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Abstract

Objectives. To find an effective way for obtaining triamyl citrate, an environmentally friendly,
biodegradable citric acid ester used as a plasticizer for PVC-based polymer compositions.
Methods. The possibilities of heterogeneous catalysis were analyzed using the case study of
three commercial samples of macroporous sulfocationites (Amberlyst™ 15, Amberlyst™ 70,
and TULSION® 66). Homogeneous catalysis was studied using the example of orthophosphoric
acid (H,PO,), while self-catalysis was investigated during esterification of citric acid with amyl
alcohol (ROH). The syntheses were carried out under identical conditions: T = 110°C, the ratio of
CA:ROH = 1:5 (mol) amount of catalyst 1 wt % on the reaction mass in a thermostatically
controlled reactor of ideal mixing with continuous distillation of the resulting water.

Results. It was found that in all variants (even under self-catalysis conditions), the conversion
of citric acid in 180 min reached 94-99%. Triamyl citrate was formed after 9 h with a yield
of 90% only when using a homogeneous catalyst (H,PO,) and in the presence of a heterogeneous
catalyst sample (Amberlyst™ 15).

Conclusions. The revealed differences in the reactivity of the studied sulfocationites
(Amberlyst™ 15, Amberlyst™ 70, and TULSION® 66) confirm the well-known theoretical positions,
according to which the kinetic pseudo-homogeneous model of the esterification process of
hydroxy acids in excess of aliphatic alcohols is based on the law of acting masses and
depends on the specific surface area of the catalyst, which for Amberlyst™ 15 is of the greatest
importance as compared to Amberlyst™ 70 and TULSION® 66 (m?/g): 53:36:35, respectively.
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AHHOMAyust

Ilenu. ITouck agpghekmugHo20 memooa NOAYUeHUS MPUAMULLUMPAMA — IKOSL02UUECKU UUCMO20,
6UOpPa31A2aeM020 CILOIKHO20 IPUPA TUMOHHOT KUC/IOMbL, UCNO/Ib3YEeM020 8 Kauecmeae niacmugu-
Kamopa noAUMepHbIX KOMNO3UYULL HA OCHO8E NOJUBUHUNXIOPUOA.

MemooOul. Bblsig/ieHbl 803MOIHOCMU 28Mepo2EHH020 KAMAAU3A HA Npumepe mpex Kommepue-
CKUX 06pasy08 makponopucmelx cyavgorxamuorHumos (Ambepaucm™ 15, Ambepaucm™ 70 u
Tyncuor® 66); 20mo2eHHO20 Kamaausa Ha hpumepe opmogpocgoprotl kucromol (H,PO,) u camo-
Kamaausa npu smepugurayuu AUMoHHoU Kucromel (AK) amunogoim cnupmom (ROH). Cunme3sost
npogoounu 8 oouHakosslx ycaosusix: T = 110 °C omHoweHue AK:ROH = 1:5 (MonbH.) Konuue-
cmeo kamaauzamopa 1 mac. %. HO PeaKyUOHHYH MACCY 8 MEPMOCMAMUPOSAHHOM peaKmope
UOeanbHO20 CMEUEHUSL C HENpepbl8HbIM 0M2oHOM obpa3syrouieticst 800bL.

Pe3synomamel. YcmaHO8/EHO, UMO 60 6CeX 8ApPUAHMAX KOH8EpPCUsl JIUMOHHOU KUuciomwl 3a
180 mur docmuzaem 94-99%. Tpuamunyumpam c 8blxooom 90% obpasyemces uepes 9 u MosabKo
npu UCNONL308AHUU 20M02eHH020 kKamaausamopa (H,PO,) u e npucymcmeuu obpasya 2emepo-
2eHH020 kKamanuzamopa — Ambepaucm™ 15,

Bbleoobl. Bblsie/ieHHble pasiudus 8 PeaKyUOHHOU CROCOOHOCMU UCCAEe008AHHbIX CYNbgO-
KamuoHumose Ambepaucm™ 15, Ambeparucm™ 70 u TyncuoH® 66 noomeeprkoarom uszgecm-
Hble meopemuuecKue NOJIOJKeHUs, 8 coomeemcmeuu C KOmMOpblMU KUHemuueckas ncegoo-
20MO2eHHast MoOeslb hpouecca smepugpuKkayuu 2u0poKcuKuciom 8 usbbimke anugamuyuecrKux
cnupmoe 0CHO8bl8aemcest Ha 3aKoHe 0elicmayrouiux MACC U 3a8UCUM O0m YOeslbHOll nogepxHoCmuU
Kamaausamopa, komopasi ot Ambepaucm™ 15 umeem Haubosbulee 3HAUEHUE NO CPASHEHUIO C
Ambepaucm™ 70 u Tyacuor® 66 (mM?/2): 53:36:35 coomeemcmeeHHo.

Knroueesvle cnoea: NUMOHHASL KUCIOMA, amunosslil cnupm, 3mepucj)urcau,uﬂ, eemepoceHHoble
ramasausamopul, camorxamasaus

Jna yumuposanusn: upsesa A.Jl., Mouceesa C.B., Jleanosa C.B., I'mazko 1.JI. Oco6eHHOCTH CHHTE3a TPUAMUIIUTPATa.
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INTRODUCTION annual production volume of 1.8 min t/year, the annual

increase in demand is projected at the level of 4.0-4.5%.

Citric acid (CA) is widely used in various sectors The structure of citric acid consumption in Russia

of the world economy as a common acidity regulator, differs from the world by a much smaller share of its
antioxidant, and complexing agent. With a current global use in industries that form the basis of environmentally
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friendly synthetic detergents, solvents, plasticizing
compositions: 80% of citric acid is used in the
food industry, with 10-15% being allocated to the
production of detergents, and up to 10% in cosmetics
and pharmaceuticals [1].

The dominant portion of citric acid derivatives
is comprised of its esters based on higher aliphatic
alcohols. These belong to the Hazard Class 4
considered as non-toxic. Products having a flash
point of at least 168°C (according to GOST 8728-88")
have plasticizing properties and provide foaming of
polyvinyl chloride (PVC) back foam pastes [2, 3].

To date, the production of higher alkyl citrates
in Russia has been limited due to the lack of a raw
material base. However, within the framework of
the general development of gas chemistry and the
increase in the capacity of oxosynthesis processes,
it is expected to create a sufficient potential of
alcohols C,~C; and higher over the next 20-25 years
[4]. The product of esterification of citric acid with
amyl alcohol is of the greatest interest.

The technological processes of synthesis of esters
are divided into two groups [5-7]:

1) liquid-phase group, i.e., thermal in self-catalysis
mode or homogeneous-catalytic, in which the chemical
reaction is combined with the process of distilling
volatile products;

2) heterogeneous-catalytic group, carried out
in liquid or gas phases in flow apparatuses without
combining with separation processes.

The processes of the first group are traditional
and the most common in the technology of
esterification. However, they work satisfactorily only
at a high rate of chemical reaction, otherwise the
completeness of the transformation and the reactor
performance are too low.

It is known that the longer the length of the
hydrocarbon radical of the aliphatic alcohol, the
higher the molecular weight of the target product and
the flash point. This reduces the emission of the
plasticizer, improves its operational properties
[8]. However, it was found that an increase in the
hydrocarbon radical on the CH,-group in the initial

OH
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HO” “oH

o o

Citric acid
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alcohol reduces the reactivity of the alcohol by an
average of 1.3 times and increases the reaction time [9].

Although the use of homogeneous catalysts in
industry (p-toluene sulfonic acid, orthophosphoric
acid, methanesulfonic acid) in esterification reactions
offers a good catalytic effect, it is associated with
high production costs and negative ecological effects
[5]. Therefore, there is a current trend involving the
use of heterogeneous catalysts. This eliminates many
disadvantages associated with the use of homogeneous
catalysts, since their heterogeneous counterparts are
easily separated from the reaction mass by decantation
or filtration, offer an effective means of reducing or
eliminating corrosion problems, as well as suggesting
the possibility of switching from a semi-periodic to a
continuous process.

The disadvantages of using heterogeneous
catalysts—high temperature, high catalyst consumption,
and increased side reactions, lead to tarring of the
reaction mass and a decrease in the quality of the target
products [10-11].

While the growing interest of domestic
producers of citric acid esters is justified by the need
to achieve independence from imports, a thorough
assessment of the effectiveness of technological
solutions and the quality of the target products is
required. This position becomes especially significant
when expanding the raw material base towards the use
of hydroxy acids and high-molecular alcohols of linear
and isostructure.

Therefore, as part of this study we conducted
comprehensive studies and compared the possibilities
of self-catalysis, homogeneous and heterogeneous
catalysis during esterification of citric acid with
amyl alcohol in order to obtain triamyl citrates with
a yield of 85-90%.

EXPERIMENTAL
As initial raw materials, the following substances,

which differ in geometric dimensions, were chosen:
Citric acid (food grade, monohydrate with a base

OH
ot O J: (0}
_— Ne— cH,—¢—cH,—c7
“3H0  cH,07 NocH,,

cH,07 Yo

Triamyl citrate

Scheme. Esterification of citric acid with amyl alcohol.

' GOST 8728-88. Interstate Standard. Plasticizers. Specifications. Moscow: IPK Izd. Standartov; 1988.
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substance content of 92.5%) (Reagent, Russia);
pure grade amyl alcohol with a purity of more
than  99%  (Reachim, Russia); pure grade
orthophosphoric acid (homogeneous catalyst) with a
purity of 85% (Reagent, Russia); three commercial

following parameters: capillary column with grafted nonpolar
phase OV—101 100 m x 02 mm % 02 pum; column
temperature mode: 120°C (10 min)—15°C/min—260°C;
evaporator temperature 300°C; detector temperature
300°C; carrier gas is helium, flow division 1/80. In the

industrial samples of microporous sulfocationites: analysis, a derivatization method was used to convert
Amberlyst™ 15 (Sigma-Aldrich, Germany), polar organic compounds containing carboxyl groups
Amberlyst™ 70  (Sigma-Aldrich, Germany) and into less volatile ones. Diazomethane was used as a

TULSION® 66 (Thermax, India).

The characteristics of the catalysts are given in
Table 1.

Esterification of citric acid with amyl alcohol
was carried out in a thermostated mixing reactor.
After dissolving citric acid in amyl alcohol in the
reactor, a catalyst was introduced and samples were
taken at specified intervals, with the change in the
concentration of carboxyl groups in the reaction
mass determined by titrimetry. The composition
of the reaction mass was determined using
gas—liquid chromatography on the Crystal 2000M
chromatographic complex (Chromatec, Russia) with the

Table 1. Characteristics of the catalysts used in the study

derivatizing agent. The internal standard method was
used for the quantitative determination of citric acid
esters in the reaction mass. Dicyclohexyl adipate was
used as a standard [12].

Based on previous works [2-3, 9, 12], in which
data on the effect of temperature, molar ratio of
reagents, type, and quantity of homogeneous catalysts
were obtained, the following research conditions were
selected: temperature 110°C; citric acid:alcohol ratio is
1:5 (mol); amount of catalyst is 1% per reaction mass.

All experiments were carried out in the mode
of distillation of the released reaction water with
strict observance of the isothermal regime.

Acid Formula of the substance Dissociation constant K, PK,
1. Self-catalysis
K =741-10" 3.13
Citric acid HOOCCH,C(OH)(COOH)CH,COOH K, =1.74-107 4.76
K,=9.80-10"° 5.40
2. Homogeneous catalysis
K =1759-10" 2.12
Orthophosphoric acid H,PO, (85%) K,=6.17-107* 7.21
K,=420-10" 12.38
3. Heterogeneous catalysis
No. Indicators Amberlyst™ 15 Amberlyst™ 70 TULSION® 66
1 Minimum capacity, eq/kg 4.7 2.55 5
2 Shipping weight, g/L 610 770 500
3 Specific surface area, m?/g 53 36 35
4 Pore diameter, A 300 220 450-500
5 Recommended max. op. temperature, °C <120 190 130
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RESULTS AND DISCUSSION 120
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Table 2. Composition of the reaction mass of the esterification reaction of citric acid with amyl alcohol at 110°C,
reaction time: 180, 240, and 540 min with the distillation of reaction water

Experiment
Self-catalysis Amberlyst™ 15 Amberlyst™ 70 | TULSION® 66 H,PO,
Yield, %
180 min
Citric acid (CA) 5.13 1.10 3.31 2.57 0.21
Monoamy] citrate 30.23 20.99 29.85 39.39 7.85
Diamy] citrate 54.17 55.16 52.17 48.82 56.48
Triamyl citrate 10.47 22.75 14.67 9.25 35.44
Conversion by CA, % 94.40 98.80 96.50 97.10 99.78
240 min
CA 1.52 0.31 0.99 0.85 0
Monoamy] citrate 19.09 8.38 14.53 21.99 2.53
Diamy] citrate 58.32 51.55 55.07 56.18 48.20
Triamyl citrate 21.07 39.76 29.46 20.98 49.26
Conversion by CA, % 98.42 99.66 98.97 99.14 100
540 min
CA 0 0 0 0 0
Monoamy] citrate 0.80 0 0.68 1.07 0
Diamy]l citrate 32.54 10.32 30.63 25.35 15.74
Triamyl citrate 66.66 89.68 68.69 73.58 84.26
Conversion by CA, % 100 100 100 100 100
In Russia, about 300000 t/year of citric acid acid esters comprised of trialkyl citrates, of which
are obtained from the waste of molasses sugar the esters of citric acid and amyl alcohol have the
production [15]. From this amount of citric acid, greatest  practical  significance as a  PVC

it is possible to obtain about 150000 t/year of citric plasticizer [16].
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CONCLUSIONS

The revealed differences in the reactivity of the
studied sulfocationites (Amberlyst™ 15, Amberlyst™ 70,
TULSION® 66) confirm the well-known theoretical
positions, according to which the kinetic pseudo-
homogeneous model of the process of esterification
of hydroxides by aliphatic alcohols (in excess) is based
on the law of acting masses. In this regard, the reaction
rate will depend on the specific surface area of the
catalyst, which for Amberlyst™ 15 is of the
greatest importance compared to Amberlyst™ 70
and TULSION® 66 (m?/g): 53:36:55, respectively.

REFERENCES

1. Nikiforova T.A., Novitskaya I.B., Minina T.I. Priority
directions of development of food citric acid domestic
technology. Pishchevaya promyshlennost’ = Food Industry.
2010;(5):53-54 (in Russ).

2. Sushkova S.V., Levanova S.V., Glazko I.L.,
Alexandrov A.Yu. Esterification of citric acid with aliphatic
alcohols C,—C.. Tonk. Khim. Technol. = Fine Chem. Technol.
2017;13(3):28-32. https://doi.org/10.32362/2410-6593-
2017-12-3-28-32

3. Levanova S.V., Krasnykh E.L., Moiseeva S.V.,
Safronov S.P., Glazko E.L. Scientific and technological
features of synthesis of new ester plasticizers based on
renewable raw materials. [zv. Vyssh. Uchebn. Zaved. Khim.
Khim. Tekhnol. 2021;64(6):69-75 (in Russ.). https:/doi.
org/10.6060/ivkkt.20216406.6369

4. Marochkin D.V.,, Noskov Yu.G., Kron TE.,
Karchevskaya O.G., Korneeva G.A. Products of oxosynthesis
in the production of complex lubricating oils. Nauchno-
Tekhnicheskii Vestnik NK Rosneft. 2016;(4):74-80 (in Russ.).

5. Xu J., Jiang J., Zuo Z., Li J. Synthesis of tributyl
citrate using acid ionic liquid as catalyst. Process Safety and
Environmental Protection. 2010;88(1):28-30. https://doi.
org/10.1016/j.psep.2009.11.002

6. Kolah A K., Asthana N.S.,, Vu D.T, Lira C.T,
Miller D.J. Triethyl citrate synthesis by reactive distillation.
Ind. Eng. Chem. Res. 2008;47(4):1017-1025. https://doi.
org/10.1021/ie070279t

7. Menshchikova A.A., Filatova E.V., Varlamova E.V,
Amirkhanov IR., Yazmukhamedova I.M., Suchkov Yu.G.
Production plastificators based on succinic acid and alcohols
2-ethylhexanol and cyclohexanol. Uspekhi v khimii i
khimicheskoi tekhnologii = Advances in Chemistry and
Chemical Technology. 2017;31(12/193):66—68 (in Russ.).

8. Rahman M., Brazel C.S. The plasticizer market: an
assessment of traditional plasticizers and research trends to
meet new challenges. Prog. Polym. Sci. 2004;29(12):1223-1248.
https://doi.org/10.1016/j.progpolymsci.2004.10.001

Based on the obtained results, it can be assumed
that the installation of semi-continuous azeotropic
esterification of citric acid in excess of alcohol
using sulfocationite with a large specific surface
area as a catalyst will be the most effective.

Authors’ contribution
All authors equally contributed to the research work.

The authors declare no conflicts of interest.

CIIUCOK JIUTEPATYPBI

1. Hukudoposa T.A., HoBunkas W.b., Mununa T.H.
IpropuTeTHEIE HAlTPaBICHHs PA3BUTHS BEIIECTB B TCXHOJIOTHH
IIUIIEBOH TMMOHHOH KHUCIOTEL [uujesas npomviiuieHHOCMb.
2010;(5):53-54.

2. CymxoBa C.B., Jleanoa C.B., T'mazko W.JL,
Anekcaunapo A.JO. Orepuduxanmst IHMOHHON KHCIOTHI
amugparudeckumu  cupramu C—C..  Towkue xumuueckue
mexnonozuu. 2017;12(3):28-32. https://doi.org/10.32362/2410-
6593-2017-12-3-28-32

3. JlesanoBa C.B., Kpacupix E.JI., Mouceesa C.B.,
Ca¢ponoB C.II., T'nazko E.JI. HayuHble u TeXHOJIOTHYECKHE
OCOOCHHOCTH CHHTE3a HOBBIX CIIO)KHOX(HPHBIX IUIACTH(H-
KaTOpoOB Ha OCHOBE BO300HOBIIEMOTO CHIPbS. /38. 8Y308.
Xumust u xum. mexnonocusi. 2021;64(6):69—75. https://doi.
org/10.6060/ivkkt.20216406.6369

4. Mapoukun J.B., HockoB IO.I., Kpon TE.,
Kapuesckas O.I, KopueeBa I'A. IIpogykTsl OKcOCHUHTE3a
B IIPOM3BOACTBE CIIOXKHBIX CMAa304HBIX Macel. Hayuno-
mexnuueckutl gecmuux OAO «HK Pocneghmuy. 2016;(4):74-80.

5. Xu J., Jiang J., Zuo Z., Li J. Synthesis of tributyl
citrate using acid ionic liquid as catalyst. Process Safety and
Environmental Protection. 2010;88(1):28-30. https://doi.
org/10.1016/j.psep.2009.11.002

6. Kolah A K., Asthana N.S., Vu D.T., Lira C.T,
Miller D.J. Triethyl citrate synthesis by reactive distillation.
Ind. Eng. Chem. Res. 2008;47(4):1017-1025. https://doi.
org/10.1021/ie070279t

7. MenbumkoBa A.A., @unarosa E.B., Bapnamosa E.B.,
Amupxanos MWM.P., S3myxamenosa W.M., Cyuko IO.I.
IMomy4enne mracTUGUKATOPOB HA OCHOBE SHTAPHOW KUCIOTHI
U CIHPTOB 2-3THITEKCAHONA M IMKIOTeKCaHOMa. Ycnexu 6
xumuu u xum. mexuonoauu. 2017;31(12/193):66-68.

8. Rahman M., Brazel C.S. The plasticizer market: an
assessment of traditional plasticizers and research
trends to meet new challenges. Prog. Polym. Sci.
2004;29(12):1223-1248. https://doi.org/10.1016/j.prog-
polymsci.2004.10.001

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(6):483-491

489


https://doi.org/10.32362/2410-6593-2017-12-3-28-32
https://doi.org/10.32362/2410-6593-2017-12-3-28-32
https://doi.org/10.6060/ivkkt.20216406.6369
https://doi.org/10.6060/ivkkt.20216406.6369
https://doi.org/10.1016/j.psep.2009.11.002
https://doi.org/10.1016/j.psep.2009.11.002
https://doi.org/10.1021/ie070279t
https://doi.org/10.1021/ie070279t
https://doi.org/10.1016/j.progpolymsci.2004.10.001
https://doi.org/10.1016/j.progpolymsci.2004.10.001
https://doi.org/10.32362/2410-6593-2017-12-3-28-32
https://doi.org/10.32362/2410-6593-2017-12-3-28-32
https://doi.org/10.6060/ivkkt.20216406.6369
https://doi.org/10.6060/ivkkt.20216406.6369
https://doi.org/10.1016/j.psep.2009.11.002
https://doi.org/10.1016/j.psep.2009.11.002
https://doi.org/10.1021/ie070279t
https://doi.org/10.1021/ie070279t
https://doi.org/10.1016/j.progpolymsci.2004.10.001

Features of triamyl citrate synthesis

9. Sushkova S.V., Levanova S.V., Glazko I.L.,
Pavlova K.V. Kinetics of esterification of citric acid in
production of trialkyl citrates. Izv. Vyssh. Uchebn. Zaved.
Khim.  Khim. Tekhnol. 2017;60(2):74-78 (in Russ).
https://doi.org/10.6060/tcct.2017602.5442

10. Osorio-Pascuas O.M., Santaella M.A., Rodriguez G.,
Orjuela A. Esterification kinetics of tributyl citrate production
using homogeneous and heterogeneous catalysts. Ind. Eng.
Chem. Res. 2015;54(50):2534-12542. https://doi.org/10.1021/
acs.iecr.5b03608

11. Bohorquez W.F.,, Osorio-Pascuas O.M., Santaella M.A.,
Orjuela A. Homogeneous and heterogeneous catalytic
kinetics in the production of triethyl citrate. Ind. Eng. Chem.
Res. 2020;59(43):19203—-19211. https://doi.org/10.1021/acs.
iecr.0c03690

12. Mittal A., Nair S., Deshmukh K. The kinetic
comparison study of catalytic esterification of butyric acid
and ethanol over amberlyst 15 and Indion — 190 resins. Int.
J. Innovative Res. Sci. Eng. Ttechnol. 2015;4(7):5860—-5867.

13. Tsai Y.-T.,, Lin M.-mu, Lee M.-J. Kineties of
heterogeneous esterification of glutaric acid with methanol
over Amberlyst 35. J of Taiwan Ins. of Chem. Eng.
2011;42(2):271-277. https://doi.org/10.1016/j.jtice.2010.07.010

14. Schastlivaya S.V., Kondratev D.N., Kozlovskii R.L.,
Shvets V.F. Development of a heterogeneous-catalytic method
for obtaining butyl lactate. Khimicheskaya promyshlennost’
segodnya = Chemical Industry Developments. 2007;(4):20-25
(in Russ.).

15. Maslova E.V. Analysis and prospects of development
of citric acid market. In: Ekonomika. Obshchestvo. Chelovek
(Economy. Society. Human). Col. of Sci. Works. V.G. Shukhov
Belgorod. gos. tekhnol. univ.; 2014. V. XXII. P. 108-118
(in Russ.).

16. Alhanish A., Ghalia M.A. Developments of biobased
plasticizers for compostable polymers in the green packaging
applications: A review. Biotechnol. Prog. 2021;37(6):¢3210.
https://doi.org/10.1002/btpr.3210

About the authors:

9. CymkoBa C.B., JleBanoBa C.B., I'mazko W.JI,
ITaBnoBa K.B. Kunetuka srepuduxanyuy JMMOHHON KUCIOTHI
B NIPOU3BOJCTBE TPUAIKUILMTPATOBL. 36. Byzoe. Xumus u
xum. mexnonocus. 2017;60(2):74-78. https://doi.org/10.6060/
tcct.2017602.5442

10. Osorio-Pascuas O.M., Santaella M.A., Rodriguez G.,
Orjuela A. Esterification kinetics of tributyl citrate production
using homogeneous and heterogeneous catalysts. Ind. Eng.
Chem. Res. 2015;54(50):2534-12542. https://doi.org/10.1021/
acs.iecr.5b03608

11. Bohorquez WE.,, Osorio-Pascuas O.M., Santaella M.A.,
Orjuela A. Homogeneous and heterogeneous catalytic
kinetics in the production of triethyl citrate. Ind. Eng. Chem.
Res. 2020;59(43):19203-19211. https://doi.org/10.1021/acs.
iecr.0c03690

12. Mittal A., Nair S., Deshmukh K. The kinetic
comparison study of catalytic esterification of butyric acid
and ethanol over amberlyst 15 and Indion — 190 resins. Int.
J. Innovative Res. Sci. Eng. Ttechnol. 2015;4(7):5860-5867.

13. Tsai Y.-T., Lin M.-mu, Lee M.-J. Kineties
of heterogeneous esterification of glutaric acid with
methanol over Amberlyst 35. J. of Taiwan Ins. of Chem. Eng.
2011;42(2):271-277. https://doi.org/10.1016/j.jtice.2010.07.010

14. CyactimBas C.B., Konpparse J1.H., Koznosckuii P.JL.,
Oiseryr B.®. Pa3paboTka reTeporeHHO-KaTaIUTHUECKOTO
crocoba HOJTyYEHHS OyTHUTakTara. Xumuueckas
npomviuLienHocms ce2oons. 2007;(4):20-25.

15. Macnosa E.B. AHanu3 M nepcreKkTUBBI pa3BUTHS
PBIHKA JIUMOHHOM KUCIOTHL. B ¢6.: Oxonomuxa. Obwecmso.
Yenosex. MexBy30B. ¢0. Hay4. TpynoB. benropoa. roc. TexXHoI.
yu-T uM. B.I". IllyxoBa; 2014. T. XXII. C. 108-118.

16. Alhanish A., Ghalia M.A. Developments of
biobased plasticizers for compostable polymers in the green
packaging applications: A review. Biotechnol. Prog.
2021;37(6):€3210. https://doi.org/10.1002/btpr.3210

Anna D. Shiryaeva, Master, Department of Technology of Organic and Petrochemical Synthesis, Samara State Technical
University (244, Molodogvardeyskaya ul., Samara, 443100, Russia). E-mail: shiryaeva.100.annet@gmail.com. https://orcid.
org/0000-0003-3495-8412

Svetlana V. Moiseeva, Cand. Sci. (Chem.), Assistant Professor, Department of Technology of Organic and
Petrochemical Synthesis, Samara State Technical University (244, Molodogvardeyskaya ul., Samara, 443100, Russia). E-mail:
sveta_sushkova@mail.ru. Scopus Author ID 57163952300, RSCI SPIN-code 9568-0707, https://orcid.org/0000-0002-9949-3276

Svetlana V. Levanova, Dr. Sci. (Chem.), Professor, Department of Technology of Organic and Petrochemical
Synthesis, Samara State Technical University (244, Molodogvardeyskaya ul., Samara, 443100, Russia). E-mail: kinterm@mail.ru.
Scopus Author ID 6701876379, ResearcherID D-6065-2014, SPIN-kog PUHII 4521-0265, https://orcid.org/0000-0003-2539-8986

Ilya L. Glazko, Cand. Sci. (Chem.), Assistant Professor, Department of Technology of Organic and Petrochemical
Synthesis, Samara State Technical University (244, Molodogvardeyskaya ul., Samara, 443100, Russia). E-mail: gla3ko@yandex.ru.
Scopus Author ID 6602656909, ResearcherID E-5107-2014, RSCI SPIN-code 7964-8477, https://orcid.org/0000-0001-5421-8775

Toukue xumudeckue TexHoaoruu = Fine Chemical Technologies. 2022;17(6):483-491
490


https://doi.org/10.6060/tcct.2017602.5442
https://doi.org/10.6060/tcct.2017602.5442
https://doi.org/10.1021/acs.iecr.5b03608
https://doi.org/10.1021/acs.iecr.5b03608
https://doi.org/10.1021/acs.iecr.0c03690
https://doi.org/10.1021/acs.iecr.0c03690
https://doi.org/10.1016/j.jtice.2010.07.010
https://www.researchgate.net/journal/Biotechnology-Progress-1520-6033
https://doi.org/10.1002/btpr.3210
https://doi.org/10.6060/tcct.2017602.5442
https://doi.org/10.1021/acs.iecr.5b03608
https://doi.org/10.1021/acs.iecr.5b03608
https://doi.org/10.1021/acs.iecr.0c03690
https://doi.org/10.1021/acs.iecr.0c03690
https://doi.org/10.1016/j.jtice.2010.07.010
https://www.researchgate.net/journal/Biotechnology-Progress-1520-6033
https://doi.org/10.1002/btpr.3210
mailto:shiryaeva.100.annet@gmail.com
https://orcid.org/0000-0003-3495-8412
https://orcid.org/0000-0003-3495-8412
mailto:sveta_sushkova@mail.ru
https://orcid.org/0000-0002-9949-3276
mailto:kinterm@mail.ru
https://orcid.org/0000-0003-2539-8986
mailto:g1aЗko@yandex.ru
https://orcid.org/0000-0001-5421-8775

Anna D. Shiryaeva, Svetlana V. Moiseeva, Svetlana V. Levanova, Ilya L. Glazko

06 aemopax:

IITupsieea AHHa /[leHucoeHa, maructp, kadeapa «TexHOIOTHMS OPraHMYECKOTO W HE(PTEXMMHYECKOTO CHHTE3a»
OI'BOY BO «Camapckuil rocynapcTBeHHbIN TexHuueckuil yHusepeuter» (443100, Poccus, r. Camapa, yin. Monogorsapaeiickas,
1. 244). E-mail: shiryaeva.100.annet@gmail.com. https://orcid.org/0000-0003-3495-8412

Mouceeea Ceemnana BsiuecnaeoeHa, K.X.H., TOLUEHT Kadenpsl « TeXHONOTHs OpraHMYEeCKOTO U HEPTEXUMUIECKOTO
cunresa»y ®I'BOY BO «Camapckuit rocyapcTBeHHbIN TexHHuecKuit yausepcute™ (443100, Poccus, . Camapa, yi1. Mosomorsap-
neiickas, 1. 244). E-mail: sveta_sushkova@mail.ru. Scopus Author ID 57163952300, SPIN-kox PUHI 9568-0707, https://orcid.
org/0000-0002-9949-3276

Aeeanoea CeemnaHa BacunwveeHa, jn.X.H., npodeccop, npodpeccop kapenpbl «TeXHOIOTHS OPraHHUYECKOTO U
HedTexumuueckoro cuute3ay PI'BOY BO «Camapckuii rocymapCTBeHHBIH TeXHWYeckud yHuBepcuter» (443100, Poccus,
r. Camapa, yn. MononorBapaeiickas, 1. 244). E-mail: kinterm@mail.ru. Scopus Author ID 6701876379, ResearcherID
D-6065-2014, SPIN-kox PUHIT 4521-0265, https://orcid.org/0000-0003-2539-8986

I'nasko Hneost AeoHudoeuu, x.X.H., 101EHT Kadeapsl « TEXHONOTUS OPraHMIECKOTO M HEPTEXUMHUIECKOTO CHHTE3A
OI'BOY BO «Camapckuii rocynapCcTBeHHBINH TexHUUecknil yHuBepeute (443100, Poccus, . Camapa, yn. Mononorsapeiickas,
1. 244). E-mail: gla3ko@yandex.ru. Scopus Author ID 6602656909, ResearcherID E-5107-2014, SPIN-kox PYHII 7964-8477,
https://orcid.org/0000-0001-5421-8775

The article was submitted: September 06, 2022; approved afier reviewing: September 28, 2022; accepted for publication: November 24, 2022.

Translated from Russian into English by N. Isaeva
Edited for English language and spelling by Thomas Beavitt

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(6):483-491
491


mailto:shiryaeva.100.annet@gmail.com
https://orcid.org/0000-0003-3495-8412
mailto:sveta_sushkova@mail.ru
https://orcid.org/0000-0002-9949-3276
https://orcid.org/0000-0002-9949-3276
https://orcid.org/0000-0003-2539-8986

https://orcid.org/0000-0003-2539-8986

https://orcid.org/0000-0003-2539-8986

https://orcid.org/0000-0003-2539-8986

https://orcid.org/0000-0003-2539-8986

https://orcid.org/0000-0003-2539-8986

https://orcid.org/0000-0003-2539-8986

https://orcid.org/0000-0001-5421-8775

