data obtained from SEM and
AFM.

3.4. Adsorption thermodynamics

To investigate the findings obtained in previous
sections regarding the temperature-enhancing adsorption
and the spontaneity of the entire process, the equations of
3, 4, and 5 were applied, employing four temperatures up
to the optimal degree of 60 °C (i.e., 30, 40, 50, and 60°
C). The parameters in equation 3.4 were obtained by
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plotting the adsorption coefficient logarithm (In Kd) and
the temperature reciprocal (1/T).
0.28
2 _
0.6 R —0.99"7.6.5.,..
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R2=09973 @
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Fig. 9. Sulfur adsorption data using CC sample based on
(a) Langmuir, (b) Freundlich relations

Table 4. Factors of both Langmuir and Freundlich’s
scenarios for sulfur adsorption by (CC) adsorbent at 60
°C

Model Factor Magnitude
Langmuir KL 0.0062

R? 0.9776
Freundlich KF 8.7916

n 1.2297

R? 0.9773

Thermodynamics of DBT adsorption onto the CC
sample obtained from the linearization of four scattered
points are shown in Fig. 10. The corresponding
parameters were calculated and listed in Table 5.

Table 5 shows that the removal of sulfur by CC
material is associated with an endothermic event with a
small enthalpy change of about 6.34 kJ mol™?. It also
shows that the desulfurization is spontaneous at the
tested temperatures, and the spontaneity increases
gradually up to the optimal temperature of 60 °C. The
average AG® value is around -3.56 kJ mol™,
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Fig. 10. Plotting the adsorption coefficient (In Kd)
logarithm and the temperature (1/T) reciprocal to obtain
the thermodynamic parameters for the DBT adsorption
onto the CC sample

Table 5. Thermodynamic parameters values for the
adsorption of dibenzothiophene (DBT) onto the CC
sample

AHP AS° AG®
Temperatures (K) Kd kJ mol* Jmol* K kJmol?
303 342  6.34 31.15 -3.09
313 3.62 -3.41
323 4.14 3.72
333 421 -4.03

4- Conclusions

The current study confirms the ability of corncob in its
carbonized form to be a promising low- cost adsorbent
substance for the elimination of sulfur species from light-
cut oil products, and as experimented, from sulfurized n-
hexane. The applied treatment of carbonization
contributed to an effective adsorption area and porous
framework of homogeneous active pores. The
elimination of sulfur reached about 79.5% via the desired
parameters of temperature, time, and the dosage of
adsorbent. At equilibrium, the isotherm model of
Langmuir fitted considerably with the obtained data in
the present work. Thermodynamically, the adsorption
process was associated with an endothermic event with a
small enthalpy change of around 6.34 kJ mol?, and it
was spontaneous over the tested temperature window of
30 -60 °C. The data indicated that a carbonized corncob
sample (CC) is an effective adsorbent for the elimination
of sulfur from fuels.
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