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A novel approach is developed for desulphurization of fuels or organics without use of catalyst. In this

process, organic and aqueous phases are mixed in a predefined manner under ambient conditions and
passed through a cavitating device. Vapor cavities formed in the cavitating device are then collapsed
which generate (in-situ) oxidizing species which react with the sulphur moiety resulting in the removal
of sulphur from the organic phase. In this work, vortex diode was used as a cavitating device. Three
organic solvents (n-octane, toluene and n-octanol) containing known amount of a model sulphur
compound (thiophene) up to initial concentrations of 500 ppm were used to verify the proposed
method. A very high removal of sulphur content to the extent of 100% was demonstrated. The nature of
organic phase and the ratio of aqueous to organic phase were found to be the most important process
parameters. The results were also verified and substantiated using commercial diesel as a solvent. The
developed process has great potential for deep of various organics, in general, and for transportation
fuels, in particular.

Deep desulphurization or reducing sulphur content of various organics, in general, and transportation fuels, in
particular to very low level (~10 ppm) is a demanding but essential operation, especially from pollution point of
view. In the case of transportation fuels, Governments worldwide mandate sulphur concentration to the level
of 15 ppmw and 30 ppmw in diesel and gasoline respectively'=. For fuel cell applications, the sulphur levels are
required to be much lower (less than 1 ppmw) to avoid poisoning of the catalyst. For organics such as turpentine,
removal of sulphur can be important in organic synthesis such as production of camphor.

Deep desulphurization during petroleum refining operations has been a challenge mainly due to the difficul-
ties associated with removal of refractory sulphur compounds and also due to varying nature of compounds in
different fuel fractions®. A catalytic process of hydrodesulphurization (HDS) commonly used in refineries, is con-
sidered as a satisfactory method for lowering sulphur content up to 350 ppm and thereafter pose limitations due to
low reactivity of the remaining refractory compounds and increased cost of operation®®. The conventional HDS
process employs catalyst such as Co-Mo or Ni-Mo, requires high temperatures of the order of 450 °C, and high
pressures of the order of 20-40 atm. Employing HDS process to meet the new standards is expected to require
3 fold increase in the catalyst volume/reactor size adversely affecting economic viability apart from adversely
affecting quality of fuel®. A number of alternative processes have been investigated which include adsorptive des-
ulphurization”~!}, biodesulphurization*!? and oxidative desulphurization'>!*. Adsorptive deep desulphurization
appears to hold promise and a number of sorbents starting from simple activated carbons'® to 7-complexation
adsorbents, where Cu-Y and Ag-Y zeolites were shown to exhibit good capacity for thiophene sulphur removal
from benzene and n-octane mixtures>!°. Recently, a more complex process by combining oxidation and extrac-
tion has been reported- extractive and catalytic oxidative desulphurization (ECOD) that employs catalyst for oxi-
dation and suitable extractant for removing oxidised products as an alternative to the existing HDS process!”'%,
Acid treated activated carbons have also been considered to promote oxidation in oxidative desulphurization!®.

There are some reports of using cavitation coupled with catalysts for desulphurization. Ultrasound assisted oxi-
dative desulphurization has been discussed to a certain extent essentially in presence of various catalysts**-%. Jin
et al.* reported sulphur removal in coal tar pitch by oxidation with hydrogen peroxide using trichloroacetic acid
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Figure 1. Schematic of Vortex Diode and Cavitation Process.

as catalyst and using ultrasound waves. A U.S. patent? discloses process with hydrodynamic cavitation-catalyzed
oxidation of sulphur-containing substances that requires presence of at least one oxidizing agent like hydrogen
peroxide. Thiophene has been considered to be one of the most difficult and refractory organic sulphur com-
pounds in oxidative desulphurization as compared to benzothiophene and other sulphur derivatives*?’.

In this work, we present a new process based on hydrodynamic cavitation for deep desulphurization of fuels
and organics without employing any catalyst and under mild operating conditions. Thiophene was chosen as a
model sulphur compound mainly due to limitation of conventional oxidation processes in its removal. We believe
that the presented results demonstrate the applicability of proposed method based on hydrodynamic cavitation
for sulphur removal and demonstrate its great potential for deep desulphurization of various organics, in general,
and for transportation fuels, in particular.

The Process: Desulphurization using Hydrodynamic Cavitation with Vortex Diode as
Cavitating Device

In the proposed approach, sulphur containing organic phase is mixed with water under ambient conditions and
passed through a vortex diode?. Vapor cavities are formed in the diode and are transported to the downstream
region where these cavities collapse. The cavity collapse generates localized very high pressure and temperature?
as well as hydroxyl radicals. Interaction of hydroxyl radicals under these locally extreme conditions result in
removal of sulphur from the organic phase without any catalyst under apparently ambient conditions of bulk.
A schematic of vortex diode functioning, possible steps in desulphurization using cavitation process and photo-
graph of the experimental set-up for carrying out the experiments of the developed process are shown in Fig. 1.
Details of experiments are discussed in the following sections. Key results and some comments on possible appli-
cation for large scale sulphur removal are included after that.

Experimental

Materials and Methods. AR grade Thiophene (Sigma-Aldrich, >99%) was used as a model sulphur com-
pound. n-Octane (Loba chemie, 98%), n-Octanol (Loba chemie, 99%), Toluene (Merck, >99%) were used as
organic medium and for preparing model fuel. A commercial diesel was obtained locally. Sulphur analysis was
carried out on Total Sulphur analyser TN-TS 3000 (Thermoelectron Corporation, Netherlands) and Gas chroma-
tograph (Agilent 7890A) equipped with CPSil 5CB for sulphur as column (30 m x 320 m X 4 ym) in conjunc-
tion with flame photometric detector (FPD). Helium was used as a carrier gas with flow rate of 2mL/min and
split ratio of 10:1 (20 mL/min flow rate). The injector temperature employed was 250 °C with injection volume
of 0.2 4L and total analysis time of 25 min. The oven temperature was ramped at 20 °C/min from 40°C to 100°C
and at 60 °C/min from 100°C to 230 °C. Reproducibility of the experimental results was checked and was found
satisfactory.

Experimental set-up. A schematic of experimental set-up for deep desulphurization using hydrodynamic
cavitation is shown in Fig. 2. The experimental data was collected on this set-up using vortex diode as a cavitating
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Figure 2. Block diagram of the process and Schematic of experimental set-up.

device (nominal rated capacity, 1 m*/h). The setup has a holding tank of 60 L capacity, high pressure vertical
multistage centrifugal pump (China Nanfang Pump, Model CDLF 2-17; SS 316, 1000 LPH at 152 MWC, 2.2kW,
2900rpm, 415V AC, 3 phase, 50 Hz motor), control valves, and cavitation reactors. The flow through vortex diode
was controlled using the bypass valve. Temperature was maintained using cooling coils inserted in the tank and
with cooling system (JULABO, FP50). Flow transmitter (KROHNE, H250), pressure transmitters (Honeywell,
ST700), Resistance Temperature Detector (RTD) (Eureka Engg. Enterprises, India) were used for the measure-
ments. The entire set-up was fabricated in SS-316.

A known volume of 12 to 20 L was used for each experiment by appropriately measuring the organic and
aqueous phase volumes. Initial sulphur concentration in the feed was adjusted to predetermined concentration.
Experiments were carried out to evaluate effect of various parameters such as pressure drop, initial concentration,
ratio of organic to aqueous phase (in terms of % organic phase) etc. Samples were collected at regular intervals of
time and sulphur content was analysed in the organic phase using TN-TS 3000 Total sulphur analyser. The results
were also cross-checked using gas chromatograph with FPD for sulphur analysis.

Some experiments were also carried out to ensure that sulphur removal is not via extraction. For establishing
this, sulphur containing organic phase was mixed vigorously with liquid-water in agitated vessels (stirred tank
with turbine impeller, rpm > 200) and samples were analysed at regular time intervals. The samples were also
checked for changes in pH and COD using Spectralab MP-5 pH meter and Spectroquant Pharo 100 spectro-
photometer (Merck Limited) where Spectroquant TR 320 was used as digester for digestion of samples for 2h at
148°C.

Results and Discussion

Hydrodynamic cavitation for sulphur removal. Initial experiments were carried out to identify point of
cavitation inception. Pressure drop measurements as a function of flow rate of two phase mixture (organic phase
and water) were carried out. The contribution of bypass valve in the overall cavitation can be considered to be
insignificant due to its partial closing in most cases (especially at very low pressure drop across vortex diode) and
also due to the fact that mere cavity formation is not sufficient and requires effective cavity collapse for cavitation
phenomenon as depicted in Fig. 1. It was established in earlier studies that cavitation inception can be identified
from the deviation of measured pressure drop from the usual square law (AP proportional to square of flow rate
or mean velocity). It was established that for the case of octanol — water mixture (up to 10% volume percent of
octanol), the cavitation inception occurs just before the pressure drop across vortex diode reaches 0.5 bar. The
details of pressure drop and identification of inception point are provided in Fig. 3. All the further experiments
were carried out at two values of pressure drop across vortex diode (0.5 bar and 2 bar with flow rate of ~330 and
680 LPH respectively).

The initial sulphur content of organic phase (e.g. octanol) was adjusted to predetermined concentration
(e.g. 300 ppm) by adding appropriate quantity of thiophene. The thiophene containing organic solvent was mixed
with measured quantity of water to generate two phase mixtures with organic solvent volume fraction of 2.5%
and 10%. The sulphur content in organic phase (obtained by separating organic layer from the treated mixture)
was monitored as a function of time. The experiments were carried out to quantitatively understand influence
of various process parameters. Some of these results are discussed in the following to elucidate influence of key
process parameters.

Influence of pressure drop, initial concentration and volume fraction. For the developed process,
the effect of parameters such as pressure drop, initial concentration of the sulphur compound, organic volume
fraction and nature of organic phase/solvent is believed to be most crucial and some important results pertaining
to these are given in Fig. 4. Further details on the results of the above parameters are given in supplementary

SCIENTIFIC REPORTS | 6:33021 | DOI: 10.1038/srep33021 3



www.nature.com/scientificreports/

b
a
350000
® Pressuredrop
25 - P3N 300000 ---Fitof Data(AP=2aQ?)
E Ana
L 2.0 N 250000 »
< o
o E v ﬂ: .
g 1.5 - Az § 200000
2 I
© g -~ A ]
® 2 150000
5 1.0 o Y g o
& - ey &
E 0.5 - A 100000 e
e -~
o 50000
0. v T ¥ T r T T — T
[} 200 400 600 800 0 i - . - . - v -
Flow rate, LPH 0 100 200 300 400 500 600 700 800 900
A n-Octane, 2.5%, & n-Octane, 10%, A n-Octanol,2.5% Flow Rate, Q (LPH)
4 n-Octanol, 10%, A Toluene, 2.5%, & Toluene, 10%
A water
1649
c o Deviation for the case of 2.5% organics
9E+8 | Deviation for the case of 10% Organics
8E+8
TE+8
O 6E+8 .
L .
o SE#8
<
4E+8
L]
3E48 *
2E48 - L
L]
1E48 | .
.
0E+0 T T A2 o+ T

0 100 200 300 400 500 600 700 800 900
Flow rate, Q (LPH)

Figure 3. Inception of Cavitation; (a) Effect of solvent; (b) Calculations to demonstrate cavitation occurring at
a AP of 0.5 bar; (c) Prediction of inception of cavitation based on deviation from square law.

materials (Supplementary Figs S1-S7). Pressure drop across the vortex diode or for that matter any cavitating
device, is an important parameter that contributes towards the extent of cavitation. The number density of cavities
and effective intensity of cavity collapse are governed by pressure drop across cavitating devices (for a specified
configuration of device and downstream piping). It is evident from Fig. 4, that the effect of pressure drop was
found to be rather negligible, especially at low values of organic to aqueous phase volume ratio. Influence of
initial concentration on sulphur removal is also shown in Fig. 4. It was observed that sulphur removal was gen-
erally better when initial sulphur concentration was low for high organic phase volume. The trend depends on
nature of organic solvent and ratio (Fig. 4), though as seen from the figures, a very high removal close to 100%
can be obtained at low organic fraction of 2.5%. In the developed process, there are two distinct liquid phases
viz. aqueous and organic (containing sulphur compounds). Influence of nature of organic phase is expected to
be important. Realized cavities and cavity collapse intensities are expected to vary with respect to the nature of
organic phase and volume ratio of organic to aqueous phase. Experiments were therefore carried out for different
organic solvents and using different volume ratios of organic to aqueous phase. Sample of results obtained with
three different organic phases for different organic volume fractions are shown in Fig. 4. It can be seen that the
removal of sulphur compounds is drastically different with different organic phases. A very high removal of sul-
phur was observed with n-octanol compared to other solvents. The order of sulphur removal with respect to the
three organics studied in this work was as below:

Toluene < n—Octane < n—OQOctanol

The initial concentration of sulphur in the organics and effectiveness of the developed process at low pressure
drop have important bearing from the view point of commercial operations. Since conventional hydrodesulphur-
ization process has limitations in bringing down sulphur levels below 350 ppm, a process that can take care of
sulphur removal from this point can be highly beneficial. The results of this work clearly indicate effectiveness for
initial concentrations up to 500 ppm. Further, effective deep desulphurization at low pressure drop of just 0.5 bar
across the cavitating device indicates lower cost of operation and significant ease of operation. Another important
aspect of the process is that it is effective without using any catalyst or requiring high temperatures/pressures.
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Figure 4. Effect of different parameters on desulphurization by Hydrodynamic cavitation; (a) Pressure drop;
(b) Initial concentration; (¢) Volume fraction.

It is also important to note that the insolubility of the thiophene in water and the huge difference with respect
to the organic solvent practically eliminates possibility of physical transfer of the thiophene in the aqueous phase.
In order to establish that sulphur removal is because of hydrodynamic cavitation and not because of vigorous
contact with aqueous phase, the results of stirred tank experiments were also compared. The measured sulphur
content of the different organics samples collected from these tanks (Initial sulphur concentration: 300 ppm;with-
out cavitation) and those using hydrodynamic cavitation are shown in Fig. 5.

Hydrodynamic cavitation is known to generate hydroxyl radicals through cleaving of water molecules- an
active oxidant and this can be effectively utilized for removal/degradation of organics®**'. A plausible mechanism
for the removal of sulphur would require cleavage of the sulphur bond with the attack from the oxidant and
release of sulphur dioxide. Alternatively, it can also form other oxidation products such as sulphone that would
go in the aqueous phase, thereby effecting sulphur removal. A postulated mechanism can be thought to involve
mainly reaction of the free radicals with the sulphur compounds resulting into removal of sulphur as SO, and
mineralization of the organic skeleton to final products as carbon dioxide and water.

It is also possible that the cavitation here works as a specific form of extractive, but not catalytic, oxidative
desulphurization with water as a solvent and without employing any conventional catalyst of the type reported in
the literature for ECOD. A number of other possibilities such as formation of SO,, HSOs, H,SO, etc. may also be
listed. No change in the pH of the aqueous solution was observed during or after hydrodynamic cavitation exper-
iments, indicating that formation of acid or acidic species may not occur. The aqueous phase after the cavitation
was analysed for increase in the organic carbon using COD/TOC test. It was observed that when toluene was used
as the organic phase in cavitation, there was practically no increase in the COD/TOC values during the progress
of cavitation indicating that no organic species entering into the aqueous phase due to cavitation. However, there
was increase in the COD/TOC when n-octane was used as solvent in cavitation experiments, though the COD
values were not high, but showed approximately 4 times increase (from 130 ppm to 650 ppm) indicating presence
of organics in the aqueous phase which can be attributed to mainly organic solvent though possibility of enter-
ing solubilised forms of organic sulphur (e.g. sulphones) in the aqueous phase cannot be ruled out. Preliminary
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Figure 6. Proposed cavitative oxidation mechanism for desulphurization.

analysis of organic phase using gas chromatography, however, indicated no presence of any other compound
than the solvent or thiophene. FTIR analysis of the aqueous samples (Fig. 5) indicated no appreciable presence of
sulfones in the aqueous phase.

Details of mechanisms have been reported in the case of oxidative desulphurization in presence of various
catalysts such as hydrogen peroxide and other acid catalysts?®*”. The conventional approach involves reaction of
hydrogen peroxide with the acid resulting into formation of acid peroxide which subsequently reacts with the
organic sulphur resulting into formation of sulfone or sulfoxide. Otsuki et al.?” reported formation of sulfones
in the organic phase during oxidative desulphurization using IR spectra analysis. The sulfone/sulfoxide, thus
formed, can be extracted in different phase. It is important to note that the authors indicated difficulty in oxidis-
ing thiophene at 50 °C due to low electron density though benzothiophene or dibenzothiophene could be easily
oxidised using hydrogen peroxide and formic acid mixture as catalyst. Thus, in the developed method, removal
of organic sulphur is possible by both mineralization as well as oxidation mechanism (Fig. 6). However, since the
process here does not employ acid catalyst, the contribution of later mechanism may not be significant. In prin-
ciple, the cavities of organic, water or both (mixture) can form, the contribution of which would depend on the
nature, vapour pressure of the organic solvent and composition. In the present work, the solvents, including water
have vapour pressure in the range of 0.2-38 mm Hg at 30 °C; e.g. octanol (0.21), octane (17.65), toluene (37.7)
and water (32) while thiophene has vapour pressure close to 92.6 mm Hg at 30 °C. However, in view of very low
mol fraction of thiophene, its partial vapour pressure in the aqueous-organic two phase mixture of this study is
significantly low. The probability of cavity formation for any phase is expected to increase with increase in its rela-
tive volume percent. However, even if organics cavities are more in number on the basis of low vapour pressure of
the solvent, the degradation of sulphur species is believed to be difficult, if oxidative reaction by hydroxyl radical
is assumed. The mechanism here is certainly much more complex and needs to be investigated in detail. In this
context also, it is instructive to evaluate inception of the cavitation under different conditions/solvents and this
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can be done using the data of Fig. 3 for water alone and using different solvents for the two solvent ratios. The data
on inception of cavities with addition of different solvents and with different ratios did not reveal significant dif-
ference from that of water alone, indicating that the role of solvent can be viewed predominantly as facilitator in
oxidative interfacial reactions through effective transfer of sulphur moiety in cavities that provide predominantly
oxidising species. However, this again needs further detailed investigation.

Results with diesel. It is instructive to evaluate the impact of nature of solvent from commercial application
point of view for deep desulphurization of fuels. For this purpose, a commercial diesel was tested for the removal
of sulphur (thiophene) similar to that discussed in the study. The commercial diesel had initial sulphur content of
30 ppm (probably in the form of refractory sulphur compounds). A known amount of sulphur using thiophene
was added in this diesel and the effect of cavitation process was studied for pressure drop and for the extent of
sulphur removal. The results of sulphur removal (thiophene in diesel) for the two different pressure drop condi-
tions and using an intermediate organic to aqueous ratio (Organic phase, 6.5%) are shown in Fig. 7 along with a
comparison with other organic solvents (Fig. 7). The results indicate a very high removal of sulphur even from
the commercial diesel which is a mixture of aliphatic and aromatic organic compounds. Similar to that observed
in certain cases earlier, here, the removal was better at higher pressure drop condition of 2 bar as compared to 0.5
bar. The results clearly demonstrate that proposed method is successful in removing sulphur from commercial
diesel.

The proposed method can be effectively employed to reduce sulphur content of transportation fuels or other
organic streams. The aqueous phase used in the proposed method can be recycled after removing a purge stream
(with corresponding make-up water). The proposed method can be implemented in a compact set-up with effec-
tive removal of sulphur. The process may be further intensified using a number of ways e.g. aeration, catalyst etc.
Hydrodynamic cavitation usually improves performance with scale-up. Therefore the proposed method can be
effectively implemented for large scale deep desulphurization operation.

Conclusions
A new multiphase non-catalytic process is developed for deep desulphurization of fuels or organics using hydro-
dynamic cavitation with vortex diode as a cavitating device. The process can completely remove thiophene
sulphur from organic streams with considerable ease of operation and under mild operating conditions. Deep
desulphurization of fuels to the extent of 100% was demonstrated for thiophene in model fuel. The removal effi-
ciency depends strongly on nature of organics e.g. alcohols, aromatic solvents, aliphatic solvents or their mixtures
apart from organic to aqueous ratio, pressure drop, and initial concentration of sulphur. A very high sulphur
removal using commercial diesel was also demonstrated.

The aqueous phase used in the proposed method can be recycled after removing a purge stream (with corre-
sponding make-up water). Hydrodynamic cavitation usually improves performance with scale-up and hence the
proposed method can be effectively implemented for large scale deep desulphurization operations.

References

1. Bhandari, V. M. et al. Desulphurization of diesel using ion-exchanged zeolites. Chemical Engineering Science 61, 2599-2608 (2006).

2. Song, C. An overview of new approaches to deep desulphurization for ultra-clean gasoline, diesel fuel and jet fuel. Catalysis Today
86,211-263 (2003).

3. Yang, R. T., Hernandez-Maldonado, A. J. & Yang, F. H. Desulphurization of transportation fuels with zeolites under ambient
conditions. Science (New York, NY) 301, 79-81 (2003).

4. Song, C. & Ma, X. New design approaches to ultra-clean diesel fuels by deep desulphurization and deep dearomatization. Applied
Catalysis B: Environmental 41, 207-238 (2003).

5. Chandra Srivastava, V. An evaluation of desulphurization technologies for sulphur removal from liquid fuels. RSC Adv. 2, 759-783
(2012).

6. Huang, Y. et al. Hierarchically macro-/mesoporous structured Co-Mo-Ni/y-Al203 catalyst for the hydrodesulphurization of
thiophene. Chemical Engineering Journal 172, 444-451 (2011).

SCIENTIFIC REPORTS | 6:33021 | DOI: 10.1038/srep33021 7



www.nature.com/scientificreports/

7. Chica, A., Strohmaier, K. & Iglesia, E. Adsorption, desorption, and conversion of thiophene on H-ZSM5. Langmuir : the ACS journal
of surfaces and colloids 20, 10982-91 (2004).

8. Dai, W. et al. Desulphurization of transportation fuels targeting at removal of thiophene/benzothiophene. Fuel Processing Technology
89, 749-755 (2008).

9. Li, C.-J., Li, Y.-J., Wang, J.-N., Zhao, L. & Cheng, ]. Ag+-loaded polystyrene nanofibrous membranes preparation and their
adsorption properties for thiophene. Chemical Engineering Journal 222, 419-425 (2013).

10. Sorokhaibam, L. G. et al. Development of Newer Adsorbents: Activated Carbons Derived from Carbonized Cassia fistula. Industrial
& Engineering Chemistry Research acs.iecr.5b02945, doi: 10.1021/acs.iecr.5b02945 (2015).

11. Tian, W.-H. et al. Adsorptive desulphurization by copper species within confined space. Langmuir : the ACS journal of surfaces and
colloids 26, 17398-404, doi: 10.1021/1a101856d (2010).

12. Soleimani, M., Bassi, A. & Margaritis, A. Biodesulphurization of refractory organic sulphur compounds in fossil fuels. Biotechnology
advances 25, 570-96 (2007).

13. Abdalla, Z. E. A. & Li, B. Preparation of MCM-41 supported (Bu4N)4H3(PW11039) catalyst and its performance in oxidative
desulphurization. Chemical Engineering Journal 200-202, 113-121 (2012).

14. Caero, L. C., Hernandez, E., Pedraza, F. & Murrieta, F. Oxidative desulphurization of synthetic diesel using supported catalysts.
Catalysis Today 107-108, 564-569 (2005).

15. Ania, C. et al. On the mechanism of reactive adsorption of dibenzothiophene on organic waste derived carbons. Applied Surface
Science 253, 5899-5903 (2007).

16. Herndndez-Maldonado, A. J. & Yang, R. T. Desulphurization of Commercial Liquid Fuels by Selective Adsorption via 7-
complexation with Cu(I)-Y zeolite. Industrial & Engineering Chemistry Research 42, 3103-3110, doi: 10.1021/i€0301132 (2003).

17. Mirhoseini, H. & Taghdiri, M. Extractive oxidation desulphurization of sulphur-containing model fuel using
hexamine-phosphotungstate hybrid as effective heterogeneous catalyst. Fuel 167, 60-67 (2016).

18. Zheng, D. et al. Deep oxidative desulphurization of dibenzothiophene using low-temperature-mediated titanium dioxide catalyst in
ionic liquids. Fuel 159, 446-453 (2015).

19. Timko, M. T. et al. Roles of surface chemistry and structural defects of activated carbons in the oxidative desulphurization of
benzothiophenes. Fuel 163, 223-231 (2016).

20. Bhasarkar, J. B., Chakma, S. & Moholkar, V. S. Mechanistic Features of Oxidative Desulphurization Using Sono-Fenton—Peracetic
Acid (Ultrasound/Fe 2+ -CH 3 COOH-H 2 O 2) System. Industrial & Engineering Chemistry Research 52,9038-9047, doi: 10.1021/
1€400879j (2013).

21. Bhasarkar, J. B., Singh, M. & Moholkar, V. S. Mechanistic insight into phase transfer agent assisted ultrasonic desulphurization. RSC
Adv. 5, 102953-102964 (2015).

22. Mei, H., Mei, B. & Yen, T. F. A new method for obtaining ultra-low sulphur diesel fuel via ultrasound assisted oxidative
desulphurization. Fuel 82, 405-414 (2003).

23. Wu, Z. & Ondruschka, B. Ultrasound-assisted oxidative desulphurization of liquid fuels and its industrial application. Ultrasonics
sonochemistry 17, 1027-32 (2010).

24. Jin, L., Cao, Q, Li, J. & Dong, J. Sulphur removal in coal tar pitch by oxidation with hydrogen peroxide catalyzed by trichloroacetic
acid and ultrasonic waves. Fuel 90, 3456-3460 (2011).

25. Kozyuk, O. V. Desulphurization process and systems utilizing hydrodynamic cavitation Publication number: US8002971 B2 (2011).

26. Chen, T.-C,, Shen, Y.-H., Lee, W.-],, Lin, C.-C. & Wan, M.-W. Optimization of Thiophene Removal by an Ultrasound-Assisted
Oxidative Desulphurization Process. Environmental Engineering Science 29, 623-629, doi: 10.1089/ees.2011.0123 (2012).

27. Otsuki, S. et al. Oxidative Desulphurization of Light Gas Oil and Vacuum Gas Oil by Oxidation and Solvent Extraction. Energy ¢
Fuels 14, 1232-1239, doi: 10.1021/ef000096i (2000).

28. Bhandari, V. M., Ranade, V. V. & Suryawanshi, N. B. Novel process for desulphurization of fuels and organics. Application no. 2015-
INV-0092: 0230NF2015 (2015).

29. Ranade, V. V. & Bhandari, V. M. Industrial Wastewater Treatment, Recycling and Reuse, 1st edn (Elsevier, 2014).

30. Bhandari, V. M. et al. Industrial wastewater treatment for fertilizer industry-A case study. Desalination and Water Treatment,
doi: 10.1080/19443994.2016.1186399 (2016).

31. Saharan, V. K. et al. Chapter 3 - Advanced Oxidation Technologies for Wastewater Treatment: An Overview. Industrial Wastewater
Treatment, Recycling and Reuse 141-191, doi: 10.1016/B978-0-08-099968-5.00003-9 (2014).

Acknowledgements
The authors wish to acknowledge financial support from IndusMagic (CSC0123) and SETCA (CSC0113) for the
research program of this work. Ms. Nalinee Suryawanshi acknowledges CSIR fellowship for this work.

Author Contributions

V.M.B. and N.B.S. conceived and developed the idea along with experimental methodology/result analysis. N.B.S.
conducted all the experiments and analysed the data. L.G.S. contributed to the data analysis and characterization.
V.V.R. contributed to the design and data analysis. All four authors were involved in the preparation of the
manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare competing financial interests. Intellectual property
pertaining to the materials presented in this Report is protected by two patents (WO 2013054362 A2 20130418;
2015-INV-0092: 0230NF2015).

How to cite this article: Suryawanshi, N. B. et al. A Non-catalytic Deep Desulphurization Process using
Hydrodynamic Cavitation. Sci. Rep. 6, 33021; doi: 10.1038/srep33021 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:33021 | DOI: 10.1038/srep33021 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	A Non-catalytic Deep Desulphurization Process using Hydrodynamic Cavitation

	The Process: Desulphurization using Hydrodynamic Cavitation with Vortex Diode as Cavitating Device

	Experimental

	Materials and Methods. 
	Experimental set-up. 

	Results and Discussion

	Hydrodynamic cavitation for sulphur removal. 
	Influence of pressure drop, initial concentration and volume fraction. 
	Results with diesel. 

	Conclusions

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Schematic of Vortex Diode and Cavitation Process.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Block diagram of the process and Schematic of experimental set-up.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Inception of Cavitation (a) Effect of solvent (b) Calculations to demonstrate cavitation occurring at a Δ​P of 0.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Effect of different parameters on desulphurization by Hydrodynamic cavitation (a) Pressure drop (b) Initial concentration (c) Volume fraction.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Cavitation is essential for reduction of sulphur content (a) Sulphur removal using cavitation(Initial S: 300 ppm) (b) FTIR spectra of aqueous phase after cavitation.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Proposed cavitative oxidation mechanism for desulphurization.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Comparison of deep desulphurization results using commercial diesel (a) commercial diesel (b) comparison with other organics.



 
    
       
          application/pdf
          
             
                A Non-catalytic Deep Desulphurization Process using Hydrodynamic Cavitation
            
         
          
             
                srep ,  (2016). doi:10.1038/srep33021
            
         
          
             
                Nalinee B. Suryawanshi
                Vinay M. Bhandari
                Laxmi Gayatri Sorokhaibam
                Vivek V. Ranade
            
         
          doi:10.1038/srep33021
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep33021
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep33021
            
         
      
       
          
          
          
             
                doi:10.1038/srep33021
            
         
          
             
                srep ,  (2016). doi:10.1038/srep33021
            
         
          
          
      
       
       
          True
      
   




