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Abstract

In this study, the adsorption of dibenzothiophene sulfone (DBTO) was investigated using clay minerals as adsorbents.
Raw bentonite (BR) and raw activated clay (ACR) were impregnated with Fe* and Fe®, creating bentonite-Fe>* (BF3),
bentonite-Fe®* (BF6), activated clay—Fe3+ (ACF3), and activated clay—Fe6+ (ACF6). The surface functional groups, surface
morphology, and surface area of the raw and modified adsorbents were studied through Fourier transform infrared
spectroscopy, a scanning electron microscope, and Brunauer, Emmett, and Teller analysis, respectively. Batch experi-
ments on simulated oil were done to test the effect of adsorption time (0.5-24 h), adsorption dosage (0.3-1.5 g),

and adsorption temperature (30-50 °C). The results of the experiments showed the suitability of the pseudo-second
order kinetic model on the clay adsorbent and sulfone system. This suggests that chemisorption is the rate-limiting
step of the reaction. Equilibrium isotherms indicated the adherence of DBTO onto BR and BF3 to the Freundlich
model, implying the heterogeneous adsorption of the sulfones onto the adsorbents. The systems of DBTO with BF6,
ACR, ACF3, and ACF6 showed a better fit with the Dubinin-Radushkevich model. This denotes that adsorption hap-
pens through the filling of sulfones of the micropores on the adsorbent. Lastly, thermodynamic studies revealed

the endothermic and non-spontaneous nature of the clay adsorbents and sulfone systems. The experiments showed
that the impregnation of Fe*" and Fe®" lowered the desulfurization ability of the adsorbents. This could be due

to the iron ions being hard acids and the sulfones being soft bases, thus showing lower compatibility than the raw
counterparts of the adsorbents. Comparison with related studies showed that the prepared adsorbents, namely BF3
(5.1 mgg~') and BF6 (6.4 mg g™'), had a higher adsorption capacity than Ni**-loaded activated carbon (49 mgg™")
and activated clay (4.1 mg g~'). The study shows that BR (7.2 mg g™') is the best-performing adsorbent, which can be
set as the direction for future research. This study is a step toward the commercialization of oxidative desulfurization
methods.
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1 Introduction
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*Correspondence: industrialization is still globally widespread. The devel-
Angelo Earvin Sy Choi opment of businesses and connections between large
angelo.choi@dlsu.edu.ph .y . . . .

Meng-Wei Wan and small entities results in an increase in fossil fuel con-
peterwan@mail cnu.edu.tw sumption. The total energy demand of the Philippines
ngezp:/{;:E”th&iZ'scal Engineering, De La Salle University, in 2018 was 47 Mt of oil equivalent, wherein 89% came
2 Department of Environmental Engineering, Chia Nan University from fossil fuels [1]. Sulfur present in the fuel can be oxi-
of Pharmacy and Science, Tainan 71710, Taiwan dized during combustion and form sulfur oxides. These

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s42834-024-00226-w&domain=pdf
http://orcid.org/0000-0003-4332-9538

Alcaraz et al. Sustainable Environment Research (2024) 34:22

can turn to sulfurous and sulfuric acids, which cause
corrosion in engines and exhausts. The emission of sul-
fur oxides into the atmosphere increases the amount of
greenhouse gases, thus contributing to global warming.
Additionally, sulfur dioxide and sulfate in the form of
PM, ; in the atmosphere causes breathing difficulty, eye
irritation, and cardiopulmonary diseases [2]. Thus, desul-
furization processes are necessary prior to the use of fos-
sil fuels.

Hydrodesulfurization (HDS) is the most used pro-
cess for sulfur removal. Fuel is treated with hydrogen at
high temperature and pressure with the use of a catalyst,
which is a porous alumina matrix impregnated with com-
binations of Co, Ni, Mo, and W [3]. Challenges associated
with the use of HDS is its costliness due to the extremely
high pressure and high temperature operating condi-
tions needed and its difficulty in removing heterocyclic
sulfur compounds such as dibenzothiophene (DBT) and
its derivatives [4]. These challenges pushed the develop-
ment of other desulfurization processes with better cost
efficiency and sulfur removal performance.

Oxidative desulfurization (ODS) utilizes oxidizing
agents to remove sulfur compounds in fuel through an
oxidation reaction [5]. ODS is a two-step process with the
first being the oxidation of sulfur-containing compounds
to create sulfoxides and sulfones, such as DBT being
oxidized to dibenzothiophene sulfone (DBTO) and ben-
zothiophene (BT) being oxidized to benzothiophene sul-
fone (BTO) [6]. The second process involves the removal
of sulfones by liquid/liquid extraction method or adsorp-
tion [7]. A two-phase system involves the use of an aque-
ous oxidant to treat the fuel in the oil phase. Since the
system consists of two phases, this limits the mass trans-
fer of reactants within one another, necessitating the use
of phase transfer agents, such as quaternary ammonium
salts [8]. Catalysts are also used to increase the reaction
rate of the oxidation process [9, 10]. With the sulfur in
the fuel converted to sulfones, it can be extracted by solid
adsorption, which is the focus of this study. Adsorption
can selectively remove compounds with the use of solid
adsorbents. Advantages of adsorption include its abil-
ity to achieve high sulfur yield at mild temperatures and
pressure [11]. Additionally, adsorption can be performed
at low costs using adsorbents that are regenerable and
have high selectivity for sulfur compounds [12]. Com-
monly used adsorbents include activated carbon (AC),
which is often used in purification and adsorption appli-
cations. A recent study was successful in preparing AC
from polyethylene terephthalate waste for the treatment
of model gasoline, reaching up to 97% DBT desulfuriza-
tion at optimum conditions [13]. Another study modi-
fied AC by washing it with hydrochloric acid to improve
its morphology. The increase in micro and mesoporosity
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resulted in about 99% DBT removal in model oil [14].
Zeolites are also commonly studied adsorbents because
of their selectivity due to their highly regular structure
of pores and chambers. This leads to the breaking down
or exclusion of non-target molecules [15]. Because of
their ability to perform cation exchange and their metal-
based active site, they are commendable adsorbents for
sulfur removal [16]. A study tested the ability of beta
zeolite to adsorb oxidized sulfur compounds from jet
and diesel fuel [17]. Results showed a decrease in sulfur
from 520 and 41 to 50 and 8 ppmw, respectively. Metal
organic framework (MOF)-based adsorbents are also
being investigated for sulfur removal. Modification of
the metal and organic linker of the MOF results in the
variation of the pore size, allowing the control of adsor-
bent selectivity [16]. Despite the good performance of
the aforementioned adsorbents, they require complex
modifications and have poor thermal stability [18]. Clay
minerals can be used as adsorbents with high specific
areas, a variety of structural and surface properties, and
chemical and mechanical stability. These adsorbents are
also highly abundant and have a low cost [19]. Activated
clay, bentonite, and kaolinite were tested for the adsorp-
tion of DBTO [20] and BTO [21]. The results showed that
activated clay was superior to the two other adsorbents
due to its surface area and the spontaneity of the process.
Several studies have also tested raw bentonite for sulfur
removal, wherein 67% DBT removal [22] and 73% BTO
removal [21] were obtained. Studies have investigated the
impregnation of clay adsorbents with Cu [23], Na [24],
and Zn [25] to improve its desulfurization performance
by modifying the interaction of the metal with the sul-
fur. To date, no information was available on the use of
Fe-impregnated clay adsorbents to remove DBTO from
simulated oil.

This study investigated the ability of Fe3* and
Fe®*-impregnated bentonite and activated clay to remove
DBTO from simulated oil through batch experiments.
The raw and modified adsorbents underwent Fourier
transform infrared spectroscopy (FTIR) to determine
the functional groups essential for sulfone adsorption.
The adsorbents were also investigated under a scanning
electron microscope (SEM) to observe their surface mor-
phology. Brunauer, Emmett, and Teller (BET) surface area
analysis was done to quantify the specific surface area of
the adsorbents. The effect of adsorption time, adsorbent
dosage, and adsorption temperature on sulfone removal
was tested. The adsorption time and temperature were
studied to gain an idea of the time to reach equilibrium
and temperature for maximum sulfone removal. It is
imperative to arrive at the optimal operating time and
temperature since the control of these parameters is cor-
related to the operating costs of desulfurization units.



Alcaraz et al. Sustainable Environment Research (2024) 34:22

Adsorbent dosage must also be studied to maximize the
use of resources for sulfur removal. Kinetic, isotherm,
and thermodynamic analysis were also performed to gain
insight into the mechanism of DBTO onto the clay adsor-
bents. The effect of Fe-impregnation on sulfone removal
was investigated and compared with existing studies.

2 Experimental

2.1 Materials

Bentonite was obtained from Seimao Chemical Material
Co. Activated clay was procured from Alfa Aesar. Ferric
nitrate nonahydrate (Fe(NO;);-9(H,0), 100%), potas-
sium hydroxide pellets (KOH, 100%), and toluene (C,Hjg,
99.8%) was purchased from Sigma-Aldrich. Potassium
ferrate (K,FeO,, 95 wt%) was acquired from Lab Tools.
DBTO (C,,Hg0,S, 98 wt%) was obtained from Tokyo
Chemical Industry.

2.2 Instrumental analysis

FTIR was performed on the raw and modified adsorbents
to determine the functional groups present on the sur-
face of the adsorbents. The adsorbents were crushed and
homogenized with KBr using a mortar and pestle in a
1:20 ratio, then pelletized and examined at frequencies of
400 to 4000 cm™! with the JASCO FTIR 410. The specific
surface area of the adsorbents before adsorption was ana-
lyzed using the BET multipoint technique using the N,
isotherm at 77 K. The morphology of the raw and modi-
fied adsorbents was investigated under a SEM. A Hitachi
S-3000N SEM was used, operated under a tungsten
filament for its vacuum and 20 kV of accelerating volt-
age. A sputter coater was utilized to create a thin layer
of gold on the surface of the samples. The concentration
of DBTO in the simulated oil was determined using an
Agilent 7890A gas chromatograph (GC) with an Agilent
355 sulfur chemiluminescence detector (SCD). The initial
temperature of the GC oven was set to 200 °C for 1 min
and raised by 20 °C every min until it reached 280 °C,
which was retained for 1 min.

2.3 Metal impregnation

The procedure for impregnation was patterned on
the study of Chen et al. [26]. For the impregnation of
Fe’", a 0.1 M Fe(NO,), solution was prepared. Benton-
ite and activated clay were mixed with the solution in a
1 g: 10 mL ratio. For the impregnation of Fe®*, 0.025 M
K,FeO, was prepared with deionized water. An adsor-
bent-to-solution ratio of 1 g: 10 mL was used for the
mixing of bentonite and activated clay with Fe®" solu-
tion. KOH was used to maintain an alkaline environment
(around pH 10) to keep ferrate stable. The adsorbents
in the solution with their corresponding iron salt were
constantly stirred with a magnetic stirrer for 12 h. The
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suspensions were filtered and the adsorbents were trans-
ferred to a petri dish to be left to dry in an oven for 12 h
at 120 °C. The dried adsorbents were then crushed and
ground with a mortar and pestle and passed through a
100-mesh (150 pm) sieve. The underflow was then stored
for future use. Adsorbents used were raw bentonite (BR),
bentonite-Fe* (BF3), bentonite-Fe®* (BF6), raw activated
clay (ACR), activated clay-Fe*" (ACF3), and activated
clay-Fe®" (ACF6).

2.4 Batch experimental studies

A 500 ppm S solution was prepared by dissolving 3.44 g
DBTO in toluene. The effect of adsorption time was
observed by mixing 30 mL of the simulated fuel with 1 g
of the adsorbent and stirring using a temperature-con-
trolled water bath shaker at 110 rpm and room tempera-
ture. Samples were collected from 0.5 to 24 h. The same
range of adsorption time was used in a similar study
investigating the removal of sulfones from synthetic fuel
[27].

The effect of adsorbent dosage was investigated by
using 30 mL of the simulated fuel and varying the dosage
from 0.3 to 1.5 g. This is similar to the range of param-
eters used by a related study, wherein they used 0.25 to
1.5 g adsorbent to desulfurize model oil [22]. The mixture
was mixed at 110 rpm and room temperature for 24 h.

The effect of temperature was analyzed by placing 1 g
of the adsorbent in 30 mL of the simulated fuel. Similar
to a previous study, the tested adsorption temperatures
were 30, 40, and 50 °C [21]. The system was mixed at
110 rpm until equilibrium.

The DBTO concentration of the samples was deter-
mined using GC-SCD and the sulfone removal and
adsorption capacity were calculated using Egs. (1) and
(2), respectively.

C, - C,
Co= 22— x100 (1)
(]
Co— C,
G =~ xV ©)
m

where q, stands for the adsorption capacity at equilib-
rium (mg g™'), C, is the initial concentration (mg L"), C,
is the equilibrium concentration (mg L™!), m is the mass
of the adsorbent (g), and V is the volume of solution (L).

3 Results and discussion

3.1 FTIR analysis

The functional groups found on the surface of the
adsorbent have a large effect on its adsorption per-
formance. A graph of the FTIR spectra of the raw and
modified adsorbents is shown in Fig. 1. The peaks of
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Fig. 1 FTIR spectra of (a) raw bentonite, (b) bentonite-Fe**, (c) bentonite- Fe®, (d) raw activated clay, (e) activated clay-Fe**, and (f) activated

clay-Fe®* before and after DBTO adsorption

BF3 and BF6 show close similarity with the peaks of
BR. The same can be said with the peaks of ACF3 and
ACF6 showing the same shape as ACR. From there, it
can be deduced that the same functional groups pre-
sent in the raw adsorbents can be found in the impreg-
nated adsorbents. The iron ions impregnated on the
adsorbent cannot be detected in the FTIR analysis
and can be considered IR inactive. This is because to
be IR active, the molecule must absorb IR. This hap-
pens when there is a change in the dipole moment of
the functional group and the resulting frequency of the
vibration matches that of the frequency of the radiation
[28]. Since an iron ion does not have a dipole moment,
it cannot absorb IR and will not be detected in an FTIR
analysis.

The FTIR spectra of the different bentonite and acti-
vated clay adsorbents before and after the adsorp-
tion of DBTO are shown in Fig. 1. The strong peak at
1044 cm™! corresponds to C-O stretching [29]. The peak
at 1638 cm™ can be attributed to the N-H bending in
the amide group [20]. C-H stretching corresponds to
the peaks at 2851 and 2924 cm™! [30]. The broad band
at 3437 cm™ is attributed to the O—H stretching from
hydroxyl, carboxylic, and phenolic functional groups
[31]. O-H stretching from free alcohols also results in a
band at 3625 cm™ .

The shifts in peaks of the adsorbents before and after
sulfone adsorption indicate the involvement of the cor-
responding functional group. BR and BF3 had a nota-
ble shift in peak from 3629 to 3625 cm™ and 3628 to
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3627 cm™, respectively, after DBTO adsorption. This
implies that the stretching of hydroxyl groups (-OH)
aided in DBTO adsorption. The adsorption of DBTO onto
raw ACR can also be related to the presence of hydroxyl
groups as the adsorbent wavelength shifted from 3621 to
3628 cm™ after adsorption. The shift in wavelength from
1643 to 1638 cm ™! with the use of ACF3 can be attrib-
uted to the involvement of amine (-NH) groups. Lastly,
the adsorption of DBTO onto ACF6 showed a peak shift
from 3621 to 3628 cm™!, attributed to the stretching of
hydroxyl groups on the adsorbent. A mechanism is pro-
posed regarding the involvement of hydroxyl groups in
most of the adsorbents. The polar character of DBTO
increases due to the presence of the double-bonded

— r=
o
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oxygens. Since the hydroxyl group on the adsorbent also
exhibits a polar character, a bond is formed between
them. Specifically, the lone pairs of the oxygen on the
sulfone react with the oxygen on the hydroxyl group and
form a covalent bond. This bond allows the sulfone to be
adsorbed from the solution.

3.2 SEM analysis

The raw and modified adsorbents were analyzed under
SEM to investigate the effect of metal impregnation on
the surface morphology of the adsorbents. The SEM
images of the raw and impregnated bentonite and acti-
vated clay are shown in Fig. 2. The surface of BR con-
sists of non-uniform particles with smooth layers. The

Fig. 2 SEM micrographs of (a) raw bentonite, (b) bentonite-Fe*, (c) bentonite- Fe®", (d) raw activated clay, (e) activated clayfFe3+, and (f) activated

clay-Fe®*
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surface of ACR also shows non-uniform particles with a
more ragged surface. A porous surface is more conducive
to adsorption as this reduces the resistance faced by the
adsorbed molecules [32]. This also facilitates the diffu-
sion of the adsorbate from the solution to the surface of
the adsorbate. After impregnation of the raw adsorbents
with Fe*", the particles appear to have conglomerated,
resulting in a larger particle size. This is less conducive
to adsorption as the clumping of particles results in less
accessible active sites on the surface. After the impregna-
tion of bentonite with Fe®, a large reduction in surface
area can be observed with more deposits on the surface
of the adsorbent. Fe®" impregnation on activated clay
also displayed the depositing of particles on the surface,
accompanied by the reduction of particle size of the
adsorbent.

3.3 BET analysis

The raw and modified adsorbents were analyzed through
BET to determine their specific surface area and these
are listed in Table 1. It can be seen that activated clay has
the highest surface area compared to all the other adsor-
bents. This is because of the activation process, which is
done to improve the performance of several adsorbents.

Table 1 BET surface area of fresh adsorbents

Adsorbent BET Surface
Area (m?
97
Raw bentonite 6.6
Bentonite-Fe** 49
Bentonite-Fe®* 27
Raw activated clay 93
Activated clay-Fe** 88
Activated clay-Fe* 58
(a) 60
R 50 + o/o,__o—o—o— )
g
= 40 + .
8 D/DrH -o0—
£ 30 4/
S &t o o o
:
S 20 T
a
10 + --BR —+BF3 -=-BF6
/
0 @ t + t t
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Time (h)
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Through physical or chemical methods, activation is per-
formed to increase the degree of pore development and
subsequently, the surface area of adsorbents [33]. From
the data, it is observed that the surface area of the raw
and modified adsorbents is arranged in the following
order: raw>Fe>" >Fe®", The treatment with the metals
decreased the surface area of the adsorbents. This coin-
cides with the SEM images, wherein impregnation with
iron resulted in the clumping of the adsorbents. It is also
hypothesized that the iron molecules blocked the pores
of the adsorbent, which resulted in a lower specific sur-
face area.

3.4 Kinetic studies

A study on the effect of the adsorption time of the sul-
fone and adsorbent system is necessary for the determi-
nation of the equilibrium time and to improve the design
of future processes. The desulfurization of bentonite and
activated clay adsorbents for DBTO removal at different
adsorption times are shown in Fig. 3. A fast rise in desul-
furization was observed during the first hour, indicating
that the adsorption sites were rapidly filled during this
period. After this time, a slow increase in desulfurization
with the progress of adsorption time can be due to the
gradual access of unoccupied adsorption sites [11].

The data showed that raw adsorbents were able to
remove a higher amount of sulfur as compared to the
impregnated adsorbents. The lowering of desulfuriza-
tion performance using the impregnated adsorbent can be
attributed to the Hard and Soft Acids and Bases (HSAB)
principle. The HSAB principle implies that soft acids pre-
fer binding with soft bases, and hard acids prefer binding
with hard bases [34]. Fe*>* and Fe®* have empty orbitals due
to their oxidation state, making them electron pair accep-
tors. The lack of electrons also denotes the strong effect
of the nucleus on the electron cloud, making it difficult

(b) 60
50+
X
= 40 +
>
]
5 30+ .
= Y e A
S 20 1
2

10 ~-ACR —+ACF3 -=-ACF6

0 t t t t

0 5 10 15 20 25

Time (h)

Fig. 3 Sulfone removal of DBTO at different adsorption times onto a bentonite adsorbents and b activated clay adsorbents
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to polarize. Because of this, Fe>" and Fe®* are considered
hard acids. On the other hand, sulfones are considered soft
bases because of the lone pairs of electrons on oxygen and
their high polarizability. The presence of benzene rings in
DBTO indicates the delocalization of electrons. This results
in the electrons being easier to move around the molecule,
making the sulfones highly polarizable, and in turn, soft
bases. The impregnation of iron on bentonite and acti-
vated clay resulted in a lower affinity for sulfones and weak-
ened the interaction between the sulfone and adsorbents.
From Sect. 3.2, the morphology of the adsorbents showed
a decrease in surface area after impregnation, which is in
accordance with the specific surface area data collected
in Sect. 3.3. Since the specific surface area decreased after
impregnation, this implies that the metal was deposited
on the adsorbent. However, the impregnation with iron
might have covered the polar molecules already present
in the adsorbent. Aiming to increase the polarity by metal
impregnation could have affected the polar molecules
already available on the adsorbents, thus lowering the des-
ulfurization. Additionally, Fe®"-impregnated adsorbents
showed higher sulfur removal than Fe*'-impregnated
adsorbents. Since the number of valence electrons of Fe®*
is less than that of Fe*", it results in Fe®" being smaller
in size and subsequently, more reactive than Fe**. This
results in a higher affinity of the sulfur with the adsorbents
impregnated with Fe®*,

The pseudo first-order equation, shown in Eq. (3), indi-
cates a reversible system between the adsorbent and
adsorbate [35]. The adherence of a system to the pseudo
second-order rate equation, listed in Eq. (4), indicates that
chemisorption limits the rate of the reaction. This involves
valence forces by the sharing or exchanging of electrons
between the adsorbate and adsorbent [36].

In(qs — qe) = Ings — kit (3)

t 11
— +—t

=T 4
ge  kaq? 4 @)
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where ¢, is the adsorption capacity at a given time (mg
g 1), k; is the pseudo first-order adsorption rate constant
(min™), k, is the pseudo second-order adsorption rate
constant (g mg~' min~'), and t is the reaction time (min).

The kinetic parameters and coefficients of determina-
tion (R?) of the different kinetic model equations on BR,
BF3, BF6, ACR, ACF3, and ACF6 for DBTO removal are
shown in Table 2. The results indicate adherence to the
pseudo-second order model with a high R?* value and
similar values for the experimental and theoretical q..
This implies that chemisorption is the rate-limiting step
of the reaction between the clay adsorbents and the sul-
fur compounds. This also supports the proposed mecha-
nism wherein covalent bonds form between the sulfone
and the responsible functional groups on the surface of
bentonite, allowing the sharing of electrons [20]. The
calculation of the pseudo-second order rate constant,
k,, can provide insights into the speed of the reaction. A
large value of k, implies a relatively faster reaction, while
a small value implies a slower reaction. From the calcula-
tion of k,, BR had the highest value, which is almost 16
times as fast as the slowest reaction, which is BF6. These
experimental rate constant values can be used for appli-
cation to reactor design and upscaling efforts.

A comparison of the experimental data with the cal-
culated data from kinetic models of DBTO adsorption
onto BR is shown in Fig. 4. The theoretical values calcu-
lated from the pseudo-first order model largely deviate
from the experimental data. The modelled data from the
pseudo-second order model closely follow the experi-
mental data, implying a better fit of the pseudo-second
order model to the system compared to the pseudo-first
order model. This coincides with the high values of R?
found in Table 2 for the pseudo-second order model.

3.5 Isotherm studies

Studying the effect on adsorption with varying adsor-
bent dosages is vital to be able to reach maximum sul-
fur removal at an economic amount of adsorbent. The
DBTO removal of clay adsorbents at different adsorbent

Table 2 Kinetic parameters for DBTO adsorption on BR, BF3, BF6, ACR, ACF3, and ACF6

Model Parameter BR BF3 BF6 ACR ACF3 ACF6
Qeexp (Mg g™") 7.55 4.12 6.21 4.01 3.87 4.43
PseudofFirst Order k; (min™") 82x1073 94x1073 24x1073 55x1073 60x107° 6.2x1073
Qetheo (M3 G 082 067 22 18 26 20
R? 08112 0.7568 0.5645 0.8740 08125 0.8966
PseudoSecond Order ky (@ mg ' min™) 6.2x107 13x107 39%1073 76x1073 46x107 89x 1073
etheo (MI G ™) 76 42 63 41 40 45
R 0.9999 0.9975 09972 0.9989 0.9966 0.9997
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Fig. 4 Comparison of experimental data with modelled data
from different kinetic models on DBTO adsorption using BR

dosages is shown in Fig. 5. Increasing the adsorbent
amount increases the active sites available for adsorption,
and subsequently, the sites where the sulfur molecules
can adhere [37].

The Langmuir model assumes that the adsorbed layer
has a thickness of only one molecule and that there
should be no steric hindrance and interaction between
adjacent adsorbed molecules [38]. Also, it assumes that
once a molecule has occupied an adsorption site, no
further adsorption will occur at that site. The linearized
form of the Langmuir model is shown in Eq. (5).

1 1 1 1

qe Kigm Ce  qm ®)

where q,, is the adsorption capacity when monolayer
coverage is achieved (mg g™'), and K| is the Langmuir
adsorption constant (L mg™1).

The Freundlich model does not restrict multilayer
adsorption, in contrast with the Langmuir isotherm. It

(a) 70
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assumes that the compound is adsorbed at various sites
of heterogeneous adsorbent with varying adsorption heat
and affinities [15]. The stronger binding sites will first be
occupied by the adsorbate. The adsorption energy will
then exponentially decline as the adsorption reaches
equilibrium [38]. The equation for the Freundlich model
is shown in Eq. (6).

1
logqe = logKr + ;logCe (6)

where K; is the Freundlich constant (mg g~'), and n is
an indication of the adsorption capacity. If 1/n is greater
than zero and less than one (0<1/n<1), the adsorption
process is favorable; while if 1/n is greater than one, the
adsorption process is unfavorable. A value of 1 for 1/n
signifies an irreversible process.

The Dubinin-Radushkevich (DR) model was formed
to account for the effect of the porosity of an adsorbent
[39]. It assumes that adsorption progresses through pore-
filling and that physical multilayer adsorption is possible
through Van der Waals forces [40]. The linearized equa-
tion for the model is shown in Eq. (7).

Ingqe = qs — Kpe? (7)

where ¢ is the theoretical saturation capacity (mg g),
and K, is the DR isotherm constant (mol? kJ~2). The vari-
able ¢ is the adsorption potential, which can be calculated
using Eq. (8).

1
& =RTIn(1 + a) (8)

where R is the universal gas constant taken as
8.314 ] mol™' K1, and T is the absolute temperature (K).

The Temkin model considers the interaction of the
adsorbent and adsorbate. This model assumes, excluding

(b) 40

35 1 -
30 1 — =
25 + A

20 1
15 1
0+ ¥
5 +

0 = * ;
0 0.5 1 1.5 2
Adsorbent dosage (g)

Sulfone removal (%)

Fig. 5 Sulfone removal of DBTO at different adsorbent dosages onto (a) bentonite adsorbents and (b) activated clay adsorbents
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very low and very large concentration values, that the
adsorption heat of the molecules present on the surface
of the adsorbent declines linearly with adsorbate cover-
age on the adsorbent [38]. The equation for this model is
shown in Eq. (9).

RT
q

= InA +R1C
= — —In
e BTI’IT Br (9)

e

where A is the Temkin isotherm equilibrium binding
constant (L mg™'), and By is the Temkin constant related
to the heat of adsorption (J mol ™) [41].

The calculated adsorption parameters and coefficients
of determination (R?) of the different isotherm model
equations on BR, BF3, BF6, ACR, ACF3, and ACF6 for
DBTO removal are shown in Table 3. It is observed
that the best-fit model for BR and BF3 is the Freundlich
model, which denotes that the adsorption of sulfones
onto the adsorbents occurs on a multilayer mechanism.
This also implies that the stronger binding sites are occu-
pied first. Additionally, since the value of 1/n for BR and
BF3 are greater than one, it can signify that the process
is unfavorable and that other modifications can benefit
the system. The other adsorbents, specifically BF6, ACR,
ACF3, and ACF6, adhere to the DR isotherm. This model
accounts for the effect of the porosity of the adsorbent
and assumes that adsorption happens through pore fill-
ing instead of film formation on the walls of pores. The
value of g in the DR isotherm gives the theoretical satu-
ration capacity of the adsorbent. This indicates the maxi-
mum adsorption capacity that an adsorbent can achieve
if conditions are closest to an ideal system. The values for
q, of the adsorbents are approximately 1.5 times that of
the experimental equilibrium adsorption capacity. This is
expected for calculated theoretical values as these do not
account for resistances and interactions.
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A comparison of the calculated data from isotherm
models and the experimental data from DBTO adsorp-
tion onto BF6 is presented in Fig. 6. Close values between
the experimental and calculated data are observed with
minimal differences across the four isotherms. Values
from the DR isotherm show the closest similarity with
the experimental data. This is in accordance with BF6
having the highest R* in the testing of the different iso-
therm models to the sulfone and clay adsorbent system.

3.6 Thermodynamic studies

Temperature is a necessary parameter to define for unit
processes since this affects the reaction rate of the pro-
cess and the quality of the reactants. The desulfurization
performance of BR, BF3, BF6, ACR, ACF3, and ACF6
for DBTO removal at different reaction temperatures is
shown in Fig. 7. Raising the temperature increases des-
ulfurization due to the increase in the kinetic energy of
the particles in the system [42]. This gives higher chances

6.9 -
~ ——Langmuir
) + . .
o 6.7 Freundlich
g/ 6.5 + —-o-Dubinin-Radushkevich
52 .
A —o-Temkin
263+
3
61+
O
£ 591
£
2 57 +
2

5.5 t t +

0.0 0.5 1.0 1.5 2.0

Adsorbent dosage (g)

Fig. 6 Comparison of experimental data with modelled data
from different isotherm models on DBTO adsorption using BF6

Table 3 Isotherm parameters for DBTO adsorption on BR, BF3, BF6, ACR, ACF3, and ACF6

Model Parameter BR BF3 BF6 ACR ACF3 ACF6
Langmuir K (Lmg™) 363%107 6.75x107 8.10x 1073 7.25%107 329%107 845x 1072
G (Mg g™ 659 1441 9 1686 3461 1365
R? 0.9077 0.9320 0.9933 09125 0.8881 0.9370
Freundlich Ke(mgg™) 148x1073 220%1073 121 428%107 129%107? 229%1073
n 063 078 351 0.87 1.05 078
R? 0.9135 0.9344 0.9771 0.8901 0.8804 0.9422
Dubinin-Radushkevich Ko (mol? k™) 7.39%1073 138x1072 204x1073 140x1072 122x107? 146x1072
gs(mgg™ 19.71 8.56 7.21 742 6.39 8.65
R? 0.8249 0.8943 0.9983 09175 09310 0.9441
Temkin Ar(Lmg™) 730x1073 582x1073 113107 6.29%x107 753x107° 585x107
B; U mol™) 158 414 588 530 685 427
R? 0.8792 09213 0.8768 0.8805 0.9004 0.9436
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Fig. 7 Sulfone removal of DBTO at different temperatures onto a bentonite adsorbents and b activated clay adsorbents

of effective collisions between the adsorbents and sul-
fur particles, and therefore, a push in the progress of the
adsorption process.

To further characterize the adsorption system, ther-
modynamic parameters such as enthalpy (AH), entropy
(AS), and Gibbs free energy (AG) can be calculated. The
adsorption coefficient (K ), which is given by Eq. (9), is
defined by the ratio of the adsorbate adsorbed and the
adsorbate concentration remaining in the solution.

qe

K; =2

c. (10)

where q, is the adsorption capacity at equilibrium, also
considered as the amount of adsorbate on the adsorbent
(mgg™).

Equation (11) is used to solve for AG at different tem-
peratures [20]. The definition of AG is given in Eq. (12).
By substituting this into Eq. (11), the expression in
Eq. (13) can be used to identify AS and AH from the vari-
ation of system temperature [43].

AG = —RTInKy (11)
AG = AH — TAS (12)
K AS AH 1 13)
n = — - ——

TR RT

An analysis of the thermodynamic properties of the
clay adsorbents and sulfone systems was performed and
the parameters are listed in Table 4. Positive values for
AG at all temperatures indicate the non-spontaneity of
the adsorption process with the adsorbents at 30 to 50
°C. The decreasing value of AG with increasing tempera-
ture also indicates the favorability of the adsorption pro-
cess at higher temperatures [20]. It can also be observed
that BR has the lowest AG at all temperatures among the

tested adsorbents. This agrees with BR having the high-
est desulfurization across the other adsorbents since the
lower AG indicates higher spontaneity and proceeding
of the adsorption reaction. With the AH values being
positive for all the adsorbents, this implies that the pro-
cess of sulfone adsorption onto the clay adsorbents is
endothermic. This is in accordance with the findings of
the study that sulfone desulfurization increases with the
increase in temperature. Positive values for AS denote the
increase in entropy or randomness during the adsorp-
tion process. Physical implications of a positive AS value
include increased randomness at the interface of the lig-
uid and adsorbent [44]. This suggests structural changes
in the adsorbent and adsorbate, wherein the sulfur
being removed becomes attached to the surface of the
adsorbent.

3.7 Comparison with related research

The raw and modified adsorbents used in this study
were compared with other research that investigated
the removal of DBTO from simulated oil in Table 5.
It can be seen that activated carbon loaded with Ni**
from the study of Chen et al. [26] achieved the highest
sulfur removal at 99%. 61% removal was achieved with
activated clay in the study of Choi et al. [20], while the
present study reached only 48% sulfur removal with
bentonite. Despite this, the adsorption capacity of the
adsorbents used in the present study was revealed to be
higher than that of previous works. The modified Fe*"
and Fe®"-impregnated bentonite had a higher adsorption
capacity than the other presented adsorbents despite hav-
ing poorer performance than raw bentonite. BR reached
7.2 mg g~ ! which is the highest capacity among the listed
adsorbents. Clay adsorbents are cheap and stable and the
performed method for Fe impregnation is considerably
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Table 4 Thermodynamic parameters for DBTO adsorption on BR, BF3, BF6, ACR, ACF3, and ACF6

Adsorbent Temperature (°C) AG (kJ mol™) AH (kJ mol™) AS (kJmol~'K™")

BR 30 10.0 16 0.020
40 96
50 9.6

BF3 30 1.9 23 0.036
40 1.7
50 1.2

BF6 30 1.5 31 0.064
40 10.5
50 10.2

ACR 30 12.6 21 0.027
40 12.2
50 120

ACF3 30 12.8 17 0.013
40 125
50 12.5

ACF6 30 124 32 0.066
40 1.9
50 11.0

Table 5 Comparison of findings of related research on DBTO

adsorption
Adsorbent  Modification Sulfur Adsorption  Reference
removal capacity (mg
(%) g™
Activated - 70 35 [26]
carbon Cu?*-loaded 98 49
Fe’*-loaded 98 49
Ni**-loaded 99 49
Activated clay - 61 3.1 [20]
Bentonite - 47 24
Kaolinite - 30 1.5
Bentonite - 48 7.2 Present study
Fe*-loaded 34 5.1 Present study
Fe®loaded 43 6.4 Present study
Activated clay - 28 4.1 Present study
Fe**-loaded 24 36 Present study
Fe®-loaded 35 53 Present study

simple. Further study can be done to capitalize on the
adsorption capabilities of clay adsorbents.

4 Conclusions

Clay adsorbents, specifically, bentonite and activated clay,
were impregnated with Fe>* and Fe®" to test their effect
on the removal of DBTO from simulated oil. Hydroxyl
groups were found to be the main functional group for
BR, BF3, BF6, ACR, and ACF6, while amine groups were

essential for DBTO adsorption onto ACF3. SEM imag-
ing and BET analysis showed that the impregnation of
Fe resulted in the conglomeration of adsorbent particles
and deposition of particles on the surface, thus reduc-
ing the surface area of the adsorbent. Kinetic studies
showed the adherence of the clay adsorbent and sulfone
systems to the pseudo-second order model, implying that
chemisorption is the rate-limiting step of the reaction.
Equilibrium isotherm studies showed that the systems
of DBTO with BR and BF3 adhered to the Freundlich
model. This implies that the adsorption of the adsorb-
ate onto the adsorbent happens through a heterogeneous
and multilayer mechanism. On the other hand, the sys-
tems of DBTO with BF6, ACR, ACF3, and ACF6 showed
adherence to the DR model. This model accounts for the
porosity of the adsorbent and assumes that the adsorb-
ate fills the micropores of the adsorbent. Thermodynamic
studies showed the endothermic and non-spontaneous
nature of the clay adsorbent and sulfone systems. These
results signify the viability of using raw and impregnated
clay adsorbents for the removal of sulfone from oil. A
study of the effect of different parameters showed that
an increase in dosage could further increase the sulfone
removal of the adsorbents. The endothermic nature of
the system also implies that higher temperatures should
be tested to observe higher desulfurization rates. This
study also suggests that future research can focus on the
enhancement of the chemical properties of the adsor-
bent as chemisorption plays a large part in the adsorption
process. It was revealed that Fe-impregnated adsorbents
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had a higher adsorption capacity than related research.
However, raw bentonite still performed the best out of all
the tested adsorbents and can be further investigated to

(2024) 34:22

arrive at a suitable adsorbent for sulfone removal.
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