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The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxacel ¥immulx 2vlieim akademuscvinvly Xabapnapul. [eonocus wcomne
MEXHUKANBIK  bLILIMOAD Cepuschly eblivlmu dcypuanst 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe EbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneol JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCemKiumepoi Kepcemin Keneoi.

Convimen kamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvikapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopwl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexkopuvinoa unoekcmenyi scypHAIO0bIH XATbIKAPAbIK SbLILIMU PeYEH3UANAY MATAnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan oaceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmulpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OOIYbIH KAMMAMACHI3 emeoi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusiblK alKanbly 2e0n02us MeH MeXHUKATbIK
SBLILIMOAD CANACHIHOA&bL ©3eKMmi, Oipecell JiCoHe EbLIbIMU MYPEbIOaH MAHbI30bl 3epmmeynepoi
JCapuAnay2a YMmuliblColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mesncoyHapooHoll pepepamusHol
u Haykomempuueckou 6aze Oanuwvix Scopus u OeMOHCmpupyem cmabuivHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pedhepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MENCOYHAPOOHBIM
CMAHOApMam HAyUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU IMUKU, d MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. This solution is aimed at increasing the yield of
elemental sulfur and reducing its maximum particle size by controlled reduction
of supersaturation in the unit. An engineering methodology is also presented
for predicting the particle size distribution of dispersed desublimation products
under varying process parameters. Objective. The primary objective of this study
is to increase the yield of elemental sulfur in a Claus unit cycle. Optimization of
the operating modes of the desublimation condenser is proposed as a solution.
The primary objective of the study is to identify parameters that maximize
the yield of pure sulfur. Methods. The key technological step is desublimation
condensation: cooling the gas to a temperature below the melting point of sulfur,
allowing the vapor to bypass the liquid phase and crystallize directly into a solid.
This study developed a new approach to desublimation control. Its algorithm
includes two sequential stages. First, the pressure in the initial vapor-gas mixture
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is gradually reduced at a constant temperature until a critical value is reached.
Then, maintaining the pressure constant, the medium is intensively cooled to the
dew point temperature. This method enables the production of a narrow-fraction,
ultrafine powder, significantly reducing energy costs. The proposed technology
is versatile and can be used to produce finely dispersed powders of various
substances (in particular, sulfur, silicon, etc.) by desublimation. The effectiveness
of this method lies in its ability to stabilize the particle size distribution of the
final product, which directly improves its quality characteristics. Results and
Conclusions. The process of producing ultrafine silicon dioxide powder was
chosen as the object of study for the experiments. Particular attention was paid to
studying the influence of supersaturation, as well as analyzing the characteristics
and kinetics of the process. The paper formulates recommendations for upgrading
the Claus process line, including placing a desublimation condenser before the
second scrubber stage.

Keywords: desublimation method, Claus process, elemental sulfur, crystalli-
zation, finely dispersed powder

For citations: Dosmakanbetova A.A., Sabyrkhanov M.D., Seitkasimova L.A.,
Ibragimova Z.A., Issayeva A.N. Optimization of the Claus Process to Increase
the Yield of Elementary Sulfur From Hydrogen Sulfide and Sulfur Dioxide. News
of the National Academy of Sciences of the Republic of Kazakhstan, Series of
Geology and Technical Sciences. 2026. No.3. Pp. 89—103. DOI: https://doi.
org/10.32014/2026.2518-170X.642

©locmakanteToBa A.A.', Cadpipxanos M.JI."", CeiliTkacumoBa JI.A.!,
Hoparumosa 3.A.!, UcaeBaA.H.?%, 2026.
'M.Oye30B arbiagarel OHTYCTIK KazakcTan yHUBEpCHTETI,
IIemvkenT, KazakcTan;
2 AWIMaKTHIK HHHOBAIMSIIBIK yHUBepcuTeT, [IbiMkenT, KaszakcraH.
*E-mail: kalmurat.2002@mail.ru

KYKIPTCYTEK IIEH KYKIPT JMOKCUAIHEH 3JIEMEHTAPJIbI
KYKIPTTIH WbIFYBIH APTTBIPY YIIIH KJIAYC TPOLECIH
OHTAUJAHABIPY

JocmakanberoBa Aiibapma — TeXHHKa FBUIBIMAAPBIHBIH KaHAWAATBI, KaybIMIACTHIPBUIFAH
npodeccop, M.Oye3os arsinaarsl OHrycTik Kasakcran ynusepcureri, llpivkent, Kasakcran,
E-mail: kalmurat.2002@mail.ru, https://orcid.org/0000-0002-9385-6267;

CabbIpxanoB Mapatr — TeXHHUKA FhUIBIMIAPBIHBIH KaHAUAATe, M.Oye30B areiHmarsl OHTYCTIK
Kazakcran yuusepcurerti, [lIpimkent, Kazakcran,

E-mail: smd_1976@mail.ru, https://orcid.org/0000-0002-0438-4262;

CeiiTkacumoBa Jlaz3zatr — maructp, M.Oye30B arsiHaarsl OHTycTik KazakcTtaH yHHBEpCHTETI,
[IemvkenT, Kazakcran,

E-mail: lazzataasanovna 1976@mail.ru, https://orcid.org/0009-0008-2113-6675;

HoparumoBa 3aype — PhD, xaysiMaacTeipsuiran npogeccop, M.Oye3oB atbiHaarsl OHTYCTIK
Kazaxcran yausepcureri, LLIsivkenT, KazakcraH,

E-mail: zaure 1983 as@mail.ru, https://orcid.org/0000-0002-7176-8186;

90



ISSN 2224-5278 3.2026

UcaeBa Oiikepim — PhD, AlimMakTeik HHHOBaUMsUIBIK yHUBepcuTeT, LlIpimkenT, KazakcraH,
E-mail: daulet ospl@mail.ru, https://orcid.org/0000-0002-4833-1904.

AHHOTauMs. O3exminiei. byn memiM annapartarbl LIaMaZaH ThIC KaHBIFY/IbI
OaKbUTAHATHIH TYPAC a3aliTy ece0iHeH dIIEeMEHTap KYKIPTTIiH IIBIFBIMBIH apTTHIPYFa
JKOHE OHBIH OOJIEKTePiHIH MaKCHUMAaJIbl MOJIIEpiH a3aiTyra OarbITTajFaH.
Koceimira, TeXHOTOTHSAIBIK MTapaMeTpiIepal e3repTy Ke3iHae AecyOmuMaIisHbIH
JUCTIEPCTI OHIMIEPiHIH (PpaKIUAIBIK KYPaMBIH OOJDKayFa MYMKIHIIK OepeTiH
WH)KEHEPIIK 9JIiCTeME YChIHBbUIFaH. Odicmepi. By >KyMBICTBIH HEri3ri Makcarbl —
Knayc KOHABIPFBICH IMKITIHACT] 37IEMEHTT1 KYKIPTTiH IIBIFBIMBIH apTThIpY. Llemim
peTiHge ecyOnMMalUsUTBIK KOHIEHCATOP/IBIH KYMBIC PEXKHMIEPiH OHTANIAHIBIPY
VCHIHBIIABL. 3ePTTEYIiH 0ACTHI MIHIETI — Ta3a KYKIPTTIH MAKCUMAJIIBI ITBIFBIMBIH
KaMTaMachl3 €TeTiH napamerpruepai Tady. Maxcam. Heri3ri TEXHONTOTHSIIBIK TOCIIT
— JecyOmuMAIlsUTBIK KOHJIEHCAIUS: Ta3/Ibl KYKIPTTiH OaiKy TeMIieparypachblHaH
TOMEH TeMmIleparypara JACWiH CalIKbIHAATy, COHBIH apKachlHIa Oynap CYHBIK
(hazaHbl aliHaNBIN OTIM, OIpJIEH KATThI 3aTKa KPUCTAJIaHAIbl. 3epTTEy asiChIHJA
JeCcyOIMMaIUs I HbI OacKapy/IbIH KaHa TAC LTI 931psieH 1i. OHBIHANTOPUTMI €KicaThlIaH
Typaasl. ANAsIMEeH, OacTamkbl Oy-Ta3 KOCHACBIHIA TYPaKTHl TeMIlepaTypaja
KBICBIMJIBI CHIHHM KOPCETKIIIKE JKeTKeHIIe OipTinaen temenaereni. Coman KewiH,
KBICBIMJIBI ©3T€PiCCi3 CaKTail OTBIPBIN, OPTaHBI IIBIK HYKTECI TeMIlepaTypachiHa
JIeHiH KapKbIH/IbI CAIKBIHATAIbl. BYJT oJT1ic PHEPrUs NIBIFBIHAAPBIH alTapIIBIKTal
azafiTa OTBHIPBIN, Tap (QpakUUsUIBI YIBTPAJUCIEPCTI YHTAK alyFa MYMKIHIIK
Oepei. ¥ ChIHBLIFAH TEXHOJOTHsS 9MOeOar O0JIbII Ta0bLIaIbl XKOHE JAeCYOIuMAaIiis
omicl apKBUIBI OPTYPIi 3aTTapAblH (ocipece KYKipT, KpeMHHUH JKoHE T.0.) ycak
JUCTIEPCTI YHTAKTapbhlH ally YIIiH KOJNJAAHBUTYBl MYMKiH. OIICTIH THIMITIT
COHFBI OHIMHIH (PaKUMAIBIK KYpPaMblH TYPaKTaHABIPY MYMKIHAITiHAE KaTbIp,
Oy OHBIH camajblK CHIaTTaMalapblH TiKeJel jkakcapraiasl. Homuoicenep
MeH KOpbimblHObLIAP. DKCIEPUMEHTTEp OapbhIChIHJA KPEMHUH JIHOKCHIIHIH
VABTPAIUCIICPCTI YHTAFBIH ally TpOIleci 3epTTey HBICAHBI PETiHJIE TaHJajJIbl.
[llamaman THIC KAaHBIFY TOPEKECIHIH OCepiH 3epTTeyre, COHIal-aK IPOIECTIH
cunarraMajapbl MEH KHHETHKAJIBIK 3aHIbUIBIKTApbIH TaliJayFa epeKiie Hazap
aymapeuiael. JKymbicta Kitayc TEXHONOTHSUIBIK SKETICIH KaHFBIPTY OOWBIHIIA
YCBIHBICTAp TY)KBIPBIMJIAJIFaH, OHBIH iIIIHAC ACCYOMMMAIMSIIBIK KOHJICHCATOPIbI
CKpyOOep/IiH eKiHIIII CAaTBICHIHBIH aJJIbIHA OPHAIACTHIPY KapacThIPbUIFaH.

Tyiiin ce3nep: mecyOnmmumarus omici, Kmayc mporieci, amemMeHTap KYKIpT,
KpHUCTalIaHy, yCaK JUCIIEPCTi YHTAK

91



ISSN 2224-5278 3.2026

©locmakanteToBa A.A.', CadbipxanoB M.JI."", CeiiTkacumoBa JI.A.,
Hoparumona3.A.!, UcaeBa A.H.%, 2026.
'"TOxHO-Ka3zaxcranckuit yauepcutet uMeHn M. Ay330Ba,
IIIemmkenT, Kazaxcras;
’PernoHabHbBIN HHHOBAIMOHHBINH yHUBepcuTeT, IIbiMkenT, Kazaxcran.
“E-mail: kalmurat.2002@mail.ru

OIITUMM3ALUSA TPOLUECCA KJIAYCA JJIS1 YBEJIMYEHUSA
BBIXOJIA 2JIEMEHTAPHOI CEPHI U3 CEPOBOJIOPOJIA U
JANOKCHUJA CEPbBI

JocmakanberoBa Ajidapma — KaHIuIaT TEXHUYECKUX HayK, aCCOLMHMPOBAHHBIN mpodeccop,
IOxH0-Ka3zaxcranckuit yausepcurer umeHn M.Aya3oBa, llIsivkent, Kasaxcran,

E-mail: kalmurat.2002@mail.ru, https://orcid.org/0000-0002-9385-6267;

Cao0bipxanoB Mapart — KaHIUJaT TeXHUYECKUX HayK, FOxHOo-Ka3axcTaHCKuil yHUBEPCUTET UMCHU
M.Ayns308a, lIsimMkenT, Kazaxcran,

E-mail: smd_1976(@mail.ru, https://orcid.org/0000-0002-0438-4262;

CeiitkacumoBa Jlazzar — wmarucrp, HOxno-Kasaxcranckuil ynusepcurer umeHu M.Ays3o0Ba,
[IsiMkenT, Kazaxcras,

E-mail: lazzataasanovna_1976@mail.ru, https://orcid.org/0009-0008-2113-6675;

Hoparumosa 3aype — PhD, acconmmupoBanHsslii mpodeccop, FOxu0-KazaxcraHckuii yHUBEpCUTET
uMenu M.Ayn30Ba, [lIsiMkenT, Kazaxcran,

E-mail: zaure 1983 as@mail.ru, https://orcid.org/0000-0002-7176-8186;

Hcaea Aiikepum — PhD, Pernonansublii ”HHOBanMOHHBIN yHUBepcuteT, llsimkent, Kazaxcran,
E-mail: daulet ospl@mail.ru, https://orcid.org/0000-0002-4833-1904.

AuHoTanus. Axmyanvhocms. Ontummszanus mpouecca Krayca sBisercs
BaXXKHOM 3a/1aueid 171 NOBBIIIEHUS BbIXO/A 3JIEMEHTAPHOM CEPBI U3 CEPOBOOPOIA
U JUOKCHUAa CEpPbI, a TAKXKE JIA YIYUIICHUA Ka4€CTBa AUCIICPCHOIO IPOAYKTa.
JlaHHOE uccae10BaHNe HAPABICHO HA YBEJIMYEHUE BBIXO/IA 3JIEMEHTAPHOM Cephl
U YMEHBIICHUE MAKCUMAJIbHOTO pa3Mepa €€ YacTHULl 32 CUET KOHTPOIUPYEMOTrO
CHUKCHUSI TEpechllicHUus B amnmapare. J(OMOJHUTENbHO paccMaTpUBACTCA
WHXCHEpPHAs METOJIMKA, [MO3BOJISIOIIAs MTPOTHO3UPOBATh (PPAKIIMOHHBIA COCTaB
AUCTICPCHBIX MPOAYKTOB )Z[eCy6JII/IMaHI/H/I IIpU BaAPbUPOBAHUU TEXHOJIOTHMYCCKUX
napameTpoB. [Jenb. TIOBBICUTH BBIXOJ 3JEMEHTApHON cepbl B IIMKIIE YCTAHOBKHU
Kraycamyrem onTuMH3aIIH peXKUMOB paOOTHI IeCy OIMMaIMOHHOT0 KOHIEHCaTopa
M OIIPENETUTh TapaMeTPhl, 00€CIIeYHBAIOIINE TIOTYYSHIUE YUCTON CepPhI C3aJaHHBIMU
JUCTICPCHBIMH ~ XapaKTepUCTUKAMU. Memoosi. KITFOUEBBIM TEXHOJIOTHYECCKUM
MPUEMOM  BBICTYNAaeT JACCYOJUMAIMOHHAs KOHJICHCAIUS, IPE/IoJIararomas
OXJIOKJICHHUE Ta3a 0 TEeMIEPaTyphl HUKE TOUKHU TUIABIICHUS CEPHI, TIPU KOTOPOM
nmapsl MUHYIOT XUAKYI0 a3y W KPUCTALIU3YIOTCS HETOCPEICTBEHHO B TBEPAOE
BemecTBo. B paMkax mcciemoBanus pa3padoTaH HOBBIH MOJXOJ K YIPaBICHUIO
necyOnuManueii, BKJIFOYAIONIMKA J[Ba IOCJTENOBaTeNbHBIX 93Tana. Ha mnepBom
JTane B MCXOMHOW Mapora3oBOd CMECH MPU MOCTOSHHOW TeMIlepaType IUIaBHO
MIOHMKAIOT JAaBJICHHUE 10 JOCTIKEHUS KPUTHUECKOTO Tokasarens. Ha BTopom
OTallc nMmpu HEU3MCHHOM JaBJICHUU IMTPOBOAAT UHTCHCUBHOC OXJIAXKJACHUE CPEABI 10
TeMITepaTypbl TOYKH pOCHl. Takoil METO/I TIO3BOJISET MOTyYaTh Y3KO(PPAKITHOHHBIH
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YIBTPAIUCTIEPCHBIA TTOPOIIOK CepPhl IPU CHIDKEHUU DHEPreTHYECKUX 3aTpaT Ha
nporiecc. Pezynvmamul u 6b1600bl. YCTaHOBIEHO, YTO YIPABISEMOE CHHIKCHHE
MEPECHICHUS TO3BOJIIET CTAOMIM3UPOBATh (DPAKIUMOHHBIA COCTaB KOHEUHOTO
MPOAYKTa M YIYYIINTH €ro KauyeCTBEHHBIE XapaKTepucTWKH. lIpemmosxeHHBIN
noaxox oOecreyrBaeT IMOJydYeHHE TOHKOAMCIIEPCHOW JJIEMEHTAapHOW cepbl U
MOXKET OBITh aJanTHPOBAH IS JeCyOIMMAIMOHHOTO TMOJYYEHHUS IOPOIIKOB
pa3iMyHBIX BemecTB. B xome wccienoBaHuss oco0oe BHUMAHHE YJICICHO
BJIMSIHUIO CTETICHH MEPECHIIECHUS Ha XapaKTEPUCTUKU MPOAYKTA M KHHETHYECKHE
3aKOHOMEPHOCTH Tiporiecca kpuctamumzanui. ChopMymnpoBaHbl peKOMEHIANN
[0 MOJAEpPHU3AIMU TeXHoJMoTHueckod nuHuu Krayca, mnpemgycMmarpuBaroIiue
pasMenieHre JecyOnMMaIlMOHHOTO KOHJIGHCATopa TIepel BTOPOW CTYIEHBIO
cKkpy0OOepa. Peanm3anus mpeaio)keHHOTO PEIICHUS TO3BOJIMT MOBBICUTH BBIXOJ
AJIEMEHTAPHOW Cephl, YIYUYIIUTh JHCIEPCHBIC XapaKTePUCTHKU MPOAYKTa
W TIOBBICUTH TEXHOJIOTHMYECKYI0 d()PEKTUBHOCTH TIpolecca mepepadboTKu
CEPOBOAOPOICOACPIKAIIMX TA30B..

KuaioueBble ciaoBa: jgecyOnmuUMAaIMOHHBIM — MeTon, mporecc Kirayca,
dIIEMEHTapHas cepa, KPUCTAITH3AIHS, TOHKOANCIICPCHBIN MTOPOIIOK

Introduction. Currently, the processing of hydrogen sulfide contained in
natural gas and petroleum feedstocks, as well as in industrial waste gases, is a
mandatory step for industrial safety (Ayapbergenov, 2012; Chumakova et al.,
2017; Golubeva, 2015). The high toxicity of H,S and its ability to convert into
SO, during combustion necessitate its disposal to obtain useful products, the main
one being elemental sulfur (Golubeva, 2015; Golubeva et al., 2017).

The historically established Claus technology has remained the basic solution
for these purposes for over a century (Ayapbergenov, 2012; Shirokova, 2010).
However, modern environmental requirements and the need to increase the depth
of feedstock processing dictate the need for its modernization and the search for
alternative approaches (Svirina and Meshkov, 2020; Shermatov et al., 2020).
One such promising direction is the use of desublimation for sulfur capture. An
alternative method for extracting solid sulfur from gas mixtures containing its
vapor is based on the principle of desublimation (Generalov, 2006; Dairabai et al.,
2016). The key feature of this method is that when the vapor-gas flow is cooled
below the sublimation temperature (approximately 120°C at standard pressure),
sulfur vapor crystallizes directly onto cooled surfaces, forming a dense layer of
solid product (Dairabai et al., 2016; Dosmakanbetova and Orymbetov, 2021).
In this process, the liquid phase, characteristic of traditional condensation, is
completely absent during the phase transition.

This technology demonstrates its greatest efficiency in the final stages of gas
purification. The efficiency of sulfur recovery at low partial pressures has been
confirmed in experimental studies of fine dispersion formation and condensation
processes (Dairabai et al., 2016; Dosmakanbetova and Orymbetov, 2021). Under
conditions where the partial pressure of residual sulfur vapor is low, desublimation
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allows for their capture with high efficiency. As a result, the overall sulfur recovery
rate within a plant can reach 99.9% and even exceed this value (Chumakova et al.,
2017; Golubeva et al., 2017).

Literary review. As is known, desublimation is a phase transition from vapor
to solid state on a cooled surface, occurring at a pressure below the triple point
(Generalov, 2006; Arkhipova et al., 2011). When the system temperature reaches
the crystallization onset threshold, the component begins to transition into the
solid phase, and this process completes at the full crystallization temperature
(Arkhipova et al., 2011).

In other words, crystallization occurs within a temperature range bounded by
critical values. At the eutectic point, the system becomes invariant, meaning it loses
degrees of freedom (Arkhipova et al., 2011; Evstifeev, 2018). This corresponds
to classical thermodynamic descriptions of phase equilibria in multicomponent
systems (Evstifeev, 2018). Initially, the system is cooled while maintaining a
constant temperature, and the pressure within it is gradually lowered to a critical
level. In the second stage, with the pressure fixed at the achieved level, the mixture
is rapidly cooled to the dew point temperature (Dosmakanbetova and Orymbetov,
2021).

Materials and methods. The proposed method is precisely based on controlling
the process by following the described sequence of pressure and temperature
changes (Dairabai et al., 2016; Dosmakanbetova and Orymbetov, 2021). A
graphical interpretation of the process is shown in figure 1, which displays the
working line of desublimation. The diagram highlights the regions where solid,
liquid, and gaseous phases exist. The composition of the liquid phase evolves along
the line up to the eutectic point, corresponding to the crystallization temperature
(Arkhipova et al., 2011). Changes occurring in the system in this section can lead
to uneven crystal growth and local fluctuations in chemical composition (Burd and
Jackson, 2002; Bankar et al., 2004).

The cooling of melts is accompanied by the release of crystals of the pure
component, while the remaining liquid phase naturally changes its composition
along the entire liquidus line (Arkhipova et al., 2011). At this stage, a characteristic
feature is the formation of crystals with a wide range of sizes (Burd and Jackson,
2002; Koch and Cohen, 2000). Upon reaching the complete crystallization
temperatures, the system represents a mechanical mixture of crystalline phases of
various components.

From a thermodynamic point of view, each potential route of phase
transformation is characterized by a specific energy barrier (Lefevere, 2006;
Oberdisse, 2006). Such behavior is typical for non-equilibrium systems with
competing phase transition pathways (Lefevere, 2006). The actual implementation
of the process always follows the path that ensures minimal energy expenditure.

For the case of desublimation, the fundamental requirement is to cross the
phase interface while bypassing the liquid region. To reliably avoid the appearance
of a liquid phase, the process control must be conducted in the parameter region
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located to the right of the dew point (Dosmakanbetova and Orymbetov, 2021).
As demonstrated by the working line of the process, the starting point O lies in a
region on the phase diagram that is to the right and below the curve bounding the
liquid state.

P

g solid

LogT

Figure 1. The working line of the desublimation process.

The sequence of operations in process control is as follows. From the starting
point O, a smooth reduction in the pressure of the vapor-gas mixture is initiated to
point 1, corresponding to the critical value for this component. After that, a forced
reduction in temperature is carried out from point 1 to point 2. Upon reaching the
calculated temperature level, which coincides with the critical value, the formation
of desublimate in the form of an ultrafine powder occurs (Dairabai et al., 2016;
Generalov, 2000).

This approach makes it possible to reproducibly obtain a powder material
with a consistently narrow fractional composition, possessing specific properties
characteristic of this particular parameter range (Evstifeev, 2018; Oberdisse, 2006).
This is critical for ensuring product quality in fields such as pharmaceuticals,
nanotechnologies, radio electronics, and other high-tech industries.

The specificity of the phase diagram of sulfur lies in the possibility of
the existence of several solid-phase modifications, the formation of which is
determined by the conditions of the phase transition (Arkhipova et al., 2011). For
illustration, consider the case of a vapor-gas mixture containing sulfur vapor with
initial parameters: T=392.5 K, P=2.4 Pa. The pressure is smoothly reduced to 2
Pa (a critical value close to the dew point), then the temperature is intensively
lowered to 386 K. At this temperature, according to the diagram in Figure 2, the
process of sulfur vapor desublimation begins.

Moreover, in the parameter range from T=427.2 K, P= 30 kPa to T=368 K,
P=0.5 Pa, monocrystalline sulfur (particle size 5 microns) is formed, and in the
range from T = 386 K, P=1.729 Pa to T=368 K, P=0.5 Pa - rhombic sulfur with a
particle size of 2,5 micron (Arkhipova et al., 2011; Generalov, 2006)s.
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Consequently, the proposed method of controlling desublimation ensures the
production of a narrowly fractionated ultrafine powder while optimizing energy
consumption.

427.2K

130.5KPa \

Monoclinic sulfur

Liquid
Rhombic !

g
|
368.7K
0.5Pa

The working line of the desublimation process

LogT
Figure 2. Phase diagram of sulfur.

Results and discussions. For conducting experimental studies on the process
of sulfur extraction by the desublimation method, a laboratory setup was developed
and assembled, the schematic diagram of which is shown in Figure 3. It includes
the following functional blocks:

A gas mixture preparation unit equipped with a system of precision mass flow
controllers for supplying hydrogen sulfide, sulfur dioxide, nitrogen, and water
vapor.

A flow-through tubular catalytic reactor filled with an industrial aluminum
oxide-based catalyst. The operating temperature range in the reactor is from 200
to 300°C.

A pre-condensation condenser designed to separate the bulk of the sulfur in the
liquid phase. It is an air-cooled heat exchanger that maintains a temperature in the
range of 130-140°C.

An experimental desublimation condenser allows for precise regulation of the
coolant temperature to control the process of sulfur crystallization from the gas
phase.
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1 - reactor; 2 - blower; 3 - recovery boiler; 4 - acid gas heater; 5,8 - reactor with catalyst;
6 - economizer; 7,9 - scrubbers; 10 - sulfur collector; 11 - commercial sulfur tank;
12 - desublimation condenser.
Figure 3. Technological scheme of purification of hydrocarbon gases from hydrogen sulfide.

The basic Claus technology, implemented in its classic design, ensures effective
neutralization of hydrogen sulfide to produce commercial sulfur, achieving a
recovery rate of up to 99.9%. The technological scheme involves the sequential
passage of gases leaving the combustion chamber through two reactors. In the
presence of a catalyst, a reversible reaction between H,S and SO, takes place in
them, the products of which are water and free sulfur. At the outlet of the second
reactor, up to 96% of the sulfur is in a free state. To recover the sulfur remaining
in the gas phase after each reaction stage, the gas stream is cooled to a temperature
below the condensation point of sulfur. After separating the liquefied sulfur in a
separator, the gas stream between stages is reheated to the temperature required
for the next conversion stage (Ayapbergenov, 2012; Shirokova, 2010; Golubeva
etal., 2017).

Temperature control of gas streams in the Claus process flow scheme is based on
the principle of condensation cooling. The gas leaving the furnace at a temperature
of 1125°C passes through a specially designed cooler before being fed into the first
reactor, where it is cooled to 280°C (Ayapbergenov, 2012). At this temperature, the
main reaction of converting sulfur-containing compounds into elemental sulfur
proceeds in the first reactor.

The reaction mixture leaving the first reactor at 313°C is cooled in a heat
exchanger to 175°C and enters a separator. After separating the liquid sulfur,
the gas stream is heated to 200°C and sent to the second reactor, loaded with a
highly active alumina-based catalyst, where further oxidation of residual sulfur
compounds occurs. The gas leaving the second reactor (temperature 232°C) is
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cooled in the next cooler to 165°C. At this stage, the sulfur recovery rate is 96%.
The stream is then sent for repeated separation. In actual production conditions,
packed scrubbers are often used instead of traditional separators, providing more
efficient gas cooling and separation of condensed sulfur.

In order to optimize the operation of the scrubber 9 (figure 4), obtain fine sulfur
and increase the degree of its extraction, a heat exchanger device 12, which is
a rotating drum with internal cooling, was included in the circuit in front of the
scrubber.
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Desublimate

1 — casing; 2 — drum; 3 — shaft; 4 — gas inlet nozzle; 5 — coolant inlet nozzle; 6 — coolant outlet
nozzle; 7 — outlet nozzle; 8 — removable device.
Figure 4. Desublimation condenser.

The process gas, containing sulfur and hydrogen, enters the condenser where
it is cooled upon contact with the drum surface. The inlet temperature range is
300-380°C, and the outlet temperature range is 120—-180°C. The condensation
efficiency reaches 95-99.8% with a hydraulic resistance of 250 Pa (Chumakova et
al., 2017). The layer of sulfur formed on the drum is removed by a scraper located
at the bottom.

During industrial tests, with an inlet gas temperature of 300-365°C and a
cooling water temperature of 80-90°C, the hydraulic resistance of the apparatus
was about 300 Pa, and the condensation efficiency was at the level of 95-99%.

The obtained data confirm the functionality of the design and allow
recommending it for use in schemes focused on the production of condensation-
sublimation products.

The process of desublimation synthesis of ultrafine silica powder was chosen as
the object of study. During the work, the influence of the supersaturation degree on
the kinetic patterns and final characteristics of the obtained product was evaluated.

The experiments were carried out on a laboratory bench, schematically shown
in figure 5. The experimental procedure included the following stages. A ceramic
reactor 2 was placed in a tubular furnace 1, inside which a weighing bottle 3 with a
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sample prepared according to the standard method was installed. After turning on
the heating and reaching the specified temperature regime, the gate 7 was opened.
The resulting vapor-gas flow was directed into a container 4, where phosphorite
deposition occurred, and the non-condensed silica vapor was discharged into a
condenser 6. Upon contact with the cooled surface of the rotating drum, the vapor
desublimed, after which the solid product was scraped off and collected. The
temperature range in the furnace varied from 400 to 800°C. During the research,
it was found that intensive release of SiO, begins upon reaching a temperature of
450°C, which is the threshold for this process.

!

desublimate

1 — furnace; 2 — ceramic tube; 3 — sampler; 4 — container; 5 — hopper; 6 — condenser; 7 — damper.
Figure 5. Experimental setup diagram.

The resulting product was collected in glass bottles and submitted for analysis,
including determination of chemical and particle size distribution, as well as
crystal structure. Sublimations of samples synthesized in the temperature range of
450-600°C were processed.

Based on pressure measurements, a relative supersaturation curve was
calculated and plotted, as shown in Figure 6.
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Figure 6. The effect of supercooling on the relative supersaturation of silicon dioxide vapor during
desublimation.
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Figure 7. Micrograph of desublimation samples of sublimates.

The graph also displays the results of theoretical calculations and experimental
data. A comparison of these data demonstrates good agreement: the deviation is
within 10%.
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Figure 8. Results of X-ray spectral microanalysis of sublimates after desublimation.

The illustrations in Figures 7 and 8 demonstrate ways of presenting experimental
data using electron microscopy and X-ray spectral analysis, respectively.

A complete sample of the experimental processing results is provided in the
appendices. A total of 33 distillates were obtained from five initial samples, each
of which was analyzed. The particle size distribution was determined by counting
their number on micrographs using a 2 micron mesh.

The characteristic distribution curves (in fractions) are shown in Figure 9.

The experimental data for all 33 sublimates demonstrate a scatter not exceeding
a band width of 0.225. The maximum deviation of the measured values from the
theoretically calculated ones is observed in the size range of 6—10 um and amounts
to 25%.
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Analysis of the curves allows us to identify two stages of sediment formation:
a sharp increase in the fractional function for particles up to 8-10 pm in size and
a plateau after 15—19 um. Based on this, the average size of silica nucleates on the
substrate is estimated to be 2—4 pum.

The theoretical model, according to which the desublimation process includes
a stage of rapid nucleation and a stage of slowed diffusional growth, has been
experimentally confirmed. The average size of nucleates on the quartz substrate
was recorded at 2.4 um.
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1 - sample 1; 1; 2 - sample 3; 3 - sample 5; dotted line - theoretical assessment.
Figure 9. Fractional distributions of SiO, particles after desublimation of sublimates on a
substrate (averaged over 33 samples).

The experimental data convincingly demonstrate that the use of desublimation
condensation is a highly effective method for the final treatment of tail gases from
Claus plants (Svirina and Meshkov, 2020; Shermatov et al., 2020). The dynamics
of the process were investigated: it was established that the capture efficiency
remains at a stable level during an operating cycle lasting 5—6 hours. After this
time, regeneration of the apparatus surface is required by melting the accumulated
sulfur layer. In this regard, a cyclic operating mode is recommended, including
sequential phases: product accumulation, melting, and draining.

The proposed set of optimization measures — maintaining the stoichiometric
H,S/SO, ratio at 2:1, regulating the temperature in the catalytic reactor, and
incorporating the desublimation stage — allows increasing the overall processing
efficiency to 99.5%. This ensures a reduction in harmful emissions and an increase
in the yield of commercial sulfur without the need for a major reconstruction of
existing equipment.

The following areas have been identified for further research: studying the
influence of impurities (hydrocarbons, aromatic compounds) on the kinetics of
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desublimation, as well as the development of heat exchanger designs resistant to
fouling by solid sulfur.

Conclusion. The desublimation method for sulfur has proven itself as an
effective and promising tool for capturing a valuable component from hydrogen
sulfide and acid gases. This method makes it possible to obtain a product with a
high degree of purity while simultaneously minimizing environmental damage.
The improvement of technologies in this direction will contribute to expanding the
field of application of desublimation in various industrial sectors.

In the technological chain, desublimation plays the role of a highly efficient
finishing module, ensuring deep purification of emissions and the production of
higher quality solid sulfur.

Consequently, integrating in-depth optimization of the classic Claus process
with the introduction of a desublimation stage at the final step is the most rational
strategy for creating environmentally safe and cost-effective complexes for
hydrogen sulfide processing.
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