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Abstract—The effect of individual and multicomponent additives—water-soluble polymers (polyethylene
glycol 400, polypropylene glycol 425, and polyvinylpyrrolidone 3500), sodium nitrate, and 1-methyl-2-pyr-
rolidone—on the extraction of thiophene in an n-hexane—water system has been studied. It is found that, in
most cases, the introduction of small amounts of additives into the extraction system leads to a significant
increase in the degree of extraction of thiophene from #-hexane in the aqueous phase in comparison with the

individual components.
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INTRODUCTION

The traditional method of the desulfurization of
light hydrocarbon fractions is hydrotreatment [1].
This process allows one to effectively remove the ali-
phatic sulfur compound, although it requires high
temperature, high pressure, expensive catalysts, and
the constant use of a large amount of hydrogen [1, 2].
The use of this process for extracting polycyclic sulfur-
containing compounds is economically and energeti-
cally disadvantageous. To solve such problems, alter-
native methods have been developed for the desulfur-
ization of light hydrocarbon fractions, such as adsorp-
tion [3, 4], oxidation [5], and extraction [6—8], among
which extraction is the most promising. This method
is suitable for the extraction of a wide class of sulfur-
containing compounds, including the isolation of
thiophene and its derivatives. The advantages of
extraction include minimum energy and economic
costs due to the simplicity of the equipment and the
fact that the process takes place at room temperature
and atmospheric pressure.

Among the solvents used in the extraction desul-
furization processes, N, N-dimethylformamide, ace-
tonitrile, and sulfolane are used most often. One of the
traditional extractants used in the desulfurization pro-
cess of light hydrocarbon fractions is 1-methyl-2-pyr-
rolidone [9—11]. In the middle of the 20th century, it
was established as an effective extractant with high
selectivity with respect to sulfur-containing com-

pounds. It has been proven that 1-methyl-2-pyrroli-
done extracts 99.4% of thiophene and its derivatives.
However, due to its toxicity and flammability, its use
negatively affects the environment and human health.
The solution to these problems can be found through
the use of more environmentally friendly extractants.

Along with traditional extractants in the desulfur-
ization process of light hydrocarbon fractions, water-
soluble polymers may also be used. To date, a signifi-
cant number of studies have been carried out on the
synthesis of extraction systems based on water-soluble
polymers and their application for solving the prob-
lems of extracting organic substances [6, 7, 12—21],
including for the desulfurization of light hydrocarbon
fractions. Their main advantages are nontoxicity, low
cost, and environmental safety. The authors of [21]
studied the influence of the nature of such a polymer
introduced into the n-hexane—water system on the
extraction behavior of thiophene. The dependence of
the efficiency of thiophene extraction into the poly-
mer phase on the concentration of polyethylene glycol
400 (PEG-400), polypropylene glycol 425 (PPG-425),
and polyvinylpyrrolidone 3500 (PVP-3500) was
obtained. It was found that, with an increase in the
polymer concentration in the #-hexane—water system,
an increase in the distribution coefficient of thiophene
is observed. Therefore, at a concentration of PEG-400
and PPG-425 of more than 80%, the degree of
extraction of thiophene increases exponentially. It was
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noted that the use of the studied polymers in the n-hex-
ane—water system is promising in the process of puri-
fying light hydrocarbon fractions from sulfur-contain-
ing compounds.

A number of inorganic salts were considered as
effective and environmentally friendly extractants [22,
23]. In [22], the effect of sodium chloride and calcium
chloride on the extraction of a number of heterocyclic
sulfur compounds, including thiophene and its deriv-
atives, was studied. As a result of the experiments, it
was found that, with an increase in the salt content in
the solution, the extractability of thiophene increases.
The authors of [23] showed that the extraction effi-
ciency of thiophene and its derivatives in the isooc-
tane—water system can be significantly increased by
introducing organic and inorganic acids, alkalis, and
inorganic salts. Thus, the introduction of 15 wt % sul-
furic acid allows you to remove thiophene at 52.6%;
10 wt % hydrochloric acid allows you to remove 50%;
3.5 wt % nitric acid, 47.2%; 3.5 wt % acetic acid,
44.4%; 10 wt % sodium chloride, 40%; 10 wt %
ammonium hydroxide, 36%; and 10 wt % sodium
hydroxide, 30.8%. Also, the authors of [23] noted that
extraction systems containing sodium nitrate are
promising in the process of desulfurization of light
hydrocarbon fractions.

It is well known that often the use of mixtures of
extractants can lead to a significant increase in distri-
bution coefficients compared with additive values,
which can be used to increase the efficiency of
extraction and concentration. It is likely that the use of
mixtures of extractants in heterogeneous systems
based on water-soluble polymers can also have a posi-
tive effect. Thus, the aim of this work was to study the
effect of introducing individual and multicomponent
additives of various natures (polyethylene glycol 400,
polypropylene glycol 425, polyvinylpyrrolidone 3500,
sodium nitrate, and 1-methyl-2-pyrrolidone (NMP)
n-hexane—water—simulating a solution of light
hydrocarbon fractions) on the efficiency of thiophene
extraction.

EXPERIMENTAL

When conducting experimental studies, the follow-
ing reagents were used: thiophene (Biochem Chemo-
pharma, >99.0%), n-hexane (HIMMED, qualifica-
tion chemically pure), polyethylene glycol 400 (Clari-
ant), polypropylene glycol 425 (Acros Organics),
polyvinylpyrrolidone 3500 (Acros Organics, 299%),
sodium nitrate (HIMMED, qualified chemically
pure), and 1-methyl-2-pyrrolidone (Acros Organics,
99%). All reagents were used without further purifi-
cation.

Stock solution, modeling light hydrocarbon frac-
tions, was prepared by dissolving thiophene with a
concentration of 0.05 wt % in n-hexane. The extract-
ant solution was prepared by dissolving an exact
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weighed portion of a hydrophilic polymer, sodium
nitrate and 1-methyl-2-pyrrolidone, suspended on an
analytical balance (OHAUS Explorer) in distilled
water.

To study the thiophene extraction process, gradu-
ated plastic tubes and dividing funnels with ground
stoppers were used. The extraction was carried out by
mixing equal volumes of an aqueous solution of an
extractant and a solution of thiophene in n-hexane;
then the resulting mixture was stirred in an Enviro-
Genie thermostatic shaker (Scientific Industries, Inc.)
at a temperature of 25°C at a rotation speed of 45 rpm
for 1 h to achieve the thermodynamic equilibrium of
the system. The mixture was then centrifuged for
10 min at 2500 rpm (centrifuge CM-6MT, SIA ELMI),
after which the phase volumes were measured. The
concentration of thiophene in the organic phase was
determined spectrophotometrically (spectrophotom-
eter Cary-60, Agilent) at a wavelength of 228 nm in
quartz cuvettes with an optical path length of 1 mm
relative to n-hexane. The thiophene concentration in
the aqueous phase was determined by the difference
between its concentration in the initial solution and in
the organic phase after extraction.

The degree of extraction of thiophene E was calcu-
lated by the formula

— C;ot Vbot x100%
CtTop Vtop + Cgot Vbot

where C,, is the molar concentration of thiophene in

the bottom phase, mol/L; Cfop is the molar concentra-
tion of thiophene in the top phase, mol/L; and

Voot»Viop are volumes of the top and bottom phases,

respectively, mL.

RESULTS AND DISCUSSION

The effect of introducing individual and multicom-
ponent additives 1-methyl-2-pyrrolidone, sodium
nitrate, and water-soluble polymers (polyethylene gly-
col 400, polypropylene glycol 425, and polyvinylpyr-
rolidone 3500) into the model n-hexane—water system
on the efficiency of extracting thiophene in the aque-
ous phase has been experimentally studied.

The dependences of the efficiency of extracting
thiophene from n-hexane in water by adding 1-
methyl-2-pyrrolidone to the system were found. Fig-
ure 1 shows the dependence of the degree of extraction
of thiophene from n-hexane (o, ;,, = 0.05 wt %) of the
content of I-methyl-2-pyrrolidone with a volume
ratio of aqueous and organic phases of 1 : 1. It was
found that, with an increase in the content of 1-
methyl-2-pyrrolidone in the n-hexane—water system,
there is an exponential increase in the degree of
extraction of thiophene. The use of pure 1-methyl-2-
pyrrolidone results in the recovery of thiophene from
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Fig. 1. Dependence of the degree of extraction of thio-
phene on the concentration of 1-methyl-2-pyrrolidone in the
n-hexane—water system (volumetric ratio of phases 1 : 1).

n-hexane by 81% for one extraction step, which fully
agrees with the data of other authors [9—11].

Figure 2 shows the dependence of the degree of
extraction of thiophene from #-hexane from sodium
nitrate under similar conditions. As you can see, the
introduction of sodium nitrate into the system and an
increase in its concentration up to 40 wt % leads to an
increase in the efficiency of the extraction of thio-
phene in the salt phase by 2 times.

The next stage of research was the study of the
extraction behavior of thiophene in the n-hexane—
water system when two-component additives were
administered: polymer and inorganic salt. The poly-
mer content was constant and amounted to 15 wt %.
With this polymer content, the influence of additional
reagents manifests itself most vividly and provides the
maximum possible range for varying the amounts of
additives introduced into the extraction system. Ear-
lier in [21], the values of the degree of extraction of
thiophene in the rn-hexane—water system with the
introduction of 15 wt % water-soluble polymer were
established (Table 1).

The highest value of the degree of extraction of
thiophene is observed with the introduction of polyvi-
nylpyrrolidone 3500, which can be explained by the
presence of the pyrrolidone ring in the polymer struc-
ture, due to which the m—m interaction with the thio-
phene ring is formed. As a result of this, thiophene is
easily polarized and, due to the presence of discrete 1
bonds, passes into a polar solvent.

Figure 3 presents the results of an experimental
study of the impact of coadministration in the n-hex-
ane—water system of 15 wt % water-soluble polymer
(PEG-400, PPG-425, PVP-3500) and sodium nitrate
in the concentration range from 0 to 20 wt % on the
degree of extraction of thiophene with a 1 : 1 phase
volume ratio. The experimental data show that the
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Fig. 2. Dependence of the degree of extraction of thio-
phene on the concentration of sodium nitrate in the n-hexane—
water system (volumetric ratio of phases 1 : 1).

introduction of PEG-400 (or PPG-425) and sodium
nitrate allows the more efficient extraction of thio-
phene compared to systems in the absence of sodium
nitrate [21], while the introduction of PVP-3500 and
sodium nitrate into the system, on the contrary, leads
to a significant deterioration in extraction: the degree
of extraction is reduced 3 times. The greatest effect of
the combined introduction of the polymer and salt has
a system based on PEG-400 and sodium nitrate,
which allows you to increase the efficiency of
extraction of thiophene by 7 times. When polypropyl-
ene glycol 425 is introduced into the system, a slight
increase in the degree of extraction of thiophene is
observed. It should be noted that an increase in the
concentration of sodium nitrate to 10 wt % or more
does not lead to a significant change in the degree of
extraction of thiophene.

Similar dependences of the efficiency of thiophene
extraction on the content of the introduced compo-
nent were obtained for the water-soluble polymer
(PEG-400, PPG-425, and PVP-3500) and 1-methyl-
2-pyrrolidone mixture (Fig. 4). For the studied poly-
mers with the introduction of 1-methyl-2-pyrroli-
done, the same trends are observed as with the intro-
duction of sodium nitrate. The simultaneous adminis-
tration of PEG-400 and 1-methyl-2-pyrrolidone
increases the extractability of thiophene from 3 to
22%; the use of PPG-425 and 1-methyl-2-pyrroli-

Table 1. Thiophene extraction levels in the n-hexane—
water system with the introduction of 15 wt % water soluble
polymer [21]

Polymer E %

Polyethylene glycol 400 3.32

Polypropylene glycol 425 12.67

Polyvinylpyrrolidone 3500 14.91
No. 5 2020
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Fig. 3. Impact of introducing into the n-hexane—water system a mixture of sodium nitrate and PEG-400 (7), PPG-425 (2), and

PVP-3500 (3) on the degree of extraction of thiophene.
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Fig. 4. Impact of introducing into the n-hexane—water system a mixture of 1-methyl-2-pyrrolidone and PEG-400 (1), PPG-425

(2), and PVP-3500 (3) on the degree of extraction of thiophene.

done weakly affects the extractability of thiophene,
increasing it by only 3% [21]; and the introduction of
PVP-3500 and 1-methyl-2-pyrrolidone reduces the
extraction efficiency from 15 to 3%.

The analysis of dependences presented in Figs. 1—4
shows that the nature of the polymer plays a decisive
role in the extraction of thiophene. Introducing poly-
ethylene glycol 400 to the extraction n-hexane—water
system leads to a significant increase in the degree of
extraction of thiophene both in the presence of
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sodium nitrate and 1-methyl-2-pyrrolidone when
compared with additive values. When thiophene is
extracted in the presence of polypropylene glycol 425,
the degree of extraction is comparable to the additive
value. The introduction of polyvinylpyrrolidone 3500,
on the contrary, leads to a significant decrease in the
extraction efficiency.

The effect of cointroducing into the n-hexane—
water system a three-component mixture of a water-
soluble polymer, sodium nitrate and 1-methyl-2-pyr-
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Fig. 5. Degree of extraction of thiophene from n-hexane with the introduction of 15 wt % polymer (/); 10 wt % sodium nitrate
(2); 5wt % 1-methyl-2-pyrrolidone; (3) and mixtures polymer (15 wt %), sodium nitrate (10 wt %), and 1-methyl-2-pyrrolidone (4).

rolidone, on the degree of extraction of thiophene is
investigated. The results are shown in Fig. 5. The data
show that the simultaneous administration of 15 wt %
polymer (PEG-400, PPG-425, and PVP-3500), 10 wt %
sodium nitrate, and 5 wt % 1-methyl-2-pyrrolidone
lead to a significant increase in the degree of extraction
of thiophene when compared with the additive value,
with the greatest positive effect observed with the
introduction of polyethylene glycol 400.

CONCLUSIONS

A series of systematic studies of the effect of indi-
vidual and multicomponent additives—polyethylene
glycol 400, polypropylene glycol 425, polyvinylpyrro-
lidone 3500, sodium nitrate, and 1-methyl-2-pyrroli-
done—on the extraction of thiophene in an n-hex-
ane—water system was carried out. It was found that
the introduction of a small amounts of additives in the
aqueous phase leads to a significant increase in the
degree of extraction of thiophene from n-hexane in the
aqueous phase in comparison with the individual
components. The study opened up new possibilities
for controlling the efficiency of the process of extract-
ing thiophene from light hydrocarbon fractions, which
is of great practical importance. Further research in
this direction will focus on optimizing the conditions
for extracting sulfur-containing components from
light hydrocarbon fractions using promising environ-
mentally friendly systems based on water-soluble
polymers (polyethylene glycol 400, etc.) in order to
increase efficiency.
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NOTATION

C concentration, mol/L
E degree of extraction, %
14 volume, mL
[0 concentration, wt %

SUBSCRIPTS AND SUPERSCRIPTS
top top phase
in initial value
bot bottom phase

REFERENCES

1. Jaf, Z.N., Altarawneh, M., Miran, H.A., Jiang, Z.T.,
and Dlugogorski, B.Z., Hydrodesulfurization of thio-
phene over y-Mo,N catalyst, Mol. Catal., 2018,
vol. 459, pp. 21-30.
https://doi.org/10.1016/j.mcat.2018.07.008

2. Kroélikowski, M. and Lipinska, A., Separation of thio-
phene, or benzothiophene from model fuel using gly-
cols. Liquid—liquid phase equilibria and oxidative de-
sulfurization study, Fluid Phase Equilib., 2019, vol. 482,

No. 5 2020



10.

11.

12.

13.

ON THE INFLUENCE OF ADDITIVES OF POLYMER, SODIUM NITRATE

pp. 11-23.
https://doi.org/10.1016/j.fluid.2018.10.017

. Zhang, X.-F., Wang, Z., Feng, Y., Zhong, Y., Liao, J.,

Wang, Y., and Yao, J., Adsorptive desulfurization from
the model fuels by functionalized UiO-66(Zr), Fuel,
2018, vol. 234, pp. 256—262.
https://doi.org/10.1016/j.fuel.2018.07.035

Kim, J.H., Ma, X., Zhou, A., and Song, C., Ultra-deep
desulfurization and denitrogenation of diesel fuel by se-
lective adsorption over three different adsorbents: A
study on adsorptive selectivity and mechanism, Catal.
Today, 2006, vol. 111, nos. 1-2, pp. 74—83.
https://doi.org/10.1016/j.cattod.2005.10.017

. Anisimov, A.V. and Tarakanova, A.V., Oxidative desul-

furization of hydrocarbon raw materials, Russ. J. Gen.
Chem., 2009, vol. 79, no. 6, pp. 1264—1273.
https://doi.org/10.1134/S1070363209060437

Lima, F., Gouvenaux, J., Branco, L.C.,
Silvestre, A.J.D., and Marrucho, I.M., Towards a sul-
fur clean fuel: Deep extraction of thiophene and diben-
zothiophene using polyethylene glycol-based deep eu-
tectic solvents, Fuel, 2018, vol. 234, pp. 414—421.
https://doi.org/10.1016/j.fuel.2018.07.043

Gao, J., Zhu, S., Dai, Y., Xiong, C., Li, C., Yang, W.,
and Jiang, X., Performance and mechanism for ex-
tractive desulfurization of fuel oil using modified poly-
ethylene glycol, Fuel, 2018, vol. 233, pp. 704—713.
https://doi.org/10.1016/j.fuel.2018.06.101

Krolikowski, M., Liquid—liquid extraction of sulfur
compounds from heptane with tricyanomethanide
based ionic liquids, J. Chem. Thermodyn., 2019,
vol. 131, pp. 460—470.
https://doi.org/10.1016/].jct.2018.10.009

Li, F.-T., Wu, B., Liu, R.-H., Wang, X.-J., Chen, L.-J.,
and Zhao, D.-S., An inexpensive N-methyl-2-pyrroli-
done-based ionic liquid as efficient extractant and cat-
alyst for desulfurization of dibenzothiophene, Chem.
Eng. J., 2015, vol. 274, pp. 192—199.
https://doi.org/10.1016/j.cej.2015.04.027

Li, E-T., Kou, C.-G., Sun, Z.-M., Hao, Y.-J., Liu, R.-H.,
and Zhao, D.-S., Deep extractive and oxidative desul-
furization of dibenzothiophene with CsHgNO-SnCl,
coordinated ionic liquid, J. Hazard. Mater., 2012,
vols. 205—206, pp. 164—170.
https://doi.org/10.1016/j.jhazmat.2011.12.054

Burmistrova, D.A., Kuz’min, V.V., Smolyaninov, I.V.,
and Berberova, N.T., N-methylpyrrolidone as a selec-
tive solvent for the oxidative desulfurization of light gas-
oline fractions, Izv. Vyssh. Uchebn. Zaved., Khim. Khim.
Tekhnol., 2019, vol. 62, no. 12, p. 57.

Zakhodyaeva, Yu.A., Rudakov, D.G., Solov’ev, V.O.,
Voshkin, A.A., and Timoshenko, A.V., Liquid—liquid
equilibrium of aqueous two-phase system composed of
poly(ethylene oxide) 1500 and sodium nitrate, J. Chem.
Eng. Data, 2019, vol. 64, no. 3, pp. 1250—1255.
https://doi.org/10.1021/acs.jced.8b01138

Zakhodyaeva, Yu.A., Rudakov, D.G., Solov’ev, V.O.,
Voshkin, A.A., and Timoshenko, A.V., Liquid—liquid
equilibrium in an extraction system based on polyvin-
ylpyrrolidone-3500 and sodium nitrate, 7heor. Found.

THEORETICAL FOUNDATIONS OF CHEMICAL ENGINEERING  Vol. 54

15.

16.

17.

18.

19.

20.

21.

22.

23.

899

Chem. Eng., 2019, vol. 53, no. 2, pp. 159—165.
https://doi.org/10.1134/S0040579519020180

. Voshkin, A.A., Zakhodyaeva, Yu.A., Zinov’eva, 1.V.,

and Shkinev, V.M., Interphase distribution of aromatic
acids in the polyethylene glycol—sodium sulfate—water
system, Theor. Found. Chem. Eng., 2018, vol. 52, no. 5,
pp. 890—893.
https://doi.org/10.1134/S0040579518050287

Zinov’eva, 1.V., Zakhodyaeva, Yu.A., and Voshkin, A.A.,
Interphase distribution of caffeine and coumarin in ex-
traction systems with polyethylene glycol and sodium
sulfate, Theor. Found. Chem. Eng., 2019, vol. 53, no. 6,
pp. 996—1000.
https://doi.org/10.1134/S0040579519060174

Kostenko, M.O., Pokrovskiy, O.1., Zakhodyaeva, Yu.A.,
Voshkin, A.A., and Lunin, V.V., Unusual effect of flow
rate on retention in analytical supercritical fluid chro-
matography exemplified by polyethylene glycol separa-
tion, J. Chromatogr. A, 2020, vol. 1610, article
no. 460513.
https://doi.org/10.1016/j.chroma.2019.460513

Zinov’eva, 1.V., Zakhodyaeva, Yu.A., and Voshkin, A A.,
Extraction of monocarboxylic acids from diluted solu-
tions with polyethylene glycol, Theor. Found. Chem.
Eng., 2019, vol. 53, no. 5, pp. 871—874.
https://doi.org/10.1134/S0040579519050257

Zinov’eva, 1.V., Zakhodyaeva, Yu.A., and Voshkin, A.A.,
Data on the extraction of benzoic, salicylic and sulfos-
alicylic acids from dilute solutions using PEG-based
aqueous two-phase systems, Data Brief, 2020, vol. 28,
article no. 105033.
https://doi.org/10.1016/j.dib.2019.105033

Chen, Y., Song, H., Meng, H., Lu, Y., Li, C., Lei, Z.,
and Chen, B., Polyethylene glycol oligomers as green
and efficient extractant for extractive catalytic oxidative
desulfurization of diesel, Fuel Process. Technol., 2017,
vol. 158, pp. 20—25.
https://doi.org/10.1016/j.fuproc.2016.10.019

Wang, J., Zhao, R., Han, B., Tang, N., and Li, K., Ex-
tractive and oxidative desulfurization of model oil in
polyethylene glycol, RSC Adyv., 2016, vol. 6, pp. 35071—
35075.

https://doi.org/10.1039/C6RA00996D

Zakhodyaeva, Yu.A., Solov’ev, V.O., Zinov’eva, 1.V.,
Rudakov, D.G., Timoshenko, A.V., and Voshkin, A.A.,
Interphase distribution of thiophene, toluene, and o-
xylene in the hexane—polymer—water extraction sys-
tem, Theor. Found. Chem. Eng., 2019, vol. 53, no. 4,
pp. 550—555.
https://doi.org/10.1134/S0040579519040298

Burant, A., Lowry, G.V., and Karamalidis, A.K., Mea-
surement of Setschenow constants for six hydrophobic
compounds in simulated brines and use in predictive
modeling for oil and gas systems, Chemosphere, 2016,
vol. 144, pp. 2247—2256.
https://doi.org/10.1016/j.chemosphere.2015.10.115

Saha, B. and Sengupta, S., Extraction of thiophenic
sulfur compounds from model fuel using a water-based
solvent, Energy Fuels, 2017, vol. 31, no. 1, pp. 996—
1004.

https://doi.org/10.1021 /acs.energyfuels.6b01842

No.5 2020



	INTRODUCTION
	EXPERIMENTAL
	RESULTS AND DISCUSSION
	CONCLUSIONS
	FUNDING
	REFERENCES

		2020-12-09T11:21:26+0300
	Preflight Ticket Signature




