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Abstract

To meet the new strict environmental legislations about sulfur content in petroleum fuels and their harmful
emissions for high quality fuels, deep desulfurization strategies, such as oxidation process, have become an
interesting topic in the academic and industrial fields. Therefore, this work develops a new Trimetallic
Activated Carbon (TAC) catalyst, which is synthesized by decorating activated carbon with magnetic-
manganese active oxides and an alumina coating film, for continuous deep oxidative desulfurization (ODS).
Furthermore, a novel central oscillating reactor (COR) is fabricated by developing central baskets, which are
employed to pack catalyst particles for continuous oxidative desulfurization. This new design exhibits a
practical solution for handling the solid catalytic materials in central basket baffles for continuous operation,
compared to previous studies that utilized only a central baffle with dispersed catalyst particles in the reacting
fluids through batch operation mode. Process efficiency is examined utilizing hydrogen peroxide oxidant
under mild conditions: 1 atm, temperature (30-90) °C, liquid hour space velocity, LHSV (0.33-0.08) min™',
oscillation parameters (amplitude, A: 3—12 mm, and frequency, f = 0.5-2 Hz). Also, Support Vector Machine
(SVM) model is examined as a new machine learning tool to predict the desulfurization model. ODS
technology shows high performance through low oxidation time (12 min) by reducing sulfur in heavy diesel
fuel from 8281 ppm to 294 ppm to achieve 96.45 % oxidation efficiency under 90 °C, LHSV = 0.08 min™!, A =
12 mm and f = 2 Hz. SVM model data performed excellent prediction at R? of 0.9962, mean absolute error
(MAE) of 0.0791, and mean squared error (MSE) of 0.0078. The SVM strategy results in a high-accuracy
artificial intelligence model under minimal deviations between actual and predicted data. The new integrated
COR-TAC system provides an efficient, practical approach to deep, cost-effective and eco-friendly oxidative
desulfurization; it can be directly scaled up into the refining industry at the same process performance.

Keywords: Artificial intelligence, Central oscillating reactor, Heavy diesel, Machine learning, Oxidative
desulfurization, Support vector machine, Trimetallic activated carbon

1 Introduction

Today, as an indispensable energy source, petroleum
is still considered to play an essential role in human
activities, although its combustion continuously
releases noxious gaseous emissions (SOx, NOx, etc.),
which create severe challenging problems, for

example, environmental pollution, negative effects
on human health, and industrial issues [1]-[5]. Thus,
producing ultra-clean fuel is an essential objective in
most countries; it is rapidly developed by researchers
and oil industries [6], [7]. Consequently, deep
treatment and sweetening of petroleum fuels and
biofuel (such as biodiesel) production have gained
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significant interest to produce clean energy in recent
years [8]-[10]. In oil refineries, traditional
hydrodesulfurization (HDS) is processed at severe
operational parameters, and it has low reactivity to
remove thiophene and its derivatives [11]-[13].
Thus, previous desulfurization studies are focused on
developing alternative techniques such as adsorption
[14], extraction [15], biological [16], and oxidation
(ODS) [17] desulfurization strategies. ODS is the
most attractive among them due to its moderate
circumstances and dramatic efficacy; it is considered
one of the best prospects for the production of eco-
friendly and clean fuel. Oxidative desulfurization
reactions can be efficiently promoted by utilizing
suitable oxidizing materials, catalysts and a reactor.
Catalyst activated and encouraged oxidizing species
to produce reactive oxygen routes (*OH, <O, and
others) [18], [19]. Up to now, used catalysts for ODS
reactions mainly included active metallic oxides over
catalytic supports [20], [21], polyoxo-metalates [22],
liquid catalysts [23], ionic liquids [24], and other
materials.

Although previous catalysts are confirmed to
have good reactivity for oxidative desulfurization
reactions, synthesis of more efficient catalytic
materials to produce eco-friendly fuel with ultra-low
sulfur and ensure long life time, high stability, and
easy regeneration is still the main goal for
researchers [19], [25]. Activated carbon has attracted
attention as an adsorbent or catalyst support owing to
its effective structure, special sizes, and huge surface,
high chemical stability [26], [27]. Several active
metallic oxides are distributed over supporting
materials to create single, tri, or poly metallic
catalytic materials for efficient desulfurization
reaction. Among them, manganese and iron active
metallic oxides are effectively employed for the ODS
strategy [28], [29]. Also, it can be immobilized on
different supporting materials to boost its surface and
catalytic reactivity [30], [31]. However, their
incorporation to create dual active oxides is still not
investigated.

A unique type of oscillating reactor called
oscillatory baffled reactor (OBR), are created
constituent mixing by efficient interactions between
oscillatory motion and its internal baffles such as
orifice, helical, integral and central baffles [19], [32].
Accordingly, OBR is promising reactor design for
rapid and effective desulfurization due to provide
well contact between reactants and enhance mass and
heat transfer rates [7]. OBR is previously developed

for ODS strategy by using helical baffle with
homogeneous catalyst (acetic acid) in continuous
process or heterogeneous solid catalysts (such as
Fe/ZSM-5 and Fe 03/y-AlbO3-TiO,) for batch
operation system [23], [33], [34]. However,
alternative design of OBR to handle the solid catalyst
particles and ensure easy operation and regeneration
for continuous and deep desulfurization strategy is
not developed until now. Also, oxidative
desulfurization strategy is modeled by various
techniques like gPROMS, COMSOL, etc., to predict
and optimize process behaviors under different
conditions [35], [36]. However, severe complexity,
nonlinearity, and multi—variability are required to
attract prediction ability and high accuracy for ODS
modeling. Thus, artificial intelligence techniques
such as machine learning tools are presented as a new
approach to simulate and optimize desulfurization
reactions under complex parameters [37], [38].
Supervised learning models, such as Support
Vector Machines (SVM), are one of the most
promising regression algorithms to predict deep
process models. SVM is processed on maximizing
the margin between data in a high-dimensional space,
thus it creates an optimal strategy of generalization
and robustness [39], [40]. SVM utilizes kernel
functions for non-linear data to classify the inputs
into higher—dimensional feature spaces. In chemical
operations, SVMs are rarely utilized to predict
process models, for example, it is predicted
distillation performance, reactions regimes, and
dynamics for chemical reactors based on nonlinear
relations [41]. In this study, new approach to produce
clean and eco—friendly heavy diesel fuel by deep
oxidative desulfurization reactions is investigated.
Desulfurization is conducted using new trimetallic
(magnetic-manganese-alumina)  activated carbon
catalyst in central oscillating reactor (COR) for
continuous oxidation process. Furthermore, Support
Vector Machines (SVM) is utilized for the first time
as new machine learning tool to meet artificial
intelligence with production of clean fuel and predict
modern and high accuracy desulfurization model.

2 Materials and Methods
2.1 Materials
Heavy diesel fuel (0.817 g/cm? density, boiling range:

177-350 °C) is processed to be sour feedstock (8281
ppm sulfur level), which is obtained from Baji
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Refineries Company-Iraq. Hydrogen peroxide (H,O»)
is employed as an aqueous oxidant reagent (35%
purity); it is purchased from P. R. A. Ch. Company—
Spain. (MnN»0s.4H,0), (Fe(NO3)3.9H,O) and
(AI(NO3)3.9H,0) are utilized as main source to create
active metallic oxides. It is gained with 98% purity
from Sigma—Aldrich-USA. Activated carbon is
gained from Applichem GmbH-Germany and
employed as catalyst carriers with a particle size
ranging from 1-3 mm.

2.2 Synthesis of trimetallic activated carbon catalyst

Trimetallic activated carbon (TAC) catalyst is made
utilizing the incipient wetness impregnation (IWI)
strategy. 3.6 grams of manganese salts (98% purity)
and 3.4 grams of ferric nitrate salts (98% purity)
were dissolved in 100 mL of deionized water under
efficient mixing intensity for one hour. 15 grams of
catalyst carrier were stirred with the resulting mixture
for one hour. The ultrasonic water bath is then
utilized for continuous mixing of the produced
solution for two hours to make it more homogeneous.
Synthesis solution is partially dried at 85 °C by a hot
magnetic stirrer (30 min) and then it is completely
dried utilizing an oven at 110 °C for 12 h. After that,
the dried mixture is calcined using a horizontal tabular
furnace employing nitrogen carrier gas at 580 °C for
three hours under a heating rate of 5 °C/min. Thus,
Fe and Mn in their salts are converted to MnO» and
Fe»O; materials. Bimetallic activated carbon (BAC)
catalyst (5% MnO,-3% Fe;03/AC) is formed as the
final produced material. TAC catalyst is then
synthesized by adding Al,O; as a coating layer as
follows: 2.85 gm of aluminum salt is well dissolved
in 82 ml of DEWA with mixing for one hour to
create a coating solution. It is then added drop—by—
drop into 10 mg of BAC catalyst with continuous
mixing for one hour. After that, ultrasonication is
utilized to ensure efficient homogeneity for one hour.
This mixture is then dried in an oven (110 °C and 12 h)
and calcined in a nitrogen furnace (550 °C and three
hours). As a final result, TAC catalyst [2% Al-(5%
MnO,-3% Fe;O03/AC)] is produced and analyzed by
the following testing methods: Field Emission
Scanning Electron Microscopy (FESEM), Energy
Dispersive X-ray analysis (EDX), Brunauer—
Emmett-Teller (BET), Scanning Transmissive
Electron Microscopy (STEM) and Fourier Transform
Infrared (FTIR). Figure 1 represents the synthesis
procedure of the trimetallic activated carbon catalyst.

oo
Adding activated
carbon into the
prepared solution

cebeses
Dissolving of iron
salts
In DEWA with
mising for 1 h

Figure 1: Synthesis procedure of TAC catalyst.

2.3 Oscillating reactor design and desulfurization
experiments

A new central oscillating reactor (COR) is designed
by fabricating a unique central basket baffle. A new
central baskets baffle is made to fix catalyst particles
for continuous desulfurization compared to the
traditional central baffle, which is not able to handle
the particles; thus, previous ODS is achieved in batch
operation or utilizing liquid catalyst [23], [34]. Figure 2
represents the new pilot plant COR. This reactor is
designed as follows: 81 ¢cm column inner diameter,
15.5 cm column height, 22 cubic central baskets with
8 mm dimensions of each face, 2.33 cm distance
between every two baskets, 0.3 cm central rod
diameter, and 0.4 grams of catalyst in each basket.
Desulfurization by oxidation reaction is examined for
heavy diesel fuel under several parameters:
Temperature (30, 60, and 90) °C, liquid hour space
velocity (0.33, 0.17, 0.11 and 0.08) min™!, frequency
(0.5, 1, 1.5 and 2) and amplitude (3, 6, 9 and 12).
H,0, to sulfur (O/S) is processed at 5 molar ratios.
Experiments are conducted as follows: baskets are
packed with TAC catalyst and fixed by a central rod
COR. Heavy diesel fuel is pumped into the bottom
of the reactor column by dosing pump I (MFG pump,
Taiwan). Aqueous oxidant is also pumped into the
column bottom utilizing dosing pump II (0—5 mL/sec
flow rate, IML, Spain), thus fuel and oxidant are fed
in co-current mode. The reactor is then heated using
by thermal jacket (0-600) °C, it is surrounded reactor
column and regulated via REX-C intelligent
controller. Then, an oscillatory pump is fabricated
locally and operated to create oscillatory motion
inside COR. Oscillating intensity is controlled by
adjusting amplitude (changing plunger shift) and
frequency (changing voltage). Calibration of
oscillating conditions is achieved using clear Pyrex
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glass column with the same dimensions of the reactor
column. Frequency is calibrated by measuring the
number of fluid oscillations per second, whereas
amplitude is determined by evaluating the peak-to-
peak distance of the oscillating fluid wave. Glass
wool insulation is utilized to stabilize the thermal
performance of the reactor; it is jacketed around the
column and heater. The OCR reactor is made of
stainless steel materials (type: 316). After achieving
steady state operation, the produced diesel is fed
from the reactor outlet at the top end into the cooling
system to keep its temperature close to room
conditions and then it is left in a separation vessel.
Aqueous diesel is separated into aqueous and diesel
phases. Desulfurized diesel is analyzed to evaluate
sulfur level by X-ray fluorescence (XRF) (Sindie—
R2, ISO 20884/ASTM D7039, USA). Oxidative
desulfurization efficiency is determined as follows
(Equation (1)) [3]:

Oxidative desulfurization efficiency (%) =

Csin—Csout 100
Csin

M

Where, Cs i, Csour are the initial and final levels of
sulfur in diesel.
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Figure 2: Experimental setup of COR reactor.
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2.4 Support vector machine (SVM) model

Support Vector Machine (SVM) is one of the most
promising machine learning tools available for
figuring out intricate nonlinear relations between
process data. It presents attractive benefits compared
to traditional modeled strategies owing to its ability
to deal well with high-dimensional datasets under
excellent generalization even with the presence of

noisy variables [42], [43]. Thus, SVM can be learned
processes with severe complexity by eliminating the
need for explicit programming of basic chemical or
physical principles. The e-insensitive loss function is
employed for regression tasks (SVR) by maximizing
the margin and lowering simulation mistakes.
Regularization parameter (C) and kernel function are
well-chosen and optimized to avoid overfitting,
thus independent test data are conducted to validate
the process model [42], [43]. Kernel function, which
is a radial basis function (RBF), is an efficient
modeling tool for chemical processes. RBF kernel
functions captured complex nonlinear interactions via
the y parameter, whereas the polynomial kernel is
learned the relations between features using the
degree parameter [42]-[44]. In the present oxidative
desulfurization strategy, the SVM model was
implemented in MATLAB software (R2023a), where
desulfurization efficiency was used as the output and
four operational parameters (temperature, LHSV,
frequency, and amplitude) were used as inputs. The
detail step—by-step implementations from data
preparation to model evaluation are presented in the
following steps and equations:

Step 1: Data preparation
Experimental results are organized as
(Equation (2)) [42], [45]-[47]:

o Input matrix (X): It includes operational
parameters (temperature, LHSV, frequency, and
amplitude)

¢ Output vector (y): It includes desulfurization
efficiency %.

follows

V1
x x e
X = [ 1,t:emp :2,LHSV _'.],y _ [}’2] @)

Step 2: Data normalization

In this step, data are scaled to a standard range (e.g.,
mean = 0, standard deviation = 1). It avoids features
with high values from the dominating process model
(Equation (3)) [42], [45]-[47].

X—px y-u
Xnorm = » Ynorm = =
ox Oy

3)
Where, y: mean value and o: standard deviation
Step 3: Data Splitting

Data are splatted into: Training (80%): Model
learning (fitting), Validation (10%): Hyperparameter
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tuning, and Test (10%): Final evaluation (Equation (4))
[42], [45]-[47].

Total data = Training + Validation + Test 4)
Step 4: SVM training via Polynomial Kernel

SVM learning employs a polynomial function to
connect inputs to output data, thus it finds the
optimal fitting between them (x and y). Polynomial

kernel function is presented as: expression below
(Equation (5)) [42], [45]-[47]:

min > |l]|? + € Xy max(0, ly; — (@70 (x;) +
b)l - €) (5)

Where, &(xi): polynomial kernel transformation
which maps features to a higher-dimensional space
(Equation (6)) [42], [45]-[47].

K(xi, %) = 0(x)"0(x;) = (% + D? (6)
Where, C: Regularization parameter (tuned using

grid search), and d: degree of polynomial = 3 (default
degree in MATLAB).

Step 5: Hyperparameter Tuning

Optimization of C (Box Constraint) and € (Epsilon) is
conducted utilizing grid search. The tested range is:
C €102 and 10*] and € € [0.01 to 0.5]. The selection
criterion is root mean squared error (RMSE), which
is presented as (Equation (7)) [42], [45]-[47] :

1 -
rusE = [FE, 00— 907 ™
Step 6: Model Training and Validation
Process model is trained through solving dual
quadratic programming issue via Sequential Minimal
Optimization (SMO) as illustrated below (Equation
(8)) [42], [45]-[47]:

1
maxe Yj=q X; — ;Zi,j X X Yiyj K (x;, x]-) ®)
Subjectto 0 <o;< Cand Y; «; y; = 0
Where: ai: Lagrange multipliers.

Step 7: Testing and Performance Evaluation

Finally, this step is de-normalized and tested data
utilizing three criteria, which are included mean
squared error (MSE), determination of coefficient

(R?), and mean absolute error (MAE) as presented in
Equations (9)—(12) [42], [45]-[47]. The MSE
measures the average squared difference between

experimental (y;) and predicted (¥;) values,

providing a sensitive indicator of model accuracy. A

lower MSE corresponds to higher prediction

accuracy.

j\] = ynorm' O-y + .uy (9)
1 .

MSE = 3L, (i — 9)* (10)

2 q _ Zivi9?

R =1 Sorwnr (an
1 ~

MAE = ~37,(vi - 9) (12)

Where y; and J; represent the experimental and
predicted values, respectively, and n is the number of
data points.

Error analysis was performed by comparing
experimental ~and  predicted  desulfurization
efficiencies using MSE, MAE, and R? These
statistical measures are complementary: MSE
emphasizes large deviations by squaring errors; MAE
reflects the average absolute deviation without bias
toward larger errors; and R? is the extent to which the
model accounts for the variance in the data. They
present a complete, comprehensive view of model
accuracy and reliability. The importance of error
analysis is to ensure the developed SVM model is
generalizable beyond the training data, identify
potential under fitting or over fitting, and confirm
that the results of the predictions can be trustworthy
when applying the model to chemical processes.

3 Results and Discussion

3.1 Characteristics of trimetallic activated carbon
catalyst

3.1.1 Field Emission Scanning Electron Microscopy test

FESEM examines the structural morphology of AC
and TAC catalysts as presented in Figure 3(A-D).
AC morphology shows a micro-porous structure. By
comparison, the structure of activated carbon before
(Figure 3(A)—(C)) and after loading with trimetallic
active and protection oxides indicates a significant
change in the materials’ surfaces, with noticing
cracking regions and the addition of new components
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(as shown in white color) that differ from original
surface (gray regions). These changes can be attributed
to the impact of the synthesis process, especially the
calcination step, and the impregnation via new active
oxides. Furthermore, the FESEM picture of the TAC
catalyst demonstrates efficient

trimetallic components over the surface of the catalyst
carrier. Thus, successful catalytic manufacturing steps
are conducted in this work.

= 1
Figure 3: FESEM images for: (A and B) AC and (C

and D) TAC catalyst.

=] g es008x

3.1.2 Energy dispersive X-ray analysis test

Chemical compositions of AC and TAC catalysts are
evaluated as elemental components by the EDX test,
as shown in Figure 4. Higher amounts of carbon
(84.5%) and oxygen (7.5%) are proven through
testing EDX of AC (Figure 4(A)), whereas little
percentage of other elements, such as Mg, Al etc.,
are presented, these data indicate remarkable purity
of the catalyst carrier. After loading Trimetallic
active oxides, Figure 3(B) shows high quantities of
carbon (64.24%) and oxygen (13.81%), with
significant amounts for manganese (5.45%) and iron
(2.69%), thus these percentages prove efficient
impregnation of these active oxides over the catalyst
carrier at the determined percent. Furthermore, some
other elements like Si, S, K, etc. are noticed at very
low percentages, which prove high purity and
stability and activity for the synthesis catalyst. Also,
the aluminum percent is boosted from 1.15% for AC
to 3.53% for TAC catalyst, thereby alumina coating
film is created at the specified percent (2%) during
the efficient coating synthesis step.

800002
A
800002 C 84.47
T 1000 o 7.51
§ Mg 1.04
O, 80000 Al 115
= Kee :
'Tg 50000 Zl iji
.. . ] .
distribution  of £ . = -
= o R
5 s d Total 100.00
o
200003
100003 Sikg
3 MgKa S Kp Caka
Ko Allg 5 Ko Caky
T T
: ®  Energy (keV) "
25000_] B C 64.24
I o 13.81
E 20000_] F 4.20
s _ Al 3.53
=} ] <
> ] si 2.56
10 S 1.89
] ]
E K 0.99
E—. 10000 Mn 5.00
; ] Fe 3.69
) J|ret= Total 100.00
5000 Mnlo
- |F Kee N Fek|
Ipre pir¥sie ki Minkp
10 4350 Kke L
T

) & Energy (keV) 1
Figure 4: EDX analysis for: (A) AC and (B) TAC
catalyst.

3.1.3 Brunauer—Emmett-Teller test

Texture characteristics for AC and TAC catalysts are
examined via the BET test. BET data show a
significant lowering in surface area of AC from 865
m?/g to 712 m?%g after adding active and coating
oxides (Al203, MnO; and Fe;O3). As well as, pore
volume is reduced from 0.524 cm®/g to 0.432 cm®/g,
whereas pore size is slightly boosted from 2.421 nm
to 2.424 nm. These data demonstrate efficient
catalytic synthesis steps leading to the remarkable
modification in texture characteristics. Surface area
and pore volume are reduced as a result of uploading
and depositing trimetallic oxides in the porous
structure of the catalyst carrier, thereby significant
blocking some pores and lowering the adsorption/
desorption rates, thus structural characteristics are
observed at lower values [48]. Furthermore, structural
porosity of AC is destructed due to the erosion
effects of its micro-walls through hard thermal
calcination, thus the BET data are decreased [49], [50].
Slight boosting in pore size after uploading Trimetallic
oxides is returned to deposit these components in the
material structure, thereby redistribution and modification
in pore size is noticed [51]. A hard calcination step
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changes the catalytic structure and leads to enlarging
or creating new pores, thus pore sizes are raised [52].
Isotherm plots are illustrated in Figure 5. It is
represented by hard adsorption/desorption patterns at
lower relative pressure (less than 0.1); thereby, these
findings demonstrated a micro-porous TAC catalyst.
Isotherm plots for AC and TAC are indicated in
several different regions. Most isotherms are
observed with a high adsorption pattern at low
relative pressure, whereas other regions indicated
hysteresis loops, which proved micro and medium—
macro  pores structure owing to  various
adsorption/desorption intensities under intermediate
and higher relative pressures [53]-[55].

400

350

n N ©w
S a =3
= - o
1 1 1

150

100

Quantity Adsorbed (cm?g STP)
3
!

—AC
0 TAC catalyst

T T T T T
=100 0 100 200 300 400 500 600 700
Absolute Pressure (mmHg)

Figure 5: Isotherm plots for AC and TAC catalysts.

3.1.4 Scanning transmissive electron microscopy test

TAC particles

AL;0; film

! = .

Figure 6: TEM pictures of TAC catalyst.
The STEM test checks the presence of alumina
coating film as represented in Figure 6. The obtained
pictures are clearly indicated, creating an alumina
protection layer that surrounds the outer surface of
the TAC catalyst, which is physically encircling the
catalyst particles. Furthermore, the ALO; layer is
shown to be an effective coating thickness to resist
the impurities and made blockage, thus it keeps the
catalytic active sites from poisoning or fast
deactivation. STEM images are examined for coating

thickness at two particle sizes (100 nm and 500 nm).
Thus, the TAC catalyst is manufactured with an
efficient and enough coating film to provide a long
lifetime and high stability desulfurization strategy.

3.1.5 Fourier transform infrared test

FTIR spectra of AC and TAC catalysts are presented
in Figure 7, and the analysis clearly indicates
significant modifications in surface functional groups
and bonding patterns following impregnation. These
modifications can be attributed to the incorporation
of active metallic oxides (Mn and Fe) together with
the alumina film, which collectively alter the surface
chemistry of activated carbon. The spectrum of AC
displays a broad absorption band at 3420 cm™,
assigned to O-H stretching vibrations of surface
hydroxyl groups and adsorbed water, confirming the
presence of hydroxyl functionalities on the carbon
surface [56], [57]. In the TAC spectrum, this band
appears intensified and slightly broadened,
suggesting an increased coverage of hydroxyl groups,
which can be correlated with the dispersion of
hydrophilic Mn, Fe, and Al oxides across the surface.
In addition, TAC exhibits weak bands at 2920 cm™
and 2850 cm™, corresponding to asymmetric and
symmetric C—H stretching vibrations of aliphatic
groups, thereby confirming the presence of
hydrocarbon moieties. A peak observed at 1580 cm™
in AC, associated with C=C stretching in aromatic
rings and carboxylate vibrations, is shifted to 1560
cm™' with reduced intensity in TAC, indicating
modification of the electronic environment of
aromatic structures due to the distribution of metallic
oxides. Furthermore, a distinct shoulder peak around
1380 cm™ in TAC is indicative of Al-O vibrations in
the alumina layer [58]. In the fingerprint region, AC
displays a band at 1100 cm™ related to C-O
stretching in phenolic, ether, or ester groups, whereas
the TAC spectrum exhibits intensified and
overlapping bands between 1100 and 600 cm™,
consistent with the formation of metal-oxygen
bonds. More specifically, Mn—O stretching vibrations
are evident at 530-560 cm™, Fe—O bands appear at
590-600 cm™ [59], and absorptions attributable to
Al-O are observed in the range of 600-800 cm™
[60]. These observations confirm the efficient
impregnation of MnO, Fe:0s, and Al2Os onto the
AC support. Collectively, the spectral changes
demonstrate that TAC contains a higher
concentration and greater diversity of oxygenated
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and metal-oxygen functional groups compared to
unmodified AC, resulting in enhanced surface
polarity, a higher density of active sites, and
improved potential for catalytic activity.

100 4
99

98 \
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96 -

95 -

Transmittance (%)

94 -
93

92{——AC
——— TAC catalyst

91

1 : r v 1 r v T ,
[ 500 1000 1500 2000 2500 3000 3500 4000 4500
Wavenumber (cm™)

Figure 7: FTIR spectrum for AC and TAC.

3.2 Catalytic desulfurization performance

3.2.1 Impact of temperature

Catalytic oxidative desulfurization is examined under
various temperatures (30-90 °C) as represented in
Figure 8. Oxidation desulfurization data demonstrate
remarkable boosting in process desulfurization
efficiency with rising temperature. Oxidative
desulfurization efficiency is enhanced from 69.61%
to 92.62% as the temperature raised from 30 °C to 60
°C under LHSV of 0.11 min' and oscillating rate
under A = 12 min and f =2 Hz (Figure 8 (B)). These
results can be explained based on improving reaction
rate and process kinetics by boosting temperature,
depending on the Arrhenius relation (Equation (13))
[61].

E

K = Kye RT (13)
As well as, the activation rate of reactants by
providing sufficient activation energy is remarkably
upgraded with rising temperature. Thereby, collisions
and contact between reacting molecules were
enhanced and resulted in high oxidation efficiency
[62]. Furthermore, mass, diffusion and heat transfer
rates of reacting substances are improved as
temperature increases, thus interactions between
sulfur and hydrogen peroxide molecules on active
sites of TAC catalyst are boosted owing to enhanced
Henry’s constant and decreased effective physical
properties (density, viscosity, and surface tension) of
contacting fluids, thereby a significant increase in

desulfurization performance conducted [63]. Also,
the desulfurization temperatures in this work (30-90
°C) are considered mild conditions of diesel fuel
(boiling range: 177-350 °C), which does not impact
the beneficial compositions, chemical structure, and
physical properties of fuel [23]. Effective oscillatory
mixing is also improved as the temperature rises,
creating regular homogeneity in the reaction
environment, thus desulfurization efficiency is
upgraded [64], [65]. Breaking and coalescence rates
between reactant droplets are also controlled by
forming an emulsion, which is enhanced as the
temperature increases. This emulsion boosts the
interactions between oscillatory flow and internal
reactor baffles, thereby rapidly creating vortices and
leading to a fast oxidation rate [66].

0 e A=3mm&af=05Hz A

~—o—-A=6mm&f=1Hz
—4+—A=9mm&f=15Hz

804-—v-A=12mm&f=2Hz 2
»
V/

70

v

60 4

Desulfurization efficiency (%)

Temperature (°C)

T-e—A=3mm&f=05Hz B
~—e—-A=6mm&f=1Hz
—+—A=9mm&f=15Hz v

90+ wy-A=12mm&f=2Hz

80 -

704

60 -

Desulfurization efficiency (%)

50 4

2 4 s e 70 8 90
Temperature (°C)
Figure 8: Influence of temperature desulfurization

efficiency at: (A) LHSV = 0.17 min™! and (B) LHSV
=0.11 min!,

3.2.2 Impact of LHSV

LHSYV is inversely proportional to reaction time; it is
examined as a function of oxidative desulfurization
efficiency at different values (0.33-0.08) min™' as
represented in Figure 9. Experiments have confirmed
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that oxidation performance improved as LHSV
decreased. Oxidative desulfurization efficiency is
boosted from 82.04% to 96.45% with lowering
LHSV from 0.33 to 0.08 min', T = 90 °C, A = 12
mm, and f = 2 Hz. Oxidation performance is
remarkably boosted with reducing LHSV, owing to
enhance the contact time between reactants, thus
interaction rates are raised and upgraded
desulfurization efficiency [19], [32]. Lowering LHSV
enhances the formation of vortices as a result of
providing sufficient time for interactions between
fluid and baffles, thus radial mixing increases with
respect to axial mixing and accordingly enhances
heat transfer rate [67], [68], thus desulfurization
efficiency is boosted under these conditions.
Furthermore, the interaction rates of oscillating fluid
with central baffles create high degrees of plug flow
under laminar conditions, which is an improved
mixing pattern and forms uniform reacting media
[69], thus desulfurization efficiency is significantly
enhanced. Maximum desulfurization efficacy is
achieved at 96.45% under LHSV = 0.08 min! (12
min oxidation time), which is corresponded 12 min
oxidation time. Table 1 is compared the performance
of the present study with the previous ODS works.
This table is exhibited that oxidation time can be
significantly decreased in the central oscillating
reactor in the presence of effective TAC catalyst with
achieving high desulfurization efficiency compared
to previous studies.

Table 1: The performance of the present

desulfurization study with the previous ODS works.
Feedstock  Catalyst/Oxidant

Reactor Desulfurization Ref.

System Type/Oxidation Efficiency (%)
Time
Diesel (CHCOOH)/H202 Fixed bed 80 [70]
reactor/60 min
Heavy (TiO2-coated Batch helical 90.4 [68]
naphtha ~ Fe/ZSM-5)/0O,  baffled oscillating
reactor/40 min
Diesel  (CuO/AC)/ H202 Batch reactor/ 83.1 [71]
45 min
Diesel (MnO/ Trickle bed 81 [72]
AlO3)/air reactor/
60 min
Kerosene Formic acid/H20>  four-impinging 92 [73]
jets/
60 min
Diesel TAC/ H02 Central 96.45% Present
oscillating work
reactor/
12 min
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85+
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Figure 9: Influence of LHSV on desulfurization
efficiency at T = 90 °C.

3.2.3 Impact of oscillating conditions (frequency
and amplitude)

Figure 10 represents the significant impact of
oscillating conditions (frequency: 0.5-2 Hz, and
amplitude: 3—-12 mm) on oxidative desulfurization
performance. The oxidation rate is remarkably
boosted with increasing frequency and amplitude.
For example, under T = 90 °C and LHSV = 0.17 min!
(Figure 10 A), oxidation efficiency is upgraded from
71.69% to 87.66% as the frequency rose from 0.5 Hz
to 2 Hz. As well as, removal efficiency is boosted
from 68.24% to 87.83% as the amplitude is enhanced
from 3 mm to 12 mm under T = 60 °C and LHSV =
0.08 min' (Figure 10B). Maximum oxidative
desulfurization efficiency is conducted at 96.45%
under optimal conditions (T = 90 °C, LHSV = 0.08
min"!, A =12 mm, and f = 2 Hz). These findings can
be attributed to the uniform and efficient mixing
pattern enhanced with increasing oscillating mixing
due to the upgraded collision rates and interactions
between reacting fluids, thus enhancing desulfurization
performance. Also, mass transfer and its coefficient
(KLa) are enhanced as oscillating parameters
increase owing to improve the oscillating mixing
intensity [32], [74]. Thus, diffusion of hydrogen
peroxide molecules into sulfur components is
improved to create fine emulsions, which promotes
the interfacial area and interactions between reactants
on the catalytic active sites, thereby high
desulfurization rate satisfies [75]. As well as, the
mass transfer rate of oxidant molecules into sulfur-
containing compounds in diesel oil is extremely
limited under poor mixing conditions, thus low
desulfurization rates are satisfied under these non—
non-sufficient mixing environment. Consequently,
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enhance the oscillating conditions is led to efficient
mixing, thereby improving the interactions between
diesel and peroxide molecules and central baffles in
the presence of catalytic materials and led to high
sulfur oxidation efficiency [19], [34], [76]. Increasing
frequency and amplitude also boosted vortex
formation and resulted in enhancing the radial
mixing, thus a plug flow pattern was created and
promoted the oxidative desulfurization efficiency [67].

100
~—m—LHSV = 0.33 min

P
95| —®LHSV =047 min” v
| —+—LHSV = 0.11 min"
'

v— LHSV = 0.08 min" ) A
90 =
g o A
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754

704

Desulfurization efficiency (%)

65 -

T
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Desulfurization efficiency (%)
~
3

2 4 6 8 10 12
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Figure 10: Influence of oscillation mixing intensity
on desulfurization efficiency: (A) influence of frequency
at T =90 °C and (B) influence of amplitude at T = 60 °C.

3.4 Stability, deactivation, and regeneration of
TAC catalyst

Stability of TAC through five consecutive
desulfurization cycles is evaluated at optimal
parameters (T = 90 °C, LHSV = 0.08 min"!, A = 12
mm and f = 2 Hz) as represented in Figure 11.
Alumina protection film encircles the catalyst surface
to resist and lower deactivation owing to coking and
poisoning by diesel impurities like metallic
components. Results show a slight decrease oxidative
desulfurization rate from 96.45% to 96.14% after five
consecutive process cycles at optimal parameters.
This stable catalytic reactivity of TAC returns to a

positive impact for coating film in preventing
impurities from deactivating active sites [68], [77].
Thus, the synthesis-coated catalyst can be used in
deep diesel desulfurization for long lifetime catalytic
activity and significantly high stability.

To maintain high catalytic reactivity of TAC
towards sulfur removal, iso—octane and n—hexane are
examined as regeneration solvents through the
continuous oscillating regenerative (COR) process of
spent catalyst after the last deactivation cycles, where
it is oxidative desulfurization performance is lowered
from 96.45% (fresh catalyst) to 96.136% (spent
catalyst) (Figure 11). In COR process, spent catalyst
is packed in central baskets without feeding reactants
(diesel and oxidant), and then solvent is fed into
reactor at 13 ml/min dosing pump flow rate, 60 °C, 2
Hz and 12 mm. Catalytic reactivity of TAC after
COR process is evaluated and compared with fresh
and spent catalyst under optimal conditions (T = 90
°C, LHSV = 0.08 min"!, A = 12 mm and f = 2 Hz)
(Figure 12). COR results confirm that iso—octane
showed the best performance in regeneration spent
TAC compared to n-hexane, thereby sulfur oxidation
efficiency is achieved at 96.38%, which is extremely
close to fresh catalyst (96.45%).
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Figure 11: Deactivation rate of TAC catalyst.
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3.5 Suggested desulfurization mechanism

Suggested desulfurization mechanism of heavy diesel
fuel using TAC catalyst and hydrogen peroxide
oxidant is summarized in Figure 13. This mechanism
simulates the oxidation of thiophene (TH) as a model
sulfur; it is one of the most sulfur-containing
compounds in diesel fuel. Thiophenes are transferred
by diffusion from heavy diesel fuel into the TAC
surface and then to its porous structure. These
components are attached to catalytic active sites.
Active hydrogen peroxide is also diffused from
aqueous solution and attached to neighboring active
sites. AlLOs; film layer keeps the activity of these
active sites for a long lifetime by preventing
impurities from attacking it; thus, highly stable
desulfurization reactions have been proven.
Manganese and magnetic iron active oxides boost
desulfurization rate by providing fast activation of
oxidant molecules to reactive oxygen routes (-OH
and HO:¢) as follows [54, 78-80]:

Fe**/Fe*" Redox Cycle:

Fe** + H:0: — Fe** + HOz* + H* (14)
Fe?* + H202 — Fe** + «OH + OH™ (15)
Mn*/Mn** Redox Cycle:

Mn* + H202 — Mn** + HO» + H* (16)
Mn** + H20: — Mn** + «OH + OH" (17)

These routes created new adsorptive sites and
increased the oxidation rates of thiophenes [81].
Catalytic  active  oxides create  significant
modifications in structural porosity and surface
chemistry of the catalyst carrier, thus new functional
groups are observed to share in improving the
desulfurization rate [82]. On the other hand, H»O,
decomposition is provided by O routes and water;
these routes mainly contributed to oxidation
reactions, whereas water is created in aqueous media
for an auto—extraction strategy.

O.
H,0, - -OH + H,0 (18)
HO, -
Thus, thiophenes are partially and then

completely oxidized into sulfoxides (THO) and
sulfones (THO2), respectively, in the presence of

reactive oxygen routes on the TGA catalyst [29],
[83], [84].

DBT + H,0, — DBT + H,0 (19)

DBTO + H,0, — DBTO, + H,0 (20)

Then, oxidized thiophenes (sulfoxide and
sulfones) are desorbed from catalyst pores and
surface into the heavy diesel environment. At the
final stage, the aqueous—diesel mixture is left to
separate into aqueous and diesel phases. Oxidized

thiophenes are then migrated diesel phase into the
aqueous phase during auto-extraction strategy [23],
[32]. Thereby, clean heavy diesel is produced.

<
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i Clean Environment
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heavy
diesel fuel

T

Oscillation

Ol phase g
A Auto-extraction 57,

for THO and
Aqueous phate THO, ™oz

Figure 13: Suggested desulfurization mechanism.
3.6 SVM Model data

Support Vector Machine (SVM) model is employed
to predict optimal desulfurization model in an
oscillating reactor using TAC catalyst under several
operational  conditions  (temperature, LHSV,
frequency and amplitude). Model findings confirm
the excellent ability of the SVM model in predicting
the target variables at notable accuracy, as proved by
the Mean Absolute Error (MAE) of 0.0791. Mean
squared error (MSE) for the SVM technique is
extremely low (0.0078). These key parameters
confirm excellent precision of process model
prediction due to the extremely low squared
differences between predicted and actual data. Also,
R? is confirmed attractive model accuracy at 0.9962.
Thus, the SVM model data are confirmed to be
efficient, avoiding overfitting, even after
incorporating a number of predictions. Thereby,
SVM is the most favorable artificial intelligence
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model in simulating the catalytic desulfurization
process and predicting a promising model under
minimal MSE and MAE and maximum RZ. Finally,
all key parameters for the SVM model satisfy high
fitting of simulated data, thus it is a reliable machine
learning tool to conduct for ODS prediction tasks.
Figures 14 and 15 represent extreme agreement
between actual and predicted desulfurization
efficiencies for the SVM model. These findings also
confirmed the higher accuracy of the proposed Al
model.
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Figure 14: Agreement between actual and predicted
desulfurization efficiencies for the SVM model.
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Figure 15: Actual vs. predicted desulfurization
percentages for the SVM model.

4 Conclusions

A new TAC catalyst is synthesized, characterized
and utilized for deep desulfurization of heavy diesel
fuel in this study. Also, a new central oscillating
reactor is designed by developing central baskets,
which are packed with TAC for continuous oxidation

reactions for the first time. The SVM model is
predicted new machine learning model for the
catalytic desulfurization strategy. This integrated
TAC/COR system and SVM simulation technique
presents a new approach to high performance
desulfurization strategy. ODS process is performed
high oxidation rate at 12 min by achieving 96.45%
sulfur removal efficiency under 90 °C, LHSV 0.08
min', A = 12 mm and f =2 Hz. The SVM is
confirmed to have excellent prediction at R? of
0.9962, MAE of 0.0791, and MSE of 0.0078. The
high desulfurization performance of trimetallic
activated carbon catalyst under efficient mixing in an
oscillating reactor is provided, promising a practical
strategy of deep and cost-effective desulfurization
due to the use of easily available activated carbon
catalyst through non-hydrogenation and non-
expensive process to produce clean fuel and meet the
new environmental standards. The present study has
created a strong motivation to investigate several
future works, such as the desulfurization performance
of pilot and industrial scales of OBR, oxidation
efficiency of different fuels, and predictions of other
machine learning models.
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