@SciMedCentral Chemical Engineering & Process Techniques

Review Article

Shear Mixer-Assisted Oxidative

Desulfurization of Natural Gas
Condensate in a Gas-Liquid
Oxidation System

*Corresponding author

Mohammad Ali Fanaei, Department of Chemical
Engineering, Faculty of Engineering, Ferdowsi University
of Mashhad, Postal Code 9177948944, P.O.Box 1111,
Mashhad, Khorasan Razavi, Iran

Submitted: 14 September, 2025
Accepted: 24 December, 2025
Published: 26 December, 2025
ISSN: 2333-6633

Copyright

© 2025 Pouladi B, et al.

Babak Pouladi, Mohammad Ali Fanaei*, and Gholamreza

Baghmisheh

Department of Chemical Engineering, Faculty of Engineering, Ferdowsi University of

Mashhad, Iran

Abstract

INTRODUCTION

Sulfur content of petroleum products is highly
undesirable and must be strictly regulated. The combustion
of fuels with sulfur results in sulfur oxide release which is
toxic, corrosive and pollutes the atmosphere. Among other
sulfur oxides, SO, is more abundant and can cause sulfate
aerosol formation in the atmosphere. Crude oil contains
sulfur in the form of sulfides such as thiols, thiophenes,
substituted benzo- and dibenzothiophenes, etc [1].

Hydro-desulfurization (HDS) process have been applied
in the refinery industry for removing sulfur- containing
compounds from fuels. However, one of the important
challenges in the conventional refinery hydrogenation
plants is removing the aromatic sulfur compounds such
as thiophene (T), benzothiophene (BT), dibenzothiophene
(DBT), 4,6-dimethyldibenzothiophene (4,6-DMDBT), and
their derivatives which are cannot be separated with HDS
[2,3].

It is necessary to say that HDS requires high
temperatures (300-400°C), high pressures (up to 100
atm), and high hydrogen consumption. Therefore, this
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In this study, desulfurization of Natural gas condensate was carried out using a novel method consisting of a shear mixer in the gas-liquid oxidation system.
The desulfurization process was performed in two stages of oxidation and extraction. In the oxidation step, a mixture of HNO,, H,SO, and NO,, with different
amounts was used simultaneously as oxidizing agent and a shear mixer with 5000 rpm for 30 minutes was used to increase mass transfer between gas and
liquid phases (between gas and immisible liquid phases). The extraction step was performed by water and caustic solution. In experiments, very low amounts of
oxidants (mole basis); HNO,:0.031 t0 0.619, NO,: 0.031 t0 0.619 and H,SO : 0.45 to 2.25; were used and the mixing was carried out by the shear mixer. The
results show that even with very low amounts of oxidants, the effect of the shear mixer is very significant, so that the amount of sulfur in condensate decreased
from 2300 ppm to 201 ppm, its conversion is equal to 91%. It is worth mentioning that the effect of simultaneous use of HNO,, H,SO, and NO, as oxidant in
the process of sulfurization, is much more than single or double use of these oxidants. In addition, the use of shear mixer in this system, has a significant effect
on increasing the mass transfer rate and reducing sulfur content than conventional mixer.

process needs high investment and operating cost [2,4].
In addition to the HDS, several new processes have
been developed as HDS alternatives or complementary
processes to remove sulfur-containing compounds such
as electrochemical oxidation, extraction with ionic liquids,
oxidative desulfurization (ODS), selective adsorption, bio
desulfurization, extractive desulfurization, adsorptive
desulfurization and desulfurization by supercritical
water. Most of these alternative methods have not been
economically justified on a commercial scale [5,6]. Among
different HDS alternative processes, ODS process is more
attractive because of mild operating conditions and high
ability in sulfur removal [7].

ODS process has two stages: i) the sulfur-containing
compounds in the fuel are oxidized to their corresponding
sulfoxides and sulfones, and ii) the polar oxidized products
are separated using different separation processes such
as extraction and adsorption [8]. In order to prevent the
oxidation of other compounds of the feedstock, which lead
to an increase in the hydrocarbon loss and reduction of
cetane and octane number, the oxidation system should
be selective toward sulfur-containing compounds [7]. In
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the ODS process, several types of oxidation systems have
been considered and can be categorized into four groups:
heterogeneous liquid, homogeneous liquid, gas-liquid and
solid oxidants [3, 8-11].

In this study the gas-liquid system is used.

In the ODS process, single oxidants were used by some
researchers, such as nitric acid [12-15], sulfuric acid [10,
16], hydrogen peroxide [17], ozone [18], organic hydro
peroxides [3], molecular oxygen [19], air [20], potassium
ferrate [21], and Fenton [22].

Combination of two agents was used in some other
ODS process system, one as oxidant and another as
catalyst [9]. Using of hydrogen peroxide with formic,
nitric, acetic, and phosphoric acids [23-26], are the general
examples of mentioned binary agents. Furthermore, for
oxidation yield improvement via hydrogen peroxide,
several solid catalysts have been used such as vanadium
oxide/aluminum oxide [9], or alumina-supported
polymolybdates [27,28]. Moreover, to improve the sulfur
removal efficiency through activation of oxidation process,
high energy radiations such as UV, plasma and microwave
may be employed [9,29-32].

Shear mixers (SM), also well-known as rotor-stator
mixers, shear reactors and shear homogenizers, are
typical of high shear rates, high rotor tip speeds, highly
localized energy loss rates near the mixing head, and
relatively higher power consumptions than conventional
mechanically stirred vessels. Shear mixers are attributed
to the centrifugal forces generated from the relative motion
between the rotor and the stator equipped with narrow
spacing and have been widely used in processes with
energy consumption such as dispersion, homogenization,
grinding, emulsification and dissolving in the fields of
food-manufacturing, agricultural and, chemical reaction
processes, etc. There are various geometries in the SMs
design, which can be mainly classified into batch units and
in-line. Batch units have either radial-discharged or axial-
discharged types while the commercial in-line SMs are
usually designed as either the rotor-stator teethed or the
blade-screen configuration [33-36]. One of the advantages
of SMs is intensification of chemical reaction processes
with fast inherent reaction rates, but somewhat slow mass
transfer rates, because of their local intense turbulence in
the small shear gap with a short residence time. Heat and
mass transfer for heterogeneous multiphase reactions can
be boosted as a result of the nearly large interphase areas
provided by shear mixing [33].

In this study, desulphurization of gas condensate
(South Pars Gas Field in IRAN) in a gas-liquid system was
investigated. Sulfuric and nitric acid as a liquid oxidants in
the presence of NO, as a gas oxidant were used.

The effective mixing of these powerful, effective and
inexpensive oxidants was done using a shear mixer as a
novel method.

First, desulfurization of sour gas condensates was
performed with different amounts of oxidant mixtures
with a conventional mixer and shear mixer to evaluate
the effect of each mixing method in the same amount of
oxidants.

After performing various experimentsin the presence of
oxidants, as shown in the figure, with respect to total sulfur
comparison, the use of shear mixer was more efficient and
had a significant effect on total sulfur reduction, and it was
determined that due to the limitation of mass transfer in
The oxidation section, the shear mixer, has been able to
significantly remedy this problem.

During the experiments, after adding H,SO, and HNO,
to the condensate, the mixture was converted into a two-
phase mixture and the oxidants immediately accumulated
at the bottom of the reactor and there was not enough
time to contact with condensate to polarize the sulfur
compounds.

Therefore, the use of a shear mixer in this oxidation
system, due to its proper function, resulted in suitable
mixing and rotation, without vortex and also with
uniformity of mixture, due to their high- density difference
at the top and bottom of the mixture .By increasing the
collision between two phases, the amount of mass transfer
in the oxidation section was increased and with the least
amount of oxidants, the maximum efficiency could be
generated in this system.

After selecting the appropriate contactor according to
the gas-liquid oxidation system used, sulfuric initial tests
began by using sulfuric acid. But no significant success
was achieved in the removal of sulfur compounds. The
same experiments were performed with nitric acid and
still failed to reduce the total sulfur content. After that, a
mixture of the nitric acid with sulfuric acid was studied and
to some extent reduces total sulfur reduced. Subsequently,
desulfurization of condensation was performed with
a small amount of sulfuric acid and nitric acid in the
presence of a very low NO2 content, which resulted in very
good result due to the low amounts of oxidants, which is
discussed below.

EXPERIMENTAL SECTION
Materials

Required materials include Industial H,SO, (98 wt %)
and Ethanol (96.5 vol%) (Iran, Taghtir-Khorasan Co) on
available, Merck HNO, (65 wt %) and NO, in situ provided
and used in all experiments. Distilled water was used in
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all tests for first stage wash and NaOH (10 wt %) was
used in second stage wash.Sure Natural Gas Condensate
as the feedstock with total sulfur content of 2300 ppmw
with physical specifications according to Tablel, was
obtained from the South Pars Gas Complex Co Laboratory.
(Assaluyeh, boushehr, Iran). The specifications of Sure
Natural Gas Condensate are shown in Tablel.

Method of the analysis

Determination of total sulfur content of sour natural
gas condensate done by Varian CP-3800. the total sulfur
detection range of CP-3800 is 0 -5 wt %. CP-3800
determines total sulfur in petroleum products by using
energy dispersive X-ray fluorescence (EDXRF) method,
which is an accurate non-destructive economical and quick
method assigned in ISO 8754 and ASTM D4294-03. All total
sulfur analysis was carried out in the central laboratory of
South pars gas complex Refinery (asalouyeh, Iran).

Varian CP-3800 gas-chromatography with specification
as shown in Table 2 is used:

Table 1: Specifications of Sure Natural Gas Condensate

CHARACTERISTICS UNITS RESULT TEST METHOD
Specific Gravity @ 15.56 /15.56 °C --- 0.7358
API Gravity °API 60.8 ASTMD4052
Sulfur Content (Total) wt.% 0.271 ASTM D4294
H.S Content ppm <1
Merc;ptan Content wt.% 0.13 vor163
Nitrogen Content (Total) ppm <10 ASTM D4629
Water Content vol.% <0.025 ASTM D4006
Salt Content P.T.B <1 ASTM D3230
Hydrocarbon Types:
Saturates vol.% 88.4
Olefins vol.% 1.2 ASTMD1319
Aromatics vol.% 10.4
Kinematic Viscosity @ 0 °C mm? /s 1.095
Kinematic Viscosity @ 10 °C mm? /s 0.944 ASTM D445
Kinematic Viscosity @ 20 °C mm? /s 0.835
Cloud Point °C -31 ASTM D2500
Pour Point (Upper) °C -54 ASTM D97
Reid Vapor Pressure psi 9.92 ASTM D5191
Wax Content wt.% 0.3 BP 237
Corrosion Copper Strip (3h/50°C) 1b ASTM D130
Total Acid Number mg KOH/g <0.05 ASTM D 664
Aniline Point °C 61 P2
Molecular Weight g/mol 136.3 Osmomat
Saybolt Color --- 20.6 ASTM D156
Bromine Index me Bg/ 100 743 IP 130
Lead Content mg/kg <1 ASTM D 5863
Distillation L.B.P (°C) °C 30.1 ASTM D86
10% Evaporated (°C) °C 58.9 ASTM D86
20% Evaporated (°C) °C 78.8 ASTM D86
50% Evaporated (°C) °C 131 ASTM D86
90% Evaporated (°C) °C 272.3 ASTM D86

Table 2: Specification of gas-chromatography

Parameter Condition
Column
Column Type Column Length VE-5ms 60 m
Columnd ID (Internal Diameter) 0.25 mm
Column ODOutside Diameter Column 0.39 mm
Film Thickness 0.25 um
flow 2 ml/min
Detector 280°C
PFPD 280°C
Injector 50to1
split/splitless split ratio Injection 1pl
volume
Oven temperature 80 °C 2T 280 °C (15 min hold)

SYSTEM AND PROCEDURE

Combination of Sulfuric and Nitric Acids as liquid
reagents in presence of NO, as gas oxidant was used.
Due to the high density of sulfuric and nitric acids to the
condensate and the nature of two-phase mixtures and also
the problem of mass transfer in the oxidation stage, Shear
mixer used to overcome the problems of phase separation
and mass transfer to achieve an appropriate contact
surface between oxidants and Natural Gas Condensate.
In previous studies, ultrasonic and microwave have been
used to increase mass transfer between the fuel and
catalyst (acids as catalyst) used (moaseri and et.) but in
this experimental study, shear mixer is used with the aim
of mass transfer increasing.

Shear mixer at high speed rotation of the rotor, creates a
powerful suction that can pull the condensate and oxidants
into the work head. Due to exit of mixture from the grids
of work head, an extreme hydraulic shear force created
into the mixture. High speed extruding of the mixture from
the grids and severity of the collision with the reactor
wall, increase the temperature of the mixture about 50-
55°C. this process occurs continuously and simultaneous
rotation at the top (without Vortex) and low level of
mixture Leads to a circle mixing. the use of shear mixer
strongly increases the contact surface and consequently
mass transfer surface in constant volume will increase.
Increase in mass transfer surface between condensate and
oxidants is the amazing result of this method.

The ODS process chemistry is oxidizing divalent sulfur
by the electrophilic addition reaction of oxygen atoms to
form the hexavalent sulfur in a sulfone functionality. The
different sulfur-containing compounds reactivity in this
oxidation system is dependent on the electron densities on
the sulfur atom of these compounds. The electron density
on the sulfur atom of typical sulfur-containing compounds
exist in the condensate is high enough to oxidize these
compounds in the sulfuric acid-nitric acid oxidation
system. Component analysis of gas oil is similar to sure
natural gas condensate and Otsuki, S presented above
system for chemistry of ods process for gas oil.
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The data presents in Table 3 shows the sulfur-
containing compounds that can be exist in gas oil [36].

high standard reduction potential of nitronium cation
produced during mixing of HNO, with H,SO, is the main
the reason of high efficiency of the HNO,/H, SO, solution
that provides larger oxidative tendency. the standard
reduction potentials of H,SO, and HNO, are 0.16 and 0.957,
respectively [37,38]. Formation of nitronium cation (NO,")
is the result of Addition of HNO, to H,SO, based on the
following reaction:

HNO, + H,S0, — H,NO} + HSO0;
H,NO} = NOZ + H,0

H,0 + H,S0, —» H,0* + HSO;

HNO; + 2H,S0, — NOI + H,0% + 2HSO;

The nitronium cation is hardly strong oxidation
agent with the standard reduction potential of +1.6 V at
pH = 7.0 [39]. The main ability of this cation is oxidizing
sulfur component even strictly hindered and stable one
such as benzene ring with an attached sulfur therefore,
this strong cation can extremely increase the efficiency

Table 3: Different sulfur-containing compounds present in the Agas oil feedstock
[36]

of desulfurization of H,SO, through both improving the
efficiency of desulfurization reaction of H,SO, and oxidizing
the sulfur compounds with high resistance to H,SO, [9].

According to Figure 1, The first steps are the formation
of a very powerful electrophile, none other than NO2+, by
the

interaction of the two strong acids. Sulfuric acid is
the stronger and it protonates the nitric acid on the
OH group so that a molecule of water can leave [40], by
nitration, aromatic components can be converted to
nitrodibenzothiophene using NO,* from HNO, + H,SO,
(Figure 2).

Nitronium ion (NO,") is linear with an sp hybridized
nitrogen at the centre. It is isoelectronic with CO,. It is
also very reactive and combines with dibenzothiophene
according to the above picture. dibenzothiophene attacks
the positively charged nitrogen atom but one of the N=0
bonds must bebroken at the same time to avoid five-valent
nitrogen.

Oxidation Procedure

The ODS experiments were performed by treating Sour
Natural Gas Condensate with oxidative agents of H,SO,
and HNO, combination in presence of NO_, under different
Oxidant agent Ratio, with shear mixer assisted in batch
class reactor. Figure 3 indicates a schematic of the applied

Sulfur-containing Compounds MW ﬁ’ o o 9 0
o P \V4 [ [
1,3-Propanedithiol 108 90/5\6}! HCO/S\OH g}g ®H2 — = @”
Methylphenyl sulfide 124 0
Benzothiophene 134 nitric acid sulfuric acid nitronium ion
1,5-Pentanedithiol 136 Figure 1 Formation of the electrophile [40]
1-Octanethiol 146
5-Methylbenzothiophene 148
3-Methylbenzothiophene 148
4-Methylthiophenol 156 ﬁ /é\oo S5 L
2-Naphtalenethiol 160 lu@ O G
3,5-Dimethyl benzothiophene 162 s g
Di-tert-butyl disulfide 178
Dibenzothiophene 184 Figure 2 Nitration of dibenzothiophene
2,3,4,6-Tetramethyl benzotiophene 190
3-Methyl dibenzotiophene 198
1-Methyl dibenzotiophene 198 (a)
4-Methyl dibenzotiophene 198
8-Methylnaphtho([2,1-b]thiophene 198
1-Dodecanethiol 202
2,8-Dimethyl dibenzotiophene 212
1,6-Dimethyl dibenzotiophene 212
4,6-Dimethyl dibenzothiophene 212
3,4-Dimethyl dibenzotiophene 212
4,9-Dimethyl [2,3-b] napthotiophene 212
Thianthrene 214
1-Octadecanethiol 286 Figure 3 Schematic representation of the reactor and shear mixer applied
1-Docosanethiol 342 in the experiments: (a) front view, and (b) bottom view
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reactor and shear mixer. The shear mixer consisted of a
330 W motor (HMA-22, Hertz) with a maximum speed
of 18000 rpm and a high performance inverter (VFD-M,
Delta). All the equipments installed in the shear mixer such
as rotor, shaft, machine mounting, mixer frame, and stator
were made of stainless steel.

In each oxidation run, 1500 gr of Sour Natural Gas
Condensate with a total sulfur content of 2300 ppmw
was introduced into a glass reactor equipped with a shear
mixer and thermometer. The shear mixer was placed in
a reactor with ambient temperature and atmospheric
pressure and an appropriate amount of H,SO, and HNO,
combination was added to the reactor in presence of NO,.
The reaction mixture was continuously mixed with shear
mixer in 5000 rpm speed and during the reaction time for
oxidation section was 30min and during the course of the
reaction the temperature raise to about 60- 68°C due to
performance of shear mixer and intensification touch glass
reactor wall. Figure 4 shows using of shear mixer oxidation
and its performance.

Extraction Procedure

Hydrocarbon from oxidation stage, was extracted
in two stages in ambient temperature and atmospheric
pressure 250 grams of oxidized condensate was used to
extract. In each extraction stage. At first stage a solution
containing oxidized condensate and Distilled water as
solvent at solvent/condensate ratio equals to 0.25 by
weight was prepared. This solution was shaken vigorously
for 15 minutes assisted by a mixer.in the second stage
the mixture was introduced to a separatory funnel for
removing aqueous phase from solution. Then Costic at the
concentration of 10 percent, was added to hydrocarbon
phase 25% by weight and stirred by mixer for 15 minutes
and then in a separatory funnel, 2 phases of solution

B

Figure 4 A: Before oxidation stage, B: After oxidation stage,C: flow
patern of shear mixer performance

separate and filtered. Figure 5 shows schematic of
extraction stage. Total sulfure of hydrocarbon phase was
measured in laboratory.

RESULTS AND DISCUSSION

In Figure 6, number of 9 experiments with shear mixer
at 5000rpm and with astirred mixer at 900 rpm with
identical conditions and the same percentages of oxidants
were investigated. In the R2 test, due to the proper amounts
of oxidants, the removal of sulfur compounds with shear
mixer was 91.26% with total sulfure equal to 201 ppm and
with stirred mixer was 82.8% with total sulfure equal to
385 ppm. these results indicating the high impact of the
shear mixer than the stirred mixer in sulfur removing.

Figure 7 shows that various mole amounts of oxidants
such asnitricacid (H), sulfuricacid (S) and nitrogen dioxide
(N) in the oxidation system of this study have been used.

As seen, in the R1 experiment (H = 0.952, S = 0.459, N

Figure 5 Extraction stage

1800

—&— Shear Mixer
—— Stirred

1600 -

1400

1200 -

1000 -

Total Sulfur (ppm)

Q.

R1 R2 R3 R4 R3S R& RT R&

Figure 6 Comparison between shear mixer and stirred mixer
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Figure 7 The effect of different amounts of oxidant in the oxidation system in 12 test

=0.391) and the R12 test (H=0.071,S=0.765, N =0.071),
the lowest and highest total sulfur and converting percent
is observed. According to the diagram, the increase in the
molar content of each oxidant will not have a significant
positive effect on the reduction of total sulfur content and,
given the simultaneous use of all three oxidants and their
effects on each other, the appropriate and desirable values
of each oxidant should be obtained. For example in the
constant molar value H = 0.952 and S = 0.459 total sulfur
variations can be investigated in different values of N. As it
is evident, in the experiments R1, R2, R5, with the increase
in values of N, the total amount of total sulfur did not
decrease, as well as increase in total sulfur content with the
decrease of N values. it seems that the optimum amount of
molar N to reduce total sulfur to 200 ppm, is N = 0.391 in
the R1 test. Itis also observed in constant molar value of S =
0.459, in experiments R1, R2, R3, and R5, the increase and
decrease in N and H values, both of which are nitrogenous,
have a significant effect on the reduction of total sulfur
content, so that in the R3 test, the lowest molecular value
H =0.048 was in comparison to other tests in the oxidation
system in the same amount of H, with the increase of N
to 0.783, total sulfur content was 230 ppm. By reviewing
the R1 test, we can see that with decreasing N and H, we
will have the highest total sulfur reduction. According to
studies conducted in the presence of constant molar values
of each of the oxidants, the N and H values depend on each
other, and with each of them increasing, another reduction
can be compensated. However, low N-values seem to have
a more significant effect on total sulfur reduction. But

deciding what to do about each one, will be based on price
and accessibility for use in the oxidation system. Due to the
presence of nitrogen oxides (N, H), the increase in S will
reduce the oxidation efficiency of the oxidation system,
and its molecular amount in this oxidation system should
be chosen optimally, which is less than H and more than N.
The presence of nitrogen oxidants can help to improve the
solubility of various sulfur compounds oxidized in sulfuric
acid. sulfuric acid plays a solvent role in the oxidation
system in addition to its oxidizing properties, which also
improves the oxidation process at extraction stage with
lower amount of solvent.

Based Figure 8 and 9, minimizing the total sulfur
content does not require the use of maximum amounts of
oxidant. As can be seen, with the lowest amount of sulfuric
acid consumed along with the proper amounts of other
oxidants, the best result is obtained in desulfurization.

Figure 10 shows that with very low oxidant weight
ratios versus total oxidant weight, we can achieve excellent
results in desulphurization of condensate. At the lowest
total sulfur content, the weight ratio of total oxidants to
the weight of condensate was 0.082% by weight. these
very low amounts of oxidants, in addition to maintaining
oxidant properties, will also be economically feasible.

GC-PFPD CHROMATOGRAMS

Figure 11 indicates the GC-PFPD chromatograms of
gas condensate before and after the ODS process related
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Figure8 Variation of total sulfur with different amounts of mixture of oxidants
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Figure 11 GC-FPD chromatograms of the (a) untreated gas condensate, and (b) treated gas condensate after oxidation and subsequent extraction

to sample that its total sulfur after oxidation is equal
to 201 ppm. As shown, the peaks of sulfur- containing
components are obvious in the untreated sample. With
respect to Figure 11(a) is the result of GC for untreated
gas condensate. In Figure 11(b) the peaks related to these
components disappeared in the treated gas condensate
which implies that the process was fulfilled successfully.
It should be noted that in order to ensure the accuracy of
the GC results, 1 ml of benzothiophene solution at 100 ppm

concentration was added to both untreated and treated
samples as the internal standard. It was observed that
the raw sample exhibited 70 peaks in addition to the peak
assigned to the internal standard while only the internal
standard peak appeared in the chromatogram of the
treated sample.

CONCLUSION

In this research, a new method for the desulfurization
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of gas condensates was introduced. It was noted that the
lime mixer has a higher efficiency in the oxidation process
than the conventional mixer due to the increase of the mass
transfer surface between the two organic and acid phases.

2. 2- Also desulphurization with high efficiency can
be achieved by using a combination of oxidants including
HNO,, H,S0, and NO, in very low amounts.

3. The results show that the maximum use of oxidants in
the oxidation process does not necessarily have favorable
results.

4. Also, the interaction effect of oxidant and their
increasing and decreasing amount have significant effects
on desulfurization of gas condensate.

5. The presence of nitrogenous compounds such
as NO, and HNO, will have a significant effect on the
desulphurization process.
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