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PRODUCTION OF NITROCELLULOSE
FROM CELLULOSE CULTIVATED IN SOUTH KAZAKHSTAN
UNDER SUPERCRITICAL CONDITIONS

Abstract. This article presents the results of a study of the process of producing nitrocellulose from Kazakhstani
cellulose raw materials using supercritical technology.

Nitration can be carried out both directly and indirectly. Direct nitration processes include the reactions of
replacing a hydrogen atom by a nitro group or the addition of nitrating agents via a multiple bond, and indirect
nitration involves replacing other atoms or groups of atoms with a nitro group (for example, halogens, sulfo groups).
Indirect nitration methods include oxidation reactions of nitrogen-containing substances to nitro compounds, as well
as condensation reactions leading to nitro compounds.

At the same time, the traditional method of nitration of cellulose is quite “dirty” from an environmental point of
view, since it spends a huge (several thousand times more than the volume of nitrocellulose obtained) amount of
water for the subsequent stage of washing nitrocellulose from nitration mixture residues after nitration.

This factor significantly increases the cost of water decontamination and links production to large reservoirs,
which is not always possible, especially in arid regions.

In addition, due to the relatively small conversion of the nitration process using a nitrating mixture, the
production of nitrocellulose requires the construction of large-scale production workshops. Which is also not always
justified.

Associations with the above are of great interest to alternative nitration technologies, in particular nitration
under supercritical conditions.

The aim of this work is to study the processes of nitration of cellulose in a supercritical static reactor.

For the experiment, the nitration method was chosen in a static supercritical reactor in a carbon dioxide medium
using nitric oxide V as a nitrating agent.

As a raw material, cotton pulp of the 1st grade was used.

The initial reagent for producing nitric oxide V was nitric acid with a concentration of 65%

The process was carried out in a static reactor.

As aresult, a white fibrous mass was obtained, similar in appearance to cellulose, readily soluble in acetone and
insoluble in water, the density was 1.63 g / cm3 based on the density, analysis of the melting temperature and the
nature of the combustion, we can conclude pyroxylin with a nitrogen content of 12.05 - 12.4%.

Keywords: cellulose, nitration, supercritical conditions, nitrocellulose.

Introduction. Nitration is one of the most important reactions of organic synthesis and is widely used
in laboratory practice and production [1-3].

Nitration can be carried out both directly and indirectly. Direct nitration processes include the
reactions of replacing a hydrogen atom by a nitro group or the addition of nitrating agents via a multiple
bond, and indirect nitration involves replacing other atoms or groups of atoms with a nitro group (for
example, halogens, sulfo groups). Indirect nitration methods include oxidation reactions of nitrogen-
containing substances to nitro compounds, as well as condensation reactions leading to nitro compounds.
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The nitration processes are well studied and mastered by industry, and with their help a large number
of highly demanded products are obtained, in particular cellulose nitrates, which are one of the most
widely used cellulose ethers, the industrial production of which began back in the 19th century. Different
applications of cellulose nitrates are determined by their specific properties. High mechanical strength and
the ability to transfer to a plasticized state, good solubility and compatibility with available plasticizers -
all this provided high volumes of production of cellulose nitrates for the manufacture of gunpowder,
rocket fuel, varnishes, paints [4-9].

At the same time, the traditional method of nitration of cellulose is quite “dirty” from an
environmental point of view, since it spends a huge (several thousand times more than the volume of
nitrocellulose obtained) amount of water for the subsequent stage of washing nitrocellulose from nitration
mixture residues after nitration [10-14].

This factor significantly increases the cost of water decontamination and links production to large
reservoirs, which is not always possible, especially in arid regions.

In addition, due to the relatively small conversion of the nitration process using a nitrating mixture,
the production of nitrocellulose requires the construction of large-scale production workshops. Which is
also not always justified [15-17].

Associations with the above are of great interest to alternative nitration technologies, in particular
nitration under supercritical conditions.

The current environmental and social environment urgently requires new approaches to the synthesis
of organic substances. In particular, there is a shortage of energy and water resources, which puts the issue
of rational use in the forefront. One of the solutions to this problem is the use of carbon dioxide in the
supercritical state as a reaction medium [18].

At a pressure of more than 74 atmospheres and a temperature of more than 30 ° C, carbon dioxide
passes into a supercritical state, in which its density is like that of a liquid, and its viscosity and surface
tension are like that of a gas. Such properties make supercritical carbon dioxide an effective non-polar
solvent [19-25].

Carbon dioxide, used in a supercritical state as a reaction medium, has a number of properties
inherent in gases. Moreover, it has a number of attractive properties that provide additional benefits when
using this gas as an aid in extraction.

- universal dissolving ability with respect to organic compounds, physiologically does not cause
concern, because is the final product of the metabolism of a number of living organisms, including
humans.

- In relation to the conditions of supercritical fluid extraction, carbon dioxide is chemically inert and
does not enter into chemical interactions with reagents.

- CO2 is relatively safe for the environment, which suggests the possibility of creating an
environmentally friendly type of production.

- Carbon dioxide is one ofthe most accessible and widely used gases in the food industry.

The aim ofthis work is to study the processes of nitration of cellulose in a supercritical static reactor.

Materials and Methods. For the experiment, the nitration method was chosen in a static supercritical
reactor in a carbon dioxide medium using nitric oxide V as a nitrating agent.

The raw materials used were cotton pulp of the 1st grade according to GOST 3818.0 produced by
Khlopkoprom-Cellulose LLP in 2019.

The initial reagent for producing nitric oxide V was nitric acid GOST 4461-77 with a concentration of
65% (requires additional strengthening by distillation with oleum).

Results and discussion. The synthesis of pyroxylin under supercritical conditions involves several
stages

1 Preparation of nitric acid and bring it, but a sufficient concentration.

Since nitric acid is manufactured industrially and delivered to the market, it has a concentration of not
more than 62%, which is insufficient for the nitration reaction and the production of nitrogen pentoxide, it
is necessary to strengthen it.

The strengthening process consists in the distillation of nitric acid in a mixture with oleum in a ratio
of 1: 3 at atmospheric pressure without access to atmospheric water. As a result, nitric acid with a strength
of more than 80% was obtained.

2 getting nitric oxide.
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Since the nitration process was selected under supercritical conditions, nitric pentoxide (Nitric Oxide
V, N20s5) was used instead of the traditional nitrating mixture.

To obtain it, it is necessary to add phosphorus V (P20s, phosphorus pentoxide, phosphoric anhydride,
phosphorus pentoxide) to frozen concentrated nitric acid (melting point -41.59 °C, recommended process
temperature -78.5 °C).

The reaction must be carried out in the environment of ozone O3 for which an ozonizer is introduced
into the installation.

After addition of phosphorus oxide V, the reaction proceeds at a temperature of 28.0 °C. Under these
conditions, nitrogen pentoxide is sublimated and transferred to a collection tank, which is also
recommended to be cooled to sub-zero temperatures (from -20 to -40 °C). At the same time, ozone must
circulate in the system throughout the process.

The reaction proceeds according to the formula:

2HNO3 + P20s — HPO3+ N20s
And in parallel with the reaction:

2NO2+ O3 —N205 + O2

Figure with the image of the installation for laboratory synthesis of nitrogen pentoxide is shown in
figure L

6L 3'— Natron
2 4

Figure 1 - apparatus for the synthesis of nitrogen pentoxide

Concentrated nitric acid (concentration of more than 75%) is loaded into the reactor 1 and cooled to
the freezing point using a refrigerator 2, then phosphorus oxide V is introduced into the reactor 1in a ratio
of 1/1, after which ozone is obtained by passing oxygen from the cylinder 6 through the ozonizer 5, during
the reaction, the resulting nitrogen pentoxide is sublimated and condensed in the receiver 2 through the
refrigerator 3, while the receiver 2 is also cooled by the refrigerator 8 to stabilize the nitric oxide V, the
released and unreacted oxide nitrogen 1V is neutralized in tank 4.

As a result, white nitric pentoxide crystals (figure 2) and nitric oxide IV vapors as a by-product will
be obtained in the collection.

The reaction yield is 53% based on 100% nitric acid.

Figure 2 - Nitrogen Pentoxide Crystals
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It should be noted that the crystals of nitrogen pentoxide are extremely unstable and their long-term
storage is impractical; for this reason, the obtained pentoxide should immediately go to the 3-stage
cellulose nitration.

3 Cellulose nitration

Cellulose nitration is carried out using nitrogen pentoxide in a ratio of cellulose / pentoxide, 1/6

The process takes 15 minutes

Temperature - 32 ° C

Pressure - not less than 72 atm.

The process was carried out in a static reactor (a reactor with an intensification mixer or a circulation
pump for process intensification is recommended)

The reaction yield is almost 100% for cellulose.

The reaction was carried out according to the formula:

As a result, a white loose fibrous mass was obtained, similar in appearance to cellulose, readily
soluble in acetone and insoluble in water, the density was 1.63 g / cm3, based on the density, analysis of
the melting temperature and the nature of the combustion, we can conclude that pyroxylin with a nitrogen
content of 12.05 - 12.4%.

Conclusion. As a result, the first synthesis of pyroxylin from Kazakhstani cellulosic raw materials
using supercritical technology was carried out.

The advantages ofthe process are

-Small water consumption

-Fast reaction

High process selectivity

-High conversion process

-Lack of sulfur compounds in contrast to the traditional nitration method

We continue to work on this process in order to optimize and scale it.

E.C. xcaHoB, H.A, Meiip6ekoB, K.M. LLlanmaramb6eToB

n-dapabu atbiHarbl Kasak ynTTblK yHUBEPCUTETY
DUNKaNbLL-XMMUSTIbLL, 3EPTTEY/EP X3HEe Tangay 3gicTepi opTasbirb,
Anmvatbl, KazaxcTtaH

OH,TYCTIK LLASALICTAHIA LMbIH XA JAMLA 0CIPLNETLH LIE/UTFO/TIO3ALAH
HUTPOLLE/ITIOTO3A OH1PY

AHHOTaumsa. byn Makanaga cynepKpUTUKabIK TEXHOMOMUSIHbI KOMJaHa OTbIpbIM, KasaKCTaHAbIK Lenosa
LUMLLIBATbIHAH HATPOLENI0103a a/ly MPOLIECLL 3epTTeY HITUXKeNepi KenpLUreH.

HuTpuzaumsa Txenein ge, »kaHama TYPge ge »KYprisinyi MYMKm Txkeneii HMATpaTTay npoLecTeplle cyTen
aToOMbIH HUTPO TO6bIHA aybICTbIPY Hemece GipHelle 6alinaHbIC apKbUlbl HATPATTAy areHTTepLl KOCy peakuusichbl
Kipegi, an »kxaHama HUTpauus 6acka atomgapbl Hemece aTtomfap TO6bIH HATPO TOObIMEH a/IMacTbIpyabl KamMTubl
(Mbicanbl, ranoreHgep, cynbo TonTapbl). XXaHama HUTPRey 3gicTepiHe a30T KOCbIIbICTAPbIHbIL, a30TThl
KOCblbICTapra TOTbIry peakumsnapbl, COHAa-ak HWUTPOKOCbINbICTapra anapaTbiH KOHAeHcauus peakumsiapbl
xaragbl.

CoHbIMEH KaTap, Le/o03aHbl HUTpaTTaydblH A3CcTYpAi 3ara 9KOMNOrUANbIK TyprblgaH «aac»  60/bIn
Tabblnadbl, eMTKEHI 071 HATPOLIE/I/K0MN03aHbIH HATPaTTaIraH KocnajaH KeliHri Ka/igbIKTapblHaH KeMiHTi Xyy KeseL,
YLWiH cyablH Y/IKeH MefLepiH anagpl (anblHraH HUTPoLentoo3agaH 6ipHeLle MbIH ece Ken).

Byn akTop cyabl 3apapcbi3gaHabIipy KyHbIH efayip apTTblpadbl X3He eHAipicTi ipi cy KolmanapbiMeH
6ainaHbICTbIpaapl, 6yn apgalibiM MYMKIH eMec, acipece Kyprak aimakrapga.
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CoHbIMeH KaTap, HUTPJIey KOCMacblH KOMAaHbIM HUTpaTTay MpoLecLLl canbicTbipManbl TYPge a3 esrepylue
6alinaHbICTbl HATPOLIE/INKO03a eHAIPIcI ipi eHAIpIC LuexTapbIH canyabl KaXKeT eTeaa, 6yn spfhaiibiM akTasimaniipl.

>Korapblja atanraH KaybIMAacTbIKTap a/ibTepHATUBTI HATPUTaLMANBIK TEXHOMOMUSANAPra, acpece KPUTUKA/bIK
Xargannapga HUTpusaumsira YNIKeH KbisbIryLUbUbIK TyAbIpagbl.

Byn XXyMbICTbIH MaKcaTbl - eTe KPpUTUKaSbIK CTaTUKa/IbIK peaKTopaarb! Lesinto103aHbl HUTPeY npouecTepiH
3epTTey.

JKcnepuMeHT YLWIH HATPAeY 3Aici peTiHAe a3oT okemaw V KonfgaHa OTbIpbIn, KemipTeri AUoKcuai opTajarbl
CTaTVKa/IbIK CbIHbIL peaKTopia HATPIIeY afici TaHdanibl.

LLnk13aT peTiHge 1-Wwl KnaccTarbl MaKTa Lie/s1t0/103a naiganaHbingpl.

A30T okergi V any YLiH anralikbl peareHT KOHUEHTpauuschl 65%6 a30T KbilLKbUbl 60/14b!

Mpouecc cTatnkanbiK peakTopaa XY prisingi.

HaTuxeciHge Uenntonosara ykcac ak 60pnblngak TalbIKTbl Macca afblHibl, aueTOHAA OHall epufii X3He cyfa
epimengi, Thirbi3gbIrbl, 6asKy TemnepaTypachl MeH XXaHy CUNaTbIH Tangay HerisiHge, 1,63 r/cM3 60/14bl, KOPbITbIHABI
)acayra 60nagbl. MMPOKCUINH KypamblHaa a30T menwepi 12,05 - 12,4%.

TyLLUH ce3fep:. Le/onosa, HUTPIeY, ChIHU XXarjainap, HUTPOLLe/H0/103a.

E.C. NxcaHoB, H.A, Meiip6ekos, K.M. LLlanmaramb6eToB

Kasaxckuii HauMoHa/bHbIA YHUBEPCUTET MMEHU asb-dPapatu
LIeHTP (PM3NKO-XMMMUYECKUX METOL0B MCCMeA0BaHUS N aHanM3a, KasaxcTaH, AnMathbl

MNONYYEHUE HNTPOLENNKOMO3bI M3 LLE/I/TKONO03bI, KY/IbTUBUPYEMOW
B FOXKHOM KA3AXCTAHE B CBEPXKPUTUYECKUX YCNOBUNAX

AHHOTaumsa. B faHHOl cTaTbe NpeAcTaB/ieHbl pesybTaTbl M3yHeHUs npouecca MnoslyyYeHns HATPOLEN03bl U3
Ka3axCTaHCKOro Le/It0/I03HON0 ChIpbs C UCMOJ/Ib30BaHNEM CBEPXKPUTUYECKMX TEXHOMOTUIA.

HuTpoBaHMe MOXeT OCYLLEeCTBAATLCA KaK NpsiMbIM, Tak M HenpsambiM nyTem. K npoueccam npsmMoro
HUTPOBaHMSA OTHOCAT peakumW 3aMeLleHUs aToma BOAOpOJa Ha HUTPOrpynny WavM NpucoefvHEHWe HUTPYIOLMX
areHTOB MO KpaTHOM CBS3W, K HEMPSIMOMY HWTPOBaHUKO - 3aMeHy [ApYrMx artoMOB WAM Fpynn atoMoB Ha
HUTporpynny (Hanpumep, rasoreHoB, cynbgorpynnsl). K MeTogam HemnpsMOro HUTPOBaHMS MOXHO OTHECTU
peaKkUuMM OKWCMEHUS] a30TCOfepPXallMX BELUeCTB [0 HUTPOCOEAUHEHWI, a Takke peakuuMn KOHZeHcauuu,
NPUBOAALLNE K HATPOCOEAVNHEHNSAM.

B TO >Xe Bpems TPagULVOHHbIA MeTOh HUTPOBaHWS LEeN/N03bl SABASETCA [0CTaTOUHO “rpsi3HbIM” ¢
3KOMIOMMYECKON TOYKWM 3peHMs, TaK KaK 3aTpaymBaeT OrpoMHOe (B HECKO/IbKO TbICAY pa3 6onblue obbema
nosly4yaemoli HUTPOLE/IHOM03bl) KOMIMUECTBO BOAbl Ha MOC/MEAYIOLLYO MOCMe HUTPOBaHUS CTaguio MPOMbLIBKU
HUTPOLLE/IH0N03bI OT OCTATKOB HUTPYIOLLIEN CMECU.

[aHHbIA (haKTop 3HaUUTENbHO MOBLILWAET 3aTpaThl HA Ae3aKTUBAUMIO BOAbl M NPUBA3LIBAET MPOM3BOACTBO K
KpYMHbIM BOZOEMAM, YTO He BCerfa BO3MOXKHO, 0CO6EHHO B 3aCyLLNMBLIX PermoHax.

Kpome TOro, no npuymHe OTHOCUTENIbHO He6OSbLLIOM KOHBEPCUM MpoLecca HUTPOBAHWA C UCMO/Ib30BaHUEM
HUTPYIOLLIEA CMeCKn, MPOU3BOACTBO HUTPOLIE/II0I03bl TPebyeT CTPOMTENbCTBA MaclUTabHbIX MPOM3BOACTBEHHbIX
LieX0B, YTO TOXE He BCerja ornpasiaHo.

CBSi3U C BbILIENEPEUNCTIEHHBIM, BbICOKUIA MHTEPEC BbI3bIBAIOT a/lbTEPHATUBHbIE TEXHOMOMMN HUTPOBaHUS, B
YaCTHOCTU HUTPOBaHWe B CBEPXKPUTUYECKUX YCITOBUSIX.

Llenbto gaHHOW paboTbl ABNSETCA M3yYeHME MPOLLECCOB HUTPOBAHWSA LeN0M03bl B CBEPXKPUTUYECKOM
CTaTUYHOM peaKTope.

[na npoBegeHWs onbiTa 6bU1 BblIGpaH MeTOL HATPOBaHMSA B CTATUYECKOM CBEPXKPUTUYECKOM PeaKTope B cpefe
Amokcuaa yrnepoga ¢ npuMeHeHne okcuaa asota V B Ka4ecTBe HUTPYIOLLIEro areHTa.

B KayecTBe CbIpbs UCMONb30BasIaCh X/10MKOBas Liefsono3a 1 copra.

VicxogHbIM peareHToM A5 NosyyeHns okenga asoTa V 6blia a3oTHas KMCoTa KOHLEeHTpaumen 65%.

lNpovecc npoBogusca B CTATUHHOM PEaKTOope.

B pesynbTare nofyvyeHa BOMOKHUCTasA pbIxnas macca 6efioro LBeTa, MO BHELIHEMY BWAy MoXoXas Ha
LieNs1i0103y, XOpOoLIo pacTBopyMMast B aueTOHe W HepaCTBOpMMasi B BOfe, M/IOTHOCTb cocTtaBuna 1,63 r/cm3, Ha
OCHOBaHMM MI0THOCTW, aHa/ns3a TemrepaTypbl NAaBAeHUS W XapakTepa FOPeHUs MOXHO cfenaTb BblBOfL, 4TO
noslyyeH NUPOKCUIVH C cofepxxaHnem aszota 12,05-12,4 %

KntoyeBble c/ioBa: LE//I0M103a, HATPOBaHWE, CBEPXKPUTUYECKUE YC/TOBUSA, HUTPOLIE/HOM03a.

34



ISSN 2224-5286 Series chemistry and technology. 3. 2020

Information about authors:

Ikhsanov Yerbol Saginovich, PhD, Senior lecturer Department of Chemistry and Chemical Technology of the Al-Farabi
Kazakh National University, Kazakh National University, e-mail: erbol.ih@gmail.com, https://orcid.org/0000-0003-4640-9584;

Meirbekov Nurkanat Ayazbayuly, Al-Farabi Kazakh National University, Faculty of Chemistry and Chemical Technology,
MSc student of 2-nd course. nurkanat. m@gmail.com, https://orcid.org/0000-0001-6440-3544;

Shalmagambetov Kairzhan Mustafinovich, Doctor of Science, Center of Physico-chemical Methods of Research and
Analysis of the Al-Farabi Kazakh National University, kairshan@yandex.ru, https://orcid.org/0000-0002-5660-9208

REFERENCES

[1] Yamamoto, H., Horii, F., & Hirai, A. (2006). Structural studies of bacterial cellulose through the solid-phase nitration and
acetylation by CP/MAS 13C NMR spectroscopy. Cellulose, 13(3), 327-342. d0i:10.1007/s10570-005-9034-z

[2] Benson, R., Guthrie, J. T., & Lartey, R. B. (1975). Intrinsically coloured polymers from cellulose carbanilates. Polymer,
16(12), 903-907. d0i:10.1016/0032-3861(75)90211-6

[3] Baruah, D., Pahari, P., & Konwar, D. (2015). Synthesis of (E)-nitroolefins and substituted nitrobenzenes via decarboxylative
nitration using cellulose supported copper nanoparticles. Tetrahedron Letters, 56(19), 2418-2421. doi:10.1016/j.tetlet.2015.03.055

[4] Clark, D. T., & Stephenson, P. J. (1982). E.s.c.a. studies ofthe nitration and denitration of cellulosic materials. Polymer, 23(7),
1034-1038. doi:10.1016/0032-3861(82)90404-9

[5] Eisenreich, N., & Pfeil, A. (1983). Non-linear least-squares fit of non-isothermal thermoanalytical curves. reinvestigation of the
kinetics ofthe autocatalytic decomposition of nitrated cellulose. Thermochimica Acta, 61(1-2), 13-21. doi:10.1016/0040-6031(83)80300-1

[6] Stovbun, S.V., Nikol’skii, S.N., Mel’nikov V.P., Mikhaleva M.G., Litvin Y.A., Shchegolikhin, A.N., Rogozin A.D. (2016).
Chemical physics of cellulose nitration. Russian Journal of Physical Chemistry B, 10(2), 245-259. d0i:10.1134/s199079311602024x

[7] Barbosa, I. V. M., Merquior, D. M., & Peixoto, F. C. (2005). Continuous modelling and kinetic parameter estimation for
cellulose nitration. Chemical Engineering Science, 60(19), 5406-5413. d0i:10.1016/j.ces.2005.05.029

[8] Kou, Y., Yuan, C., Zhao, Q., Liu, G., Nie, J., Ma, Z., ... Zhao, L. (2016). Thidiazuron Triggers Morphogenesis in Rosa canina
L. Protocorm-Like Bodies by Changing Incipient Cell Fate. Frontiers in Plant Science, 7. d0i:10.3389/fpls.2016.00557

[9] R. .Z. Safarov, Zh.K. Shomanova, R.Zh. Mukanova, Yu.G. Nossenko, A. llies , A.K. Sviderskii, N. Sarova. Design of neural
network for forecast analysis of elements-contaminants distribution on studied territories (on example of pavlodar city, Kazakhstan) //
NEWS ofthe National academy of sciences ofthe Republic of Kazakhstan. series chemistry and technology. 2019. Vol. 6, N 438. P. 86 -
98. (in Eng). https://doi.org/10.32014/2019.2518-1491.78

[10] Wu, T. K. (1980). Carbon-13 and Proton Nuclear Magnetic Resonance Studies of Cellulose Nitrates. Macromolecules, 13(1),
74-79. doi:10.1021/ma60073a015

[11] Gert E. V., Morales A. S., Zubets O. V., Kaputskii F. N. (2000). Cellulose, 7(1), 57-66. d0i:10.1023/a:1009206113613

[12] Klein, R., & Mentser, M. (1951). The Mechanism of Cellulose Nitrationl. Journal of the American Chemical Society, 73(12),
5888-5888. d0i:10.1021/ja01156a529

[13] Murray, G. E., & Purves, C. B. (1940). The Preparation of Fibrous lodo-cellulose Nitrates and the Probable Distribution of
Nitrate Groups in Partly Nitrated Cellulosesl. Journal of the American Chemical Society, 62(11), 3194-3197. d0i:10.1021/ja01868a085

[14] Ikhsanov Y.S., Nauryzbaev M,, Musabekova A., Alimzhanova M., Burashev E.(2019). Study of nicotiana tabacum
| extraction, by methods of liquid and supercritical fluid extraction, journal-Journal of Applied Engineering Science,Vol.17, N 3
d0i:10.5937/jaes17-21189

[15] Kantam, M. L., Rao, B. P. C., Choudary, B. M., Rao, K. K., Sreedhar, B., lwasawa, Y., & Sasaki, T. (2006). Synthesis of
nanocrystalline zeolite beta in supercritical fluids, characterization and catalytic activity. Journal of Molecular Catalysis A: Chemical,
252(1-2), 76-84. do0i:10.1016/j.molcata.2006.02.044

[16] Kuchurov, I. V., Fomenkov, I. V., & Zlotin, S. G. (2009). Synthesis of N,N-dialkylnitramines from secondary ammonium
nitrates in liquid or supercritical carbon dioxide. Russian Chemical Bulletin, 58(10), 2058-2062. d0i:10.1007/s11172-009-0282-1

[17] Reyes, M. B., & Carpenter, B. K. (2000). Mechanism of Thermal Deazetization of 2,3-Diazabicyclo[2.2.1]hept-2-ene and Its
Reaction Dynamics in Supercritical Fluids. Journal of the American Chemical Society, 122(41), 10163-10176. d0i:10.1021/ja0016809

[18] Kim, Y.-L., Kim, J.-D., Lim, J. S., Lee, Y.-W., & Yi, S.-C. (2002). Reaction Pathway and Kinetics for Uncatalyzed Partial
Oxidation ofp-Xylene in Sub- and Supercritical Water. Industrial & Engineering Chemistry Research, 41(23), 5576-
5583. d0i:10.1021/ie010952t

[19] Paputa-Peck M. C., Marano R. S., Schuetzle D., Riley T. L., Hampton C. V., Prater T. J.,, et al.,. (1983). Determination of
nitrated polynuclear aromatic hydrocarbons in particulate extracts by using capillary column gas chromatography with nitrogen selective
detection. Analytical Chemistry, 55(12), 1946-1954. d0i:10.1021/ac00262a027

[20] Subramaniam, B., Chaudhari, R. V., Chaudhari, A. S., Akien, G. R., & Xie, Z. (2014). Supercritical fluids and gas-expanded
liquids as tunable media for multiphase catalytic reactions. Chemical Engineering Science, 115, 3-18. d0i:10.1016/j.ces.2014.03.001

[21] Zielinska, B., & Samy, S. (2006). Analysis of nitrated polycyclic aromatic hydrocarbons. Analytical and Bioanalytical
Chemistry, 386(4), 883-890. d0i:10.1007/s00216-006-0521-3

[22] Franck, E. U. (1981). Special aspects of fluid solutions at high pressures and sub- and supercritical temperatures. Pure and
Applied Chemistry, 53(7), 1401-1416. do0i:10.1351/pac198153071401

[23] Vera Perez, I., Rogak, S., & Branion, R. (2004). Supercritical water oxidation of phenol and 2,4-dinitrophenol. The Journal of
Supercritical Fluids, 30(1), 71-87. doi:10.1016/s0896-8446(03)00166-9

[24] Sun, X.-Z., George, M. W., Kazarian, S. G., Nikiforov, S. M., & Poliakoff, M. (1996). Can Organometallic Noble Gas
Compounds Be Observed in Solution at Room Temperature? A Time-Resolved Infrared (TRIR) and UV Spectroscopic Study of the
Photochemistry of M(CO)6(M = Cr, Mo, and W) in Supercritical Noble Gas and CO2Solution. Journal of the American Chemical
Society, 118(43), 10525-10532. d0i:10.1021/ja960485k

35


mailto:erbol.ih@gmail.com
https://orcid.org/0000-0003-4640-9584
mailto:nurkanat.m@gmail.com
https://orcid.org/0000-0001-6440-3544
mailto:kairshan@yandex.ru
https://orcid.org/0000-0002-5660-9208
https://doi.org/10.32014/2019.2518-1491.78

