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Molybdenum oxide nanoparticles MONP were dispersed on multiwall nanotubes MWNTs as an attempt to
synthesize MONP/MWNTs catalyst, the synthesis method done by wet impregnation. The prepared catalyst was
characterized by FTIR (Fourier -Transform Infrared Spectroscopy) and, XRD (X-ray diffraction), whilst the
catalyst activity is done with catalytic oxidative desulfurization ODS reaction for oxidation dibenzothiophene
DBT dissolved in heptane (model fuel) with hydrogen peroxide H20,, in which catalyst activity investigation
achieved via studying impact six from most affected variables on ODS reaction. The chosen variables are reaction
temperature, contact time, sulfur initial sulfur concentration, stirring speed, oxidant/sulfur ratio and catalyst
dosage, and then the studied variables were screened by application of Plackett-Burman design PBD to identify
the more significant on response (DBT pollutant removal). DBT pollutant removal is referred to as sulfur removal
efficiency. Analysis of variance ANOVA shows that the reaction temperature, oxidant/sulfur ratio, stirring speed,
and sulfur initial concentration are the most significant from the chosen variables due to their F-values 37.60,
25.45, 11.62 and 6.71 respectively. Box -Behnken experimental design was used to complete the study the effect
of the most significant more deeply on ODS reaction (sulfur removal efficiency),in which this part exhibited that
sulfur removal efficiency at range between 51 and 93%, whilst the optimum sulfur removal efficiency was 96% at
70 °C,4.36, 957 rpm and 50 ppm for reaction temperature, oxidant/sulfur ration, stirring speed and initial sulfur
concentration respectively. The study involves estimation of kinetics and thermodynamics parameters for ODS
reaction; kinetics studying exhibited that ODS reaction followed pseudo-first-order reaction with activation
energy (12.996 kJ/mol), while the thermodynamics study shows the low negative entropy change (-0.221 kJ
/mol.K), positive enthalpy and free energy changes which confirm a high hydrate transition complex was
formed.

1. Introduction Dibenzothiophene DBT is characterized as most difficult to remove from

fuels in case of using the classical desulfurization technique, and this

The crude oil as well as its products was contained sulfur, which
mainly consisits of sulfides, disulfides, thiols and thiophene. These
compounds are a source for sulfur oxids SOx emission after fuel com-
bustion which is not only toxic to human health and pollute environ-
ment e.g. acid rain, but also caused corrosion of metal parts in upstream
refinery equipment and internal combustion engines (Cedeno-Caero
et al., 2008) and(Alwan et al., 2021), The global efforts in the entire
world are considered to produce an environmentally friendly fuel from
refineries by removing organic sulfur compounds i.e. thiophene and its
derivatives as an environmental pollutant (Kayedi et al., 2021) .
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difficulty appears clearly in the use of hydrodesulphurization reaction
HDS; one of the more important limitation of HDS reaction for DBT
removing because it has alkyl substituents groups 4 and /or 6 location
(Sadare et al., 2017) .Oxidative desulfurization ODS can be described as
the most important hopeful and promising technique for sulfur removal
effectively (Zhang et al., 2014), whatever when comparing between
HDS and ODS; ODS can be conducted at room temperature and atmo-
spheric pressure, while HDS reaction requires work at elevated tem-
perature and pressure .Thru the ODS process, the sulfur compound was
oxidized to produce Sulfone which described by its strongly polarity,
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whereas removed from fuel easily during the extraction step (Bakar
et al., 2012) .Typically, ODS is conducted by two consecutive steps;
oxidation and extraction, the oxidation step achieved in the existence of
a catalyst .Many workers and researchers investigated sulfur removal
with applying various transition metal oxides such as copper, titanium,
manganese, cobalt, tungsten, iron and vanadium as a catalyst for ODS
reaction .However, to our knowledge, although there have been some
studies on using MoOj3 clusters in Nano scale, but no reports about its
startling activity for ODS reaction. Some studies show that MoO3/SiO5
can catalyze DBT oxidation by cumene hydroperxide and other studies
stated that MoOs supported on alumina Al;O3 shows high activity than
those on titanium dioxide and silica —alumina (Afsharpour and Dini,
2019).

Many variables assigned are effect on ODS reaction such as sulfur
initial concentration, contact time, reaction temperature, stirring
(agitation) speed, catalyst dosage, oxidant to sulfur ratio, extraction
solvent to volumetric ration, etc.(Alwan, 2021).So these factors need for
screening to identify the most effected variables on response,thus
“screening design “ was necessary .The screening design help for quality
control process improvement by determining lower and upper limits for
a certain factor . Palckett-Burman experimental design PBD is most
common type of screening method and it can be used to study the effects
of studied variables on response .The orthogonal matrices devised by
Plackett and Burman are useful in examination which leads to fair es-
timates if all major effects in the smallest possible design (Karlapudi
et al., 2018) .

In the following study, the MONP/MWNTs catalyst was synthesized
by wet impregnation multi-walled carbon nanotubes with molybdenum
oxide nanoparticles. The activity of the prepared catalyst was tested for
the ODS reaction for removing the DBT pollutant (sulfur source) from
the fuel model (heptane) .The activity investigation consists of a
screening of the most significant operation parameters as well as their
role impact on ODS reaction progressing .Activity examination involves
of analysis and optimization of removing sulfur results. The ODS reac-
tion kinetics and thermodynamics parameters were estimated in this
study.

2. Experimental work
2.1. Materials

Analytical grade chemicals were used; heptane, dibenzothiophene
DBT (Riedel-de Haen company), 30 wt.% hydroxide peroxide HyO2 (PRS
Panerac company), AHM ammonium heptamolybdate
(NH4)Mo0702404H,0 (HIPKIN & WILLIAMS company), nitric acid
HNO3 (CHD company), Acetonitrile CH3CN (Biosolve company) and,
Multiwall nanotubes MWNTs (purity >95%, outside diameter 23-30
nm, length 10-30 pm and specific surface are SSA =110 m? / g) pur-
chased from the local market.

2.2. Preparation of synthesis

MoOg3 nanoparticles MONP synthesis by precipitation from aqueous
solution AHM, where 5 g from AHM was dissolved in deionized water
DW under continues severe mixing and heating at 70 °C to prepare AHM
solution. Hot nitric acid was added drop by drop with continued keeping
the mixture at 70 °C for 2 h and continued severe mixing, after that the
solution was left to cool temperature overnight, the MoO3 nanoparticles
appeared as a precipitate. MONPs were gained by filtration of the so-
lution followed by drying at 110 °C for 6 h.

Preparation of MONP/MWNTs catalyst was done by wet impregna-
tion where 10 g from MWNTs poured into three-neck round flask that
immersed in water bath and connected to a vacuum pump to evacuated
the humidity may be founded with MWNTs, water bath was adjusted at
50 °C while the vacuum pump was switched on. MONP (1.857 g) were
dissolved in DW at 60 °C for MONP/MWNTs catalyst production contain
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Table 1
The selected studied variables with their levels.
Factor Low level High level
1 Reaction Temperature ( °C) A 40 60
2 Contact Time (minutes) B 10 60
3 Initial sulfur concentration (ppm) C 100 400
4 Stirring speed (rpm) D 200 1000
5 oxidant/sulfur ratio (-) E 1:10 1:1
6 Catalyst dosage (g) F 0.1 0.3

15 wt.% molybdenum .MONP solution was transferred into a separation
funnel and dropped inside a three-neck bottom flask that contained
evacuated and dried MWNTSs .The MONP/MWNTs catalyst was heated
to evaporate water followed by drying at 110 °C for 4 h, finally MONP/
MWNTs were calcinated at 400 °C for 2 h .The MONP/MWNTs catalyst
was characterized using Fourier - Transform Infrared Spectroscopy FTIR
spectra (BRUKER Model PLATINUM-ATR Alpha series Germany) over
the range 4000-400 cm-1 at room temperature. X-ray diffraction XRD
pattern (Shimadzu Model XRD - 6000 Japan).

2.3. Oxidative desulfurization procedure

The ODS reaction was done under the effect of the following inde-
pendent variables; reaction temperature, reaction time, initial sulfur
concentration, stirring speed, oxidant/sulfur ratio and catalyst dosage
which symbolic A, B, C, D, E and, F respectively in PBD matrix (Table 2) .
100 ml of model fuel (DBT dissolved in heptane) is heated till reached to
the specified temperature, after that the specific volume of HyO5 with
the dosage of catalyst; the mixture was mixed at the defining stirring
speed in the reactor (the reactor is 250 ml beaker), the reaction was
stopped at the specified time (all parameters were adjusted according to
their values listed in Table 2). After reaction completion, an aqueous and
oil phases were separated, and then a sample of oil was decanted to
second step (extraction with acetonitrile) .The total sulfur content (final
sulfur concentration) was measured by X-ray fluorescence (Sulfur Meter
model RX-620SA/Tanka Scientific) to calculate sulfur removal effi-
ciency via the following equation:

So—S;

R % = x 100 (€]

0

Where R% is sulfur removal efficiency, Sp and S¢ are the initial and final
total sulfur content respectively.

2.4. Examination of more significant variables by PBD

Six selected variables assigned as controlled variables for ODS re-
action were screened by PBD design, PBD can recognize the major
variables affecting ODS by doing a limited numbers of experiments
(runs) and in another method, it’s a screening factors way by aim of
analysis of variance ANOVA (Plackett et al., 1946), Table 1 shows the
low and high levels for each of chosen factors, where the selected range
of the studied variables was assigned according to many pervious work
on oxidative desulfurization(Alwan et al., 2020) and,(Alwan, 2021).

3. Experimental design
3.1. Screening of most significant factors

The influence of most significant variables upon ODS reaction on
MONP/MWNTs catalyst was evaluated by PBD experimental design.
Although many numbers of controlled variables on ODS reaction, where
some of these variables have a high significance in reaction, while some
others have low significance on ODS reaction, or the effect variables may
not be the same for each on the ODS reaction. PBD experimental design
can be used for screening of impact of studied variables. Factorial design
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Table 2
The results of PBD experimental design matrix.
Run Temperature A Contact Time B Initial. Sulfur Conc. C Stirring speedD oxidant/sulfur ratio E Catalyst dosage F R%
1 40 10 400 1000 1/10 0.1 79
2 40 10 100 1000 1/10 0.3 81
3 60 10 100 200 1/10 0.3 83
4 60 10 400 1000 1/1 0.3 91
5 40 10 100 200 1/1 0.1 81
6 40 60 400 1000 1/1 0.3 82
7 60 60 100 1000 1/1 0.1 93
8 60 10 400 200 1/1 0.1 89
9 60 60 100 1000 1/10 0.1 89
10 40 60 400 200 1/10 0.1 72
11 40 60 100 200 1/1 0.3 85
12 60 60 400 200 1/10 0.3 80
Pareto Chart of the Standardized Effects
(response is R%, o = 0.05)
Term 2,571
H Factor Name
A A Temperture
B Time
C Initi. Conc.
E D Stirring speed
E oxidant/sulfur
F Cayalyst dosgae
D
C
1
B :
1
1
1
F '
1
1
T T T t T T
0 1 2 3 4 5 6
Standardized Effect
Fig. 1. Main effect of studied variables on sulfur removal efficiency by ODS reaction shown by Pareto chart of standard effect based on PBD design.
uuencoded units is:
Table 3
The ANOVA results for evaluation of mathematical models of sensitivity of R% = 65.03 4+ 0.375A — 0.01B — 0.01056C + 0.00521D — -3.083E
studied variables on ODS reaction according to PBD. _ 0.83F o)

Source DF Adj. SS F-Value P-Value
Model 6 365.833 13.60 0.006
Linear 6 365.833 13.60 0.006
Reaction Temperature 1 168.750 37.64 0.002
Contact Time 1 0.750 0.17 0.699
Initial sulfur concentration 1 30.083 6.71 0.049
Stirring speed 1 52.083 11.62 0.019
oxidant/sulfur ratio 1 114.083 25.45 0.004
Catalyst dosage 1 0.083 0.02 0.897

application for present system (six factors) with using Minitab version
17. PBD experimental design shows that 12 runs were required to study
the impact of chosen variables which is enough to cover the system,
Table 2, shows the PBD matrix with their results R% as response value
for two levels to each of the studied variables.

The experiments results were analyzed by PBD with aim of Minitab
software, in which the analysis shows that the order of the most sig-
nificant factors on ODS reaction according to 95% confidence level is
reaction temperature, oxidant/sulfur ratio, stirring speed and initial
sulfur concentration are most as illustrated in Fig. 1 for Pareto plot
which identity by ANOVA analysis according to their F-values 37.60,
25.45, 11.62, and 6.71 for temperature, oxidant/sulfur ratio, stirring
speed and initial sulfur concentration respectively as seen in Table 3,
while R? is 85%, and adj. R? is 87.3%; the regression equation in
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It was well known that sulfur removal efficiency increased with re-
action temperature, implying the performance of ODS was enhanced
with increasing reaction temperature and this was probably due to self-
decomposition for HoO, as temperature increased which given that it
has a direct effect on reaction rate (Trakarnpruk and Rujiraworawut,
2009),(Dedual et al., 2014) (Salmasi et al., 2016) and,(Fu et al., 2018) .
Temperature and oxidant / sulfur ratio play important rule in DBT
oxidation (Alwan et al., 2020) and (Lorencon et al., 2014), the reaction
rate is first increased by increasing oxidant/sulfur ratio until it is sta-
bilized by adding more oxidation but increasing but increasing HyO2
(oxidant/sulfur ratio) results in a lower reaction rate. With the increase
of Hy04, there is more and more space occupied by the aqueous solution
which leads to the decreasing adsorption of sulfur compounds and the
agglomeration of the catalyst. The desulfurization was decreased with
initial sulfur concentration (Shen et al., 2016) . The mixing speed was
provided an adequate contact between the two-phase system which
improves the desulfurization in ODS (Choi et al., 2016). Further analysis
shows that optimum conditions for maximum removal efficiency are
94.5% at operation condition; 60 °C, 10 min, 100 ppm, 1000 r m p, 1/1,
and 0.1 g for temperature, reaction time, initial sulfur concentration,
stirring speed, oxidant/sulfur ratio, and catalyst dosage respectively.
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Table 4

Independent (controllable) variables and their levels.
Variables, unit Symbol Levels

coded Actual -1 0 1

Reaction Temperature, °C. X1 X1 50 60 70
oxidant/sulfur ratio (-) X2 Xs 1 5.5 10
Stirring speed, rpm. X3 X3 600 900 1200
Initial BDT concentration ppm X4 X4 50 100 150

3.2. Box —Behnken experimental design and optimization

The next step is studying the influence of reaction temperature,
oxidant/sulfur ratio, stirring speed, and initial sulfur concentration on
sulfur removal efficiency (DBT pollutant removal) more deeply, and this
will be done by using Box-Behnken experimental design BBD combining
with RSM for more significant variables; thus four variables with three
levels. RSM method involves of grouping empirical techniques keen to
the assessment of relationships existing between a cluster of controlled
(studied) variables and measured responses according to one or more
selected criteria (Bayraktar, 2001). Box-Behnken design technique has
the capability to study experiments with a minimum number of exper-
iments with a higher degree of accuracy compared with conventional
methods. The number of experiments required to cover the factors range

Table 5
The BBD matrix and the experimental results.
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was established according to the Box-Behnken matrix which is calcu-
lated by below equation (Ferreira et al., 2007):

N=2k(k—1)+r 3)
Where N is the number of required runs, k is the number of studied
factors, and r is the repeated number of central points (3 —6).

Table 4, shows Xy, Xo, X3 and X4 which refer to reaction temperature,
oxidant/sulfur ratio, stirring speed, and initial DBT concentration
respectively which selected for this design at three levels low (—1), in-
termediate (0), and high (+1) values. The coded variables (x;, x2, and
x3) were related to (un-coded) actual variables by following Eq. (3):

o Xi—Xp . 12
N=—p—i=1 ,3

i

4

Where X is central point for the independent (studied) variable (i), and
AX is the interval value. the matrixes for Box-Behnken was for optimi-
zation of the ODS reaction in terms of estimated of the impact of reaction
temperature, oxidant/sulfur ratio, stirring speed, and initial DBT con-
centration on the sulfur removal efficiency, the experimental observa-
tion arranged at random orders, Table 5 shows BBD matrix for the all
experiments which cover the range of studied variables with their levels.

The RSM is appropriate approximation to find the true relationship
between dependent (response) variable with independent (studied)

Design parameters

Design parameters

Design parameters

Run X1 Xo X3 X4 Run X1 X2 X3 X4 Run X1 X2 X3 X4
1 -1 -1 0 0 10 1 0 0 0 19 -1 0 1 0
2 1 -1 0 0 11 -1 0 0 1 20 1 0 1 0
3 1 1 0 0 12 1 0 0 1 21 0 -1 0 -1
4 -1 1 0 0 13 0 -1 -1 0 22 0 1 0 -1
5 1 0 1 1 14 0 1 -1 0 23 0 -1 0 1
6 0 0 1 -1 15 0 -1 1 0 24 0 1 0 1
7 0 0 -1 1 16 0 1 1 0 25% 0 0 0 0
8 0 0 1 1 17 -1 0 -1 0 26* 0 0 0 0
9 1 0 0 0 18 1 0 -1 0 27% 0 0 0 0
3 _I;Rl.l ER
Ct/
o |
@
£
o o |
o~
=
2
= "
g 3 1
o
=
o
w
o J
<
IS4 )
g g
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Wavenumber cm-1

Fig. 2. FTIR spectroscopy for MONP/MWNTs catalyst.
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Fig. 3. XRD pattern for MONP/MWNTs catalyst.

Table. 6
The CCD matrix and the experimental results.

Run Coded variables Real variables
X1 X2 X3 X4 Reaction Temp. ( °C) oxidant/sulfur ratio (-) stirring speed (rpm) Initial. Sulfur Conc.(ppm) R%

1 -1 -1 0 0 50 1 900 100 78
2 1 -1 0 0 70 900 100 87
3 -1 1 0 0 50 10 900 100 68
4 1 1 0 0 70 10 900 100 78
5 0 0 1 -1 60 5.5 600 50 79
6 0 0 1 -1 60 5.5 1200 50 83
7 0 0 -1 1 60 5.5 600 150 52
8 0 0 1 1 60 5.5 1200 150 83
9 -1 0 0 0 50 5.5 900 50 87
10 1 0 0 0 70 5.5 900 50 93
11 -1 0 0 1 50 5.5 900 150 83
12 1 0 0 1 70 5.5 900 150 81
13 0 -1 -1 0 60 1 600 100 66
14 0 1 -1 0 60 10 600 100 51
15 0 -1 1 0 60 1 1200 100 70
16 0 1 1 0 60 10 1200 100 73
17 -1 0 -1 0 50 5.5 600 100 71
18 1 0 -1 0 70 5.5 600 100 65
19 -1 0 1 0 50 5.5 1200 100 89
20 1 0 1 0 70 5.5 1200 100 92
21 0 -1 0 -1 60 1 900 50 78
22 0 1 0 -1 60 10 900 50 80
23 0 -1 0 1 60 1 900 150 64
24 0 1 0 1 60 10 900 150 83
25 0 0 0 0 60 5.5 900 100 84
26 0 0 0 0 60 5.5 900 100 83
27 0 0 0 0 60 5.5 900 100 80

variables. If the information about the shape of the real response surface
is insufficient, the model (generally a first-order model) is upgraded by
adding high-level terms to it, so the behavior of the system is explained
by the following quadratic equation (Can et al., 2006) and (Yetilmezsoy
et al., 2009).

k k k
y= b+ Zﬂixi + Zﬂiixiz + Z ()
i=1 i=1 =

k
E ﬂl-jx,»xj +eée
J

Where y is predicated response (dependent variable), i, j are index
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number, Py is intercept term, P; is linear coefficient, p; is squared
(quadratic) coefficient, By is interaction effect, while stands for the
random error.

4. Result and discussion

4.1. Catalyst characterization

As seen in Fig. 2,the FTIR spectroscopy shows vibration spectra for
MONP/MWNTs catalyst, the peaks in range 3412 and 2926 cm ™! appear
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Table 7

Regression Equation in Un-Coded Units.
Source DF Adj.SS Adj.MS F-Value P-Value
Model 14 2592.69 185.192 5.52 0.0000003
X1 1 34.68 34.680 1.03 0.0000032
Xo 1 9.40 9.399 0.28 0.0000606
X3 1 924.71 924.710 27.57 0.00000000
X4 1 245.35 245.346 7.31 0.0019125
x,2 1 86.19 86.189 7.57 0.0000003
X2 1 345.83 345.828 2.57 0.0013522
x32 1 361.90 361.901 10.31 0.000007
x42 1 2.43 2.430 10.79 0.000007
X1 X2 1 0.34 0.336 0.07 0.0079212
X1X3 1 18.75 18.749 0.01 0.000922
X1X4 1 14.98 14.977 0.56 0.0004691
X2 X3 1 82.63 82.628 2.46 0.0005147
XoX 4 1 71.57 71.57 2.13 0.0001702
X3X4 1 175.03 175.033 5.22 0.00004133

to arise by H—O-H and O—H bending of water, the peak at 798 cm™!
related to Mo-O-Mo while the peak at range 505-540 cm ™! associated to
Mo-O bond, and peak at 453 cm™! indicated the broadening vibration
oxygen atoms linked to three atoms of molybdenum (Fang et al., 2007)
and (Gowtham et al., 2018) Fig. 3., shows the XRD pattern of
MONP/MWNTs catalyst. Its shows the XRD for MoOs nanoparticles
dispersed on carbon nanotubes, the reflections of at 20 = 12.6,23.4,
33.5,45.9 and,49.1° which indicates the presence of MoOj3 that corre-
sponded (020),(110),(130),(111) and (041) to planes (JCPDS 35-0609),
while the reflections at 20 = 27.4 and, 39.2 which refers to the presence
of MWNTs that corresponded to planes (002) and (100) (JCPDS
41-1487) (Dedual et al., 2014) (Gowtham et al., 2018) .

4.2. Estimation model and statistical assessment

The observed results for the impact of reaction temperature,
oxidant/sulfur ratio, stirring speed and initial sulfur concentration on
ODS reaction were listed in Table 6, seen the results exhibited removal
efficiency range between (51%—93%). The actual results were fitted
according to second-order polynomial by using Minitab software, and it
can be used to predict optimum point, for four variables where the
second-order polynomial represents by Eq. (4).

By applying Eq. (5) with response results given in Table 6, the
following second order polynomial equation was established which
explain the sulfur removal efficiency as a function of studied variables
(coded values):

South African Journal of Chemical Engineering 40 (2022) 230-239

y = 82.19 + 1.7x; — 0.88x; + 8.78x3 — 4.52x, + 4.02x3 — 8.05x3 — 8.24x3
+ 0.68x§ 4 0.29x1x0 + 2.17x1x3 — 1.94x1x4 + 4.54x,x3 + 4.23x,x4
+ 6.62x3x,
(6)

Where y is predicted sulfur removal efficiency, x1, x2, x3, x4 are the
coded term for four independent variables reaction temperature,
oxidant/sulfur ratio, stirring speed, and initial sulfur concentration
respectively. The optimum predicted values for selected investigation
variables were found by solving Eq. (5). The analysis of variance ANOVA
is essential to test the most significant variables as well as the order of
effect for variables. ANOVA analysis was shown in Table 7, as seen in the
Fisher's F-test (F model = 5.52) with a low probability value (P model >
= 0.0000003) as Liu et al. reported. The value of the coefficient R? =
0.91%) and the adjusted R? is 0.89%. Based on the results and ANOVA
analysis, the highest impact on sulfur removal efficiency is according to
the following orders; stirring speed, initial sulfur concentration, reaction
temperature and, oxidant/sulfur ratio via their F-Value 27.57, 7.31, 1.03
and, 0.28 respectively (Liu et al., 2004) . The sulfur removal efficiency
was increased as the reaction temperature increased maybe because
increasing temperature leads to accelerating the rate of reaction via
increasing internal motion of reactant molecules (Dedual et al., 2014)
(Li et al., 2016) and,(Alwan et al., 2020) . The removal efficiency
enhanced by the increase of Hy05 (oxidant/sulfur ratio) because of the
abundance of oxidant agents mean a large amount of oxidant which
decomposed to water and oxygen and more oxidation reaction (Gnaser
et al., 2004), and (Zhu et al., 2014), while the sulfur removal efficiency
decreased as initial sulfur concentration because there are more DBT
molecules were adsorbed on the catalyst surface which occupied the
active sites at the catalyst surface and this leads reduction of the gen-
eration of OH radicals at the catalyst surface (Nezamzadeh-Ejhieh and
Karimi-Shamsabadi, 2013) . Stirring speed has highest effect, and this is
because the stirring (mixing) speed condition has great influence on
droplet interface, in which catalyst was founded primarily at oil-water
interface. Within lower stirring speed, there are few droplet in the
emulsion, these drops characterized by smaller size,thus the rate of re-
action is low due to less contact surface area .whenever the stirring
speed was increasing there are more and more droplets were formed
with larger surface are and uniform shape . At this case the catalyst was
well dispersed at interfaces which lead to increasing the reaction rate (D
Huang et al., 2006.) and, (Lu et al., 2014) . The optimization for the
system is state that maximum removal efficiency is 96% at operation
conditions; reaction temperature (70°C), oxidant/sulfur ratio (4.36),
stirring speed (957 rpm), and initial sulfur concentration (50 ppm) .as

Optimal Temp. O/S rati
; High 70.0 10.0
D:1.000 ¢y [70.0] [4.3636]
Predict Low 50.0 1.0

R%
Maximum
y = 96.0436
d = 1.0000

stirring Initi. C

1200.0 150.0
[957.5758] [50.0]

600.0 50.0

Fig. 4. The maximum sulfur removal efficiency is 96% which can be gotten by applying optimum operations condition at reaction temperature (70 °C), O/S ratio

(4.36), stirring rate (957 rpm) and initial sulfur concentration (50 ppm).
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Fig. 6. illustrate contour plots (a) the interactive effects between stirring speed and temperature while other variables were held at their respective center levels;
initial DBT concentration 100 ppm and oxidant/sulfur ratio 5.5, (b) the interactive effects between stirring speed and oxidant/sulfur ratio while other variables were
held at their respective center levels; temperature at 60°C and initial DBT concentration 100 ppm.

shown in Fig. 4.

4.3. The interaction effect of studied variables

The combined influence of stirring speed and initial sulfur concen-
tration can be seen clearly in Fig. 5-a; for the constant value of initial
sulfur concentration (for example 50 ppm) the sulfur removal efficacy
increased with mixing speed to value more than 85%, after that it started
to decreased (D Huang et al., 2006.), but this behavior is not same when
the initial sulfur concentration increasing because the sulfur removal
efficiency decreasing with increasing initial sulfur concentration which
agree with C. Shen et al. (Shen et al., 2016) . The interaction impact by
initial sulfur concentration and temperature is shown in Fig. 5- b at
constant temperature the sulfur removal efficiency decreased with
increasing initial sulfur because of limited catalyst application range as
stated by L. Liantang (Li et al., 2016), but it was increasing with tem-
perature vie increasing in reaction rate (Alwan et al., 2020) .

Fig. 6-a showing the interactive effects between reaction
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temperature and stirring speed, (b) the interactive effects between initial
sulfur concentration and temperature while other variables were held at
their respective center levels; stirring speed 900 rpm and oxidant/sulfur
ratio 5.5. The combine effect of temperature and stirring speed was
shown in Fig. 6-a; mixing speed caused enlarge the droplet so the re-
action rate will be high, thus it will be more large with temperature
increasing (D Huang et al., 2006.),and (Lu et al., 2014). As seen in Fig. 7,
oxidant/sulfur ratio and temperature plays significance roles in DBT
oxidation (sulfur removal efficiency), it was noted that the interaction
effect of both these variables are complex, but in general at constant
oxidant/sulfur ratio,the sulfur removal efficacy increasing with tem-
perature via direct effect of temperature on reaction rate .The effect of
temperature can be less noticeable as decreasing of oxidant/sulfur ratio,
the temperature impact maybe cause competition reaction between
hydrogen peroxide decomposition and DBT oxidation, the reduction in
sulfur removal efficiency with oxidant/sulfur ratio is a result of dilution
via hydrogen peroxide decomposition (Lu et al., 2014)
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and reaction temperature at 60 °C.

4.4. Kinetics and thermodynamics of ODS reaction

The study of reaction kinetics done by measured the final sulfur
content with time at temperature 50, 60, and 70 °C while kept the other
variables at optimum value (900, 4.36 mL and, 0.1 g for stirring speed,
oxidant/sulfur ratio and catalyst dosage respectively) . Assume the DBT
oxidation reaction is:

DBT + H,0,—~DBTO, + H,0 )
Therefore the reaction rate equation is as following:
—dC
—TA = dtDBT = kCpprC02 (8)

Assume that amount of H,O5 was represented as excess reactant so
the change in HyO5 concentration in comparison with DBT can be
neglected, so Cyzo2 can be considered as constant. Therefore the reac-
tion may be represented a pseudo first order reaction .The rate is
seemingly depended on concentration of limiting reactant Cppy .Thus
Eq. (8) can be written as follows:

)]

L= —dCppr
A d

= ka\ppCDBT

Where k,p, = KCr202 is apparent reaction rate constant (1/min).

The integration of Eq. (9) with integration limits; Cpgr=C at time =
0, to Cppr = Cr at time=t.
(10)

—In—= = kgt

Co
The experimental data was fitted to pseudo first order reaction at
different temperatures with too high correlation coefficients confirm
(0.9872, 09,966 and 0.9721) at 50, 60, and 70 °C respectively as shown
in Fig. 7. From Eq. (10) the slopes of straight lines represented apparent
reaction rate constant; 0.1822, 0.2022 and 0.2418 min ' at 50, 60, and
70 °C respectively. In general the rate constant for first odder reaction is
related to the reaction temperature as Arrhenius equation stated;

k=A expFt an
Here Ea represented the reaction activation energy, R is universal gas
constant, A is pre-exponential factor and T is absolute temperature Eq.
(11). can be written as follows:

- (12)
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Fig. 8. experimental date fitting to pseudo first order reaction.
Table 8
activation energy for dibenzothiophene for various catalyst /H50,.
catalyst activation energy kJ /mol Reference
HsPW1,040 45.9 (Choi et al., 2016)
H3PMo012049 29.0 (Choi et al., 2016)
H3SiW12040 28.3 (Choi et al., 2016)
HPW/aEVM 30.3 (P Huang et al., 2017.)
Fe;03/Graphene 36.26 (Alwan et al., 2020)

The fitting of reaction rate constant data can be illustrated in Fig. 8,
by plotting logarithm k against (1/T), the reaction activation energy was
calculated from the slop of straight line (R2=0.9719), thus the value of
activation energy is 12.996 kJ/mol .The estimated activation energy for
catalytic oxidative desulfurization here is low when compare with some
other previous works (listed in Table 8) maybe refers that the MONP/
MWNTs catalyst which used here is more active than these other works

Thermodynamics parameters for DBT oxidative desulfurization re-
action was estimated as followed; the enthalpy change (AH) was

calculated from activation energy
H=FE,+RT (13)

Activation entropy change can be calculated fitting the data with
following equation:
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Fig.9. Typical plot used for the estimation of activation entropy for the reaction.
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Table 9
Kinetics and thermodynamic parameters for the DBT oxidation.
T (K) k (sec Y Ea(kJ/ mol) AH(kJ/ mol) AS(kJ/ mol) AG(kJ/ mol)
313 0.1822 12.225 15.68 —0.221 87.02
323 0.2022 15.77 89.36
333 0.2418 15.85 91.65
K Ky AS AH
A P ) =) - ([= 1
n=n(5)+ () - (1) a4

Where Kp is Boltzmann constant (1.38 x 10723 m? kg s2KhH and, h is
Plank constant (6.626 x 10~>* m? kg / s) respectively. Therefore plot-
ting of In (k/T) against (AH/RT) may give straight line; the line intercept
helps to calculate change of entropy. Finally the reaction Gibbs free
energy (AG) value was estimated by

G=H-TS (15)

The data obtained from the above were listed on Table 8, as seen, the
DBT oxidation reaction.

5. Conclusion

An effective ODS reaction by using MONP/MWNTs catalyst in
presence of HyO5 as an oxidant agent for model fuel (DBT dissolved in
heptane) was investigated at different operation conditions for some
selected variables, these variables were screened with Plackett — Burman
design method; among the selected variables (reaction temperature,
initial sulfur concentration, stirring speed, oxidant/sulfur ratio, catalyst
dosage and contact time), it was found that reaction temperature,
oxidant/sulfur ratio, stirring speed, and initial sulfur concentration are
more significant variables affecting on sulfur removal efficiency. These
variables are studied more deeply with Box-Behnken experimental
design; the result shows that sulfur removal efficiency was ranged be-
tween 51 — 93% while the maximum value is 96% at optimum operation
conditions (70 °C, 4.36 ml, 957 rpm and 50 ppm for reaction tempera-
ture, oxidant/sulfur ratio, stirring speed and initial concentration
respectively) which refers that the synthesized catalyst (MONP/
MWNTs) has good activity. The ODS was found to obey pseudo-first-
order reaction with activation energy equal 12.966 kJ / mol and reac-
tion rate constants are 0.1822, 0.2022, and 0.2418 min-1 at 50, 60, and
70 °C respectively. The thermodynamics study exhibited the low nega-
tive entropy change - 0.221 kJ / mol.K (near zero and it’s relatively
positive) and positive enthalpy and free energy changes which coliform
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a high hydrate transition complex was formed.Eq. (1), 2, 6, 7, 12-15,
Fig. 9, Table 9
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