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Abstract An experimental investigation was conducted
on the ultrasound-assisted oxidative desulfurization of non-
hydrotreated kerosene. The influences of various operating
parameters including oxidant-to-sulfur molar ratio (n./ny),
formic acid-to-sulfur molar ratio (n,.;q/ns), the ultrasound
power per fuel oil volume, sonication time, and tempera-
ture on the sulfur removal of kerosene have been investi-
gated. Response surface methodology based on Box—
Behnken design has been employed. 95.46 % sulfur
removal of kerosene has been achieved in the sonication
time of 10.5 min under the optimal oxidation conditions
(i.e., ny/ng = 15.02, nyq/ng = 107.8, and the ultrasound
power per fuel oil volume of 7.6 W/mL) followed by lig-
uid-liquid extraction. More than 90 % sulfur removal of
kerosene has been achieved in about 3.5 min of sonication
followed by the liquid-liquid extraction. 70.2 % sulfur
removal of kerosene has been achieved in the same oper-
ating conditions after 3.5 min of oxidation followed by the
liquid—liquid extraction in the absence of ultrasound irra-
diation. The effects of the number of extraction stages on
the desulfurization and recovery of kerosene have been
also investigated.

Keywords Kerosene - Ultrasound-assisted oxidative
desulfurization (UAOD) - Hydrocarbon loss - Extraction -
Response surface methodology (RSM)

List of symbols
D Percentage of desulfurization, % in Eq. (6)
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E Solvent effectiveness factor that depends on the
desulfurization in Eq. (6)

R Kerosene recovery after extraction, % in Eq. (6)

H™  Hydrogen ion

N Moles of oxidant (i.e., hydrogen peroxide)

n,ia Moles of acid (i.e., formic acid)

ng Moles of total sulfur

p Constant offset in Eq. (1)

X Coded independent variables in Eq. (1)

E Unanticipated error in Eq. (1)

Y Predicted response

Introduction

The presence of sulfur-containing compounds in the mid-
dle distillate fuels leads to the emission of SO, to the
atmosphere and acid rain (Srivastava 2012). Nowadays,
very stringent worldwide regulations on the sulfur content
of fuel oils have been legislated due to the environmental
concerns (Al-Lal et al. 2015). Kerosene is a complex
mixture of alkanes, aromatics, and cycloalkanes. Kerosene
is widely used in the industries, especially as aircraft fuel
(Dagaut et al. 2006). At present, the conventional desul-
furization process of middle distillate fuels is hydrodesul-
furization (HDS). It should be noted that HDS has limited
capability for the removal of thiophenic compounds which
are the main sulfur-containing compounds of the kerosene
and diesel fuels. To meet new sulfur standards using HDS
process, operation at high pressure and temperature,
application of more active catalysts, and high hydrogen
consumption are inevitable (Calcio Gaudino et al. 2014).
Several HDS alternative or complementary processes such
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as oxidative desulfurization (ODS) (Campos-Martin et al.
2010), selective adsorption (Yang et al. 2003), and bio-
desulfurization (Villasenor et al. 2004) have been pro-
posed. Comparing these different HDS alternative pro-
cesses, the ODS process seems more promising because of
its several advantages relative to the HDS process. For
instance, the ODS process can be carried out in the liquid
phase and under the mild pressure and temperature con-
ditions. In addition, the reactivity of HDS refractory sulfur-
containing compounds (e.g., thiophenic compounds and its
alkylated derivatives) is high toward oxidation.

In the ODS process, the sulfur-containing compounds
are oxidized to their corresponding sulfoxides and sulfones.
Then, these polar oxidized products can be removed readily
by a number of conventional separation processes such as
adsorption, and solvent extraction.

Different oxidants and catalysts have been examined in
the ODS process (Sobati et al. 2010b). Various oxidation
systems such as hydrogen peroxide/MoOs/Al,O5 catalyst
(Akbari et al. 2014), Hydrogen peroxide/phosphotungstic
acid supported on the activated carbon (Liu et al. 2014),
hydrogen peroxide/acetic acid (Margeta et al. 2016),
hydrogen peroxide/formic acid (Sobati et al. 2010c),
tungstophosphoric acid/tetraoctylammonium bromide as a
phase-transfer agent (PTA)/ hydrogen peroxide (Kadijani
et al. 2015) have been studied.

Hydrogen peroxide and formic acid oxidation system,
which produces in situ peroxyformic acid has several
advantages such as commercial availability of formic acid
as the catalyst, simplicity of the oxidation system in
comparison with other oxidation systems, etc (Sobati et al.
2010c).

It should be noted that the nature of this system is
biphasic (i.e., aqueous phase, and hydrocarbon phase). In
other words, the overall rate of the oxidation of sulfur-
containing compounds can be influenced by both physical
and chemical phenomena (De Filippis et al. 2010).

In the present oxidation system, effective mixing
between heterogeneous phases (i.e., the aqueous phase,
including hydrogen peroxide/formic acid and the hydro-
carbon phase) is one of the main challenges in our effort to
enhance the oxidation rate of the sulfur-containing com-
pounds. Ultrasonic irradiation is a process of emission of
compressed waves with frequencies above the range of
human hearing (Hajamini et al. 2016). The application of
ultrasound irradiation can intensify the chemical reactions
due to creation of very fine emulsion in the organic and
aqueous medium (Nunes et al. 2014). The combined use of
ultrasound irradiation, the oxidizer, and the catalyst fol-
lowed by a liquid-liquid extraction or an adsorption pro-
cess to remove sulfur-containing compounds from the fuel
is called ultrasound-assisted oxidative desulfurization
(UAOD) (Choi et al. 2015).
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UAOQOD can enhance mass transfer and inherent reaction
kinetics of the oxidative desulfurization process due to the
creation of cavities in the liquid fuels (Bhasarkar et al.
2015a). Cavities produced by ultrasound irradiation
increase the liquid—liquid interfacial area for the viscous
films containing gas-filled bubbles, which in turn leads to
the higher reaction rate. Formation of the fine emulsion
between immiscible phases is considered as the physical
effect of ultrasonic cavitation, and the production of radi-
cals through transient collapse of cavitation bubbles can be
considered as the chemical effect of ultrasonic cavitation
(Kuppa and Moholkar 2010).

The UAOD performance can be influenced by the nature
of hydrocarbon feedstock and the distillation range (Is-
magilov et al. 2011).

Most of the UAOD studies were focused on the diesel
fuels and model fuels with single-specific sulfur-containing
compounds such as dibenzothiophene (DBT). There are
few reports available regarding the oxidative desulfuriza-
tion of kerosene and jet fuels. Table 1 shows a number of
previous studies considering sulfur removal of the kerosene
feedstocks wusing different oxidative desulfurization
processes.

One of the main limitations of the previous works is the
high oxidation time. For example, according to Dehkordi
et al. (Dehkordi et al. 2009a), at least 30 min of oxidation
time is required to achieve 87 % sulfur removal. One of the
main targets of the present study is to reduce the required
reaction time using ultrasound irradiation in a simple and
inexpensive oxidation system.

Bhasarkar et al. have applied a low-power 70-W ultra-
sonic bath device for the oxidation of model sulfur-con-
taining compounds using hydrogen peroxide, fenton—
peracetic acid oxidation system. Their reported sulfur
conversion after 1 h was 30 % (Bhasarkar et al. 2013).
They also applied the same device for the oxidation of
model sulfur-containing compounds using hydrogen per-
oxide, formic acid, and phase-transfer agent (PTA) oxida-
tion system. Their reported sulfur conversion after 1 h was
47 % (Bhasarkar et al. 2015a). In their proposed oxidation
system, the PTA facilitates the interphase transport of the
oxidizing agent and leads to an increase in the conversion
of sulfur-containing compound (Bhasarkar et al. 2015b).
The aim of the present study is to remove the expensive
phase-transfer agents from the oxidation system through
the application of high-power direct probe ultrasound
system.

In the present work, the effects of formic acid and
hydrogen peroxide quantities and the ultrasound power per
fuel volume on the sulfur removal of kerosene fuel are
investigated using an inexpensive system in the absence of
phase-transfer agent. In addition, the effect of sonication
time is studied in details, and the performance of the
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Table 1 Some studies on the sulfur removal from kerosene and jet fuel using different ODS processes
Authors Methods Oxidation condition Separation condition Initial Time  Sulfur
sulfur  (min) removal
(ppm) (%)
Wang et al. Oxidation Mo/Al,03 catalysts 16 %Mo; T = 90 °C; no/ - 55 180 90
(2003) by solid n, = 3(H,0,);
catalyst
Campos- Oxidation/  Tungstic acid; no/ng = 2.5, 8(H,0,); Extraction with acetonitrile 1291 >100 99
Martin extraction T = 80 °C; acetonitrile/fuel ratio = 1
et al.
(2004)
Etemadi Oxidation Jet fuel (JP-8); H,O,, metal catalyst Solid adsorption (activated acidic ~ 850 10 99
and Yen (UAOD)/ phosphotungstic acid hydrate + PTA alumina)
(2007) extraction (tetraoctylammonium fluoride), ambient
temperature, and pressure
Wan and Oxidation Jet fuel (JP-5 and JP-8); H,O,, PTA (quaternary Extraction with acetonitrile 113 10 88 and
Yen (UAOD)/ ammonium salts) acetonitrile/fuel ratio = 1 and 99
(2007) extraction 863
Dehkordi Oxidation/  Acetic acid, n,.q/ns = 60; no/ng = 23(H,0,); Extraction with propanol/water 1600 120 83.3
et al. extraction T = up to 70 °C; 50 % vol., T = 25 °C, no. of
(2009b) extraction stages = 2
Dehkordi Oxidation/  Formic acid, n,a/ns = 10; ng/ng = 5(H,05,); Extraction with propanol/water 1700 30 87
et al. extraction T = 50 °C; 50 % vol., no. of extraction
(2009a) stages = 2
Sobati et al. Oxidation/  Formic acid; n,.4/ns = 30; no/ng = 5(H,0,); Extraction with acetonitrile 2335 120 92
(2010c¢) extraction T = up to 80 °C; acetonitrile/kerosene ratio = 0.5,
T = 25 °C, no. of extraction
stages = 2
Shakirullah  Oxidation/ H,0O, with acetic, benzoic, butanoic, formic Extraction with water/acetonitrile 1180 120 66
et al. extraction acid, KMnQO,, NaClO4; water, and ethanol; azeotropic mixture
(2010) T = 60 °C;
Gonzalez Oxidation  Jet fuel (JP-8); hydrogen peroxide + formic Solid adsorption (activated 717 120 98
et al. (UAOD)/ acid + activated carbon under pH 1.4 alumina)
(2012) extraction
Dehkordi Oxidation/ 750 mL kerosene; n,.q/ns up to 40 (acetic acid); Extraction with propanol/water 1600 120 99
et al. extraction np/ng up to 40(H,0,); T up to 70 C; 50 % vol., T = 25 °C, no. of
(2013) extraction stages = 2

UAQOD is compared with the conventional oxidative
desulfurization (ODS).

Response surface methodology (RSM)—Box—Behnken
design—is applied in order to study the influences of the
different operating variables on the sulfur removal of ker-
osene. In the recent years, RSM has been applied to reduce
the required experimental data in order to achieve the best
operating conditions for a desired response in numerous
chemical, and biochemical processes (Abdullah et al.
2014).

For instance, RSM-Box-Behnken design has been
employed for the investigation of the UAOD of model
fuels using hydrogen peroxide/ferrate/PTA (Choi et al.
2014), and hydrogen peroxide/phosphotungstic acid/PTA
(Lu et al. 2014). The RSM-Box—Behnken design has been
also employed for the investigation of the UAOD of real
diesel fuel using H,O,/tungstophosphoric acid/tetra octy-
lammonium bromide (Kadijani et al. 2015).

The effect of the number of extraction stages on the
sulfur removal of kerosene is also investigated. As one of
the main practical problems of the ODS process, a con-
siderable hydrocarbon loss is incurred in the extraction step
due to the simultaneous extractions of the hydrocarbon
compounds present in the kerosene feedstock (Sobati et al.
2010b). Therefore, a simple method for the reduction of
hydrocarbon loss is also introduced.

Experimental

Chemicals

The chemicals used in the this study such as formic acid
(99 wt%), hydrogen peroxide (30 wt%) were obtained from

Merck Co. (Germany). Acetonitrile (99 wt%) was obtained
from Duksan (korea). All of the mentioned chemicals were
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of analytic grades and were used without further purifica-
tion. Non-hydrotreated kerosene as a feedstock with total
sulfur content of 2490 ppmw was obtained from Tehran
refinery (Tehran, Iran). The specifications of kerosene
feedstock are summarized in Table 2.

Method of the analyses

The total sulfur content of the kerosene samples were
determined by Rigaku NEXQC+ (Rigaku, Japan).
NEXQC+ has the total sulfur detection range of 0-5 wt%,
with a lower detection limit of 25 ppm, and the test method
is based on the wavelength dispersive X-ray fluorescence
technique according to the ASTM D-4294.

Agilent 6890 series gas chromatograph system coupled
with Agilent 5973 network mass selective detector and
capillary column DB-1 ms was applied to detect sulfur-
containing compounds in the kerosene feedstock qualita-
tively. The injector temperature was set to 250 °C. The
initial temperature was set to 50 °C for 5 min, and then the
temperature was increased to 275 °C with temperature
increasing at a rate of 5 °C/min and then kept constant at
275 °C for 10 min. A Chrompack CP 9000 gas chro-
matograph equipped with a flame photometric detector
(GC-FPD) was used to analyze the sulfur-containing
compounds in the untreated and treated kerosene. The
chromatography column was fused-silica capillary (CP-Sil
8 CB, from Supelco Company). The injector was set at
270 °C and the detector at 300 °C. The nitrogen with a
constant rate of 0.5 mL/min was used as the carrier gas.

General properties of the kerosene feedstock such as
paraffin, naphthene, olefin, aromatic, water contents, and
total acid number were determined according to the cor-
responding ASTM methods.

Experimental setup and procedures

In each UAOD run, 50 mL of kerosene feedstock with a
total sulfur content of 2490 ppmw was introduced into a
75-mL jacket-type reactor with an internal diameter of
5 cm. The experimental setup was also equipped with a
condenser and an electronic thermometer (Fig. 1). The
reactor temperature was kept constant during ultrasound
irradiation by passing water through the reactor jacket.
Titanium ultrasonic probe (12 mm diameter) of 20 kHz
frequency (UTD 400, Ultrasound Technology Develop-
ment Company, Iran) was used in the UAOD system. The
reaction mixture was directly irradiated by the ultrasound
probe in such a way that 1 cm of the ultrasound probe was
immersed into the reaction mixture. The power of ultra-
sound irradiation was regulated according to the experi-
mental design. The reaction temperature was set to the
predefined value by passing water to the jacket of the
reactor. The desired amount of formic acid was added to
the reactor. Afterward, an appropriate amount of hydrogen
peroxide was injected into the reaction mixture, and the
time was recorded as the onset of the oxidation reaction.
After passing the pre-defined sonication time, the
aqueous and hydrocarbon phases in the reaction mixture
were separated by a 100-mL separatory funnel. Then, the

Table 2 Properties of kerosene

Characteristic
before and after treatment

Before treatment After treatment Test method

Density (kg/m®

Viscosity (mPa.s) @ 20 °C
Total nitrogen (ppmw)
Aromatics (vol%)

Paraffins (vol%)

Naphtenes (vol%)

Olefines (vol%)

Total acid number (mg KOH/g)
Water content (ppm)

Initial boiling point (IBP-°C)
5%

10 %

30 %

50 %

70 %

90 %

95 %

Final boiling point (FBP-°C)

800 785

1.46 1.7

6 5 ASTM D-3228
15.9 10.9 ASTM D-1319
60 59 ASTM D-1319
22.61 28.5 ASTM D-1319
1.49 1.58 ASTM D-1319
0.018 0.019 ASTM D-1319
26 28 ASTM D-6304
Distillation range (°C)

173 175 ASTM D-86
179 180

183 181.5

195 195.5

209 209.5

225 224

245 241

254 250

269 272

@ Springer
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Fig. 1 Experimental setup of the ultrasound-assisted oxidative
desulfurization (UAOD). I 20-kHz ultrasound generator; 2 trans-
ducer; 3 sealing joint; 4 probe; 5 reactor; 6 reactor jacket; 7
condenser; 8 formic acid, hydrogen peroxide entering connection; 9

hydrocarbon phase (i.e., oxidized kerosene) was washed by
150 mL of distillated water, and the aqueous and hydro-
carbon phases were separated by a 250-mL separatory
funnel after 10 min. In the next step, the oxidized kerosene
was extracted using acetonitrile according to the solvent-
to-kerosene volume ratio of 1 at ambient temperature. In
each extraction run, the kerosene and solvent were mixed
under the stirring rate of 700 rpm for 30 min at the room
temperature. The dispersion was formed and then separated
into two distinct hydrocarbon and aqueous phases in a
100-mL separatory funnel after 20 min. In order to remove
any entrained solvent from the treated kerosene, the treated
hydrocarbon phase was washed by 50 mL of distillated
water, and the aqueous and hydrocarbon phases were
separated by a 100-mL separatory funnel after 1 min.
Finally, about 30 mL of the treated kerosene sample was
withdrawn for the total sulfur analysis. The hydrocarbon
loss in each extraction step was evaluated, as well. It
should be noted that several extraction steps were applied
in some experiments in order to study the effects of the
number of extraction stages on the sulfur removal.

temperature sensor; /0 cold water circulation pumps; // constant-
temperature water bath; /2 extractor flask; /3 magnetic stirrer; /4
separatory funnel and its stand; /5 total sulfur analyzer

Design of the experiments

Response surface methodology (RSM) is an appropriate
tool for modeling, analysis, and evaluation of the interac-
tion effects of different operating variables. In the present
study, the Box-Behnken design (BBD) of RSM was
applied.

The effect of three oxidation operating variables
including oxidant-to-sulfur molar ratio (n./ng), acid-to-
sulfur molar ratio (n,.4/ns), and the ultrasound power per
kerosene volume (W/mL) on the response (i.e., the sulfur
removal of kerosene) was studied. It should be noted that
the sonication time of 10.5 min and temperature of 50 °C
were set for the experimental design. It should be added
that the appropriate range for different operating parame-
ters was selected based on a set of preliminary oxidation
experiments. Table 3 represents the experimental ranges
and factor levels of the UAOD process.

According to the Box-Behnken design (BBD), 17
experimental runs were required, which included five
replicates of the central run.
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Table 3 Experimental ranges and factor levels of process variables

Factors Level

-1 0 1
A: Oxidant-to-sulfur molar ratio (n./ng) 10 30 50
B: Acid-to-sulfur molar ratio (n,cia/ns) 25 75 125
C: Ultrasound power per kerosene volume (W/mL) 2 5 8

To correlate the sulfur removal of kerosene in the UAOD
process, a quadratic polynomial equation was developed as a
function of independent variables and their interactions. The
general form of the correlation is as follows:

3 303 3
Y=p, + Z BiXi + Z Z BiXiX; + Z BiXi+e (1)
i=1 i=1

i=1 j=itl

where Y is the predicted response for the process (i.e., the
sulfur removal of kerosene), f3, is the intercept coefficient
(offset), fB; are the parameters of the linear terms, f3;; are the
parameters of the quadratic terms, and f3; are the parame-
ters of the interaction terms. X; and X; are the independent
variables, and ¢ is the unanticipated error.

Results and discussions

According to the literature, the main sulfur-containing
compounds of kerosene feedstock are benzothiophene and
its alkylated derivatives (Sobati et al. 2010c). The GC-MS
analysis results of the present work indicate that the ker-
osene contains benzothiophene and its alkylated deriva-
tives such as 2,5,7-trimethyl benzothiophene, 4,5,6,7-
tetramethyl benzothiophene, and also 2-ethyl-4-methyl
thiophene.

Statistical analysis

The design of the experiments, the experimental results,
and the predicted response (i.e., the sulfur removal of
kerosene) are given in Table 4.

The RSM proposed a quadratic correlation that relates
the sulfur removal to the independent variables (Table 5).

The sulfur removal is the response, and A, B, and C are
the coded forms of the studied parameters. The sign and the
value of the coefficient of each correlation term show the
increasing and decreasing effects of the parameters on the
response. According to the proposed correlation, the rela-
tive importance of the independent factors is as follows: B
(i.e., formic acid-to-sulfur molar ratio) with the value of
+9.32 for the coefficient; C (i.e., the ultrasound power per
kerosene volume) with the value of +5.26 for the coeffi-
cient; and A (i.e., oxidant-to-sulfur molar ratio). The
maximum increasing effect of the dependent factor is
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related to the interaction between A and B parameters with
the value of +0.49 for the coefficient.

Table 6 shows the results of ANOVA test and the sta-
tistical parameters of the proposed quadratic correlation.

As can be observed, the model P value is lower than
0.0001, which indicates that the model terms are signifi-
cant. It should be noted that a P value lower than 0.05
specifies the significant factors of the model. Moreover, the
terms in the model have a significant effect on the response
due to the large F-value (i.e., 128.01) (Montgomery and
Runger 2010). It can be inferred from the coefficient of
determination (R* = 0.994) that the correlation fits the data
very well. In other words, 99.4 % of the total variation in
the response was justified by the proposed quadratic cor-
relation. The adequate precision of this model is 38.682,
which shows the noise ratio of the model is placed in the
desirable range. The experimental versus the predicted
values of the sulfur removal is shown in Fig. 2.

According to this figure and the results of the ANOVA
analysis, the proposed correlation is valid. A, B, C, AC, B2,
C? parameters are the most significant terms of the pro-
posed correlation.

Interaction between different operating parameters

The response surface plots of the interactions between the
independent parameters (i.e., ny/ng, Nacig/Ns, and the ultra-
sound power per kerosene volume) and the sulfur removal
are shown in Fig. 3.

Figure 3a relates the oxidant-to-sulfur molar ratio (n./
ng) and the acid-to-sulfur molar ratio (n,.q/ns) with the
sulfur removal. As can be observed, an increase in (ny/ng)
at the low values of (n,.4/ns) leads to a slight decrease in
the sulfur removal. This effect can be attributed to the
reduction of the formic acid concentration in the aqueous
phase, which in turn can decrease the peroxyformic acid
concentration.

The results also indicate increasing (n,iqa/ns) up to 100 at
different values of (n./n,) increases the sulfur removal.
However, no considerable improvement in the sulfur
removal is observed by further increase in (7,.;4/ns) beyond
this limit (zone 1). An observed increase in the sulfur
removal in zone 1 can be attributed to the increase in the
peroxyformic acid concentration as the main oxidizing
agent in the present oxidation system (Dehkordi et al.
2009a). Although it seems that there is an equilibrium
concentration for peroxyformic acid in the oxidation sys-
tem, the sulfur removal is not changed by further increase
in (ngq/ng) (zone 2).

The kinetics of peroxyformic acid formation has been
reported in the literature (De Filippis et al. 2009).
According to the literature, peroxyformic acid is produced
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Table 4 Corresponding experimental and predicted responses for the sulfur removal of kerosene (%)

Run no/ng Nacia/Ms Ultrasound power per Final sulfur Sulfur Predicted sulfur Error (%)

(mol/mol) (mol/mol) kerosene volume (W/mL) concentration (ppm) removal (%) removal (%)
A B C

1 30 75 5 295 88.15 88.37 0.25
2 10 25 5 397 82.06 78.09 1.22
3 30 75 5 269 89.20 88.37 0.93
4 10 75 2 745 73.08 73.73 0.88
5 30 125 8 115 95.58 95.26 0.34
6 10 125 5 118 95.30 95.75 0.47
7 50 75 8 319 83.19 82.54 0.77
8 50 125 5 173 94.05 95.02 1.03
9 30 75 5 303 87.83 88.37 0.61
10 30 25 8 601 76.86 77.96 1.42
11 50 25 5 707 75.86 75.41 0.59
12 30 75 5 282 88.67 88.37 0.34
13 10 75 8 145 94.18 94.05 0.14
14 30 125 2 270 87.16 86.06 1.25
15 50 75 2 456 81.69 81.82 0.16
16 30 25 2 852 65.78 66.10 0.49
17 30 75 5 299 87.99 88.37 0.43

Extraction conditions: ambient temperature; solvent: acetonitrile with solvent-to-kerosene volume ratio = 1; no. of extraction stages = 1

Table 5 Final correlation for the sulfur removal of kerosene in terms of real and coded factors

Factor type Correlation

Real

Sulfur removal (%) = 34.94903 + 0.37503 X (ny/ns) + 0.31344 X (ncia/ns) + 10.12351 x (Power/volume)+

4.87589 x 10™* X (1o/n5) X (Macia/ns) — 0.081643 x (no/ns) x (Power/volume) — 4.4244 x 1073 X (nyeia/ns) X
(Power/volume) — 7.67773 x 107 X (no/ng)* — 7.97543 x 107 X (naeia/ns)>—0.55880 x (Power/volume)®

Coded

Sulfur removal (%) = 88.37 — 0.85A + 9.32B 4 5.26C + 0.49AB — 4.90AC — 0.66BC — 0.31A% — 1.99B? — 5.03C2

Table 6 ANOVA results and

statistical parameters of the Source Sum of squares Degree of freedom Mean square F-value P value
developed quadratic correlation  coprejation 115047 9 127.83 128.01 <0.0001
Residual 6.99 7 1
Lake of fit 5.73 3 1.91 6.08 0.0568
Pure error 1.26 4 0.31
Total 1157.46 16
R? 0.9940
Adj. R? 0.9862
Pred. R* 0.9191
Adeq. precision 38.682

by a reversible reaction of formic acid and hydrogen per-

oxide in the aqueous phase (De Filippis et al. 2009):
H,0, + HCOOH <+ HCOOOH + H,0 (2)

The amounts of hydrogen peroxide and formic acid
should be selected in such a way to maximize the

peroxyformic acid concentration in the aqueous phase in
order to increase the sulfur removal.

The higher values of formic acid concentration lead to
the lower pH values in the aqueous phase. The presence of
proton sources results in the improvement of the oxidative
desulfurization performance (Gonzalez et al. 2012).
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The peroxyformic acid is also decomposed to formic
acid, CO,, O,, and water (reactions 3 and 4). In other
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media is determined by taking into account the all reactions
including the formation and decomposition of perox-
yfromic acid. Hydrogen peroxide as an important reactant
in reaction 1 also decomposes to water and oxygen (reac-
tion 5) (De Filippis et al. 2009).

HCOOOH - CO, + H,0 (3)
2HCOOOH > 2HCOOH + 0, 4)
2H,0, " 2H,0 + 0, (5)

The observed trend of sulfur removal versus (n,¢;4/1s) in
zone 2 can be attributed to attainment to the equilibrium
concentrations of formic acid, hydrogen peroxide, and
peroxyformic acid in the reactions mixture.

Figure 3b relates the oxidant-to-sulfur molar ratio (n./
ng) and the ultrasound power per kerosene volume with the
sulfur removal. As can be observed, increasing the (n./ng)
and the ultrasound power per kerosene volume up to the
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saddle point of the surface plot leads to higher values of the
sulfur removal (zone 1). The observed trend in this zone
can be attributed to the effective cavitation created by the
ultrasonic irradiation and the subsequent physical effects
such as ultra-micromixing and emulsification, which in
turn leads to the enhancement of the overall mass transfer
and the oxidation reaction rate (Bhasarkar et al. 2015a).
However, no considerable improvement in the sulfur
removal is observed in case of using higher ultrasound
power per kerosene volume and the values of (n,/n,) larger
than 7 and 25, respectively (zone 2). The observed trend in
zone 2 can be explained as follows:

A sharp increase in the ultrasound power per kerosene
volume beyond a certain limit leads to the generation of the
large bubbles around the probe tip, which in turn lower the
transferred frequency, and leads to a subsequent decrease
in the micromixing effect (ZnidarGié et al. 2015). In
addition, an increase in (n./ng) leads to an increase in the
volume of the aqueous phase and also production of vapor
bubble instead of gas bubbles, which in turn limits the
acoustic mixing efficiency.

Figure 3c relates the oxidant-to-sulfur molar ratio (rn,q/
ng) and the ultrasound power per kerosene volume with the
sulfur removal. This figure indicates increasing the (7,¢;q/
ng) and the ultrasound power per kerosene volume up to a
certain limit (i.e., about 7 W/mL) causes enhancement of
the sulfur removal. This trend can be attributed to the
increase in the peroxyformic acid concentration in the
reaction media and intense micromixing due to the acoustic
cavitation as a result of the ultrasound irradiation (Bolla
et al. 2012). However, there is no considerable improve-
ment in the sulfur removal by raising the ultrasound power
per kerosene volume larger than 7 and the value of (n./ng)
larger than 100 due to similar reasons as mentioned above.

Nevertheless, Fig. 3a, ¢ displays continuous increase in
the sulfur removal with the increasing (n,ca/ns). This
observation can be attributed to the additional role of for-
mic acid as the extraction solvent of the oxidized sulfur-
containing compounds (Sobati et al. 2010b). In other
words, formic acid as a polar compound can extract some
of the oxidized sulfur-containing compounds into the
aqueous phase of the oxidation system, simultaneously.

According to De Filippis et al. for hydrogen peroxide—
formic acid oxidation system, the oxidation reactions of the
sulfur-containing compounds are mainly carried out in the
organic phase (De Filippis et al. 2011). The extra formic
acid as a polar compound can facilitate the in situ extraction
of the polar oxidation products (i.e., sulfoxides, and sul-
fones) into the aqueous phase of the oxidation system. The
in situ partial extraction of sulfoxide and sulfone products
leads to a decline of the total sulfur content of the oxidized
kerosene and an increase in the final sulfur removal after
oxidation followed by the liquid-liquid extraction.

The best UAOD operating parameters

One of the aims of this study was to find a combination of
independent variables (i.e., no/ng, n,a/ns, and the ultra-
sound power per kerosene volume) in such a way to
achieve the maximum sulfur removal. According to the
implemented experiments, the RSM optimization sug-
gested different combinations of the variables to achieve
over 95 % sulfur removal of kerosene. In this regard, an
optimization run with 97.16 % sulfur removal was selec-
ted. This sulfur removal efficiency can be achieved under
the following conditions: ((n./ng) of 15.02, (naca/ns) of
107.8, the ultrasound power per kerosene of 7.6) in the
ultrasound-assisted oxidation followed by a single extrac-
tion stage using acetonitrile. Three replicate experiments
were conducted under the proposed optimal conditions. As
can be observed in Table 7, the average experimental
sulfur removal (i.e., 95.37 %) is in close agreement with
the predicted value (i.e., 97.16 %). In other words, the
validity of the proposed model is confirmed again.

The effects of sonication time and temperature
on the sulfur removal

Figure 4 shows the effect of sonication time on the sulfur
removal of kerosene under the optimal conditions.

This figure shows if the sonication time takes longer
than 10.5 min no more considerable improvement in the
sulfur removal can be achieved. As an important
improvement, over 90 % of the sulfur removal could be
achieved within the first 3.5 min of sonication time.

Figure 4 also demonstrates a comparison between
UAOD and the conventional ODS under the identical
operating conditions. In the conventional ODS experi-
ments, magnetic stirring with the rotation speed of 500 rpm
was used. As can be observed, considerable improvement
in the sulfur removal was observed in case of UAOD in
comparison with the conventional ODS. For example, only
70.2 % sulfur removal of kerosene is achieved after
3.5 min oxidation followed by liquid-liquid extraction in
the absence of ultrasound irradiation. The observed trend
can be attributed to the physical effect of the ultrasound to

Table 7 Validation and repeatability test for the experimental sulfur
removal of kerosene achieved under optimal oxidation conditions

Experimental sulfur removal Predicted sulfur removal

Run 1 95.38 97.17
Run 2 95.46
Run 3 95.26

Extraction conditions: ambient temperature; solvent: acetonitrile with
solvent-to-kerosene volume ratio = 1; no. of extraction stages = 1
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Fig. 4 The sulfur removal of kerosene versus oxidation time.
Oxidation conditions: UAOD: ny/ng = 15.02, ngea/ns = 107.8,
T = 50 °C, and ultrasound power per fuel oil volume = 7.6 W/mL.
Conventional ODS: n/ny = 15.02, ny.a/ns = 107.8, T = 50 °C,
under magnetic stirring (rotation speed = 500 rpm). Extraction
conditions: ambient temperature; solvent: acetonitrile with solvent-
to-kerosene volume ratio = 1; no. of extraction stages = 1

produce intense micromixing and emulsification of the
present biphasic oxidation system (Bolla et al. 2012).

Figure 5 shows the effect of oxidation temperature on
the sulfur removal under the optimal conditions.

As can be observed, an increase in the oxidation tem-
perature up to 50 °C leads to an increase in the sulfur
removal, although further increase in the temperature
beyond this limit leads to a slight decrease in the sulfur
removal. It should be noted that increasing the oxidation
temperature has two contrary effects. On one hand it leads
to an increase in the rate of oxidation of different sulfur-
containing compounds of kerosene (Sobati et al. 2010c),
which has a positive effect on the sulfur removal. On the
other hand, it decreases the equilibrium concentration of
peroxyformic acid due to thermal decomposition (Xiaoying
et al. 2011), which may have a negative effect on the sulfur
removal. The higher oxidation temperature also leads to the
greater vapor pressure of the volatile compounds in the
oxidation media that in turn facilitates bubble formation
and reduces the cavitation threshold and micromixing
intensity, which have negative effects on the sulfur
removal. It seems that the former effect is dominant up to
50 °C and the latter effects become pronounced in the
temperature range beyond 50 °C.

Effect of the number of extraction stages
and reduction of hydrocarbon loss

It should be noted that there are several candidates for the
extraction solvent. According to Sobati et al., acetonitrile is
an appropriate solvent for the extraction of the oxidized
sulfur-containing compounds of kerosene (Sobati et al.
2010b). The main advantage of acetonitrile is its low
boiling point (i.e., 82 °C) in comparison with boiling points
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Fig. 5 Effect of oxidation temperature on the sulfur removal of
kerosene. Oxidation conditions: n./ng = 15.02, nya/ns = 107.8,
ultrasound power per kerosene volume = 7.6 W/mL, and sonication
time = 10.5 min. Extraction conditions: ambient temperature; sol-
vent: acetonitrile with solvent-to-kerosene volume ratio = 1; no. of
extraction stages = 1

of the oxidized sulfur-containing compounds (i.e.,
277-677 °C), which facilitates the solvent recovery by
applying distillation (Sobati et al. 2010a).

Larger values of the sulfur removal is expected if more
extraction stages are applied because of the improvement
in the efficiency of extraction of oxidized sulfur-containing
compounds. However, this causes less kerosene recovery
due to transfer of greater amount of dissolved kerosene into
the extraction solvents.

Table 8 shows the sulfur removal and recovery of ker-
osene after extraction as a function of the number of
extraction stages. In addition, the values of sulfur removal
using a single extraction and without oxidation as well as
the sulfur removal after ultrasound-assisted oxidation and
without any extraction stage are presented in this table.

Table 8 indicates as the number of applied extraction
stages is increased from 1 to 5 (after oxidation) the sulfur
removal is also raised from 95.46 to 98 % and the kerosene
recovery is reduced from 90 to 55 %.

In other words, increasing the number of extraction
stages beyond 1 has little effect on the final sulfur removal,
while it leads to a continuous decrease in the kerosene
recovery. Extraction effectiveness factor (E) is introduced
in order to combine the sulfur removal and kerosene
recovery in a single parameter:

E = D/(100 — R) (6)

Figure 6 shows the extraction effectiveness factor as a
function of the number of extraction stages.

Figure 6 shows the extraction effectiveness factor is
reduced continuously as the number of extraction stages is
increased. It was tried to improve the kerosene recovery
after extraction by solvent washing. In this context, the
extract obtained after extraction was washed with double
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Table 8 Sulfur removal and recovery of kerosene under different conditions

Condition Sulfur removal Kerosene recovery
(%) after extraction
(%)
Sole extraction (without oxidation) 29.92 -
Ultrasound-assisted oxidation/water washing (without extraction process) 74.9 -
Ultrasound-assisted oxidation/water washing/one stage of extraction 95.46 90
Ultrasound-assisted oxidation/water washing/two stages of extraction 95.54 81
Ultrasound-assisted oxidation/water washing/three stages of extraction 97.19 71
Ultrasound-assisted oxidation/water washing/four stages of extraction 97.6 64
Ultrasound-assisted oxidation/water washing/five stages of extraction 98 55
Ultrasound-assisted oxidation/water washing/one stage of extraction/hydrocarbon loss reduction 87.9 98

method

Oxidation conditions: n./ng = 15.02, n,.q/ns = 107.8, ultrasound power per kerosene volume = 7.6 W/mL, sonication time = 10.5 min,

T=50°C

Extraction conditions: ambient temperature; solvent: acetonitrile with solvent-to-kerosene volume ratio = 1

Extraction effectiveness factor, ¥

1 L L L L 1 L L L J
1 Number of extraction stages 10

Fig. 6 Extraction effectiveness factor, E, versus the number of
extraction stages. Oxidation conditions: ny/ng = 15.02, n,.4/
ng = 107.8, ultrasound power per fuel oil volume = 7.6 W/mL,
sonication time = 10.5 min, and 7 = 50 °C. Extraction conditions:
ambient temperature; solvent: acetonitrile with solvent-to-kerosene
volume ratio = 1

volume distilled water, and the hydrocarbon obtained after
phase separation was mixed with the treated kerosene. As
can be observed in Table 8, kerosene recovery is increased
from 90 to 98 % and the sulfur removal is decreased from
95.46 to 87.95 % in comparison with the conditions where
oxidation is followed by a single stage extraction. Water
addition step leads to a decrease in the solubility of
hydrocarbons in water/acetonitrile mixture and the pro-
duction of a secondary hydrocarbon layer after phase
separation, which in turn increases the kerosene recovery.

In order to investigate the role of the oxidation in the final
sulfur removal, the sulfur removal of kerosene by a single
extraction process is compared with the sulfur removal
obtained when the oxidation is followed by the solvent

extraction in the same extraction condition. As can be
observed in Table 8, the single extraction process leads to
only 29.9 % sulfur removal, while applying the oxidation
before the extraction process increases the sulfur removal up
t0 95.46 %. It should be noted that in a single extraction, the
polarity of the original sulfur-containing compounds of
kerosene is not much higher than that of the corresponding
hydrocarbon compounds, and the extraction is not efficient.

Furthermore, Table 8 indicates 74.9 % of the total sulfur of
kerosene is removed after ultrasound-assisted oxidation. This
has been achieved by simultaneous extraction of the oxidized
sulfur-containing compounds to the aqueous phase (i.e., for-
mic acid and hydrogen peroxide mixture) in the oxidation
media. It can be concluded that in the UAOD process, a major
sulfur removal of the kerosene is carried out through in situ
extraction of the oxidized sulfur-containing compounds into
the aqueous phase of the oxidation media. The polarities of the
remaining oxidized sulfur-containing compounds are chan-
ged in such a way that they can be extracted more effectively.
In other words, there is a synergistic effect between the oxi-
dation and extraction in the UAOD process.

It was also tried to recover the spent acetonitrile by
applying the distillation process. The recovered acetonitrile
was used for the extraction of the oxidized sulfur-con-
taining compounds of kerosene. The performance of
recovered acetonitrile was very good, and only 0.1 %
reduction in the sulfur removal was observed using the first
recovered acetonitrile in comparison with the fresh ace-
tonitrile. It should be noted that only 0.5 % reduction in the
sulfur removal was observed after three distillation recov-
ery cycles of acetonitrile. In addition, 7 % of solvent vol-
ume was decreased after each distillation recovery cycle. In
other words, about 7 % fresh solvent make up is needed
after distillation.
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Fig. 7 GC-FPD chromatograms of the untreated and treated
kerosene: a untreated kerosene; b oxidized kerosene; ¢ treated
kerosene after oxidation followed by extraction. Oxidation condi-
tions: ny/ng = 15.02, nyea/ng = 107.8, ultrasound power per fuel oil
volume = 7.6 W/mL, sonication time = 10.5 min, and 7 = 50 °C.
Extraction conditions: ambient temperature; solvent: acetonitrile with
solvent-to-kerosene volume ratio = 1

Effect of the UAOD on the kerosene specifications

Table 2 shows the major properties of the kerosene before
and after UAOD treatment. The distillation characteristics
of the kerosene before and after UAOD process were
obtained according to ASTM-D86 in order to investigate
whether the properties of the treated kerosene are nega-
tively affected by the UAOD process. As can be observed,
the distillation characteristics of the treated and untreated
kerosene remain approximately unchanged. As can be
observed in Table 2, the aromatic content of kerosene
decreases from 15.9 to 10.9 vol%. Due to the dearomati-
zation of kerosene, the naphthene and olefin contents of the
treated kerosene are slightly increased. The total water
content of the untreated and treated kerosene was also
measured by Karl-Fischer titration. Table 2 also indicates a
negligible increase in the water content of the kerosene
after UAOD treatment.

Figure 7 displays the comparison of the GC-FPD chro-
matograms of the treated kerosene with untreated kerosene.

As can be observed, the peaks of the sulfur-containing
compounds were diminished in the treated kerosene.

@ Springer

Conclusions

An experimental investigation was conducted on the
UAOD of non-hydrotreated kerosene using oxidation with
hydrogen peroxide-formic acid followed by liquid-liquid
extraction using acetonitrile. The response surface
methodology (RSM—Box—Behnken design) was employed
for the experimental design. The best operating conditions
were obtained using RSM method. The maximum sulfur
removal was achieved using (ny/ng) of 15.02, (naca/ns) of
107.8, and the ultrasound power per fuel oil volume of
7.6 W/mL. Sulfur removal of 95.4 % was achieved under
these oxidation conditions followed by the liquid-liquid
extraction.

A valid, quadratic predictive correlation between the
operating variables of the oxidation and the sulfur
removal was developed using RSM. The obtained math-
ematical correlation from the data analysis gave a good
prediction at high significant level.

The required reaction time of the UAOD was signifi-
cantly decreased in comparison with the conventional ODS
due to the -cavitation phenomenon and subsequent
enhancement in the interphase mass transfer in the biphasic
oxidation system in the absence of the expensive phase-
transfer agents. As an important improvement, more than
90 % sulfur removal was gained in shorter than 3.5-min
sonication time followed by a liquid-liquid extraction step,
whereas the observed sulfur removal using conventional
ODS in the identical conditions was 70.2 %. According to
Gonzalez et al., 98 % sulfur removal of jet fuel was
achieved after a long oxidation time (i.e., 120 min) using
ultrasound-assisted formic acid/hydrogen peroxide/acti-
vated carbon oxidation system (Gonzalez et al. 2012). In
other words, the required oxidation time was decreased
significantly in the present UAOD system in comparison
with other similar studies. It was also found that 74.9 % of
the total sulfur of the kerosene was removed after ultra-
sound-assisted oxidation under the optimal condition.

The present UAOD process can be applied as an alter-
native or complementary process for the HDS process due
to its great advantages such as simplicity, mild operating
conditions, no hydrogen consumption, and no need to use a
special catalyst.
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