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Facile Creating a Hierarchical and Hydrophobic Fe-Co/LZSM-5 Catalyst
for the Oxidative Desulfurization Process
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desulfurization (ODS) process and makes the catalyst hydrophobic, thereby allowing it to
overcome the biphasic hindrance caused by the difference in polarity between the fuel oil
and the oxidant. Characterization of the catalyst's properties based on BET and BJH,

XRF, and contact angle, as well as testing its performance on DBT model oil in n-
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hexadecane and Indonesian commercial diesel were conducted. Simulation of the
reaction energy profile using density functional theory calculations was also carried out
to deepen insight into the mechanism of the reaction. Results of this study show that the
catalyst has excellent catalytic reactivity in the long-chain hydrocarbon ODS process, with

a TOF number of 183 h™".
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m INTRODUCTION

Sulfur is a major source of transportation fuel
pollution. The process of burning fuel containing sulfur
will cause the formation of sulfur oxide (SO,), which is
toxic, corrosive, and harmful to the ecosystem. Therefore,
the European Union issued strict environmental rules and
regulations to put great pressure on refinery operations to
produce fuel with the lowest sulfur content [1].

Desulfurization of fuels to very low levels is
increasingly necessary today, not only because of increasing
concerns about environmental and legal requirements but
also because very low sulfur fuels are a key requirement in
fuel cell applications. Currently, fuel sulfur content
requirements are increasingly stringent to achieve net
zero emissions. Refineries around the world continue to
develop new processes to reduce sulfur levels in fuel.
Therefore, researchers are trying to find an effective
process. Nowadays, it is widely known that oxidative
desulfurization (ODS) is considered a new technology to
achieve deep desulfurization [2]. The biggest advantage of

the ODS process is a low reaction temperature and
pressure. Previous ODS research has used various types
of oxidants, including hydrogen peroxide (H.O,), t-
butylhydroperoxide (TBHP), air, molecular oxygen, and
ionic liquids to increase oxidative activity. H,O, is
recognized as superior as an oxidant, and the best results
are achieved when utilizing H,O, with a heterogeneous
catalyst. Transition metals such as Fe, Cu, Ti, Co, and Cr
are intensively studied in the oxidation of organosulfur
compounds [2-3]. Transition metals with ferromagnetic
properties are preferred because they can overcome
resonance in organosulfur compounds, facilitating the
ODS process, which involves electron transfer [4-5].
However, the search for catalysts is currently being
carried out to overcome four problems in the ODS
process, namely (i) biphasic hindrance, that is, layers
caused by the polarity of the oxidant and the non-polar
of the fuel oil, (ii) steric barrier caused by the large size
of the organosulfur contained in the fuel, (iii) excessive
use of oxidants, which causes problems in the by-product
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separation process and fuel quality, and (iv) sulfone
separation process, which results from the organosulfur
oxidation process in fuel [2].

Currently, zeolite or ZSM-5 is attracting the
attention of many researchers to obtain ultra-low sulfur
diesel (ULSD) from the oxidative desulfurization process
because of the high selectivity of its framework properties.
The adsorption properties of the framework catalyst make
it easier to separate the results of the ODS process and do
not require a process for purification [6]. However, the
pore size of ZSM-5 is dominated by 5 A, and this makes
the steric barrier a problem because the size of the
organosulfur molecules in the fuel is more than 5 A,
especially dibenzothiophene (DBT). Many reports began
to be made about zeolite engineering for the success of the
ODS process [7-9].

Wang et al. [6] carried out synthetic engineering of
hierarchical ZSM-5, which is amphiphilic, using the
bottom-up method, namely a synthetic method from
scratch and impregnated with Ti. However, the bottom-
up synthesis process of ZSM-5 is still not able to achieve
this characterization. Zhu et al. [10] carry out Y-zeolite
dealumination to form a hierarchical zeolite with tri-
coordinate aluminium. However, it is still a challenge for
the tri-coordinate aluminum process, which is bound by
the dealumination results. Jafarinasab et al. [11-12]
inserted Co into zeolitic imidazolate framework-67 to
form CoZIF-67, which was then modified again with a
combination of encapsulating HPMo into CoZIF-67 [11-
12]. It became a challenge in the bottom-up synthesis of
ZIF, which binds to metal Co to form a metal-organic
framework and encapsulate HPMo. Wang et al. [9] made
cheese-like hierarchical pores that modified C-ZSM-5 as
a Ti support, where ZSM-5 was synthesized bottom-up
[9]. Dashtpeyma et al. [13] modified zeolite clinoptilolite
with BiVO4-CuO but its performance still used the mass
transfer agent of acetonitrile.

Zhang et al. [14] carried out micro-mesopore
engineering on zeolite, which they synthesized bottom-up
and then impregnated with Ti induced in amide to form
Ti(OH,),(OH),(OSi),. This was done because it was
considered that the Ti contained in the reported zeolites
was commonly not well distributed, and conventionally,
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this was quite difficult. So, the Ti that is induced in the
amide becomes Ti(OH,),(OH),(OSi),, making Ti more
easily distributed in zeolite or ZSM-5 [14]. However, the
process for obtaining the Ti-amide compound is not
explained clearly. Jangi et al. [4] said that using natural
zeolite can reduce costs in the synthesis process using
ODS
impregnation process using phosphotungstic acid

catalysts. Therefore, they carried out an
(PTA) into natural zeolite. This type of ferrite is obtained
by reacting ammonium form ferrite with natural zeolite
to PTA-Fer/Zeolite [4]. However, the ODS process still
uses mass transfer agents, extraction processes in the
result separation process, and oxidants that exceed the
stoichiometry. Currently, there are many studies that
seek to obtain catalysts that can overcome problems in
the ODS process and increase its effectiveness in facile
synthesis, selectivity, and performance. The desired
catalyst has hierarchical pores to increase reaction
transport, is mesopore to facilitate the oxidation reaction
of DBT with a large molecular size, about 9 A [5,14],and
is hydrophobic to overcome biphasic hindrance [9-10].

This study implemented a hierarchical pore
engineering strategy through top-down dealumination
of the LudoxZSM-5 (starting now referred to as LZ)
catalyst, supporting the Fe-Co ferromagnetic transition
metal. The Fe-Co/LudoxZSM-
5Hierarchy (Fe-Co/LZ-H) demonstrated a unique

resulting catalyst
dominance of mesoporosity and hydrophobicity, which
was not previously reported. LZ is ZSM-5, which was
synthesized with a Si source from Ludox chemical.
Subsequently, a catalyst effectiveness test was conducted
on DBT model diesel fuel dissolved in the long-chain
hydrocarbon compound hexadecane, which has not
been found in ODS process catalyst test reports. A
catalyst performance test was also carried out on the
Indonesian commercial diesel ODS process, which is
rarely reported. The profound reasons underlying the
extraordinary catalytic activity of the Fe-Co species
impregnated on LZ-H are explained by density
functional theory (DFT) calculations in reaction energy
profile studies. The catalyst obtained has excellent
in fuel
desulfurization processes and promises good prospects in

potential to be produced and applied
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catalyst engineering.
m EXPERIMENTAL SECTION
Materials

LZ is ZSM-5, which is synthesized with its silica
source from Ludox, and this LZ is obtained from the
synthesis results of the Chemistry laboratory of the
Institut ~ Teknologi  Bandung, Indonesia.  HF,
Co(NO3),-6H,0O, Fe(NO;)»9H,O, NH.Cl, DBT, n-
hexadecane, H,O,, and AgNO; were obtained from Merck
Indonesia (all analytical pure materials without
purification process). Aquadest and DBT model oil in n-
hexadecane, as well as Indonesian commercial diesel were

also used in this study.
Instrumentation

The instrument used for catalyst characterization is
asurface area analyzer (SAA, Quantachrome Nova 4200e)
with the Brunauer Emmett-Teller (BET) and Barret-
Joiner-Halenda (BJH) methods to measure the N,
adsorption-desorption isotherm and determine the
surface area, pore volume, and diameter pore. X-ray
fluorescence (XRF, ED-XRF type, Rigaku NexCG) to
determine metal content. UV-vis spectrophotometer
(Thermo Scientific Genesys 10S Spectrum) was used to
measure the sulfur conversion. To measure the water
contact angle and to drip demineralized water on the
catalyst surface, the water droplets are recorded with a
digital camera, and the contact angle is determined from
the digital image of the water droplets on the catalyst
surface [6,15].

Procedure

Hierarchical process

Hierarchy is carried out using a top-down
dealumination method, namely treatment, to create a
hierarchical system in ZSM-5 through post-treatment
procedures using acid and steam treatment. That is by
mixing 100 g of LZSM-5 with 600 mL of 10% HF and
stirring at 65 °C for 25 min. Next, it is filtered and cooled
to room temperature, then washed with distilled water
until the pH is neutral. Steam treatment was carried out
with NH,CI for 5 h at 90 °C, washed until free of Cl', and
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dried at 100 °C for 8 h. Finally, the result was calcined for
3 hat550 °Cinafurnace [16-17], so a LZ-H was obtained.

Impregnation bimetal Fe-Co

Bimetal Fe-Co impregnation on LZ-H was carried
out using the wet impregnation method. The
concentration of Fe and Co metals used is 10% of the
catalyst with a Fe:Co ratio of 2:1. Fe(NO3);-9H,O and
Co(NO:s3),-6H,0 in aquadest were prepared separately.
Then, the sample of hierarchical ZSM-5 was added and
immersed in a solution of Fe(NO3); and Co(NOs),. The
mixture was stirred for 3 h at room temperature, dried
at 60 °C for 12 h, and calcined at 450 °C for 5 h [18]. The
LZ-H catalyst embedded with Fe-Co is obtained and

coded as Fe-Co/LZ-H.

ODS catalytic

The ODS process was carried out in a 3-neck round
bottom flask with a magnetic stirrer and reflux column.
The catalyst was put into the flask, 30% H,O, was added
as an oxidant, and then 10 mL of fuel was added. The
operation is carried out on a bath with a stable
temperature while stirring with a magnetic stirrer at
atmospheric pressure. The study for optimum
conditions was tested by studying the effect of operating
condition parameters, which included the amount of
catalyst using Fe-Co/LZ-H as the catalyst dose used, i.e.,
0.5, 1, 2, and 3% (w/v) of 10 mL DBT model oil in n-
hexadecane at a concentration of 500 ppm, the amount
of oxidant according to the [O]/[S] ratio is 1, 2, 4, and 7,
temperature of 30, 45, and 60 °C, as well as the reaction
time of 30, 45, and 60 min. Then, temperature, oxidant
ratio, time, and optimum operating conditions were
applied to the LZ and LZ-H catalysts. Finally, it was also
applied to the Fe-Co/LZ-H catalyst for commercial diesel.

The amount of sulfur converted was determined
using UV-vis, calibrated for absorbance, and a measured
concentration series search was carried out at a
wavelength of 320 nm. Catalyst effectiveness is recorded
as DBT conversion using the Eq. (1) [19-20];

C,—-C.
DBT conversion (o) z%xloo% (1)
0

where C, is the initial concentration of DBT, C; is the
final concentration of DBT, and a is DBT conversion.
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Then, in the catalytic reaction, the turnover frequency
(TOF) of sulfide oxidation is calculated as Eq. (2) [14];
TOF = n(sulfide)

B n(Fe —Co) Xreaction time

initial X &

(2)

where n(sulfide)initial is the initial mole of sulfide, a is

DBT conversion, and n(Fe-Co) is the mole of Fe-Co
species in the catalyst.

DFT calculations to see the energy profile of the ODS
process

DFT calculation to view the energy profile was
carried out with Gaussian09 software [14] with a model
the Fe-Co/LZ-H
crystallographic information file (CIF) resulting from the

structure, and structure is a
results of the Rietveld refinement process. DFT was
carried out using the functional B3LYP method, with a
basis set for the chemical properties of the 6-31G+(d,p).
Complete simulations were conducted with optimization

and frequency (opt+freq) [21].
m RESULTS AND DISCUSSION
Catalyst Characterization

BET results show that the LZ-H catalyst design with
a dealumination strategy with HF causes changes in
surface catalyst characteristics (Table 1). However, the
catalyst generally has a large surface area under the
general properties of zeolites. Table 1 shows that the
hierarchical process used dealumination treatment with
steam treatment succeeded in increasing the surface area
from 264.35 to 299.74m’g"' and the number of
mesopores from 0.03701 to 0.05897 cc g™'. This then
maintains a high surface area after impregnation, which is
271.93 m?* g”', with the formation of multimodal pores, so
it can be said that the hierarchy is successful when there
are several pore sizes without eliminating micropores
[22].
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Table 1 shows a less significant increase in the
average pore radius after dealumination and impregnation
treatments. In a more general context, if the radius of a
pore is enlarged, the volume of the pore tends to increase
[23]. This is because pore volume is usually related to the
amount of space available within it, with increasing pore
radius causing more space to be available. However,
material phenomena and structural changes can be
complex in various contexts, such as geometric
restrictions due to the limited zeolite structure, which
limits the increase in pore volume as the pore radius
increases. The zeolite structure can sometimes become
unstable when the pore radius becomes very large. At
this point, the zeolite structure can begin to collapse or
degrade, which can ultimately reduce the adequate pore
volume, or pore stretching can occur, which causes an
increase in pore volume without an increase in pore
radius. Metal loading in zeolite also has a complex effect
depending on the stability/thickness of the pores and the
radius ionic [24]. Table 1 shows that after dealumination,
there was a slight increase in the average pore radius and
volume, which may be due to changes in the pores in
which severe punishment of micropores to form
mesopores. Then, after the bimetal Fe-Co impregnation
treatment, there was a slight increase in the average pore
radius. Still, the pore volume decreased compared to
after the bimetal Fe-Co impregnation treatment. There
was a slight increase in the average pore radius, but the
pore volume decreased compared to before. Bimetal Fe-
Co can be used as a connectivity controller, which is
visible in pore connectivity where Fe-Co impregnation on
LZ-H causes changes in surface area, pore radius, pore
volume, and pore distribution [25]. Apart from that, Fe-
Co also causes the reappearance of micropores without
weakening the mesopores (Table 1).

Table 1. Physicochemical properties of LZ, LZ-H, and Fe-Co/LZ-H

sSurface area  ®Pore radius average

Catalyst

*Micropore volume

®Mesopore volume *Macropore volume

(m*g™) (nm) (ccg™) (ccg™) (ccg™)

LZ 264,35 0.32139 0.00218 0.03701 0.00455

LZ-H 299.74 0.33293 0.00000 0.05897 0.00092

Fe-Co/LZ-H 271.93 0.33493 0.00293 0.04520 0.00069
*determined by BET
bdetermined by BJH

Lisa Adhani et al.



Indones. J. Chem., 2024, 24 (5), 1429 - 1444

So it can be said that this catalyst design succeeded
in increasing the number of meso and hierarchical pores
to overcome the steric barrier problem in the ODS
process, where it is known that the organosulfur in the
fuel is more than 5 A in size, especially DBT, which is in
larger quantities, and this has been a problem in the ODS
process so far [2,7]. Hierarchical catalytic pores offer the
potential to (i) reduce steric constraints to overcome the
diffusion of large molecules, (ii) increase the rate of
intercrystalline  diffusion, (iii) maximize catalyst
utilization, and (iv) modulate selectivity towards the
target product [26].

Adsorption-desorption of N, on the catalyst using
BET analysis is depicted in Fig. 1, which exhibited that all
catalysts are porous solids, under the zeolite
characterization. The general tendency of the adsorption-
desorption curve shows a type IV profile for mesoporous
solids, where adsorption at low P/P, associated with the
filling of smaller pores increases slowly around P/P, > 0.2
so that the curve slopes gently and there is a sharp increase
when P/P, 0.9 to close to 1 [22,27]. The difference between
adsorption and desorption causes a hysteresis loop due to
capillary condensation. In the curve, there is a hysteresis
loop at low pressure, and the largest loop is found in Fe-
Co/LZ-H. This is due to the presence of small micropores
and mesopores. Small pore connectivity can be seen in
LZ-H and Fe-Co/LZ-H, indicating that most of them are
flakes with non-rigid aggregates and have an ink bottle
effect. This is why when reducing the pressure during
desorption, molecules with lower energy tend to require a
higher chemical potential gradient to pull the adsorption
molecules out of the pore so that the hysteresis loop in the
low-pressure region is larger [28-29].

The number of mesopores can also be seen from the
distribution curve in Fig. 2, where you can see that pores
are distributed in mesopores with high intensity in LZ-H.
Still, the number of micropores disappears according to
the size of the BJH pores and reappears in Fe-Co/LZ-H,
namely hierarchical LZ impregnated with bimetal Fe-Co
(Table 1). So, the resulting catalyst has hierarchical pores
according to the agreed provisions. The hierarchy is said
to be successful if a large pore size is achieved without

removing the micropores [22]. Pore size classification is
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carried out using BJH analysis following IUPAC
provisions, namely < 2 nm for micropore size, 2-50 nm
for mesopore, and macropore size > 50 nm [30]. Fig. 2
shows that the Fe-Co/LZ-H catalyst is a catalyst with
multimodal micro/meso/macropores and distribution
pores of 1 to 70 nm. The pore distribution depicted in
Fig. 2 is the pore width versus the incremental pore
profile. The incremental pore size distribution analysis
method was used due to the addition of mesopores and
multimodal pores. According to Liu et al. [31], the
presentation of distribution analysis is very important
because it will determine the interpretation of the data.
The presentation of pore distribution with incremental
pore isvery dependent on experimental data on point
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distances/intervals. The addition of mesopores causes the
pores to be more distributed at the pore size point of 20-
30 nm. The pore distribution profile in Fig. 2 shows that
the catalyst pores are arranged regularly [32]. ZSM-5 is
generally known to have a regular structure [33]. In
zeolites with hierarchical pores, a wide distribution of
peaks will be seen, indicating the presence of pores of
various sizes [27,32], as shown by the distribution profile
in Fig. 2.

In Scheme 1, a hierarchical process using a top-
down dealumination method together with steam
processing is used. The dealumination process involves
the use of HF to extract Si from the ZSM-5 framework.
Steam treatment with NH4Cl helps accelerate the
formation of hydroxyl or silanol as a recovery resulting
from the breaking of Al-O bonds by HF. Steam treatment,
in turn, facilitates optimal Si migration to specific
hydroxyl sites, preventing massive structural collapse of
the framework. After steam processing, the hydroxyls of
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in Table 2 increases on the Fe-Co/LZ-H catalyst, i.e.
51.78. This is because the dealumination process
removes some of the Al elements in the catalyst
framework structure, which creates new space and
results in increasing the Si shown in Scheme 1 [34].
Impregnation is not the cause of the high Si/Al ratio, but
it can be said that impregnation still maintains the high
Si/Al ratio value. Then the study of analysis of the
catalyst elements using XRF (Table 2) shows that Fe-Co
with a ratio of 2:1 was successfully embedded in the LZ-
H support, which is read in its oxide form, namely Fe,Os
1.5% and CoO 0.7%.

From Table 2, it can also be seen that Fe-Co/LZ-H
has a Si/Al ratio of 51.78. Increasing the Si/Al ratio alters
the catalyst's surface properties, making it more
hydrophobic [35], and silica is widely used as an
ingredient to make hydrophobic materials [36].

Table 2. Elemental composition in catalysts based on

R : XRF analysis
the broken Al-O bonds remain intact, thereby reducing A
Catalvst Si/Al rati Fe-Co content in oxide (%)
ibili i ini atalys 1 ratio
the possibility of framework damage and maintaining ¥ Fe,0; CoO
pore connectivity [17]. The BET instrument will provide L7 15.00 0.0 0.0
further information regarding pore connectivity. LZ-H _ _ .
The Si/Al ratio analysis of the XRF test results listed Fe-Co/LZ-H 51.78 1.5 0.7
| | | |
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Scheme 1. Hierarchical process using top-down dealumination method
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Alharbi et al. [37] designed a water contact angle
category at the surface, as depicted in Fig. 3(a). According
to the results presented in Fig. 3(b), the water contact
angle observed on the surface of the Fe-Co/LZ-H catalyst
is 115°. This value is within the range considered
appropriate for a surface to be considered hydrophobic,
which is typically between 90-150° [15]. The idea of
creating a hydrophobic surface on the catalyst for the
ODS process is very important because hydrophobicity is
useful for overcoming the biphasic hindrance that
generally occurs in the ODS process. If this problem is
resolved, mass transfer agents will no longer be needed, so
oxidants are effective according to their stoichiometry
[10].

ODS Catalytic

Study looking for operating conditions for ODS with
Fe-Co/LZ-H catalyst

The study for the conditions optimum of the ODS
process with the Fe-Co/LZ-H catalyst was carried out on
DBT in n-hexadecane as a model oil at a concentration of
500 ppm for 10 mL. This is done by varying the amount
of catalyst according to the catalyst dose used, i.e., 0.5, 1,
2, and 3% (w/v), varying the ratio of oxidant to DBT
concentration in the model oil ([O]/[S]) of 1, 2, 4, and 7,
temperature variations of 30, 45, and 60 °C, as well as time
reaction variations, i.e., 30, 45, and 60 min. The condition

3
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with maximal DBT conversion was taken as the
operating condition optimum.

Effect of the amount of catalyst

The trend depicted in Fig. 4 illustrates a correlation
between the amount of catalyst used as a percentage of
fuel versus the resulting conversion rate. As seen,
conversion rates increase with the amount of catalyst
used but begin to decrease once the amount surpasses 2%
(w/v). This suggests that the optimal amount of catalyst
has been achieved at a dosage of 2% (w/v). At this point,

60 -

50 9

40 4
30 4
20 4
0
05 1 2 3

Amount of catalyst (% wiv)
Fig 4. Effect of the amount of catalyst on Fe-Co/LZ-H
catalyst performance under standard conditions: 10 mL
model oil DBT in #n-hexadecane 500 ppm, [O]/[S] =2, T
= 45 °C, for 45 min

Conversion of DBT (%)

> >

Superhydrophobic Hydrophobic
6 = 150°~180° 0= 90°-150°

f,

N
Hydrophilic Superhydrophilic
6 <90° 6<5%in5s

(b)

Fig 3. Water contact angle at (a) the surface and (b) Fe-Co/LZ-H catalyst (this study)
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the catalyst provides ample active sites for efficient
catalytic reactivity. However, if too many active sites exist,
reactant collisions may become ineffective, decreasing
reaction yield. Moreover, an excess of catalyst may disrupt
the reaction equilibrium by competing with active species,
ultimately resulting in a decline in activity [38].

Effect of ratio molar oxidant H;0: and DBT ([0]/[S])
The oxidant ratio is the ratio of the amount of
oxidant used to the sulfur concentration in the fuel. Fig. 5
shows that the highest conversion is at an [O]/[S] ratio of
2, meaning that here the goal has been achieved to obtain
optimum conditions at an [O]/[S] ratio according to
stoichiometry that is [O]/[S] =2. The trend in Fig. 5
shows that the addition of oxidant beyond the
stoichiometry has a negative effect because it will decrease
the conversion significantly. This is because oxidation
with oxidants produces water as a by-product. If excess
water is produced, it will make it difficult for oxidant
reactions to occur with species at the catalyst’s active site
[14]. Fig. 5 also illustrates that oxidants play a very
important role in oxidation reactions under optimum
conditions, which greatly impact the catalyst's reactivity.
The oxidant is given to provide a certain amount of
oxygen for the oxidation process, and Fe-Co is
impregnated to have a significant impact in decomposing
the oxidant H,O, to produce abundant molecular oxygen
to ensure that the organosulfur oxidation process in the

50 1
0\,0
49 .\ ZIIWIM,OX

” by _)+H0
‘ “onsiez

1mol
48 1

47 o

46 |

45 |
44
43

[oV/[s]
Fig 5. Effect of [O]/[S] ratio in the ODS process with Fe-
Co/LZ-H catalyst, under standard conditions: 10 mL
model oil DBT in n-hexadecane 500 ppm, amount of
catalyst 2% (w/v), T = 45 °C, for 45 min

Conversion of DBT (%)
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fuel runs optimally. The phenomenon in Fig. 5 shows
that the Fe-Co impregnation objective was achieved.

Effects of temperature

It should be remembered that the ODS process is
very attractive because it can operate at mild operating
conditions, much lower than the conventional HDS
process [7]. Fig. 6 shows that the DBT conversion
increases significantly with increasing temperature and
decreases slowly after a temperature of 45 °C. This is
possible because the nature of H,O is easily decomposed
at high temperatures. Therefore, the oxidant may have
been decomposed before contact with the active site,
H.0;
decomposition reaction so that it is possible to form

which will determine the outcome of the

other reactions that interfere the oxidation reaction,
resulting in a decrease in DBT conversion [14].

Effects of reaction time

The reaction time follows the reaction pattern and
nature of the reaction to the factors that affect reactions,
such as temperature, number of reactants, and catalysts
[14,39]. In this study, the variation of the reaction time
is at 30, 45, and 60 min, and Fig. 7 shows the optimum
reaction in 45 min. As time increases, the conversion
does not decrease significantly. In Fig. 7, the trend of the
phenomenon of time influence approaches the trend of
temperature influence.

60 1

50 4

40 +
30 4
20 +
0
30 45 60

Temperature (°C)

Conversion of DBT (%)

Fig 6. Effect of temperature in the ODS process with Fe-
Co/LZ-H catalyst, under standard conditions: 10 mL
model oil DBT in n-hexadecane 500 ppm, amount of
catalyst 2% (w/v), [O]/[S]

=2, for 45 min
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Fig 7. Effect of reaction time in the ODS process with Fe-
Co/LZ-H catalyst, under standard conditions: 10 mL
model oil DBT in n-hexadecane 500 ppm, amount of
catalyst as dose 2% (w/v), [O]/[S] ratio of 2, and
temperature 45 °C

ODS catalytic process

The effectiveness test of the LZ, LZ-H, and Fe-
Co/LZ-H catalyst was carried out with model oil, that is,
DBT in hexadecane with a concentration of 500 ppm and
also with commercial diesel Indonesia (B30) with a sulfur
concentration of 556 ppm. The ODS process was carried
out under optimum conditions, i.e., at a temperature of
45 °C, a catalyst amount of 0.2 g, an [O]/[S] ratio of 2, and
a reaction time of 45 min. Fig. 8. shows the DBT
conversion in the oil model with a catalyst: LZ of 15.49%,
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LZ-H of 27.70%, and Fe-Co/LZ-H of 48.50%. The Fe-
Co/LZ-H catalyst also provides good catalyst activity
when oxidizing real Indonesian diesel, which can be seen
in the picture as being able to convert sulfur by 43.48%
with a TOF value that is relatively high, that is 183 h™
(Table 3, Eq. (2)) and provides a conversion value ODS
that is not much different from Indonesian commercial
diesel, which is believed to contain many other
compounds, not only DBT but thiophene and its
derivatives and other compounds. Therefore, this
catalyst has great potential by offering sufficient active
sites and high reactivity for the ODS process.
Consequently, it is deemed necessary to explore the
course of the process further so that the collision of
reactants on the catalyst surface is more effective and the
type of reactor used so that it can increase conversion
results.

Catalyst TOF

The TOF of the Fe-Co site on the catalyst assessed
the reactivity of the catalyst site. The resulting TOF
number was 183h™'. Measuring the TOF is a
determining parameter for catalyst performance. TOF is
the number of moles of reactant converted to the desired
product by each active site per hour. This is calculated
from the number of molecules converted as products in
a certain period with the amount of metal embedded in
the catalyst that functions as an active site (Eq. (2)), which

49
43

Lz LZ-H

Fe-Co/LZ-H Commercial Diesel

with Fe-Co/LZ-H

Fig 8. ODS model oil process with LZ, LZ-H, and Fe-Co/LZ-H catalysts, as well as ODS process for Indonesian
commercial diesel with Fe-Co/LZ-H catalyst, under optimum conditions, i.e., the amount of catalyst as a dose of 2%

(w/v), temperature 45 °C, time 45 min in 10 mL of fuel

Lisa Adhani et al.



1438

can be said to directly measure the reaction productivity
[14].

TOF is a measure of the intrinsic activity of a
catalyst. It is an important parameter in catalyst science
that measures the number of reactant molecules
converted by one active site in a catalyst per certain unit
of time. The TOF value is used to determine the efficiency
and performance of catalysts in various reactions by
providing an overview of the reaction speed at the
molecular level in the catalyst's active site. This is
important to understand because TOF can provide
insight into how quickly a catalyst can catalyze a
particular reaction, which influences the overall efficiency
of the catalysis process [14]. TOF states that the amount
of metal dispersed on the catalyst surface is sufficient as
an active site capable of facilitating the desired product
molecule by suppressing side reaction pathways [14,40].

Table 3 compares TOF numbers using a similar
ODS method and without a mass transfer agent. Table 3
shows that the Fe-Co/LZ-H catalyst has a higher TOF
number in the DBT process in the long-chain oil model,
with the use of oxidant according to its stoichiometry,
without any additional mass transfer agent or extractant.
The operating conditions are mild, and the conversion
results are close to the Indonesian commercial diesel
ODS, which contains not only DBT but also thiophene
compounds and their derivatives, as well as possibly other
compounds. This means that the Fe-Co/LZ-H catalyst has
the potential to continue to be explored to produce higher
activity. The recommendation for this research is to
continue exploring the reaction pathway for the ODS
process with the Fe-Co/LZ-H catalyst, which will become
a reference for work procedures used in the future, as well
as exploring the type of reactor used.

Indones. J. Chem., 2024, 24 (5), 1429 - 1444

Proposed reaction mechanism

This proposal is based on observations of the
phenomena that occurred during the research so that
further research can be carried out later. The Fe-Co/LZ-
H structure requires a slightly different catalytic pathway
than that commonly reported for ODS DBT, as shown
in Fig. 9. The Fe-Co/LZ-H catalyst provides a different
desulfurization system and solves the steric and biphasic
problem. The Fe-Co/LZ-H catalyst is known to be
hydrophobic, so it can be well dispersed with DBT in
model oils that do not cause biphasic hindrance [6,10].
With hierarchical pores dominated by mesopores, it is
easier to disperse so that DBT molecules can easily enter
the catalyst pores because the steric barrier, which is a
problem due to the large size of the organosulfur
molecules in the fuel, has been overcome [10,14].

This distributed reaction of approximately 5 min is
illustrated in Fig. 9 as R1 (reaction 1), which does not yet
produce reaction energy. Still, the ferromagnetic
properties of the Fe-Co species can overcome the
resonance of the DBT organosulfur compound so that
the DBT compound can be optimized in a position ready
to accept electrons by releasing hydrogen atoms. Fe-Co
species also readily accept and decompose H,O,. Then,
H,0, is added when the reactor conditions have reached
The possible
decomposition of H,O, by Fe-Co active sites on the

the optimum temperature of 45°

catalyst surface is shown in Scheme 2 [38,42].

Nie et al. [43] discovered that the mixed metal Fe-
Co, a magnetic transition, exhibits potent oxidation
activity in its oxide form, which has rarely been reported.
When combined with the oxidant H,O,, the mixed metal
oxide Fe-Co exhibits excellent synergy in oxidation
activity, acting as a powerful peroxidase. This performance

Table 3. Comparison of reported TOFs of different catalysts

( nll)olzzll(r)lﬂ) Catalyst [O]/[S] Condition ;thl; Conv. of DBT (%) Ref
n-octane  Amide-assisted- Ti (OH,),(OH),(OSi),- 4.0 60°C  134.8 100.0 (initial concentration [14]
Zeolites (AM-TS-95) (TBHP) 30 min 300 ppm)
- Co@C/P-5 7.5 60 °C 104.0 89.0 [41]
(H,0,) 60 min -
n-hexadecane Fe-Co/LZ-H 2.0 45°C  183.0 48.5 (initial concentration This
(H,0,) 45 min 500 ppm) work
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Fig 9. Proposed reaction mechanism of the ODS process with Fe-Co/LZ-H catalyst

OH- + H+

Scheme 2. Mechanism of the H,O, decomposition reaction by the active site of the Fe-Co/LZ-H catalyst

is comparable to nano peroxidase enzymes that catalyze
the oxidation of various organic substances using H,O,
[43]. The mixed metal oxide Fe-Co contributes to the
Fenton-like reaction during the decomposition of H,O,,
generating hydroxyl (*OH), and hydroperoxyl (*HOO).
The Fenton reaction is an electrochemical process that
transfers electrons between solid and liquid substances.
The redox cycles of species Fe’*/Fe** and Co’'/Co**
promote the continuous formation of *OH radicals [44-
45], as illustrated by Scheme 2.

In Scheme 2,
pathways for generating *OH radicals. The bimetal Fe-Co

there are likely three potential

present in LZ-H takes the form of either its oxide or mixed
C02+
catalyzing its decomposition and creating *OH radicals

metal oxide. contributes electrons to H,0,,

and HO' ions. Hydrolysis occurs between Co’* and H,0,,

leading to the reduction of Co* to Co* and the
production of *OOH radicals. Hydrolysis occurs
between Fe’* and H,O,, leading to the creation of
hydroperoxyl *OOH, followed by the reduction of Fe**
to create *OH. Through bimolecular reactions that
release oxygen, *OOH radicals can generate *OH
radicals [45].

In Fig. 9, the second reaction (R2) illustrates how
the catalyst surface decomposes H,O, into HO* and
HOO*. These *OHs are crucial in oxidizing sulfur (S) in
the DBT compound. This process involves *O binding
to the S species, releasing H* (RC). Subsequently, H*
reacts with *OOH to produce H,O and hydroxyl *OH,
which oxidizes the sulfoxide to sulfone (TS). The
proposed reaction mechanism for the decomposition of

H,0; on the Fe-Co surface can generate enough HO* to
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achieve sulfone yield (P). Fe-Co/LZ-H then returns to its
initial state, characterized by its porous and hydrophobic
framework, which helps contain the sulfone product and
water and facilitates the separation of the resulting sulfone
by decantation.

The energy profile resulting from the reaction path
proposed and optimized with DFT calculation by the
software is depicted in Fig. 10. DFT here is carried out by
computer simulation using Gaussian09 software. DFT is
a computational method used for chemical calculations,
predicting electronic structures, complex spin transition
properties, predicting the energy and geometry of
compounds, reaction thermochemistry, vibrations, and
the influence of isotopes on reaction mechanisms.
Gaussian09 is a quantum chemistry program and solid-
state physics software that is currently considered
competent in this area [46]. DFT calculations are
performed to obtain the benefits of more profound
insight into the reaction mechanism of ODS to different
active ingredients in a catalyst with information on the
energy profile of each structure, which is optimized by a
frequency model and optimization carried out by the
software.

From Fig. 10, it can be seen that overall, the DBT
oxidation at the Fe-Co/LZ-H site is exothermic, namely in
the energy at the final reaction of —4.12 x 10° k] mol™ (P).
Only in RC is the reaction endothermic, with an energy
barrier of 4.69 x 10*kJ mol™', and this is easy to pass,
thereby speeding up TS until it reaches the product [14].
This shows that the reaction easily occurs on the active
site of Fe-Co/LZ-H. It is also known in theory that the
ODS reaction occurs in two stages, namely the sulfoxide
formation stage, followed by sulfone formation. This is
one of the reasons why sulfone oxidation is often less
successful. The sulfoxide formation stage is a nucleophilic
event that requires electron transfer facilities from
nucleophile species [47]. Even though, in theory, the
oxidation reaction of organosulfur compounds is an
that
electrophile species [48]. Here, Co is the responsible species

electrophilic  substitution reaction involves
for facilitating the formation of sulfoxide very quickly by
removing the H atom from the organosulfur group and

replacing it with oxygen from the *OH as a nucleophile
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Fig 10. Energy profile of the ODS DBT reaction over the
Fe-Co/LZ-H catalyst from the proposed reaction
from Gaussian 09 software

mechanism results

simulation

species so that RC and TS are easily passed [49].
Electrophilic substitution towards P occurs easily in the
presence of reactive oxygen as an electrophile species
from the breakdown of *OOH is produced from the
decomposition of H,O, by Fe-Co. Fe strengthens the
Fenton reaction in the decomposition of H,O,. HOO* is
a molecule with one unpaired electron, so it is very
reactive, and the presence of Fe-Co allows it to
participate in reactions that produce electrophilic
oxygen [42,50].

m CONCLUSION

A new environmentally friendly catalyst, Fe-
Co/LZ-H, has been obtained and characterized using
BET, XRF, and contact angle methods. Its performance
has been tested on model oil and Indonesian commercial
diesel. Characterization shows the Fe-Co/LZ-H have
hierarchical pores, namely micro, meso, and macropore,
with dominated mesopore and high surface area. This is
due to the unique catalyst manufacturing process, which
involves a top-down dealumination method on the LZ
catalyst After
impregnation with Fe-Co, the excess

support under reflux conditions.

resulting
mesopores remain to become Fe-Co/LZ-H. The catalyst
performance is extraordinary, with a TOF number of

183 h™! under operating conditions of 2% (w/v) catalyst
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amount, temperature of 45 °C, [O]/[S] ratio of 2, and
reaction time of 45 min. Additionally, the high Si/Al ratio
of the catalyst provides hydrophobic properties, thereby

increasing its effectiveness.
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