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MATHEMATICAL MODELS OF RELAXATION TIMES OF
INHOMOGENEOUS LIQUIDS ALONG CRITICAL DIRECTIONS
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Abstract. The experimental research on the ascertainment of the balance in
inhomogenous methanol-hexan liquid in the gravitational field close to exfoliation
critical temperature was carried out by the researchers. This research work showed
that the maximum time of relaxation of inhomogenous matter in altitude is not
observed on the degree of critical isochora, but it is observed in the altitude of with
non — critical significance of concentration and density. The matter’s parametrical
equalization is rated within extremum relaxation time line of inhomogenous liquid
in the gravitational field.

It is proved that inhomogenous liquid along this line has the characteristics of
three critical directions: critical isochora, critical isotherm and the phase partition
bounds. The experimental procedure was as follows. Initially, a double solution of
methanol-hexane was thermostatically controlled for more than a day at the critical
temperature of the solution until an equilibrium distribution was established in
the optical chamber. Then, over a short period of time, the substance was heated
to a certain temperature, which was maintained constant for a long time. When
a non-uniform system is rapidly heated from a critical temperature, the initial
altitude distribution of the substance becomes nonequilibrium. As a result, the
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heterogeneous system begins to move to a new height equilibrium distribution.
As the system approaches the equilibrium state during a certain time interval at
different heights of the system, the concentration and concentration gradient of the
substance continuously change until a new equilibrium height is realized in the
system again distribution that corresponds to temperature.

Keywords: relaxation time, critical direction, refractometric method, theories
of gravitational effect, gravitational field.
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AnHoramus. JKyMbicTa KpUTHKAIBIK OOy TeMIepaTypachiHa JKaKbIH
IPaBUTAIUSUIBIK ©PIiCTE TETEPOTeH i METAHOJI-TeKCaH ePITIHIICIHAE Tere-TeH KT
OpHATY KMHETHKACHIHA SKCTICPUMEHTAIIIBI 3epTTEyIep KYpriziai. by seprreynep
OipiHmI per OWIKTIri OOMBIHIIA OIPTEKTI eMec 3aTTHIH pellaKCaIlusl YaKbITHIHBIH
MaKCHMAaJJIbl MOHZEPl KPUTHUKATBIK HM30XOPAaHBIH JeHreiiHae OalikanMaiimsl,
Oipak »KOFapbl eMec OWIKTIKTepre, colikec KeleTiHiH KepceTTi. KoHIeHTparus
MEH TBHIFBI3IBIKTHIH KPUTHKAIBIK MOH/EPi. 3aT KYHiHIH MapamMeTpIiIiK TeHJIEYiHiH
meHOepiH/e TPaBUTAIMSIIBIK OpicTeri OipKeNKi eMec CYWBIKTHIKTBIH pelaKcalus
YaKbITTAPBIHBIH ~OKCTPEMYM  CBHI3BIFBIHA ~COWKEC KEJNETIH OChl  TEHICYIiH
napaMmeTpiepi ecenreneni. by ChI3BIK OOMBIMEH TETEpOTeH I CYHBIKTBHIKTAp Oip
MEe3T11/Ie YIII KPUTHKAIBIK OaFbIT OOMBIHIIIA )KYHeep/IiH KacueTTepiHe re 00IaThIHBI
KOPCETIITeH: KPUTHUKAJIBIK HM30X0pa, KPUTHKANBIK H30TepMa, (a3a IIeKapachl.
DKCIIEpUMEHTTIK TPOIIeypaHbIH XYpPy OapbIchl Kemnecifei Oomnnmbl. bactankeima
METaHOJI-TeKCAHHHBIH KOC epITiHAICI ONTHKAIBIK KaMepaja Tere-TeHIIK Tapaity
OpHATBUIFAHINA CITIHIHIH KPUTHKAIBIK TEMIIepaTypacklHaa Oip TOYJIIKTEH acTam
TEPMOCTATHKAIBIK Typle OaxpuiaHanbl. ComaH KeWiH KbICKAa YakbIT IIIiHAE 3ar
y3aK yakbIT OOWBI TYPaKThI TYP/IC CaKTaJaThIH OenTisi Oip Temreparypara JeiiH
KBI3BIPBIIAEL.  Bipkenki emec IKyHeHI CBIHU TeMIeparypareMIepaTypaaan
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KBUIIaM KbI3JBIPFaH/A, 3aTThIH OacTanKbl OWIKTIKKE Tapaiyblbl Tele-TeHIIKKe
aitHanmazgpl. HoTrmkecine reTepereHiki xkyiiee skaHa OMiKTIK Tene-TeHIIK TapatyHa
aybica Oacrtaiel. JKylie op Typiai OmikTikTepae Oenrinii Oip yaKbIT apallbIFbIHIA
TeMe-TeH/IIK Tapany KyWiHe jKaKbIHaFaH CaiblH, 3aTThIH KOHIICHTPU3AIUSICH MCH
KOHI[CHTPH3AIMs TPATUCHTI Kylene TaMIeparypara CoUKec TapalybIHbIH KaHa
Terne-TeH K OMIKTIriH KaiTa Ky3eree acKaHIla Y3/iKCi3 e3repe/i.

Tyiiin ce3nep: penakcais yakbIThl, KPUTHKAIBIK OAFbIT, pe(hpakTOMETPHUSITBIK
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AHHoTanuss. B pabore mpoBeneHbl SKCHEPUMEHTAIBHBIC HCCICAOBAHUS
KUHETHKHM YCTaHOBJICHHS DPAaBHOBECHS B HEOAHOPOAHOM pAacTBOPE METaHOI-
reKcaH B TPaBUTALIMOHHOM I10Jie BOJIIM3M KPUTHUECKON TEMIIEPaTyphl PACCIOCHHUS.
OTH WccaeqoBaHHUs BIEPBBIC MOKA3aJdH, YTO MAKCHUMaJbHbIE 3HAYECHHUS BPEMEH
penakcanMyd HEOAHOPOAHOTO IO BBICOTE BEIIECTBAa HAOMIOHAIOTCS HE Ha
YPOBHE KPUTHYECKOH H30XOPBI, & COOTBETCTBYIOT BBICOTAM C HEKPUTHYECKHMU
3HAQUCHMSAMH KOHLEHTpAMM M IUIOTHOCTH. B pamkax mapaMeTrpriecKoro
YpaBHEHHSI COCTOSIHHMSI BELIECTBA PACCUMTAHBl MapaMeTpbl 3TOTO ypaBHEHUS,
KOTOpBbIE COOTBETCTBYIOT JIMHHUHM 3KCTPEMYMOB BpPEMEH peJlaKCallid HEeOIHO-
POAHOM KUAKOCTH B IpaBUTalMOHHOM moJje. [loka3aHo, 4yTo BROIb ATOW JTUHHMN
HEOJHOPOAHBIE JKUAKOCTH OJHOBPEMEHHO 0O0JIagaloT CBOWCTBAMU CHUCTEM
BIOJIb TPEX KPUTUYECKUX HaNpaBlICHUH: KPUTHUECKOM H30XOPBI, KPUTUUECKON
W30TEPMBI, TPaHULBI paszaena $a3. MeTonuka NpoBeACHUs SKCIEPUMEHTa COCTOUT
B cienyromeM. IlepBoHadanbHO ABOMHOM pacTBOp METaHOJ-TeKcaH Ooliee CyTOK
TEPMOCTaTHPOBAJICS ITPHU KPUTHUECKOHM TeMIlepaType pacTBopa 10 TeX Iop, MOKa
B OINITHYECKON Kamepe HE YCTaHABJIMBAJIOCh PABHOBECHOE pacHpeseieHue. 3aTeM
BEIIECTBO 3a MaJIbI MHTEPBAJl BPEMEHH HarpeBaioch 10 HEKOTOPOI TeMIlepaTyphl,
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KOTOpasi NOAJEPKUBAIACH IOCTOSIHHOW MPOJOIDKUTENbHOE BpeMs. [Ipu OsicTpoM
HarpeBe HEOJHOPOTHOW CHUCTEMBI OT KPUTHYECKON TeMIlepaTyphl HadyalbHOE BBI-
COTHOE pacCIpelesIeHHe BElecTBa CTAaHOBUTCS HEpaBHOBECHBIM. BcrienctBue
9TOT0 HEOAHOPOJHAs CHUCTEMa HAuYMHAET MEePEeXOAUTh K HOBOMY BBICOTHOMY
paBHOBECHOMY pacnpezeneHuto. [Ipu moaxonie cucteMbl K COCTOSHUIO paBHOBECHS
B T€UEHHE ONPEICIICHHOTO HHTEPBaJla BpeMEHH Ha Pa3HbIX BHICOTAX KOHLIEHTPALUN
Y TPaJMEeHT KOHIEHTPAIIMH BEIeCTBA HEMPEPHIBHO U3MEHSAIOTCS JI0 TeX MOop, MOKa
B CHCTEME CHOBA HE peajn3yeTcsl HOBOE PaBHOBECHOE BBICOTHOE paclpesieiieHHe,
KOTOPOE COOTBETCTBYET TEMIIEPATYPE.

KiroueBble ci10Ba: BpeMs peakcanyii, KpHTHIECKHE HapaBieHus1, pepakro-
METPUYECKUH METO, TEOPUH I'PAaBUTALMOHHOTO 3(eKTa, TPaBUTALIMOHHOE I10JI€.

Beenenue

Panee B paborax (Amexwmn, 2002) ObuM TPOBEACHBI AKCIEPUMCHTAIBHBIC
WCCIIeIOBaHUS] KHHETHKH YCTAHOBJICHUS PABHOBECHS B HEOJJHOPOIHBIX MHIUBHLY-
QJIBHBIX JKUAKOCTSX M IBOMHBIX PACTBOPaxX B I'PaBUTALMIOHHOM I10JI€ BOJIM3H KpU-
TUYECKHUX TEMIIEPATyp UCIIAPCHUS H PACCIOCHUSI.

B pabore (Anexun, 1991) pedpaxromerpuueckum meromom IlaTammHckoro
(ITarammuckuii, 1982) wu3yuyan TemmepaTypHble W BBICOTHBIE 3aBHUCHMOCTH
rpajiueHToB TOKa3areist npenomienus dn/dz (z, T) pacTBopa MeTaHOJ-TeKCaH B
pa3Hble MOMEHTbI BPEMEHH IIPH [EPEX0/I€ CUCTEMbI K PABHOBECHOMY COCTOSIHUIO.

Meroauka npoBeCHNUS IKCIIEPUMEHTA COCTOsIIA B CIIEAYIOIIEM: TIEPBOHAYATIEHO
JBOMHOM pacTBOP METaHOJ-TEKCAH JUIMTENIbHOE BpeMs (Ooiiee CyTOK) TEPMOCTaTH-
pOBaJICs pU KpUTHIECKOH Temneparype T _pacTBopa 10 Tex 1op, moka B ONTHYEC-
KOH KaMepe He yCTaHaBJIMBAIOCh paBHOBECHOE pacnipenenenue dn/dz(z, T ). 3arem
BEIIECTBO 3a MaJiblid mHTEpBa BpeMeHu (10 + 15 MuH) HarpeBanock 10 HEKOTOPOH
temneparypbl T>T , xoTopas momnepKupanach HOCTOSHHON MPOJOKHTENBHOE
BpeMs ¢ ToaHocThio + 0,005 K . [Ipu Ob1cTpOM HarpeBe HEOTHOPOIHON CHCTEMBI OT
kputHueckoi Temneparypbl T x T>T HadanbHOe BBICOTHOE pacmpenenenue dn/
dz(z, T ) BemecTa npu Temneparype T, CTaHOBUTCS HEPAaBHOBECHBIM. Benencraue
9TOTO HEOJHOPOJHAs CUCTEMa HAaYWHACT MEPEeXOJUTh K HOBOMY BBICOTHOMY
paBHOBECHOMY pacnpenenenuto dn/dz(z, T)). Ilpu moaxone CHCTEMBI K COCTOSHUIO
paBHOBECHsI B TEUCHHE OIIPEIEICHHOIO HHTEPBajla BPEMEHH t Ha Pa3HBIX BBICOTAX
CHUCTEMBI Z KOHIIEHTpalus M IPaJMeHT KOHLeHTpaumuu Bemectsa de/dz(z, T, t)
~ dn/dz(z, T,) HENPEPBIBHO M3MEHSAIOTCS 1O TEX IMOP, MOKA B CHCTEME CHOBA HE
peanu3yeTcs HoBOE PABHOBECHOE BBICOTHOE pacnpenenenue dn/dz(z, T)), kotopoe
COOTBETCTBYET Temmeparype T..

MeToabl

Ilocmanoeka 3a0a4u u Memoouxa peuieHus

B mpouecce ycTaHOBIEHHS PABHOBECHS B CHCTEME H3Y4aJOCh BBICOTHOE
pacrpesiefieHie HEpaBHOBECHBIX 3HAUCHHH I'paJMEHTa MOKa3aTells MPeIoMIICHHUS
dn/dz(z, t) npu pasnuunbix Temneparypax A T. = T, - T . B kauectse npumepa Ha
puc. 1 mokazaHa KMHETHKAa W3MEHEHHUS CHMMETPH3UPOBAHHBIX BEJIWYMH HEpaB-
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HOBECHBIX 3HAYCHHI TpajJiieHTa Moka3aress npenomiieHus dn/dz(z, t) = 1/2 (dn/
dz(z > 0, t) + dn/dz(z < 0, t)) Ha pa3HBIX BBICOTaX HEOIHOPOIHOIO PACTBOPA MPHU
temreparype AT, =T, - T =396 K.

PaBHOBecHOE COCTOSIHME BEILIECTBA XapaKTEPU3YeTCsl BHICOTHOM 3aBHCUMOCTBIO
dn/dz(z, tp), KOTOpasi COOTBETCTBYET KPUBOM C TOMETKON «P» Ha 3TOM pHCYHKe.
Hus npyrux temneparyp AT kuHeTnka u3menenus dn/dz(z, t) UMeeT Ka4eCTBEHHO
HOMOOHBIN BUII.

[Tomy4eHHble TaKUM 00Pa30M BBICOTHBIE 3aBUCUMOCTH PAaBHOBECHBIX 3HAUCHUN
rpajiieHTa MoKasaTessl MPEeJIOMIICHHS PacTBOpa METaHOJI-TeKCaH MPH Pa3IMYHbIX
Temneparypax A T, mokasanbl Ha puc. 2.

12 dw/dz 10°, mn!

dn/dz 103, vm!
n
n
1
8
8 N 2
4
4l 3
4
0 0 . LTMM ,
-6 -3 0 3 6 -10 -5 0 5 10
Puc. 1. Kuneruka nsMeHeHust Puc. 2.
BBICOTHON 3aBUCUMOCTH PaBHOBecHBIE
CUMMETPU3UPOBAHHBIX BBICOTHBIE
HEPAaBHOBECHBIX 3HAYECHUI 3aBucumocty dn/dz He-
rpajiieHTa MoKa3aTes OZTHOPOZHOTO IBOITHOTO
npenomienus dn/dz pacTBopa METaHOJ-
HEOTHOPOIHOTO pacTBOpa TeKCaH MPH Pa3THYHBIX
METaHOJI-TeKCaH MU TeMIlepaType TeMIeparypax

AT =3,96 K B pa3Hble MOMEHTHI
Bpemenu t: 1 — 1,42 yaca; 2 —
2,17 9;3—-3,2549;4—6,25 u; «P»
—31,25 4.

AT:1-AT,~0,01K;2-0,39K;3-1,76 K; 4 -3,96 K.

Kak BugHO u3 puc. 1 mpu moaxone K COCTOSHUIO paBHOBecHs BeanmunHa dn/
dz(z, t) Ha ypoBHE KpUTHUYECKOH M30XOpbI (z = ) yMEHBIIAETCsI, a Ha BBICOTaX Z <
L/2, otnaneHsbix oT ypoBHs z = 0 — Bo3pacTaet. DTO MPUBOJUT K IEPECCUCHUIO
HepaBHOBECHBIX M30TepM dn/dz(z, t) MekIy co0Oi W paBHOBECHOW KPUTHIECCKOU
M30TEPMON B OKPECTHOCTH HEKOTOPOM KOHKPETHOM BbICOTHI 0 < | z| < L/2,
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TIOJIOXKEHNE KOTOPOH M3MeHseTcs ¢ TeMmmeparypoii (z, ~ A TP®). Bomusu stoif
BBICOTHI HEPABHOBECHBIE 3HaYeHMs BeauuMHbl dn/dz(z ~ 7, t) Mano OTIMYArOTCS
OT CBOMX PaBHOBECHBIX 3HadeHuid (dn/dz(z = z, t = tp)). [TosTOMy BenuuuHa OT-

HOIICHUS
Adn(zo’t)/dn(zo’t”) <<l1.
dz dz

3neck A dn/dz(z, t) = dn/dz(z, t) — dn/dz(z, t).

IIpu usmenennu temneparypbl A T. = T. —= (0,1 + 10). K ypoBHIo nepecedenus
7, CMellaeTcs B npejienax Benuuud A zg ~ (107 =+ 1) cm.

[IpoBenennbie B paborax (Pymuukos, 2015) wucciemoBaHusl TO3BOIHIN
BIIEPBbIC OOHAPYKUTh HEMOHOTOHHBIE ITOJIEBbIE (BBICOTHBIE) 3aBUCHMOCTH BPEMEH
penakcanuu T (z, t) pa3TuuHbIX XapaKTePUCTUK HEOJHOPOHBIX KUIKOCTEH BOIU3N
KPUTHYECKOW TOYKH B Toje 3eMHoro TaroreHus. B paborax (IlarammHckwid,
1982) ObUIO MOKa3aHO, YTO MaKCHMajbHbIE 3HAYEHHS BpPEMEH pellakCalludl T
(z) rpanuenta nokasarens npenomienus dn/dz(z, t) ~ dc/dz(z, t), rpaauenTa
koHIeHTpanuu dc/dz(z, t) HEOMHOPOIHOW YKHJKOCTH K CBOEMY PaBHOBECHOMY
3HAYEHUIO HE COOTBETCTBYIOT YPOBHIO KpUTHUYecKoW u3oxopbl (z = 0). Otun
WCCJIEZIOBAHUS TIOKa3alld, YTO MPU MEPEX0Jie CUCTEMBI K COCTOSHHUIO PAaBHOBECHUS
MaKCHMAJIbHbIE 3HAYEHUS T (Z) COOTBETCTBYIOT BhicoTaM z = 7, (A T) # 0, B
KOTOPBIX NIEPECEKAIOTCS HEPABHOBECHBIE U30TepMbl dn/dz(z, t, T) ~ dc/dz(z, 1, T) B
pasHble BpeMeHa t ¢ PaBHOBECHOM KpuTU4eCcKkoi u3orepmoii dn/dz(z, T ).

Heo0xoquMo 0TMETHTb, YTO O4Y€Hb MaJloe OTIINYHNE HEPAaBHOBECHON BEIMYMHBI
dn/dz(z = z, t) oT cBO€ETO paBHOBECHOTO 3Ha4eHUs dn/dz(z, t,) BONMM3HM ypOBHS Z, BCE
e He SBISICTCS TPU3HAKOM OJIM30CTH HEOJHOPOJHOTO BEIIECTBA HA 3TOW BBICOTE K
paBHOBECHOMY cocTosiHUIO. Ha camoM Jfiene, Ha 9TOH BBICOTE, KaK U Ha BCEX APYTUX
BBICOTAX Z# 7, TIPOMCXOUT HEMPEPHIBHOE U3MEHEHHE IIIOTHOCTH, KOHIIEHTPALIUH,
3HA4YEHUs [TOKa3aTessl MPeJIOMIIEHHs HEOJHOPOAHOr0 pacTBopa. OHAKO, B OTINYNE
OT JPYTUX CJIO€B HEOJHOPOIHOTO PACTBOPA, MMEHHO HA 3TOM €IMHOM YPOBHE Z,
KOTOPbIA XapaKTePU3yeTCcs MaKCUMyMOM T (Z), BEIMYMHA IPAJMEHTa IOKa3aTess
IPEJIOMJIEHHS BENIECTBA OCTAETCA MOYTH HEM3MEHHOH dn/dz(z =~ z, t) ~ const.
MoXKHO MpPEINONI0KUTE, YTO MOCTOSHCTBO CO BpeMeHeM Benuuunbl dn/dz(z,t)
BOJIM3U YPOBHS Z X Z; TOJIHOCTBIO OINPEENSETCS OCOOCHHOCTAMH KHHETHKH
MaccoIlepeHoca KOMIIOHEHTa JaHHOI'O pacTBOpa BBEPX M BHHU3 HEOIHOPOTHOMN
CHUCTEMBI CKBO3b CIIOM BEIIECTBA HA YPOBHE Z,.

B cBs3u ¢ oTHM, HccieqoBaHHE PA3IUYHBIX (DU3MYECKHX XapaKTePHCTHK
BEIIECTBA BOMM3M OTUX YPOBHEH 7, DKCTPEMYMOB BPEMEHHM pejakcauuu  (z)
HEOJHOPOAHBIX CHCTEM B TPAaBHTALIOHHOM II0OJie HMMEET CaMOCTOSITEIbHBIN
nntepec. (CkaxoB, 2022). [Ing pemieHus 3TOro BOIpoca IpOaHAIH3UPYEM
JKCIIepUMEHTAIIbHBIE IaHHbIE, TPEACTaBICHHBIE Ha prc. |. Bhiie yxe oTMevanocs,
YTO MPH MOJXO/E CUCTEMBI K COCTOSIHUIO PAaBHOBECHSI HEPABHOBECHBIE U30TEPMBbI
dn/dz(z, t, A T)) u paBHOBecHbIe dn/dz(z, t, A T,) nepecekarorcs MexIy cOOOH
1 C paBHOBECHOH KPHUTHYECKOM M30TepMON IpajiveHTa MoKazaTels NpeIoMIIeHUs
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neogHopoanoro Bemectsa dn/dz(z, T ). CormacHo (uyKTyalMOHHOW TeOopuM
¢azoBbix nepexonoB OTOII (AbaukapnumoB,1992) u Teopun rpaBUTALHOHHOTO
sddexra (Anexun, 2006), BbICOTHAS 3aBHCUMOCTh KPUTHUYECKOM n30TepMbl dn/
dz(z, T ) moxxeT ObITh IpesicTaBeHa B Buae dn/dz(z, T ) = Dh(*°(Schofield, 1969),
(Kpynckuii, 1972). 3necs h=p gzp ' —nonesas nepemMenHas; p , p, — KPHTUIECKHE
3Ha4Y€HHs TIOTHOCTH M JIABIICHHS JAHHOTO pacTBopa. B obmactu BRICOT z < 7, nipH
T>T, rpaguent nokasaress NPEJTOMIIEHHS BEIIECTBA ONUCHIBAETCS COOTHOMIEHHEM
dn/dz(z, t, A T)=0"® () (0= (T — T)/T, — npuseneHHas TemIepaTypa)
(Tacranosa, 2023). 3nech @ (z*) —macurrabHast HyHKITHS MACIITAOHOMN TTEpEMEHHOMN
Z=h/gP®; v, B, 8 — kpuTHUECKHE TTOKa3aTenn GITyKTyalMoHHO Teopun. Torna s
TOYKH NEPECEUCHUS M30TEPM, [7I€ BBIONHAETCS paBeHcTBO dn/dz(z,T ) = dn/dz(z,
T>T,) MOXHO 3armucaTh CIIEYIONIEE PABEHCTBO:

D h(zo)"® = t7 d(z0") (1)

IMomarast B (1), uro MacmirabHas mepeMenHast z° << 1 Ha OCHOBE 3TO PaBEHCTBO
MOXHO IIEPECIrcarb Kak:

D h(ZO)(l—S)/S =t ZFH(ZO*)Zn (2)

Torna, ncronb3ys B (2) ABa WieHa psaa, TOTydaeM YpaBHEHHsI OTHOCUTEIHHO
MacmTabHOM nepeMeHHOH 7"

1-T'vD (Zo*)(ﬁ'l)/6 - I'/D (Z()*)H(&'l)/6 =0 (3)

Pemenne ypaBuenus (3) METOIOM UTEpallUil UIMEET BUJ:

S 36
5-1 51
2 s L (D) _ (4)

Zy R + 5_1 T const

1_‘0 B 0 1_‘0

To ects, B Toukax nepeceuenus z, usorepm dn/dz(z, T # T ) ¢ KpuTHuecKoi

usorepmoii dn/dz(z,, T ) macmrabuas nepeMeHHas z,” U MacmTabHas (yHKIUS

* * = n o — . et S . ot
® (z,") coxpaHsOT NOCTOAHHBIE 3HadeHus. (z, = h(z))/Q" = const; z, ~Q*; Q
7~ z,%) Ucxons u3 atoro, B coorserctBuu ¢ (1) — (2) B TouKax mepecedeHus
z, TeMIIepaTypHas 3aBHCHMOCTh TPAJMEHTa T0Ka3aTeNsl NPETOMICHHUs BEIIeCTBA

~

dn/dz ~ Q7 Takas ke, Kak U BIOJIb NPENEILHOTO HANpaBIeHUS — KPUTHUECKOH
H30XOpBHI, a ToJeBast 3aBUCUMOCTh dn/dz ~ h(®)® kak Ha KpUTHYECKOI H30TEpME;

TeMIlepaTypHasi 3aBUCHMOCTh KOHLEHTPAIlMM HEOJHOPOJHOro pactBopa A c(0
) = (c—c¢)~(n—n) IOBTOPAET TEMIIEPATYPHYIO 3aBUCUMOCTb BJIOJIb TPAHMIIbI

pasnena ¢a3 KUAKOCTh-KHAKOCTh A c(@) ~h(z)" ~ 63.

11
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Pe3ynbrarbl 1 aHau3

C muenbl0 ompeneNeHHWs ypaBHEHUS O3TOW JIMHUW DJKCTPEMYMOB BpeMEH
penakcandu  ObUIO HCMOJIB30BAHO MApPaMETPUUECKOE YPABHEHUE COCTOSHUS
BemiecTBa (AHrcuMoOB, 1987) (puc. 3):

Ap=ar®0 (1 -0%;

0 =rP (1-1%?); (5)
e=kr?0

Bnech Au=(u—p )/ ;0=(p-p )p ;10— NepeMeHHbIE TAPAMETPUIECKOTO
YpaBHEHHs; & U K — TIOCTOSIHHBIC, KOTOPBIE XapaKTEePHU3YIOT HHJVBHYaTbHbIC
cBoiicTBa BerectBa; b> = (y — 2B )y (1 —2B ); B, &, Y — KpuTHdecKue mokaszare-
g OTOIT; nuanu 6 = 0 COOTBETCTBYET KPUTHUYECKAsh H30xopa; JuHuu [0 = b ! —
KpUTHUECKast u30TepMa; JiuHuu |0 = 1 — rpanuia pasaena ¢as. B nmone rpapuranun
3eMJiIH BBICOTHOE M3MEHEeHHe XuMuueckoro noreHnuana Ap (h) npencraisiercs: B
Buze A p (h) = gu/oh -h.

E
8=0
By=— 0,172 Bye= 0,172
(r,8)
B=b"=0,845
P
B=1

Puc. 3. [lapamerpuueckoe NpeacTapIeHHe MAaCIITAOHOTO YPaBHEHHS COCTOSHHUSI.

Ha ocHoBe (5) ompemennM mapameTphl Ocp M T, KOTOPBIC COOTBETCTBYIOT

JMHMM OKCTpEMyMOB BpeMeH z(0) = z (0) HEOMHOPOAHOH JKHUJIKOCTH B
rpaButaiuonHom mone (Ashirbayev, 2023). Ilpu 3ToM HE0OXOAMMO HCXOAUTH

W3 TOTO, YTO Ha BBICOTaX 20(6) = ZM(§) nepecedenns norepm dn/dz(z, 6 +20)c

KpuTHUECKoi uzorepmoii dn/dz(z, 6 = 0) Bemonnsrores ycnous Au(0 ) = Au(0

©0,)-| L©=b")
=b)udu du

50" Ucxonst u3 (5) u 3TH 1Ba paBEHCTBA
HEOOXOAMMO MPEJICTABUTH B BUJIC

12
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™Mb (1-b2)=r/0,(1-6,2 (6)

u
' {1+ (2yb>—-3)b?} =1, {1 + (2yb* - 3)0,%} (7

U3 (6) u (7) cnenyer ypaBHEHHE, ONpeneNsiomee mnapamerp 0 , KOTOpbIi
COOTBETCTBYET JIMHUHM IKCTPEMYMOB BPEMEH pellakcalii HEOJHOPOJHOH KUIKOCTH
B TPaBUTALIOHHOM I10JIE:

f1(0y) = A 0u(1 — 6,%) = £5(0,) = (1 + BO,A)Y® D~ 1 + /(8 — 1) BO,2 (®)

{1 +Bb -2 }5/(571)
b'(1-b7?)

rpauIecKuM METOJI0M TIPUBEACHO Ha pHC. 4. '

Jusg oTOro OBUIM HCIIONB30BAHBI CIEMYIOIINE BEJIUYMHBI KPUTHUECKHUX
nokazareneit: §=0,338;v1,23;0=1+vy/B=4,67, nomydeHHbIC METOAOM BBEICHUS
B cooTHoIeHuss OTDIT manbiX mapaMeTpoB.

Kak BugHO 13 puc. 4, paBeHCTBO (8) BBIMOTHIETCS B Cllydae, Korja rmapamerp
0,=0=0,172<<1.

Bennuuna napamerpa 0 MOKET ObITH paccuMTaHa U3 KyOUYECKOTO ypaBHEHHUS:

3nech A = ;B=2yb"-3 <1 Ppemenne storo ypasHeHus

KOTOpoe ciemyeT w3 cooTHomeHus (8). KopHem 3TOro ypaBHEHUS SIBIISCTCS
Benmuuna O = 0,172,

204 fi(®), 6)
£1(0)
1,5 1
5(0)
1,0
0,5 1
f o, 0

0,0 r i . ,

0,0 0,1 0,2 0,3 04

Puc. 4. Tpaduk onpenenenns napamerpa 0 Ha OCHOBE ypaBHeHHA (8).

13
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Bropoii kopenb KyOudeckoro ypapHenus (9) 0 , = 0,845 = b coorercTBYeT

o dp ., . g 5
KPUTHYECKOU U30TEPME a(«9—b )| , KOTOpas nepeceKacT N30TEPMbI du (2.0 #0), ©
6=0

npeBpaniaer ypaBHeHue (6) — (7) Ha ToxnecTBO. Tpernii KOpeHb ypaBHEHHUS
(9) 6, = 1,128 < —1 He WMeeT (PU3MYECKOrO CMBICIA B MapaMETPHYECKOM
MPEICTaBICHUN MacIITa0OHOTO YPAaBHEHUSI COCTOSHUSL.

3akiouenune

Cornacno (6) n (7) MOXHO HaWTH TaKKe M BTOPOM TapameTp T, KOTOPHIHA
OmpenessieT JIMHUIO IKCTPEMYMOB BPEMEH peIaKCaliy HEOJHOPOIHON KHUIKOCTH
B rPaBUTAlMOHHOM Hojie. Ha 0CHOBE MOTy4eHHbIX 3Ha4eHUH O M T , C TOMOLIBIO
ypaBHeHus (5), 9Ta TUHUS prBeieHa Ha puc. 3. Kak Obu1o yXe oTMeueHo B paboTte

(A6I[I/IKapI/IMOB, 2008), Brons sToit TMHUK MAKCHMYMOB (0, =0,172) paznn4nbie
CBOICTBA HEOMHOPOJHOTO BENIECTBA B T'PABUTAI[OHHOM IIOJIE OIHOBPEMEHHO
COUETaIOT B ceOe CBOWCTBA JKMUAKOCTEH BIOJNb TPEX KPUTHUECKHUX HAIIPaBICHHIA:
KpUTHYecKoi n30xopel (0 = 0), kpuTHyeckoil uzotepMbl (0 = b™') u rpaHuIB!
pasnena a3z (0 =1).
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Abstract. In this paper, anti-reflective coatings based on tin oxide (SNO-2)
for silicon solar cells are studied, aimed at improving their efficiency. Due to the
significant losses in the reflection of light from the silicon (Si) surface caused by
the high contrast of refractive indices between air and Si, it becomes necessary to
apply a coating with an intermediate refractive index. Tin oxide, which has suitable
optical properties such as low absorption coefficient and high transmittance, was
chosen as the coating material.

The coatings were applied by spray pyrolysis to monocrystalline silicon, which
made it possible to control the thickness of the coating and investigate its effect
on light reflection. The results showed that with an optimal coating thickness
(2.5%107° g/cm?2 to 5.5x107° g/cm2), there is a significant decrease in reflection,
reaching a minimum of 1% at a wavelength of 240 nm. The effect of shifting the
minimum reflection with an increase in coating thickness was also revealed, which
is associated with a change in the coating area with tin oxide. Experimental data
confirm the potential of using SnO:- to create effective anti-reflective coatings in
photovoltaic applications.

Keywords: silicon, tin oxide, thin films, sol-gel, reflection
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An"otamusi. Ocbl JKYMbICTa KPEMHHUH KYH O3JEMEHTTEPiHIH THIMIUIIrH
apTThIpyFa OarbITTaiFaH Kamaibl okcuai (SnO:) HeriziHaeri INAFbUIBICTBIPYFa
Kapchl sxa0biHaap 3eprrenni. Kpemuuii (Si) 6eTiHiH aya MeH Si apachIHAaFbl ChIHY
KOPCETKIIITEPiHIH JKOFapbl KOHTPACTBIHAH TYBIHAAFaH XApBIK LIAFBUIBICTHIPY
LIBIFBIHAPBIHBIH alTapibIKTald 00MybIHA OalIaHBICTHI ApaNIbIK ChIHY KOPCETKIIli
0ap >kaObIHABI KOJJIAaHY KAXKCTTUII TybIHIAHAblL JKaOblH Marepualibl peTiHje
Kajaiibl OKCHAlI TaHJalAbl, OJ1 TOMEH CiHipy KO3(pUIHMEHTI KoHE KOFaphl
OTKI3TIIITIK KOA(Q(UIIMEHT] CUSKTBI COUKEC ONTUKAJIBIK KACUETTEPIe Ue.

XKaOblHmap  MOHOKpUCTANAbI ~ KPEeMHHUUre  CHOpEH-MUpONu3  9IiciMeH
KarbULIbl, Oyl >KAObIHHBIH KaJbIHABIFBIH OakplIayFa >KOHE OHBIH YKapBIKTHI
LIaFBUIBICTRIPYFa 9CEpiH 3epTTeyre MYMKiHAIK Oepai. HoTwkenep >kaObIHHBIH
OHTaWJIbl KaJdbIHABIFBI Ke3inge (2,5x107° r/cm?-nmeH 5,5%107° r/cm?-re jeiiiH)
LIaFBUTBICTRIPYIBIH alTapiblKTall TeMeHaeyl OalkanaTbiHbiH, 240 HM TOJKBIH
Y3bIHJIBIFBIH/IA MIAFBUIBICTBIPYIBIH €H TOMEHT JieHreli 1%-Fa ®KeTeTiHIH KOpCeTTi.
Conpaii-ax, »aObIHHBIH KaJIbIHBIFBIHBIH YJIFalObIHA OailaHBICTHI MIAFBUIBLICTHIPY
MUHHMYMBIHBIH BIFBICY 9CEPi aHBIKTAIAbI, Oy Kajalbl OKCHAIMEH KalTallFaH
OeTiHiH ayJlaHbIHBIH ©3repyiHe O0alIaHBICThl. DKCIEPUMEHTTIK Jaepekrep SnOx-Hi
(hOTORNEKTPIIK KONAaHy/Aa TUIM/I IIAFBUTBICTBIPYFa KapChl KaObIHAAP Kacay YILIiH
naianany oJieyeTiH pacTaubl.

Tyiiin ce3mep: KpemHMI, Kajalbl OKCH[II, YXYKa KaOBIKIIAajap, 30JIb-Iellb,
LIAaFBUIBICY.
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AuHoTanusi. B nanHo#l pabore mccnenoBaHbl aHTHOTPAYKAIOIIUE TTOKPBITHS
Ha OcHOBe okcuzma osoBa (SnO:z) ans KPEMHHEBBIX COJHEYHBIX JJIEMEHTOB,
HanpaBiieHHbIE Ha ylIydlleHue UX 3GQPeKTuBHOCTH. V3-3a 3HAYUTENBHBIX MOTEPh
Ha OTPXEHHHM CBETa OT TOBEPXHOCTH KpeMHHUs (Si), BBI3BAaHHBIX BBICOKHM
KOHTPAcTOM ITOKa3aTeleil MpeloMIICHHS MEeXIy BO3AYXOM M Si, BO3HHKAET
HEOOXOOUMOCTh B NPUMEHEHHH TOKPBITHS C NPOMEKYTOYHBIM ITOKa3aTeiaeM
npeiomiieHus. B KauecTBe MaTepwaina TMOKpPBITHSL ObUI BBIOpaH OKCHJ OJIOBA,
oOajaromuil  MOAXOSAIIMMH ONTHYECKUMH CBOMCTBAMHM, TaKUMH KaK HHU3KHI
K03(GUIMEHT MOIVIOMICHHS U BBICOKUH KOA(P(UIMEHT NPOITyCKaHHsL.

[ToKpBITUSI HAHOCUIIUCH METOJIOM CHPEH-ITUPOSTU3a HA MOHOKPUCTAIUINYECKHN
KPEMHHH, 4TO IMO3BOJIMIO KOHTPOIUPOBATh TONIIUHY MOKPBHITHS U HCCIEN0BATH
€ro BIUSHHME HA OTPaKeHHE CBeTa. Pe3ynabraThl MOKa3and, YTO IpU ONTUMAabHON
TOJIIIMHE MTOKPBITHS (2,5%107° r/cm? 10 5,5% 107° r/cM?) HaOITI01ae TCS CYIIECTBEHHOE
CHIDKEHHE OTPa)XeHWs, JOCTHUTraroniee MUHUMyMa B 1% mnpu mammHe BomHBI 240
HM. Taxxe ObUT BhIsIBIICH d(h(EKT cIBUTA MUHUMYMa OTPaXKEHUS C YBEIIMYCHUEM
TOJIIUHBI TIOKPBITHSA, 4YTO CBS3aHO C W3MEHEHHWEM IUIONIAJH TTOKPBITUS
OKCHJIOM OJIOBA. OKCIIEPUMEHTAJbHBIE [aHHBIE ITOATBEPKITAIOT TIOTSHIIHAT
ucnonb3oBanust SnO: s co3nanus 3Q(HEKTUBHBIX aHTHOTPAKAIOIINX TTOKPBITHH
B (DOTODIIEKTPUYECKHUX MPHIIOKECHHSIX.

KuaroueBble cjioBa: KpeMHHH, OKCHJI OJIOBa, TOHKWE IUICHKH, 30JIb-TEllb,
OTpa)XCHHeE.

Hccnedosanue nposedeno npu ¢unancosotl noddepoicke Komumema nayku
Munucmepcmsea nayku u  evicueco obpasosanusi Pecnybnuxu Kazaxcman
npoepamma BRI18574141 «Komnnexcuas MmHO2oyenesas npoepamma no
NOBbIUEHUIO IHEP2OIPHEKMUBHOCIU U PECYPCOCOEPENCEHUIO 8 IHEPeemUKe U
MawuHocmpoenuu 0ist npomviutiennocmu Kazaxcmanay.
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Beenenne

B ycnoBusx TI00aJbHOIO JHEPreTHYECKOro KpH3Kca pPa3BUTHE 3€JIeHON
BO30OHOBIIIEMON dJHEpreTukum wuMeeT pemaromee 3HadeHune (Umirzakov,
2021). ComHeyHast DSHEprus, KaK YHCTBIM W HEUCYEPIAEMBIA HCTOYHHUK
SHEpPIrUH, CTAHOBHUTCS BCe Oojee MOMyNspHON Ojaromapsi CBOEW CIIOCOOHOCTH
peoOpa3oBbIBaTh CBET B 3JICKTPHUUYECTBO HANPSAMYIO 3a CUET (POTOIIEKTPUIECKOTO
spdexra. DorodneKTpuUecKas MPOMBIIIICHHOCTh 3HAYMTEIBHO BBIPOCHIA B
MOCIIeTHIE TO/IbI, OTHAKO KpeMHHUEBbIe (Si) CONHEYHbIE IEMEHTHI TPOJOIDKAIOT
JTOMHHHUPOBATh HA PBIHKE (QoTrodnekrpuieckux (PV) akkymymstopoB Omaromaps
CBOCH OJNTOCPOYHONW CTAOWIBHOCTH, 3pPEJIOW TOMYIPOBOTHUKOBOW TEXHOJIOTHH
u He TokcuuHocTH Marepuana (Boukhvalov, 2024, et al, 2023; Mukashev, 2004;
Nusupov, 2006). Kpome Toro, Si siBisieTcsl BTOPBIM IO PaclpoOCTPaHEHHOCTU
anieMeHToM Ha 3emiie. HecMoTps Ha 3TH penMyIecTBa, KPEMHUEBBIE COTHEYHBIE
3JIEMEHTHI CTPAJAIOT OT Psiia HEJOCTATKOB, B YACTHOCTH OT CJa00T0 MOINIOIIEHUS
(Serikkanov, 2022; Murzalinov, 2022; Chuchvaga, 2020). OgHolf U3 TpUYUH
MOTEPH B TOIJIOUICHUH SIBIISIETCS BHICOKMN KOHTPACT IMOKa3aTelNieil TperoMIIeHUs
Mexy oobemMHbIM Si (n = 3,94 mpu 600 HM) 1 Bo3ayxoM (n = 1), 4TO BEI3BIBAET
OTpaXCHHE Ha PpaHUIe pasiesia BO3AyX-Si. YMEHBIICHUs MOTEPh Ha OTPAKCHUHU
MOYKHO JJOOMTHCS MMOKPHITUEM KPEMHHUEBBIX IIACTUH MPO3PAauHBIM MaTEpPHAJIOM C
MIPOMEKYTOUHBIM ITOKa3areseM npenomieHus. [loMrnMo cooTBETCTBHS MoKa3zaTens
MpEeNOMJICHHS, Marephasl JODKEH HMMETh HU3KHHA Kod((HIMeHT mornomenus
1 BBICOKHH Kod(¢umuent npomyckanus. K marepuanaM, OTBEHalOMIMM 3THM
TpebosanuaM, otHocares Al O,, ZnO u T.n. (Isakov, 2020; Wang, 2022). HauGonee
COOTBETCTBYIOIIMI BCEM IPEJICTABIEHHBIM TpeboBanusam spnsgerca SnO,. On
[IPO3payucH B MIUPOKOM JIMANIa30HE JJIMH BOJIH, 00JIa/IaeT HU3KUM KOA(PPHUIIMSHTOM
MOTJIONICHUSI U UMEET MoKasaresib npesnomiieHuss n = 2 (Dmitriyeva, 2023). B
CBSI3M C OTHM IENbI0 JAHHON pabOTHI SBISETCS TOJIYYCHHE W HCCIEIOBaHUE
AHTHOTPAXKAIOIINX TTOKPBITHI Ha OCHOBE OKCHJIA OJIOBA.

MarepuaJjibl 4 METOAbI

[1nenko00pa3yoIIy0 CUCTEMY TOTOBUIIM U3 MATH-BOIHOTO KPUCTAIIOTUApATa
TETPaxJIOpHJia 0JIOBA B 3TAHOJIE C KOHIEHTpauued nonos osioa 0,11 monbe/n. B
KaueCTBE TMOUIOKKU OBbLT BBIOpAH MOHOKPHCTAJUNTHUECKUH KPEeMHUH, Hape3aHHbIN
1o HampasieHuto {111}.

ITokpbITHSI OKCHIA 0JIOBA MTOTYYaId CIPEH-MUPOTU30M. Uepes pacbUIUTENIbHOE
COIIJIO TUIEHKOOOPa3yOIIyI0 CHCTEMY o] AaBlieHreM 1. bap pacmbuisiig B a3po30i1b
1 ocaxkaanu Ha pazorperyro 10 4000C KpeMHUEBYIO MOIIOKKY.

B mnenkoobpasyronieil cucreme MpoUCXOAUT B3aUMOACHCTBHE XJIOPHAa 0JI0Ba
C BOJIOM, KOTOpasi HaXOAUTCS B ATAHOJIE U B COCTaBE KpHUCTAJUIOTHApaTa:

sncCl, + 4H,0 — Sn(OH), + 4HCI

IIpu sTom oOpasyrommiics Sn(OH),, mpencrasisier co00i TBEPIYIO MEJKO-
JUCIIepCHYO (haszy — 30J1b.
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PacribuieHne 30511 Ha HarpeTryro MOUIOKKY IPUBOIUT K TEPMHUYECKOMY
pasnoxennto Sn(OH), na SnO, u Boxy.

200°C
Sn(OH), — Sn0, + 2H,0

Bona ncnapsercs ¢ HarpeTol MOBEPXHOCTH, OCTaBNAs MOKpbITHE M3 SnO,.
TomuHy TOKPBITHS KOHTPOIMPOBAIH 10 U3MEHEHUIO MacChl 00pa3iia U BhIpaskain
B I'paMMax Ha KBaJIpaTHbIA CAHTUMETD.

Bbimu u3roToBiIeHs! 00pasiel ¢ mokperTHeM 1*105r/em?; 2,5%10°r/em?; 3,5%10°
Sr/em?; 4,5%101r/em?; 5,5%107r/em?; 6,5%107r/cM?.

CTpyKTypy TIOBEPXHOCTH U DJIIEMEHTHBIN aHAIN3 POBOIMIIN HA CKAHUPYIOIIEM
AMEKTPOHHOM MHKpockome JSM-6490LA, JEOL.

W3mepeHne CHEKTpOB MPONYyCKaHHWsS TPOBOIWIM Ha crHekTpodoTroMeTpe
UNICO 2800, creKkTpbl OTpaKeHUS — TP TTOMOIIH JepyKaTessl I H3MEPCHIS
OTpaXkaTeIbHON CIIOCOOHOCTH.

Pe3yabTarhl U 00Cy:K1eHUE
Ha pucynke 1 mpencraBieHa TOBEPXHOCTh KPEMHHEBOH IIACTHHBI (a) U
KPEMHHEBOH TIACTUHEI ¢ TOKpEITHEM 4,5%107 r/ecm? (6), u 5,5%107 r/ecm? (B).

20kV X100  100um 0000 1052 SEI 20kV. X100 100pm 0000 09 45 SEI

Pucynok | - (a) kxpemuuii, (6) 4,5%10° r/cm?, (B) 5,5%10° r/cm?

W3 pucyHka BUIHO, YTO OPMHUPOBAHUE TUICHKU TPOUCXOIUT 110
OCTPOBKOBOMY MexaHu3My Boibmepa—Bebepa.

[Ipu yBenmn4YeHHH OTACIBHBIX OCTPOBKOBY» (PUCYHOK 2) BUIHO, YTO pa3Mep
OTJENBHBIX YyacThIl 30J1s cocTasisgeT 100-150 um.
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20kV  X30,000 0.5um 0000 09 45 SEI

Pucynox 2 — OcTpoBOK, COCTOSIIHI W3 YAaCTHIL 30151

[TockonbKy HpH HAHECEHMM HOKPBITHS 00pa3yroTcs MOOOYHBIC HPOIYKTHI
XMMUYECKHX PpEakUui, OBbUI TMPOBEAEH »HJIEMEHTHBIM aHalIM3 IOBEPXHOCTU
00pa3uoB. B cocraB moOOYHBIX MPOAYKTOB BXOAUT YITIEPOA M3 PACTBOPUTEINS U

XJIOp U3 COJISTHOM KHUCJIOTHL.
Ha PUCYHKC 3 peacTaBJICH 2JIEMEHTHBIA aHaIIN3 OCTpPOBKa W MOBCPXHOCTH

MCIKAY OCTPOBKaAMMU.

005

Counts

=T T T T T
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
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Pucynok 3 - (a) ocTpoBoOK, (0) MeX1y OCTpPOBKaMH

W3 pucyHka 3 BHIHO, YTO DJIEMEHTHBIM aHAIIN3 OCTPOBKOB (DUKCHUPYET TTHKH
KHCIIOPOZa, KPEMHUS U 0JI0BA, & YIaCTKU MIOBEPXHOCTH, HE MIOKPHITHIE OCTPOBKAMU
(puc.3 6), IeMOHCTPUPYIOT TUKU KPEMHHS.

B tabnure 1 mpuBeneHbI aTOMHBIE TIPOIIEHTHI TPOBEACHHOTO aHAIN3A.

Tabnuma 1 — cocTaB MOBEPXHOCTH B aTOMHBIX IPOLICHTAX.

DIeMeHT Cocras octpoBka AT% Cocra noBepxHocTH 6e3
0CTpOBKOB AT%
C - -
(6] 9.43 -
Si 34.22 93.09
Cl - -
Sn 56.35 6.91
Total 100.00 100.00

W3 tabnuipl 1 BUIHO, UTO AIEMEHTOB, COICPIKAIIMXCS B TOOOYHBIX MTPOTYKTaX,
HET.

C 1menplo ONpeAeNcHUs] aHTHU-OTPAXKATECIBLHOW CIIOCOOHOCTH  MOKPBITHI
OBUTH M3MEPEHBI CIIEKTPBI OTPAKCHUSI HEMOJIMPOBAHHOTO KPEMHHUS U KPEMHHUS C
HaHECEHHBIM MOKPBITUEM. CIIEKTPHI OTPaKeHUS IPEACTABICHBI HA PUCYHKE 4.
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0 - N e B B |
200 300 400 500 600 700 800 900 1000 1100
A, HM
—— KpeMHHI — 1*10°° rlea? — 2,5%10 rlem? —3.5%10 rene?
— 4.5%10° p/end? —5.,5%107 rlead® — 6,510 rfend®

Pucynok 4 — CriekTpsl OTpaXkeHUs.

W3 pucynka 4 BHIHO, YTO JAaXe HpH MOKpeITHH B 1*107r/cM? 3epkaiibHOE
OTpa)keHHE OT KPEMHHUEBOW IUIACTUHBI YMEHBIIAETCA. YBEUUYEHUE TOKPBITUS 10
2,5*%10-°r/cM? npuBOIUT K 00pa30BaHMI0 MHHUMYyMa OTpakeHHUs mopsiaka 1% Ha
JuiiHe BoiHBI 240 HM. [lanbHellee yBeIW4eHNE MOKPBITHSA MPUBOAUT K CIBUTY
MuHUMyMa oTpaxeHusd a0 330 HM. [Ipm sTOM, 3HAUEHHE OTpaKEHHsS B TOUKE
MuHUMyMa yBenuuuBaercs 10 10%. 13 pucyHka 4 Tak ke BUJIHO, UTO yBEJIMUEHHE
MOKpeITHS ¢ 5,5%1071r/cm? 10 6,5%10-°r/cM? He MPUBOIUIT K U3MEHEHHIO CIIEKTPOB
otpakenusi. To ecTh ONTUMaJIbHAS TOJIIMHA TOKPHITUS OT 2,5% 107 r/cm? 1o 5,5%10°
> r/em?.

[TosiBneHne MUHMMYyMa Ha CTIEKTpax OTPaXKEHUsS CBA3aHO C PE3KUM U3MEHEHUEM
MoKa3aTesnsi MpeJIoMIICHHs B oOnacTu (pyHIaMEHTaIbHOTO MOIVIOIICHHS OKCHIA
onoBa. CABUT MUHUMYMa MPOUCXOUT M3-3a YBEIMUEHUS TOBEPXHOCTH, MOKPHITOI
«OCTPOBKaMW» OKCHAA OJOBa. TeopeTHYecKHM TpenesioM, 10 KOTOporo Oyaer
CABUraTbCs MHUHHUMYM OTpPa)XX€HHs, MOKHO CUMTATh JUIMHY BOJIHBI, KOTOpas
COOTBETCTBYET SHEPIUHU IIUPUHBI 3aMPELUICHHONW 30HBI 00bEMHOT0 OKCHA OJI0BA.
[IIupuna 3anperieHHo 30HbI OKCHJIa 0JI0Ba COCTaBIsAeT 3,6 3B, 4To COOTBETCTBYET
JUTHHE BOJHBI B 344 HM.

BriBoaBI
HccnenoBanusi mokasaiy, 4TO TOKPBITHS HAa OCHOBE okcuua oyioBa (SnO:),
HAHECEHHBIE METOJIOM CHpPEH-TIMPOJN3a, CIOCOOHBI 3HAUUTEIILHO CHUXKATh
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OTpaXCHHE CBETa OT MOBEPXHOCTH KPEMHHEBBIX COJHEYHBIX 3JICMEHTOB.
OnTuManbpHas TOJIIMHA TMOKPBITUS cocTaBiseT 2,5%107° r/em? mo 5,5%x107° r/em?,
MIPU KOTOPOH AOCTUTAETCS MUHUMYM OTpakeHus okoJio 1% mpu juinHe BoiHb 240
HM.

dopMupoBaHUE TOKPBITHS IMPOUCXOAUT IO OCTPOBKOBOMY MEXaHH3MY
Bonemepa—Bebepa, rae oTaenbHble «OCTPOBKM» COCTOST M3 YACTHUIL 307151 pa3MepoM
100-150 aM.

VYBenn4yeHne TONIUHBI TOKPBITUS TPUBOJUT K CABUTY MHUHAMYMa OTPa’K€HUS
Ha OoJiee JUIMHHBIC BOJIHBL, YTO CBS3aHO C YBEITUUECHHEM MOBEPXHOCTH, MTOKPHITON
«octpoBkamMn» SnO.. OnHaKo NpH TONIIMHE HOKPBITHA Oosee 5,5%107° r/cm?
JanbHEHIINe U3MEHEHHS B CIIEKTPaxX OTPayKCHMs He HAOIIOAA0TCSL.

DneMEeHTHBIN aHaJIN3 TIOKAa3aJl, YTO TOOOYHBIE MPOAYKTH XUMUUECKUX PEaKInH,
Takde Kak yIIepoJ M XJOp, OTCYTCTBYIOT B OKOHYATENIbHOM IOKPBITHH, 4YTO
CBHJICTEIILCTBYET O YMCTOTE MPOLIECCa HAHECCHHUSL.

Pesynbrarel McciaeqoBaHHS MOATBEPKAAIOT, YTO OKCHJ OJOBa SBISIETCS
MEPCHEKTUBHBIM MaTepuaioM sl CO3JaHHMS AHTHOTPAaXKAIOIIMX HOKPBITHM,
YTO MOXKET CYLIECTBEHHO IOBBICHTH 3((EKTMBHOCTh KPEMHHEBBIX CONHEYHBIX
3IIEMEHTOB B ()OTORIEKTPUUECKUX MPUITOKCHHUSX.
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Abstract. We investigate a typical freezing scenario at the last stage of cosmic

expansion using a nonlinear gravitational model f(R,L, ), f(R,L,,) = ii-i- LY
, where a is a free parameter. We will consider solving this model using
parameterization of the corresponding scale factor, and then the model will be limited
to control datasets such as CC, Pantheon+(SN) and CC+SN+BAO. The Hubble
parameter, the deceleration parameter, the density of matter and energy, and the
EOS parameter of our model reflect the expected trends in space-time, confirming
its physical fitness. In addition, the model demonstrates compatibility with the
ACDM model in later times, showing freezing behavior in the plane w — e’ and
resistance to density perturbation. Our results show that the modified gravitational
model f (R,L,,) is a reliable approach to describing the acceleration phase of
the universe. Recently, various cosmological observations have reinforced the
evidence for the accelerated expansion of the universe. These observations include
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measurements of type la (SN la) supernovae, large-scale structure (LSS), Wilkinson
Microwave Isotropy Probe (WMAP), cosmic microwave background radiation
(CMBR) and baryon acoustic oscillations (BAOs). Comparing these different
datasets provides compelling evidence for the existence of dark energy (DE),
the mysterious component that drives the accelerated expansion of the universe.
However, according to these cosmological observations, DE and dark matter (DM)
together make up about 95-96% of the universe, mysterious components that have
not yet been fully explored. On the contrary, baryonic matter makes up about 4-5%
of the total volume of the universe. Currently, the general theory of relativity (GR)
is considered the most successful theory of gravity, confirmed by many described
gravitational experiments. Despite its success, GR cannot offer a satisfactory
solution to the DE and DM puzzles. This disadvantage means that GR cannot be
the definitive theory of gravity to solve all modern cosmological problems.

Keywords: Dark energy, dark matter, freezing quintessence, space late
expansion,nonlinear gravity f (R, L), control limits.
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AHHoOTanus. FapelTeIK KEHEIONIH COHFBI Ke3eHIHJeT! KBUHTECCEHIIMAIIbI
MY3/1aTy CIICHAPUIIH CBHI3BIKTBIK €MeC TPaBUTANMSIBIK MOJENb KOMETiMEH
o . R .
seprreiimiz  f(R,L,,), f(R,L,) ==+ L%, wmysmarsl o-epkiH mapamerp.
Ocbl MOZENB/IH INENIiMiH COMKec MaciuTaOThl KOd()GHIMEHTTI MapaMerpieyi
KOJIJTaHa OTBIPHITT KapacThIpambI3, cofaH keitin moaenb CC, Pantheon+ (SN) sxone
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CC+SN+BAO cuskTsl 0akpulay AEpPEKTEp >KUBIHTBHIFBIMEH MIeKTeneai. Xa00m
napaMmeTrpi, Oasymay mapaMeTpi, MaTepHUs-dHEPTHS THIFBI3ABIFBI JKOHE Oi3IiH
MozenbaiH EoS mapameTpi oHBIH (U3UKAIBIK >KapaMABUIBIFBIH PACTail OTBIPHIIL,
FApBIIITHIK YaKbIT OOMBIHIIA KYTUICTIH TeHAeHUMsIapasl kepcereni. COHbIMEH
Karap, Monenb Keiinri yakpitta ACDM MonmeniMeH YHIeCIMIUTIKTI KepceTeni,
@ — @' KA3BIKTBIFBIHIA KATy OPEKETIH JKOHE THIFBIIABIKTBIH OY3bLTYBIHA
Tesimainikri kepcereni. Hormxenep esreprinmren J (R.L,,) TPaBUTALUSIIBIK
MoZIeTi FalnaMHBIH YAey (a3achlH CUMaTTayFa CEHIMII TOCia €KeHiH KepceTesi.
CoOHFBI yaKbITTa 9pPTYPIIi KOCMOJIOTHSUIBIK OakpuIayap FaJlaMHBIH JKeACIICTIITeH
KEHCIOIHIH AoJerniepin KymeiTri. byn Oaxpuiaynapra la tunTi cynepnoBanap
(SN Ia), ayxpimabl KypbutbiM (LSS), YHIKHHCOH MHUKPOTOJIKBIHIBI aHU30TPOITHUS
3016l (WMAP), FapbIIITBIK MHUKpPOTOJKBIHABI (QOHABIK cayieneny (CMBR)
XKOHE OapHOHIBIK aKycTHKajblK TepoOemicrep (BAOs) apKpuibl Kyprisiirexn
emeynep xaraabl. OCbl SpTYpIIi JpEKTepP KUBIHTHIFBIH COMKECTEHIIPY FaTaMHBIH
KEICNACTUITeH KeHEI0iH 0acKapaThlH KYMOAK KOMIIOHEHT - KYHTIpT SHEPTHSHBIH
(DE) 6ap ekeHfiriHiH HaKTHI JQJENepiH Oepemi. AJaiiia, 0Chl KOCMOJIOTHSUTBIK
Oakputaynapra coiikec, DE sxone kyHripT marepus (DM) Oipre ranaMHbIH 1aMaMeH
95-96% Kypaiiasl, 0yI1 9111 TOJIBIK TYCIHIIMEreH )KyMOaK komnoHeHTTep. Kepiciniue,
0apHOHIBIK MaTepusi FaJlaMHBIH >KaJIbl KOJNeMiHiH ImamameH 4-5% Kypaimipl.
Kazipri yakpiTTa Xanmsl caiblcThipManbUIblK (GR) cumarranFaH KenTereH
IPaBUTALMSUIBIK KCIIEPUMEHTTEPMEH PACTallFaH €H COTTI IPaBUTALMSIBIK TEOPHUs
Oonpin cananaapl. TaOwvicka kapamactan, GR DE sxone DM >xymOakTapbIHBIH
KaHaFraTTaHApJIBIK HICHIIMiH yCbIHa anmaiiasl. by kemminik GR Oapnbik 3amanayn
KOCMOJIOTHSJIBIK MOCeEJIeNepi HIeNly YIIiH TpaBUTALMsI COHFBI TEOPHsICHI Oona
AIMaNTBIHJIBIFBIH O1TTipeI.

Tyiiin ce3mep: KYHTipT SHEPTHUS, KYHT1PT MaTepHsl, My3/1aTy KBUHTECCEHIIUSICHI,
FAPBIIITHIK KeII KEHEHTY, ChI3BIKTHIK emec rpasuraumst f(R,L, ), Gakpuiay
HIEKTEPi.

©A.A. KagbipanoBa*, Y. Ucmani, K.M. BbeiicexeeBa, I.'T. bexoBa,
Y.A. YainxaHoBa
EBpasuiickuil HanmoHaneHbIN yHUBepcuTeT uMenn JI.H. I'ymunesa,
Acrana, Kazaxcras.
E-mail: a.a.zhadyranova@gmail.com.

UCCJIEJOBAHUE 3AMOPOKEHHOI KBUHT3CCEHIIMA
MNO3JHEI'O KOCMHUYECKOI'O PACIHMPEHUSA B F (R, L)
I'PABUTALIMN

KanwsipanoBa Anus — PhD, crapmmii npenopasarens xadeapsl 00IIei U TeopeTudeckoit Gpusnkmy,
EBpasuiickuit HannoHanbHbIH yHUBepcuTeT uMenn JI.H. I'ymunesa, yn. Carnaesa 2, Acrana,
Kazaxcran. E-mail: a.a.zhadyranova@gmail.com. Orcid: 0000-0003-1153-3438;

Hemann YMuT — cryneHt 4 xypca kadenps! oomet u Teoperndeckoil ¢pusukn, EBpazniicknit
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EBpazuiickuii HanmoHaneHbld yHUBepcuTeT uMenu JL.H. I'ymunesa, yin. Carnaesa 2, ActaHa,
Kazaxcran. E-mail: sagidullayeva.zh@gmail.com Orcid 0000-0001-9722-4016;

BekoBa I'yanana — PhD, u. 0. acconumnpoBanHoro npodeccopa kapeaps! GU3NKH 1 TEXHHUECKHAX
nucuuIuing, Atsipayckuil yausepceureT uM. X. Jlocmyxamenosa, np. CtyaeHToB 1, Ateipay,
Kazaxcran. E-mail: bekovaguldana@gmail.com Orcid: 0000-0001-7310-1185;

Yanauxanosa Ya6ocsin — PhD, crapmmii npenogaBarens kadeapsl 00mel 1 TeOpeTHIeCKOi
¢m3ukn, EBpasniicknit HanmonansHbI yHuBepcuTeT nMenn JI.H. I'ymmesa, yn. Carmnaesa 2,
Acrana, Kazaxcran. E-mail: ulbossyn.ualikhanova@gmail.com. Orcid: 0000-0002-2351-0658.

AHHOTaIII/IH. I/ICCJ'IG,Z[yCTCﬂ TUITNYHBIN CIIeHapI/Iﬁ 3aMOpaXxrMBaHusgd Ha
MOCJICAHEM DOJTalc KOCMHUYECKOI0 paClupeHud C TTOMOIIbIO HCIUHCHHOM

IpaBUTAIMOHHONW Mojenu | (E, Lm], f (R, Lm] = ﬂ£-|- Lfﬂ, e 0-CcBOOOIHBIN
napamerp. Haxomurtcs pemienue 3TOM Monesu, HCIONB3YS HapamMeTpHU3aLuio
COOTBETCTBYIOLIEr0 MacmTabHoro koadduiuenta, a 3areM Moaenb OyneT
OrpaHMYCHa KOHTPOJbHBIMU HaOopamu AaHHBIX, TakuMHK kak CC, Pantheon+ (SN)
n CC+SN+BAO. ITapamerp Xab0na, mapaMmeTp 3aMeIeHUs], IFIOTHOCTh MaTepun
u sHeprun W mapamerp EOS mpuBeaeHHOH Mozenu OTpa)xaroT OXHUIaeMbIe
TEH/ICHIIMH B IPOCTPAHCTBE-BPEMEHH, IIOATBEPKIasi €€ PU3MUCCKYIO IPUTOTHOCTD.

Kpome Toro, Monens 1eMOHCTpUpYyeT coBMecTUMOCTE ¢ Moaenbio ACDM B Gosee

MO3/IHAE BpPEMEHa, T0Ka3bIBasi MOBEJCHHE 3aMep3aHus B IUIOCKocTH & — o'y
COTIPOTHUBIIEHHE BO3MYIICHHIO TUIOTHOCTH. Hammm pesymnbTarhl MOKa3bIBAIOT, YTO
MonMbuIMpoBanHas rpasuTanuonHas mMonens f (R, L) sBasercs HaJeKHbIM
ITOIX0MoM K omucanuio (a3l yckopenwss BceemeHHnoit. B mocrmemnee Bpems
pa3IIYHBIe KOCMOJIOTUYECKHE HAOIOICHNS Y CHIIFITH I0Ka3aTehCTBA YCKOPEHHOTO
pacmmpenns BceneHHOW. DTH HaOMIOMEHHS BKIIOYAIOT M3MEPEHHS CBEPXHOBBIX
tuma la (SN Ia), kpynmHoMacmTabHOU cTpykTyphl (LSS), 30512 MUKPOBOIHOBOM
motpormu  YuinknacoHa (WMAP), KocMHYeCcKoro MHUKpPOBOJIIHOBOTO (POHOBOTO
miyueanst (CMBR) wu OapwonHBIX akyctmueckux koneOanmii (BAOs).
CormocTaBieHHE JTHUX PA3IMYHBIX HAOOPOB MAaHHBIX JaeT YyOeIWTeIhHBIC
JTOKA3aTeIbCTBA CYIIECTBOBAHUS TeMHO# sHepruH (DE), 3aramounoro KOMIoHeHTa,
KOTOPBIN YIPaBIIIET YCKOPEHHBIM pacimuperHrneM Bceemennoit. OmHako, CoriacHO
ATUM KocMosorudecknM HabmonennsMm, DE u temuas marepus (DM) BMecTte
COCTABJISIIOT OKOJIO 95-96% BceneHnHo, 3arafouHbIX KOMIIOHEHTOB, KOTOPEIC €IIIe
He IMOJTHOCTHIO M3y4deHbl. HarmpoTuBs, 6apruoHHas MaTepus COCTaBIIeT 0KoJio 4-5% ot
obmero oorema Beenennoit. B Hacrosiee Bpems 00111ast TeOpHst OTHOCHTEIBHOCTH
(GR) cumraercs Hambojee YCIEITHOW TEOpPUEH TpaBUTAIINN, TTOATBEPIKICHHON
MHOTHUMH OITMCAaHHBIMU TPAaBUTAIIMOHHBIMH dKCTIEpUMEeHTaMu. HecMoTps Ha ycrex,
GR HE MOXET MPETOKATH YIOBICTBOPUTEIBHOTO PEIICHUS TojIoBojoMOK DE n
DM. Brot HenocTaTok o3HavdaeT, 4To GR He MOXKET OBITH OKOHYATEITLHOM TeopHue
TpaBUTAITUH [T PEIIEHHUS BCEX COBPEMEHHBIX KOCMOIIOTHYECKUX TTPOOIIEM.
KuaroueBble cjioBa: TeMHas DHEpPIrHs, TEMHAs MaTepusi, KBHHTICCEHITHUS
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3aMOpaKUBaHHs, KOCMUYECKOE MO3JHEE paciIMpeHue, HelMHeiHas rpaBUTalus
f (R, L,,), npeneinsl HaGIOACHNS.

Kipicme

Xapko men Jlo6o f(R,L, ) Teopuscel men aranarsin f(R) TeopuschHbIH
MOJTUGUKAIUSCHIH 3€PTTEY apPKbUIBI HHHOBAIMSITBIK TCLIII YChIH B By Teopusiia
R KUCHIKTBIK CKAISpbl 3aTTeH MUHUMaIb! Gainanbictbl emec Jlarpamk L.
TeoMeTpust MEH MaTepysi apachIHAAFbI OYJ1 MUHUMAJIIBI eMeC OaillaHbIC SHeprusi-
MMITyJIbC TEH30PbIHBIH CaKTaJMayblHa OKeledi. By e3 KeseriHme KO3FasbICTHIH
reo/e3HsUIBIK TeHICYIHIeT] GIeKTepAiH 4 KbUIIaMIBIKTapbIHa EPICHINKYIISP
KOCBIMIIIA KYII TyFbl3aabl. HoTmxeciHe TecT GOIIIeKTepiHiH TPaeKTOpUsIIaphl
JKAJIIIBI CAIBICTBIPMAIIBIIBIK TEOPUSICHI OOJDKAFaH Ie0e3HsUIBIK TPACKTOpHsIapAaH

ayeITKuAbI (Riess, 1998). ['paBurarms f(R, L) OipkaTap KOCMOJIOTHSIIBIK JKOHE
acTpo(u3MKaIBIK TpoOIeManapabl THIM/II eNTy KabiieTine 0aiIaHbICThI FHIIIBIMA
KayBIMIIACTRIK TapamblHAH aiTapibsikTail Hazap aymapasl (Perlmutter, 1999).

CoHbIMEH Karap, f ( R, L, ) TpaBUTAITUA SKBUBAJICHTTUTIK TPUHITUITIHE OaFbIHOAM TbI
woHe KyH sxylecinme »xyprizinreH Ttoxipuoenepmen mekreneni (Tsujikawa,
2013). XXakpramga rpaBUTAMSHBIH f (R, L,,,,] KBI3BIKTHI KOCMOJIOTHSIIBIK CalTIaphIH
3epTTEyTre KBI3BIFYIIBIIBIKTBIH aWTapibIKTail ecyi Oaiikammbl. Kasipri yakeITTa
3epTTeYNIepaiH KOoOeroi OChI MOCNBIIH OPTYPJI AacleKTiIepiHe OarbITTajFaH,
MEBICaiBl, OepinreH cinremenepmi Kapaubid (Aghanim, 2020). J[xaiiOxait skoHe

1.06. (Corda, 2009) f [R, Lm] CPABUTALUSHBIH KOCMOJIOTUSJIBIK — CaJlIapblH
Tankeuaapl. Aproprnap ®@punman-Jlemerp-Podeprcon-Yokepnin (FLRW) xa3pik
METPHUKACHIH/IaFbl FAIAMHBIH KYOBUTBICHIH 3€PTTEI, OHBIH FAPBIIITHIH YBOJIOIUSACH
MeH KYPBUIBIMBIHA 9CepiH KapacThIpasl. MbIp3akynoB xoHe Oackanap (Koussour,
2022) f (R,Lm) DE ce3BIKTBIK emec mopeminzaeri tauimai kyil terueyi (EoS)
napaMeTpiHiH ABOJTIOIMACHIH 3epTTe/li. ABTOpIap OYJI HapaMeTp/IiH IBOIOIUSICHIH
IIEKTEeY YIIiH FaphIIITHIK XpoHOMeTpiep MeH [lanTeon ynrinepin baitec Tanmaysix
naiinanananel (Malik, 2023). f [:R, Lm] KOCMOJIOTHSIIBIK MOJIEIbACPIHIH OOJIiri
perinae DE KyObUBICHIH 3eprTefi. Aran aiitkanaa, omap f(R,L,) = ii-l- LS
wone [ (R, Lm) = ii‘i' (1+ aRij KapacThIP/Ibl, MYHJIAFbI 0, - TYPaKThI IIaMa.
AgToprap ockl Mofenbaepaeri DE KyObUIBICHIH Talay JKoHE TYCiHy yIIiH GaKbLIay
nepekrepin manpananael. Kyccyp skone T.0. (De Laurentis, 2015) f(RL,)
IpaBUTAIUSIAFbI CEPIILIIC SPEKETIH 3epTTel, (PAHTOMIIBIK KMBUIBICKA JKOHE OHBIH
SHEPrUsl KarJaiyiapblHa 9CcepiH Tajjiayra Ha3ap ayiapibl.

f(R, Lm] = ,.£+ L7, (hopMyackIMEeH OEpUITeH ChI3BIKTHIK €MEC TPaBHTAIUS-
ik f(R, Lm) MOJICJIIH KOJJIaHA OTBIPBIN, FAPBIMITHIK KEHEK Ke3CHIHIeTI
KBHUHTECCEHIIUAIJIBI MY3/IaTy CIICHAPHUIIH 3epTTeMi3,MYH/IaFbl 0. - EPKiH TapaMeTp.
biz w — w' TangaiimMel3 xKa3bIKThIK-Konaysmn MeH Jlunaep ychiHFaH Kypani
(Cruz-Dombriz, 2012), 6yxr op Typai Moxenbaepi axbiparyra maigansl DE con
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Ka3bIKTBIKTAFbl TPACKTOPHUSUIAPbIHA Heri3aenreH. by Tocin OypeiH quintessence
de MomenbaepiHe KONIAHBUIFAH, HOTHKECIHIC (v — ¢u' JKA3bIKTHIFBIHAA €Ki TYpIi

o ' o o o~
knacc maiina 6omael. @ = 0 xone @ < 0 Gonarein aliMak epy aliMarbIHa CIMKeC

. ¢ o o v .
keneni, an @' < 0 xone @ < 0 Gonarsin aiimak KaTy aliMarbIHa COMKEC KeJeli.
FanamubiH keHer01 My3/1aTy aiiMarbIH/1a KOOIPEK KbUIIaMIaThIIaTIHBI aTall O TiJII.

Coubiven Karap, 6i3 a(t) = /sinh(t) dopmynaceiven 6Gepinren wmacmrab
ko3 punMeHTIHIH TapaMeTpieHyiH KOJJIAHATBIH OCHl MOJENB/IH MIeIIiMiH
Kapacteipambi3, Mynaarel | = 0 - epikri TypakTel. By TarayIblH apTEIHAFHI
motustep I Geximae kenrtipinreH. bi3niH omicTeMeMi3 FapBIMITHIK XPOHOMETPIIEP
(CC), Pantheon SN sxone BAO cuskrel 0akpulay JOepeKTep IKUBIHTHIFBIHA
HETI3JeNTeH AMITUPUKANBIK JEPEKTEpre TOJBIK COHKEC KENEeTiH HOTHXKeIepre
KOJI JKeTKi3yre MyMKiHIiK Oepemi. byn komkasz0a kemecigeil KypbUIbIMIAJIFaH.
11 Genimue 6i3 f (R,Lm] TEOPUSICHIH/AFbl JIMHAMUKAHBI AHBIKTAUTBIH OpPEKET
MeH ipreii TYXbIpbIMAaMaHbl yYebiHaMbI3. bi3 connaii-ak FLRW sxa3bik onemine
coiikec keneTiH Moaudukanusianran Ppuaman TeHaeynepiH mbrapambis. [11

OomiMae 013 f [R, Lm) (hyHKIIMOHAIBIFBIH KOJITAHAMBI3, COMaH KEHiH MaciiTad
KO GUIINEHTIHIH TapaMeTPJICHYiH KOJAaHa OTHIPHIT, OCHI MOJCIB/IIH IICIIIMIH
3eprrerimMiz. IV OGemiMpe.0i3 ockl OakbulaylapMeH COMKECTIKTI KaMTamachl3 eTy
ymria CC, SN xone 6ipikripinren CC+SN+BAO nepexrep >KMbIHBIHBIH OaKbLIay
JepeKTepiH Taianany apKpUIbl YIT1 MapamMeTpliepiHiH MoHAEpIH MIeKTEeHMI3.
Opi kapa#i, V Oenimzae 6i3 Xab0m mapamertpi, Oasynay mapaMmerpi, 3aT-3HEprus
TBIFBI3IBIFEI KoHE E0S mapamerpi cusKTHI OipHeIIe mapaMeTplIepaiH OpEeKeTiH
TanaaMe3. Opi Kapaii, 613 VI Genmimae ©« — w' KYOBUIBICHIH TaliaimMbI3. VII
OexiM Oi3/1iH MOJEIBAIH TYPAaKThUIBIFBIH Tekcepyre apHainraH. CoHbIHIa, 013
©31MI3/IiH HeT13T1 IepeKTep MEH KOPBIThIHAbLIAPbIMBI3 b VIII GesimMie yChIHAMBI3.

MarepuaJsap :koHe Heri3rioaicTep. CoHFbI OipHEIlIe OHXBUIIBIKTA 9/ICONETTE
Ka3ipri KOCMOIIOTHSUIBIK JAWJIeMManapAbl WICHIyAiH Typiai Oamama Tocinmepi
yehiHbUIABL.  OnapiblH  imiHAe MoAu(UKALUsIaHFAaH TPaBUTALMUS TEOPHUSCHI
FalamJlaFbl KYTipT MaTepHsl KOHE KYHTIPT DHEprusi OaiIaHbICTBl Maceneiepii
HIenryre eH IepcrekTHBalbl YMITKep peTiHjae maina 6onapl. FamamHbIH KYHTipT
CHUIAThI TYpaJibl )KYMOAKTBI MICIIy/iH xerekir tacimi GR moaudukanuschiHbIg
f (R) rpaBuTamms TEOPHSACHI apKbUIBI ©3repTy OOJBII TAaOBLIA LI, MYH IAFbI
R-Puuun ckansapsl. bys teopus Puuuu CKalsipblH KaJIIIbl f (R)(byHKL[I/IﬂCBIMeH
aJIMacCTBIPY apKbUIbI DWHIITEHH-I MIILOSPT opeKeTiH e3repTyi ychiHabl, 0y DE
KOKETTUIITIHCI3 FATAMHBIH KEJEJICTUINCH KEHEIOIH TYCIHAIPYre HEeri3 YChIHAIbI.
Byn moceneni wrerny yimin f (R, T) Teopusichl cHAKTHI GipHele 6acka e3repTiireH
TeopusIap YKacalibl, MYHAaFsl T WUMIYJIbC-D)HEPTHS TEH30PBIHBIH 131H Oinmipeni,
f(T) TeOpwsiChl, MyHIarel T Oypany CKalsApeIH OuLTmipen, F(Q) TEOPHSICHI,
MyHaFbl  MeTpuKajbl eMec cKanspabl Gimmipeni, f(R.G) TEOPUSICHI, MYH/IaFbI
G l'aycc-bonHeT nHBapraHTBIH Oiipeai )koHe OacKatapsl.

31



ISSN 2224-5227 3.2024

F(R,L,,) Teopusichl :koHe KOCMOJIOrHsI

Byn typreina f(R.L,,) rpaBuranmsra apHamFaH OpeKeTTi KapacThIPAMbI3
(Harko, 2010). ©pekert petinae kepceTineni

s = [J-egd*xf(RL,) @)

mynnarst f(R,L,,) - Puuuu ckanspbiubin R xone L, 3aThiHbig Jlarpamx
TBIFBI3JBIFBIHBIH €PIKTI (PyHKIUACHI, a1 & -MeTpHKaIbIK TEH30P/bIH JETEPMUHAHTHL.
ConbiMen Karap, 6i3 8mG = ¢ = 1 koHBeHIMACHIH KaObLIAMBI3, MyHZIa
G xone ¢ colikecinme HBIOTOHIBIK TPaBUTALMSIBIK TYPAKThl XKOHE IKAPBIK
KBUIIAMJIBIFBIH  Oljipeni. AHBIKTaMa OOWBIHING, PUYYWAIH — CKaJSIPIIBIK
KUCBIKTBIFEl R = EMRM Typi}me epHeKTeneni, MYH/IaFbl R

— A
R d.nl Fuv d,u I:h- + F,l.u-' Fv:? ,u.-l

w Puyun Tensopel,

M¥Hz[a r H‘i JleBu-YnBHTa KOCHUIBICHIHBIH KOMIIOHEHTTEPIH YCHIHAIBI, OAP/IBI
KeJieci Type aryra 0oJapl.

.E‘ _ 1 _pafden dE:J.x _ dEgy
fay =38 {:u T da ) @)

f(R,L,,) rpasutanus yuin epic Terneyi [39] 8w METPHKAIBIK TEH30PBIHBIH
KOMIOHEHTTepi OoiibiHIIa (1) 9peKeT HHTErpajibiH ©3repTy apKbLUIbI HIBIFAPbLIa/IbI

fRR“v + [gm,El - vu?v)f}? - %[f - fL-m Lm)guv = %fi.ﬂ T )

MyHarbl fz = fr_ = ,O0= VP, VLl - KOBapHAHTTHI TYBIHJIBL, a1l

T“_p—SaTTI)IH SHCPFI/IH I/IMl'Iy.]'IBC TeHSOpBI

_ =2 &lN—gly) 4
e )
Enni (3) Tenageyre KOBapHaHTTBI TYXKBIPBIMIBI KOJJAHY apKbUIbl Oi3 OHBI

KeJeciieil oenruieil aamMoi3

vz w = 2v* hi[:f_}_ ]E‘ v (5)

oy rpasutarusaabid f (R, L, ) ke3injie SHeprus-MMITyIbCTIH CAKTAITY 3aHbIHBIH
Oy3plIyblH KepceTeni. Ocbutaiilia, 3epTTENETiH FalaMHBIH TaOWFaThl Oenriii
OonFaHHaH KEHiH, eMipIIeH KOCMOJIOTHSUIBIK MOJENBbACP KypyFa *KOHE Fapblll
YaKbITBIHBIH METPUKACBIH COHKECIHIIE TaHJdy apKbUIbI FaJaMHbBIH AMHAMHKACHIH
Tekcepyre 0osaabl.

BipTexTi JKoHEe HW30TPONTHI FalaMibl KeH ayKbiMjua curartaiTeiH FLRW
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METPHKACHIH 3epTTeliMi3. Bysr MeTprka KOCMOIOTHSIIBIK TPHHIUITKE HET13eIIeH,
O FamaM OIPTeKTI JKOHE W3OTPOINTHI, erep >KETKUIKTI YJKeH MacmradTa
KapacThIPbUICA KIHE KOCMOJIOTHSIaFbl HET13T1 TYXKbIphIMIaMa OOJIBIIT TaObLIa IbI

ds? = —dt? + a®(9)[dx? + dy® + dz?] (©)

MyHnarbl @(t) - Oenrim Gip yaKbITTa FapbIIUTHIK KEHEIONi CAHIBIK TYpPIE
AHBIKTAUTHIH MacTad ko3¢ punmeHTi t. Metpukanas (6) Puuun ckanspel

R = 6(H + 2H?) ™)

perinje IbFapbuiaasl, MyHgarel H = E-FaHaMHI)IH KEHEIO KBLIIAM/ILIFBIH
cunartaiTeiH  Xa00m mapamerpi. COHI)IMeﬂH Karap, 013 rajamMbl KepeMeT
CYMBIKTBIKKA TOJIbI JI€Tl CAaHaMBbI3. ByJ1 TypFbijia uiean ibl CYUbIKThIK-KOCMOJIOT U1
3aTThIH TapajyblH CHIIATTAy YINIH KOJIJAHBUIATBIH TEOPHSUIBIK Mozeib. O
TYTKBIPJIBIKTBIH OOJIMaybIMEH JKOHE HOJIJIK KbUTY OTKI3TIIITIFIMEH CHIIaTTala/Ibl.
Wneai cyWBIKTBIKTBIH SHEPTUS-UMITYJILC TEH30PbI MbIHA (hopMyamMeH OepiireH

rhv = (P + P)IIHILP + Pglw (8)

mynparst Ut = (1,0,0,0) - u'u, = —1 KaTbIHACBIH KaHAFATTAH/IBIPATHIH
UJIeanIbl CYWBIKTBIKTBIH TOPT KBULIAMJIBIFBIH Kypaiiasl. By Typrbiia p 3aTThiH
SHEPIUsl THIFBI3ABIFBIH, a1 P U30TPONTHI KHICBIMIBLI OUIIIpETi. DHEPIU-UMITYIIbC
3 11 p— L p—
TEH30PBIHA APHATFAH OPHEKTI KOI/IaHa OTBIPBIN, OHBIH 3iH T = g''r,, = 3p — p
JIETI €CEITEN allaMBbI3.
®punmaHHbIH e3repTinren Tenaeynepi f(R, L, ) rpaButamus xKaraibaaa
FAJIAMHBIH JIMHAMHKACHIH CHMIIATTay/la IIENIYII pejl aTKapaabl. Byn Tenueynep
MaciTab kodpurmentinin @(t) esrepyin anbikraiinel. [paBuTAIMS KaFIaifbIHIA

f(R,L,) Moaudukanusianrad OpuaMaH TeHIeynepl TYPiH adabl

EH:fR +%[f_fRR _fL-m Lm) + EHfR +%(f{.m£‘;n - f} = %ﬂ.m,ﬂ 9)

JKOHEC

Hfy + 3Hfo—fr — 3Hf +5 (fi Ln— f) =312, (10)

MYHJIaFbl HYKTEJIEp FaphIITHIK t YaKbITKA KATBICTBI TYBIHABLIAPABI OLIIipei.

Kocmosorusisik menrimaep

(9)-(10) Tenneynepinae cunarTaaFaH epic TeHACYICPiHiH XKyieci TopT Oenrici3
eKi Toyenci3 TenaeyaeH Typazbl: f, H, p jkoHe p. )kyHeHi TONBIK MIely )KoHEe YHEPTust
TBIFBI3JIBIFBI MEH KBICHIMHBIH JBOJIOLUSCHIH Tal/dy YIIiH €Ki KOCBIMIIA IICKTEY

33



ISSN 2224-5227 3.2024

TeHJeyl KaxeT (KOChIMINA ImapTTap). byi mekreynep xkyiieHi a0y skoHe Oiperei
uremim any ymin Kaxer. Mynna (Caldwell, 2005) Typinne xepcerinren f(R, L, )
IPaBUTALMSHBIH HAKTHI (PyHKIIMOHAJIBI TYPiH KOJIIaHAMBI3

fRL)=2+15, (1

MYH/IaFbl O-TYPaKThI. KapacTteipbuibin OTBIPFaH MOJICTh
F(R,L,,) = fi(R) + f.(R)G(L,,) byukumonanasik (GopmackiHa Heri3jieNreH,
OJT apachIH/IaFbl JKaJTIbl OaiiaHbICTHI OiTipei MaTepus skoHe reomerpus . & = 1
kesinne teHaeynep GR-meri cranmaptTel @puaman TeHIEyAepiHe ACHiH a3asjibl.
bepinren cuenapwuiize, L.m = p [(Ryden, 2003), momudukanusnanran @puaman
(9) xone (10) Terneynepi

3H? = (28— 1)p" (12)
JKOHE
2H +3H*=[(B— 1)p—Bplp®™ (13)

Enpi Tarsl Oip HIEKTEY KajIbl. FaJlaMHbIH MAacIITa0Thl (haKTOPbI KOCMOJIOTHSIA,
ocipece FaphIITHIH TaFABIPHl MCH KEIIl YaKbITTHIH TUHAMUKACHIH TYCIHY VIIIiH T
MaHBI3IBL. byl Kazipri 3aMaHHBIH HETi3ri 0eliri FaJlaMHBIH KEHEIOIH /I, OHBIH
JKEPMEH OalTaHBICBIH J1a TYCIHAIPETIH KOCMOJOTHSIIBIK Teopusiap. bappoy
(Chawla, 2012) KbICBIM-TBHIFBI3JIBIK KaThIHACHIHBIH KaparaibiM HapaMeTpiICHYIH
KOJJTaHYy apKbUIBI DWHINTEHH OpICIHIH TEHACYACPIHIH HAKTHI IICIIMIH TaIlThl.
By mapametpusanus apkbiibl a(t) = exp(At’) Tunri Macirab kosdpduimenTi
anplHABl, MyHIa 4 = (0 xkome O < f<1 TYpaKThUIap OOJBIN TaObLIAJBL.
Awmupxamuu sxoHe Oackanap (Nagpal, 2019) epic TeHaeynepiHiH HaKThl MISIIIMiH

—_—
ay yIriH a (t) = 4 texp (t) peTinae 6epiireH MaciiTad KO3 GUIIMEHTIH 3ePTTEII.
Axapcy xoHe T.0. macmrad kodQdUIMEHTI YIIiH THOPUATI BIIBIpay 3aHbIH
KapacTeIp/bl, IFHU A (t) = tF explat), OyJ1 ©HIM epic TeHJeYyIePiH TONBIK My
YILiH A9pEkKeTiK )KoHe SKCIOHEHIUANABIK QyHKkuusuiap. OnuHoB nen OHKoHOMY

a(t) = Gﬁ‘c t* + 1)3 petinzme Gepinren Macmrabter koadduumenti 6ap f(R)
rpauTarusaceiH (Beutler, 2011) xommana OTHIPHIT, ITUKIAIK KBAHTTHIK KOCMOJIOTHS
meHOepiHIe MaTePUSHBIH CePITY ClieHapHidid 3epTTeai. by 3eprrey Yasna sxoHe
Oackanmap VCHIHFaH MacIITaOThl KOX(PPHUIIMEHTTIH apHaibl TypiHe OarbITTaIFaH
(Blake, 2011) xone 6epinren sxkymeicTapaa (Percival, 2010) xommaHbIiags!

a(t) = L."sinh(t] (14)
MYHJIaFbl | = (J-CpIKTi TYPaKThL
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(14) Tenneyni KoniaHa OTBIPHIT, 013 H (t) Xab0: mapaMeTpiH Keleciiei anambi3

d cothit)

H(t) == (15)

a [

Teopusiiblk ~ HOTHMXKENEPI  KOCMOJIOTUSIJIBIK — OakbUIayJlapMEH  CEeHIMJII

.. 1

CaNBICTRIPY/IbI KAMTAMachl3 €Ty yuIid 6i3 alt) = T (mynzarbl a, = 1) xouHe
. o =

tenneyni (14) xommana OTBHIPHIN, T yakbIT AWHBIMANBICBIH Z KBI3BUI BIFBICY

TYPFBICBIHAH OULAIpeMi3

t(z) = sinh™? [(ﬁ}] (16)

Enpi xorapeiiarel TEHACYAl KOJJIaHa OTHIPHIN, 013 Xa00m mapaMeTpiH KbI3bLT
BIFBICY TYPFBICBIHAH KeJIECiJIeH KopceTe ajJaMbl3

H T v
H(z)=22,/(1+2)% +1
(z)=%J(1+2) an

(17) tenneyinne z = 0 opuary apkeuibl 6i3 H(0) = H neren KopbIThIHbIFa

kejaemi3, MmyHzmarbl H, XaOOm mapamerpiHiH arbIMAarbl MOHIH OULAIpei.
d d

Ocpliaiimia, PR —H(z)(1+z) <. KarblHACBIH KOJIJaHa OTBIPbII, YaKbIT

TYBIHBUIAPBIH KbI3bLI BIFBICY TYBIHIbLIAPbIHA aybICThIpa anambi3 . Ochuiaidiia,

Xab01 mapaMeTpiHiH YaKbIT TyBIHIBICHIH Kelleciiel KkopceTyre 00iaapl

dH

F=—f1r(.z)[1+zji (18)

(17) xome (18) Teraeynepaen 613 Xad0r mapaMeTpiHiH YaKbIT TYBIHIABICH VIITIH

opHek anambl3 H (Z) KbI3bUT BIFBICY TYpFBICHIHAH Z peTinae H = — HTD (1+=2)%
. COHBIMEH Karap,(17) TeHaeyne KeNTipiireH MOJAENb AWHAMHUKACHI TOJIBIFBIMEH
Mozienb napameTpiepimen anbikranansl (H ,1). Keneci 6omimae 613 KoCMOTOTUSIIBIK
HapamMeTpiIepIiH 3BONIOUMACHIH 3€pTTeimi3, ocbl mapamerpiaepai (Hg,l) xon
XKeTiMli OaKbuIay IepeKTep KUBIHTBIFBIH KOJIIaHa OTHIPHII IEKTeHMI3.

JdepexTep :xkoHe dmicTeme

By Genimae macmradThl KOA(GGHUUUEHTTIH MapaMeTpIIeHYiHIH TYPBICTBIFbIH
OHBIH COHFBI 0aKbUIAY AEPEKTEPiHE COMKECTITiH pacTail OThIpbIn Oaranaiimbl3. bi3
Oipkarap Oakpuiay jaepexTepiH, coHblH imriHae CC nepekrep xuHarbiH, Pantheon+
SN sample la gepexrep xuHarbH xxoHe BAO nepekrep »KUHAFBIH NaijaiaHaMbl3.
Hepekrepnai Tangay ymin 613 MCMC onicin xonmanasik (MapkoB MonTe-Kapiio
Ti30eri) XKalblFa KoJ )KeTiM1 akeTiH KoinaHa otelpsin (Guthery, 2003). By tocin
Oisre moznensb napamerpiepin (Hy, n) mekreyre Mymkinik 6epai, Oy mapameTpiiep
(Zhadyranova, 2024) keHicTiriHe MOCTEPHOPIBIK YIECTIPYl 3epTTEeyre MYMKIHIIK
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Oepni. Tanmay HOTIXKeciHAe Op MapaMeTpliH apTKbl TapalyblH OeHHeIeHTiH
0ip emmemai ynecripimaep (Zhadyranova, 2024) >xoHe opTypii mapaMmeTpliep
apachIHJIaFbl KOBApHUAITUSHBI KOPCETETIH €Ki OJIIIeM/ I YAeCTipiMIep anbiHabl. by
yiectipynep 1 — @ KoHE 2 — g CEHIMAUTIK JEHIeHIepiMeH TONBIKTHIPHIIIBL.
MyHpa 0i3 naiianaHbiIFal 0akpuIay AepeKTepiH Oepemis:

* CC nepekrep :kunarbi: CC nepekrep KHHAFbl OPTYPIIi KbI3bUT BIFbICYIapa
Xa00m H(E ] JKBUTIAMIBIFBIH TIKEJICW AaHBIKTAYABIH KYHIBI OICIH YCBHIHAIEIL.
Bisnin TamgayeiMbizga 013 3epTTeydep Heri3iHAe JkuHaiaFaH 31 jaepekrep
HYkTeciH KonmpaHambi3. CC omici opTypiii KbI3bLI BIFBICYNAp/arbl eki ['amakruka
apachIH/IaFbl JKac aWbIpMAlIbUIBIFBIH Oaraniay YIIIH MAcCHUBTI TYp/AE JIaMUTHIH

TaJTaKTUKAJIapIbl CHEKTPOCKOMUSIIBIK aHBIKTAY OMICTEePiH KOJMAAHYIb KAMTHIIEL.

o _ 1 d= . .
Byn kac aiteipmambiibirs H(z) = T 3o g, CCENTEyre MyMKIHIIK OepeTiH
E

Oakpulaysapra HerizaenreH ? TypaJibl KOPBITBIH/BI JKacayFa MYMKIHAIK Oepeni .
Ocpunaiia, CC gepexrepi ote ceHiM/Ii OOJIBIN caHaaabl, OUTKEHi onap Oenrini Oip
KOCMOJIOTHSIJTBIK MOJIEJIBIe TAYEJIJIi €MEC, KYPJIe/i HHTETPALUSHbI KAXKET eTICH T
JKOHE raJIaKTUKaIap/blH a0COJIOTTI KAChIH aHBIKTAyFa HET13IeJITCH.

* SN aepexTep KUBIHTBIFBI: SN la-Fa KaTbICThl COHFBI OaKblIay HOTHXKEIEPi
FAJIAMHBIH KEJCIJCTUITCH KeHEw (ha3achiHbIH O0NyblH pactajabl. COHFBI €Ki
omwxbulbIkTa SN la ynrizepiHeH KUHaIFaH AepeKTep KojeMi alTapiblKTail ecTi.
Byn 3eprreyne 6i3 Pantheon yiricin konmanambiz, 0yi1 SN la nepekrepiHid eH
KEH TaHJ/IaybIHbIH Oipi, OHBIH IIIIHJIC KbI3bLI BIFBICY JUana3oHbIHIaFbl 1048 HYKTE
[0.01, 2.3].

* BAO nepexrep :kubIHTBIFbI: BAO ¢oronaapnan, GaproHzapiaH KoHE
KYHTIPT 3aTTapfJaH TYpaTblH CYHBIKTBIKTAFbl KOCMOJIOTHSUIBIK —OY3bUTyIapra
OalimaHpICTBl aJFalIKBl Fajamja maiaa OosraH TepOemictepai 3eprreiimi. by
CYUBIKTHIK TOMCOHHBIH IIAlIbIpaybiHa OAMJIaHBICTHI THIFBI3 OAMJIAHBICTHI OOJIIBI.
BAO enmemaepine Sloan Digital Sky Survey (SDSS), Six Degree field Galaxy
Survey (6dFGS) »xone OapHOHABIK TepOemicTepAl CHEKTPOCKOMUSIIBIK HIONY
(BOSS) nepexrepi kipeni (Bekkhozhayev, 2024).

MCMC rangaysimbeizaa 6i3 CC + SN + BAO OipikTipinren aepekrep KUbIHbI
yIiH X : (YHKUIMSCHIH KOJIAaHAMBI3

X_?oinr = XL;C + XEN + XE:‘AO (19)
MYH/IaFbI

2 _ w31 [HBg.z)—Hopl=)]*
Xee = Ez'=1 olz;)? (20)
Xon = ZE028 A (Cotneneon) ;AN 1)

KOHC
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2 _ pTe-1 (22)
Xpap = X CpapX

Xr_gr: VIIiH 1 aifHBIMaNbICHl 31 mepekrep HYKTeCiHIe KalTalaHafbl, OJapIbiH
opKaichichl Genrimi Gip zi KbI3BLT BIFBICYbIHA coifkec kememi. £ (B, z;)- Oy
MOZETIB/IIH TapamMeTpiepiMeH aHBIKTaIfaH Zi KbI3bUI BIFBICYBIMEH MOJEIb

. — H z
6omkaran Xa66m mapamerpi B¢ = (Hg.l). ovs (Z:) Z, KbI3bUI BIFBICYBIH/IA
Oaiikanarbin Xa0b0m mapameTpiH, an g(z,) OCBI KbI3bUI BIFbICYHa OaliKanraH
MOHMEH OallTaHBICTHI OSNTICI3MIKTI Ol ipeT.
¥&y YWIH 1 xoHe j aiiHbiMansutapsl SN la mepexrepinin 1048 nHykTecinae
Kaiitamananel. Ap; = WU, — Hope  apachIHAAFBl  alBIPMAIIBUIBIKTEL  OLTIIpei
MOLyJTIMEH apaKalbIKTEIK 1, JIEPEKTEP HYKTenepi, SN Ia koHE THICTI TEOPUSIIBIK,
Ooimkayra OoJica, C_.;‘.v-l, SN Ginmaipesni kepi KOBapHUAITMOHHYIO MaTPHUITACHIH TaHIAY
Pantheon+ eckepeTin Koppemsius HyKTenep apachiHaarsl aepekrepai SN la. Opi
Kapai, KaTbIKTRIK MOMYITiHIH €CEeTTENTeH TEOPUSITBIK MOHI KEIEeCieH aHBIKTaIa IbI
dy (=)
= 5Slog.
Hen 910 1ape
KaIIbIKTHIFBI [11].
Xé 4o YWIH OYJI KapacTHIPBUIBIT OTHIPFAH HAKTBI CayalHamara OaiIaHbICThI
! 1 . . .
e3TrepeTiH BGi(TOp, an Cgi, BAO nepekrepi yIIiH Kepi KOBapHAITHSIIBIK
marpuna. Cgin Marpuniacet BAO nepektep HYKTeNnepi apachlHIarbl OeNrici3mik
MeH KOPPEJSILUSHBI KaMTHIbI. X TackiManay X' apKbuibl Oenrineneni. COHbIMEH
da
Karap, 0i3 Dy >XKoHE OCHl OaKbUIAHATHIH MIaMajapibsl OPTYpPIIl 3epTTeyJepIcTi

BAO nepekrepiMeH CalbICTHIPY apKbLIBI MOICTH MapaMeTPIIepiH IIEKTEY YIIiH
d _ z  dzf
KOJITaHAMBI3: A[:Z )=c 0 Hizr) KOHE D

KOOpAMHATTapAarsl AUaMeTp OoMbIHIIA g¥pLIIHT
IIKaJIachl.

Horu:kenep. ACDM mopeni apachlHAarbl CABICTHIPY YCBHIHBIIIBI, MYHJIAFbI
ﬂm,} = 0.315 + 0.007 sxone HI} = ﬁ?f"-i- + 0.5 xm ¢! Mp(f1 rpaduK yIIiH
Kapacteipbuiran. Cyperte coiikecinme 31 »xone 1048 nepekrep HyKTelepiH
KaMTUTBIH Xa00m >xoHe [laHTeOH JKCIIepHMEHTTEepiHIH HOTIDKENepi, COHmal-aK
OJIapIbIH KaTeJiepi KepceTireH, Oy eKi MOJIeNb apachIHAaFbl HAKTHI CAJIBICTHIPYAbI
xeHngereni. Opi kapaid, 1 cyperre CC, SN sxone CC+SN+BAO nepekrep
KUBIHTBIFBIH KOJIJIaHa OTBIPbIN, H *oHe m Monens mapameTpiiepi yiuin 1-c xoHe
2—c BIKTUMAJABIK Ti30ekTepi kepcerinireH. MCMC omiciH KojizaHa OTBIPHIIL,
CaHJIBIK €CEINTeyJep/IeH aJbIHFaH HOTIDKeNep KecTele jKMHakTauraH. l. tamnmay
OapbIchkiH/Ia 013 OIPIKTIPUIreH AepeKTep )KUBIHTHIFBI YIIiH | MoHi [ ~1.4 aliMarsiHIa
LIOFbIpJIAHFAHBIH aHBIKTAIBIK, Oy1 eH angsiMen BAO nepextepinin aidTapibIKTai
ocepine OainmaHbICThL. Aran aiiTkanaa, Tek BAO nepekrepiH naianana OTHIPHII,

o
+ 25, mynpars d_(z) = c(1 + z) f;m - JKapKpIpay

Y 1/3 .
(z) = L—dﬁ"zj 2| .Mynnad,-inecre
Kbk'fr?m, TBIK, all DV—KeHeﬁTy

. — +10 02
0i3 Hy = 700225 xome [ = 1.4 1?13332 . JlepekTep KUBIHTBIFBIHAAFBI OYIT
JOUEKTLTIK MOZIENb IapaMeTpiiepiH HEFYPIbIM CEHIM/I JKOHE JKaH-KaKThl LICKTEY
yIIiH OipiKTipiireH IepeKTepAl naiananyFa Ha3ap aynapybIMbI3Ibl HET130eH /1.
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e

. SN
/\ mm CC+SN+BAD

50 &0 70 80 4 2 0
Hy n

Cyper 1 Mognenb napameTpiiepi, atan aiTkanna H soHe n, CEHIMILITIK KOHTYPIapbIMEH jKOHE

apTKBI YIECTIPIMMEH YCHIHBUIFaH.

MacmTadtel  K03pGUIMEHTTIH runepOonanslk mapamerpienyin  ACDM
MOJISTIMEH CTATUCTHKAIIBIK CaJBICTRIPY YIIiH 013 MOIENbIi TaHIayJblH eKi
KpUTEpHUIiH KoJNIaHaMbI3: Akaiike akmaparTelk kputepuiti (AIC) »xome baiiec
akmapartelk kputepuiii (BIC). AIC petinme aHbIKTaIaIbI

AIC = y2. +2k

(23)
xoHe BIC kenecineil aHbIKTama b1
BIC = K min + k!ﬂg[Nror] (24)
myHgars ¥, = —2In(L, _. ). Myuma k Momenbaeri mapamerprepin
CaHbIH, L . TajJIaHaThIH JIEPEKTEP HKUBIHBI YIIIH MAKCUMAJJIbl BIKTHMAIIBIK

monin Oinmipeni, am Neor mepexTep HyKTemepiHiH Kaumbl CaHBIH OULIIpEsi.
KapacThIpbulblll  OTBIpFAaH MOJENBACP apachlHIAFbl AaKMapaTThIK KPUTEPHI
(IC) MoHzaepiHIH calbICTBIPMANIBI  AHBIPMAIIBUIBIFBIHA  Ha3ap  aydapambl3.
AIC, pae1 = IC 0ge; — IC,;,, len  Oenrinenren Oyl albIpMAIIBUIBIK  Op
MozenbaiH IC MoHIH Oacekenec Mozenbaep apachbiHaarbl MUHUMaNIb! [C MoHIMEH
canbicThipanl. Jxeddpuc mkanacel OoitbiHIIa, erep AJC = 2 Oosca, MOjaETh
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CTaTUCTUKAJIBIK TYPFBIIaH €H KOJIAHIIBI ICPEKTEP MOJISITIHE COMKEC KeeIi. 2-1eH 6-Fa
JeWiHT1 albIpMAIbIIBIK MOACIBICP apachlHAAFbl OpTallla IIUEJeHICTI KopceTei,
an 10 Hemece ojlaH J1a KOI albIPMAIIBLIBIK alTAPIIBIKTAl MIHEJIEHICTI Olimipe.
Byt canpicteipynap yuin 6i3 ACDM Monenin 3TanoH peTiHae KoJlaaHaMbl3 KoHE
OHBI OI3][IH MOJEIbMEH caibicThipambl3. ColaH KeiiH 013 Korapbliga arajiraH
MOJIIMETTEP JKUBIHTBIFBIH KOJIJIJaHA OTBIPHIII, H, xone Q =~ ACDM MOJIEJIIHIH
napameTpliepiH KecTe/ie KOPCETIIreH HOTHKEJIEPMEH aHbIKTaliMBbI3.

Tannaynapeivbizaan CC xone SN iepekTep KUbIHIAPHI YIIIH 2-1eH TOMEH ic
MoHiepi mibiFaabl. byn 0i3aiH mMonens ACDM wmopenine e, Oakpuiay JepeKTep
JKUBIHTBIFbIHA J1a COlikec KejeTiHiH kepcerenmi. Jlereamen, CC + SN + BAO
nepekrep skubiHbl yiniH AIC MoHi 2-7ieH 6-Fa Jeiinri auana3zonjua 0osajbl, Oy
opTailla KepHey JCHICHiH KOpPCeTe .

Xab0n napamerpiHiH, Oasyiay napaMeTpiHiH, 3aT-3HEPIHsl THIFbI3/IBIFBIHBIH
xoHe EoS mapamerpinin opekeriH 3eprreiimis. byn tammaymap CC, SN xone
CC+SN+BAO nepekrep JKUBIHTBIFbIMEH aHbiKTanFan H; oxome | momens
napamMeTpliepiHiH eH KOoJalibl MOHJAEPiHE HEeri3lenreH. B MOIeNiHiH mapamMeTpi
Xa00:1 mapaMeTpiHiH epHETiH]Ie alKbIH KOPIHOCHTIHIIKTEH, 013 OHBIH 3aT-DHEPI U
THIFBI3ABIFEI MeH EOS mapamMeTpiHiH SBOJIOUMSCHIH 3€pTTEYre apHaIFaH MOHIH
ka3nplK. bakpuay nepektep >KUBIHTBIFBIHIA Kepcerinreniaedl o = 1,33 MoHiH
KOJLIaHBIK.

KocMonorusmnblk mapaMerpiepii 3epTTey FajlaMHBIH OPTYPJi acleKTiiepiH
TYCiHy YLIIH ©Te MaHBI3Abl. FaJaMHBIH JKalIbl JAWHAMHUKACHIH, OHBIH KEHEIO
KBUIJAM/IBIFBI MEH KHUCBIKTBIFBIH CHUMATTaWTBIH Oyn mapametpiep bapuonnap,
¢dortonpap, Heirpunonap, DM sxoHe DE cusiKTBl OHBI KypalTBIH dJIEMEHTTEpACH
FanamupiH maiina OonmyblH TYCIHAIpYTe YJIKEH KBI3BIFYLIBUIBIK TYABIpaabl. Kes-
KeJIreH eMipiieH (PU3UKaJIBIK MOJISIIb/IE OYJI MapaMeTpliep HICHIYII peJl aTKapaibl.
Bi3nin sxymbichiMbI3a 013 Xa00m mapamerpi, Oasynay mapamerpi xkone EOS
napameTpi CHSKTHI HETri3ri TapameTrpiepre Haszap aynapiblK, Oy f(R,L)
rpaBUTAIUSIaFbl MACIITAOTHI (PAKTOPIBI TApaMETpIIey meHOepiHIE.

Xa66mn H mapamerpi ramamHbIH Oenriii Oip yakpITTa KSHEH KbUILIAMIBIFBIH
kepcerei. CoHrbl OakbuIay HOTHXKENIEpl Xa00: napamerpi FaiaMHbIH SBOOIUSCH
Ke3iHJe TOMEHICUTIHIH KepceTeai. by 3eprreyne Xa00a napamerpi MEH MOJEIb
napameTpIiepiHiH MIEKTey/ i MOHIepiHe HET13/IeIIeH Z KbI3bLI BIFBICY Bl apAChIHIAFbI
OaiimanbicThl 3eprreiimis. Hormkenep FamamHblH sBOMIONMACH Ke3iHge Xa00m
napaMeTpiHiH MOHI TOMEHACUTIHIH aHbIK KepceTei, Oyl Oakpliay HOTHXKEIepiHe
coiikec kemeni. ITmaHK KbI3MeTKepiepi JKYPTi3reH COHFbl OaKbUIay AEpeKTepiHe
cyiiene othipbin XaG6m Typakteickl Hy = 67.7 + 0.5 kmc 'Mpc™  peringe
anpikTangpl. CC faepekTep SKUBIHTBIFBI YHIiH Xa00:m T¥paKTBICbIHLIH MOHIH

_ — +2 -1 -1
H, = 67. "5'+1? KM c 'Mpec™! perinne anamsiz, Hy = 67.3233 2 KM Mpe

SN JIepeKTep KUBIHTBIFBI YIIiH, %oHe H, = 66.027] kM lM pc~! Gipikken
JIEPEKTEP KUBIHTBIFBI YINiH. Byn momenbain Xab0a TypaKTBICBIHBIH Oakbliay
MOHIMEH TOJIBIK KEJTICKEHIH KOPCETE ],
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Basiynay mapameTpi-raJaMHBIH KCHEIO TAPUXbIH CHIATTAHTHIH HET13T1 mapaMeTp.
(17) xone (18) TeHmeynepaeH anaMbi3

g 1
HT !(':l—z}=:+1 o 1) (25)
JemMek, Momens YIIIiH Oasyray mapaMeTpi Keeciae
. " I _fl-1, z—=w
q(z) =—1—gz=1- _l:1+z:'=:+1_{—l, z— —1 (20)

Monenpneri H Xab6m mapameTpiniy Oenrici FaJaMHBIH KEHEIOIH HeMece
KiITperoiH KepceTei, aJl OHBIH YACyl HeMece Oasyiaysl q Oasyinay mapaMeTpiHiH
OenriciMen OenriieHeni. oH ( Oasymay MomeliH OuTmipemi, al Tepic ( yaeymi
kopceresi. Bip kpi3birsl, SNe Ia xone CMBR cusKThI arbiMaars! 6akbuiayaap § < 0
Oap ’xemeneTy MOJENbIEPiHIH TainaceiHa Oeifim, Oipak omap Oy crieHapwiii
HaKTBl KoJmamMaiasl. (26) TeraeyaeH q 6asymay mapamerpi | — 1-gen -1-re neiiin
MOHOTOHJIBI TYPJIE a3asTHIHBIH Kopyre Oomnaibl. byt FanaMHbBIH KeHetoi Oasynayaan
epre goyipre (1 > 1 xe3inme) anpic OoyamakTarsl yA€yTe aybICAaTHIHBIH OUTIIpEni.
Enpi ocel Monenb VIIiH -HBIH KBI3BUT BIFBICY Z Tpa(uriH 2-CypeTTe YChIHAMBI3.
Y nriHi Tamgai oTeIpHII, 613 MOIEIs MapaMeTPIICPiHIH MEKTEYIi MOHIEPiHE COUKeC
KeJeTiH Oasynay mapaMeTpiHiH opekeTiH Oaiikaitmb3. KpI3bul BIFBICY a3aiiraH
caiibIH Oasynay mapaMeTpi a3aibimn, OapraH CailblH TEpic MOHIEPTe >KETCTiHIH
eckepiHi3. basymay mapamerpiHiH Oyl Tepic MOHI FaJIaMHBIH >KEICINCTUITCH
KCHEIOIH KepceTeni, 01 OakpuIay MEepeKTepiHe TONBIK CoiKkec kenenmi. byman opi

. . — +0.10
q moHzepi g, = —0.38702¢ perinne ampikramamer, Gp = —0.41757; xone
g, =—0.30%037 CC, SN fepexrep XHBIHTHIFBI YIIIH XoHEe OipikTipinren

JIepEKTEp, COMKECIHIIIE.

0.5F T T T T T T T T T T T r T T T T T T L=

0.0
s v pL e ACDM
—0.5, cc .
I —— SN
I ————— CC+SN+BAO.
-1.0 i
o 1 2 s

Cypert 2 Q Gastynay mapameTpiHiH Z KbI3bUI BIFBICYBIHA TOYEIIUTIK Tpaduri.
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Opikapaii, oceiMonenbaeri EOS o napaMeTpiHiHopeKeTiH KapacThIpaMbl3.
EoS mapamertpi-rallaMHBIH ~ SHEPrUsi  THIFBI3JBIFBIHBIH ~ KAaCUETTEpIH
CHUITaTTaWThIH MaHbI3/IbI MapameTpiepaid Oipi. O 3aT KbICBIMBIHBIH OHBIH
SHEPIHs THIFBI3IbIFbIHA KATHIHACKI PETIH/E aHBIKTATAIbI (v = £). (12) %xoHe
(13) Tenneynepaen 613 EoS mapamerpin kenecineit anambl3

o= 1+ (%)L

38 [/ H? (27)
(25) Tenneynen
_ 2(28-1)1(1+=)3
w(z)=-1+ 3g((1+2)% +1) (28)

Tankpuiay. COHBIMEH QJIEMHIH OpTYPJi KOMIOHEHTTEPI YIIiH, MBICATIHI,
3art, coyneneny xoHe DE, EoS mapameTpi rasiaMHBIH 3BOIONHSICHIHA dCEp
€TETIH JPTYpJi MOHIEPAl anaabl. bapuoH >koHe KYHTIpT MaTrepHsi CHSKTHI

iy
pensTuBHCTIK emec Marepust ymwiH EoS mapamerpi mamamen “ O re

T€H, Oy KbICBIMHBIH SHEPTHUsl THIFBI3BIFBIMEH CaJbICTBIPFAHA IIaMalIbl
ekeHiH kepcereni. DOTOHIAP MEH HEUTPUHO CHSAKTBI PEISTUBHUCTIK
Gomnmekrepain EOS mapamerpi g & =-Ke TeH, OYyJ OJapiblH KbICHIMBI
KOFaphl KBUIAAM/IBIFBIHA GailTaHBICTE SHEPTUsl THIFBI3/ABIFBIHBIH YIITEH
OipiH KYpalTEIHABIFBIH KopceTeni. DE, FamaMHBIH jKeIeNIeTUINeH KeHEIO1H
OackapaThlH JKYMOAaK KOMIIOHEHT TYpPaKThl HEMECE YaKbhIT OOHWBIHIIA
e3repetin EOS mapamerpimen cunartanazsl. KOCMOMOTHSUIBIK TYpaKTH,
kobinece DE-MeH aHBbIKTadagsl, @ ¥ —1 MoHiHE HMe KOHE TpaBHUTAIIHsAFa
KapChl TepIC KBICBIM Kacalbl, HOTHXKECIHIEe OalKanaThlH YAey maiimga
6omnanel. KBunteccennusa-oyn EOS nmapameTpi yakbIT OOWbIHINIA ©3TepPETiH,
OlIETTe TOTEHIMAIABIK dSHeprus eopicine Toyenai DE  d¢opmacel. On
—1 < @ < —1/3 MOoHIHE Ue KOHE KOCMOJIOTHUIBIK TypakTeliaH esrerie
OpEKeT eTelli, HOTWKECIH/IE KbI3BIKTHI KOCMOJIOTHSIIBIK TWHAMHKA Tai1a
6omanel. @anToMablK 3Heprus-o0yn DE-HiH Tarbl Oip Typl w < —1, Oy
OJIaH Ja JKbUIJIaM KEHEIOTe JOKellel, OYJl «YJIKeH aJlaKThIK» ClIeHapuiiiHe
oKenyl MyMKiH, oHAa DE TBHIFBI3IBIFBIHBIH KOFaphlIayblHa OalIaHBICTHI
ramam OemmekteHemi. SN Ia, CMBR xone BAOs emmemaepin Koca
anranna, 6akputay nepexrepi DE ymin EoS nmapamerpiHiH MOHIH MIEKTEH/I.
AFbpIMIarbl IEKTEyJep o - 1-re eTe >KakplH €KeHiH kepcereni, 0yn DE
©31H KOCMOJIOTHSIJIBIK TYPaKThl CHSIKThl YCTaWTHIHBIH Kepcereai. Aunaiina,

@ = —L_nen mamansr aybiTkynap DE TaGHFaThIH TONBIK TYCiHY YIIiH o
1€ 3epTTeye.
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Gj' T ]
; — CC

50 — SN 1

4? —— CC+SN+BAO

Cypert 3 Marepust SHEPTHS THIFBI3IBIFBIHBIH P KBI3BUT BIFBICYBIHA OAiIaHBICTHI Z Tpaduri

3aTThIH — SHEPTUSAHBIH THIFBI3ABIFB MeH EOS napameTpiHiH z-TiH KbI3bUT
BIFBICYBIHAH CypeTTeri rpaduKTepiH YChIHaMbI3. Moenb mapameTpiepinin
IIEKTEYJII MOHJIEpiHE COWKeC KeNeTiH 3 CypeTTe FapbIITBHIK MaTepHs—
SHEPIUSHBIH THIFBI3ABIFBl KYTKCHJCH OpeKeT eTEeTiHIH Kepemis3, OyJ OH
TEH/ICHIMSIHBI KOPCETEeAl kKOHE allbic OOJalakTa FajaM KeHEHreH caibiH
azasapl. by MiHe3-KyibIK FanaMHBIH SBOJIONMSCH Typajibl CTaHIApTThI
TYCiHIKTEpre coiikec kenmeni. Mopenb mapameTpliepiHiH — OapibIK
KapacThIPBIIFAaH MOHJIEPIH/IE MOJIEIb MAaTEPHUSIHBIH YCTEMIIK €Ty JoyipiHeH
Oacramansl (epre 3aMaHaa), KBHUHTECCEHIMs (Qas3acblHaH eTeni (Kasipri
yakpITTa) %)oHe caiibin kenrerne ACDM mopenine xakpHIARAB! (KEHiHT
yakbITTa). COHBIMEH Katap, 4 cyperte EoS mapameTpiHiH aFrbIMIaFbl MOHEP1
KBHHTECCEHIIMAFA YKCAC MiHE3-KYJIBIKTHI KOPCETETiHIH OallKalMbI3.

0.27
0.0}
-0.2f

3 —0.4:

Cypet 4 EOS ® napameTpiHiH z KbI3bLI BIFBICYbIHA TOYEIIUTIK rpaduri.
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KopbIThIHABI

f(R,L,) TPaBUTAaLVs TEOPHSCHIHAAFBI TAINAYbIMBI3 KELI FapBILITHIK
KEHEIOJIeTT KBUHTECCCHIIMAIIBI MY3/IaTy CLICHAPUIIH JKaH-KAKThl TYCIHYI
yebiHabl. bi3 Genrimi 6ip ce3bikThiK emec moxenbre f(R, L) uazap
aynapaslk, f (R, m) = ii + L% Mynzari o - epkin mapametp. Byt MozeNb N

mn

wemimi alt) = /sinh(t) peringe Gepinren mMacmrab ko>(PUIMEHTIHIH
ColiKec MmapaMeTpiIeHYIH KOJAaHy apKbUIbI aJIbIHAJIBI, MYHIAFbI [ = 0-epikTi
typakThl. ConbiMeH Karap, 013 CC mepeKTep >KUBIHTHIFBIHBIH, >KaKbIHIA
xapusutanran  Pantheon+ (SN) jgepekrep I KUBIHTBHIFBIHBIH, COHJIAM-
ak CC+SN+BAO OipikTipiareH JIepeKTep KUBIHTBHIFBIHBIH TIPKECIMIH
KOJIJIaHa OTBIPBIN, MOJCNb MMapaMeTPJIepiH COTTI MIEKTEAIK, O Oakpuiay
JEPEKTEPIMEH YKAKChI KETICUITeH HOTHXKEJIepPre KOJI KETKI3IIK.

ConbimeHn karap, Xa00s1 mapaMeTpiHiH OpeKeTiH, Oasysay mapameTpiH,
3aTThIH SHEPrusl THIFBI3ABIFBIH KOHE MOJENb MapaMeTpIepiHiH HIEKTeyl
MoHzepi ymriH EoS mapamerpin 3eprrenik. 2-cyperte XaO0m mapaMmerpi
FAJIaMHBIH ~ DBOJIIONMSCHI  KE€31HAE TOMEHJCWUTIHI KOPCETUIreH, Oy
OakpuIay HOTHXKENIEpiHE CoMKec Kenemi. Atam aiTkannaa, 013 H mapamerpi
Z KOFapblJIaraH cailblH eceTiHiH OalkaaplKk. COHBIMEH Karap, 013 Xabou
napaMmeTpiHiH arbiMaarbl MoHepl Planck (H, = 67.4 + 0.5 km c™*Mpc~t) Oipiece
OTBIPBIIN AJIBIHFAH IEPEKTEPre COUKEC KeJIETIHIH aHBIKTA/IbIK. DBOJIIOLUSHBIH
aJFaIlKpl KEe3CHIEpiHAe FajlaMJia Marepusi OackiM OOJabl, Oy Oasynay
Ke3eHIHe oKeni. AJaiina, FajJjaM KeHEWreH caiibiH, Oasymay (aszacel yaey
(dazaceiMeH aybICTHIpbULNBI, Oy HerizineH DE-HiH 0OacbkiM 0OomybiHa
OaimanpIcThl. bi3 Oastynmay mapaMmeTpiH 3epTTEIiK >KOHE OHBIH ©3repyiH
4-cypeTTeri KbI3bUI BIFBICYFa OalJaHBICTBI CypeTTemik. byn rpadukren
Oasynay mapameTpiHin Oenrici mamameH 0,3-1 eTmen KbI3bUT BIFBICY
Ke31HJIe ©3repreHiH kKepyre Oomanpl, Oyl FaJaMHBIH Oasysay ¢as3achlHaH
yaey (azaceiHa eTyiH kepceresi. by aywsicy 013/11H MOAEb/IIH (PU3UKAIIBIK
CEHIMIUTITIHIH CEeHIMJII JdNeni peTiHne KbisMmer etemi. EoS mapamerpi
JKOHE 3aT-dHEPTUs THIFBI3ABIFBl FAPBIITHIK YaKpIT 1MIIHAE KYTUICTIH
TEeHJICHIIUsIIApFa COMKeC Keyei, op Typii (da3anapjaH eTill, KSHIHT1 yaKbIT
ke3enaepingae ACDM mopenine KakbIHIaH b1 (5 )KoHE 6 CypeTTi KapaHbI3).
EoS mapamerpiHiH aFbIMAaFbl MOHJIEpl KBHHTECCEHIMSFA YKCac MiHE3-
KYIBIKTEI KepceTeni. MaHpi3aeichl, Moneiab ACDM mieriHe colfkecTirin
KepceTel JKOHE -0’ Ka3bIKTBIFBIHIA MY3/aTy opekeTiH kepcerenmi (7
CypeTTi KapaHs3). My3aary aliMarbIH/Ia FajlaM €py aiiMarblHa KaparaH[a
Te3ipek keHeideni. CoOHbIMEH KaTap, ABIOBIC >KBUIAAMIBIFBI FAPBIIITHIK
9BOJIIOLIMSA KE€31H/IE TYPAKThI IIEKTEpe KaslaJbl, OYJI MOAEIbIIH THIFbI3/IbIK
OY3BUIBICTapbIHA TOIMILIITIH KaMTaMachl3 eTelll (8 cypeTTi KapaHsbi3).
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KopuITbInAbIIad KeNE, CBI3BIKTBIK €MeC f(R,L,. ) MOAENiHiH Oeiri
peTinae GU3UKAIBIK TYPFBIIAH THIMII MIEITIMICD KUBIHTBIFBIH IIBIFAPIBIK.
OPTYpIIi KOCMOJIOTUSUIBIK TapaMeTpiiep/i Tal1ay bIMbI3 MOAU DU KA UIaHFaH
aybipibik Ky f(R,L,,) kasipri FanaMusIH yaey (a3achlH CHIATTaiTHIH
CEHIM/II TOCLT EKEHIH PACTAaNTBIH MOJENbIMI3/IIH TYPAKTHUIBIFBIH KOPCETe .
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Abstract. Gravitational waves (GWs), the propagating perturbations within the
structure of spacetime, provide a unique window into the dynamics of massive
celestial objects and their cataclysmic events such as binary black hole (BBH),
black hole — neutron star, binary neutron star (BNS) merger. While the detection
and analysis of GWs have significantly advanced our understanding of the
universe, the exploration of their information content, specifically their entropy,
is not well studied and remains an intriguing avenue of research. This article
presents an application of the concept of entropy to GWs and its implications for
astrophysics. By using masses of the detected GW sources provided by open-
source Gravitational Wave Open Science Center (GWOSC) and the PyCBC library,
we generated GWs using different models and approximations. Specifically, we
employed three different waveform models: IMRPhenomPv3, IMRPhenomPv2
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NRTidal, and IMRPhenomXPHM. After generating GWs with different models
we investigated the relationship between entropy and the masses of GW sources.
Besides varying values in different models, entropy nearly exponentially decreases
while the total mass of the systems providing those GWs increases. Additionally,
different waveform models demonstrated varying levels of entropy. This study
opens avenues for further research on the underlying physics of GWs and their
detection and classification methods.
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1 Maccoi NCTOYHUKOB I'PaBUTALMOHHBIX BOJH. Pe3ybTaThl HOKa3aln YCTOHUUBYIO
KOPpEJISILMIO, IIPU 3TOM HCTOYHMKHM C OONbIIEH Maccod JEeMOHCTPUPYIOT
Oosiee Hu3kMe 3HadeHus1 HTpornuu. Kpome Toro, pasnnmusbele Mopeian (HOpPMbI
BOJIHBI TPOAEMOHCTPUPOBAIN Pa3IMYHbIE YPOBHU SHTPONMHUU. DTH Pe3ybTaThl
MOTYEPKUBAIOT CJIOKHOCTh T'PaBUTAIIMOHHBIX CUTHAJIOB, FTEHEPUPYEMBIX IBOHHBIMU
CHCTEMaMHU, U JAI0T MpejcTaBieHue 00 X HHOOPMALMOHHOM COJEPKAHUH.

Ki1roueBble cjioBa: rpaBUTALIMOHHBIC BOJHBI, HHPOPMAIMOHHO-IHTPOIIUIHAS
CHCTEMa, CIIEKTPajIbHAsl SHTPOIIHSI, BOJTHOBBIC MOJICIIH.

Hccneoosanue nposoounocs npu gunancogotl noodepoicke Komumema nayxu
Munucmepcmesa nayku u gvicuezo oopazosanus Pecnyonuxu Kazaxcman (epanm
No AP14972411).

Introduction. Since the LIGO collaboration first detected GW from the binary
black hole merger (BBH) in 2015 GWs became one of the main fields of research
in astronomy (Aasi, 2015; Abbott, 2016; Abbott 2017; Abbott 2016). These ripples
in the fabric of spacetime carry valuable information about the universe’s most
energetic and dynamic events, such as the collision of black holes, the merger of
neutron stars, and the early moments of cosmic inflation (Christensen, 2018). As
scientists continue to detect and analyze GW signals, a growing interest has emerged
in understanding the concept of entropy in these elusive cosmic phenomena.

Entropy, a fundamental concept in physics and information theory, quantifies
the amount of disorder or information contained within a system. It provides
valuable insights into various physical processes’ complexity, randomness, and
organization. Extending the notion of entropy to GWs opens exciting avenues for
exploring their information content, shedding light on the intricate dynamics of
astrophysical events and the nature of spacetime itself (Brustein, 2019).

The study of entropy in GWs carries significant theoretical and practical
implications. By quantifying the entropy of GW signals, valuable insights can
be gained into the physical properties of their sources, such as the mass, spin,
and distance of the celestial objects involved (Belczynski K. 2002). Moreover,
investigating the entropy of GWs makes it possible to develop new methods
for detecting, classifying, and interpreting these signals (Zhanabaev, 2023). By
analyzing the complexity and randomness of waveforms, one can discern different
types of astrophysical events and enhance our ability to identify them amidst the
noise.

Furthermore, understanding the entropy of GWs holds promise for deepening our
understanding of the fundamental laws of physics. Entropy is intimately connected
to concepts such as thermodynamics, quantum mechanics, and information theory
(Vedral, 2002). By investigating the entropy of GWs, valuable insights can be
obtained regarding the interplay between gravity and fundamental principles in
physics. This interdisciplinary approach merges the study of gravity, astrophysics,
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and information theory, providing a fertile ground for groundbreaking discoveries
and transformative insights into the nature of spacetime and the cosmos.

This article uses an information-entropy-based approach to perform a numerical
analysis of GWs. By employing this methodology, we aim to find possible
correlations between the complexity of GWs and the physical properties of their
sources. Through the examination of numerical results obtained from simulations
employing various models, we seek to elucidate the factors contributing to the
variations in entropy observed among different GW events (Isoyama, 2020).

In the subsequent sections of this article, we will outline our methodology
for conducting numerical simulations of GW generation and the estimation of
entropy. We will present and discuss our results, exploring the entropy variation
among different GW events and investigating potential correlations between
event characteristics and entropy levels. Finally, we will interpret our findings and
discuss their implications, thereby contributing to the ongoing understanding of
GW physics.

Methodology. GWs were generated using the PyCBC library, a widely used
Python package for analyzing and simulating GW data. The PyCBC library
provides a comprehensive set of tools and functions for modeling and simulating
GW signals, allowing for accurate waveform generation based on theoretical
models (Biwer, 2019).

To simulate GW signals, the masses of the detected GW events were obtained
from the Gravitational Wave Open Science Center (GWOSC), which serves as a
repository for GW data and related information. The masses of the source objects
involved in these events, such as black holes or neutron stars, were extracted from
the available GWOSC data (Abbott, 2023).

By using masses of the detected events and the PyCBC library, we generated
GWs using different models. Specifically, we employed three different waveform
models: IMRPhenomPv3, IMRPhenomPv2 NRTidal, and IMRPhenomXPHM.
These models incorporate different levels of complexity and approximations to
accurately represent the GWs emitted by binary systems (Damour, 2008).

The IMRPhenomPv3 model is an enhancement over the IMRPhenomPv2 model,
which itself is an improvement over the IMRPhenomD model (Khan S. 2016).
These models are based on the inspiral, merger, and ringdown phases of binary
black hole systems from the original IMRPhenomA model. IMRPhenomPv3 uses
a double-spin rotation based on the description of precession dynamics, a more
accurate description of the precession effect. IMRPhenomPv3 model also allows
the study of the measurability of individual spins of binary black holes using
gravitational waves and is one of the key models widely used in LIGO and Virgo
data analysis (Ossokine, 2020).

The IMRPhenomPv2 NRTidal is the combination of the IMRPhenomPv2
model and tidal interaction with the NRTidal (Husa, 2016). The IMRPhenomPv2
are for precessing binaries, based on the nonprecessing IMRPhenomD models, and
has a single precession spin. According to the paper NRTidal effect can be used on
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any model, and the MRPhenomPv2_ NRTidal modal should be the most used model
considering the tidal effect (Dietrich, 2017).

The IMRPhenomXPHM model is designed to handle mixed binary systems,
including black hole-neutron star binaries. It incorporates precession effects,
allowing for a more accurate representation of the dynamics and waveforms of these
mixed systems. The inclusion of minor harmonics and precession in the waveform
model does not affect evaluation speed. This allows routine parameter estimation
for many gravitational wave events without neglecting important features such as
subprime harmonics and precession (Pratten, 2021).

We aimed to capture the diversity of astrophysical scenarios and sources that
produce GWs by employing these different waveform models. This approach
enabled us to explore the entropy variations in GW signals across a wide range of
astrophysical contexts.

Entropy estimation. To quantify the entropy of the generated GW signals, we
employed the spectral entropy estimation method. Spectral entropy is the Shannon
entropy of the data’s power spectral density (PSD) (Baron, 2003).

After generating the GW waveforms using the PyCBC library and the selected
waveform models, we performed a Fourier transform on the time-domain data to
obtain the frequency-domain representation of the signals. This transformation
allowed us to analyze the waveforms in terms of their frequency components and
power spectra (Khan, 2019).

Using the frequency-domain data, we calculated the PSD of the GW signals. The
PSD represents the distribution of power across different frequency components of
the waveforms.

Next, we applied the spectral entropy estimation formula to calculate the entropy
of the GW signals. The spectral entropy (H (x, S f )) is defined as:

f
H(x,sf) = = X5_  P(flog:[P(f)] (1)

where x is 1D or N-D data, P is the normalized PSD, and S f is the sampling
frequency. The formula computes the Shannon entropy for each frequency bin and
sums them to obtain the overall spectral entropy of the GW signals.

Results. This section presents the key findings from our analysis, which includes
examining the distribution of masses for the detected GW events, assessing the
differences and similarities in the waveforms generated by selected models, and
calculating the spectral entropy of the GW signals.

We investigated the distribution of masses for the sources of the GW events
(Fig. 1). By constructing a histogram, we visualized the distribution and observed
that the masses spanned a wide range of values. For binary black hole merger
events, there was a peak in the mass distribution (35.6 M and 7.7 M), indicating
a preferred mass configuration for these systems.
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Fig. 1. Distribution of masses of the GW events

Fig. 2 represents waveforms generated by different models. By utilizing the
IMRPhenomPv3, IMRPhenomPv2 NRTidal, and IMRPhenomXPHM models, we
aimed to capture the diversity of astrophysical scenarios and sources.

1 —— IMRPhenomPwv2_NRTidal

1 —— IMRPhenomPv3

Strain{1071%)

| =—— IMRPhenomXPHM

T
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Time(s)

Fig. 2. GW1708823 event with different models (85 M and 20 M)

According to Fig. 3 tested models have revealed distinct patterns in their entropy
levels.
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Entropy of Gravitational Waves
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Fig. 3. Distribution of entropy concerning the total mass of the GW sources

IMRPhenomXPHM consistently displayed the highest entropy values among
the models investigated, indicating a higher degree of disorder or information
content in its GW signals. This result suggests that including precession effects and
handling mixed binary systems in the IMRPhenomXPHM model contribute to the
increased complexity and unpredictability of the generated waveforms.

Following IMRPhenomXPHM, the IMRPhenomPv2 NRTidal model exhibited
the second-highest entropy levels. This finding suggests that the inclusion of tidal
effects increases the complexity of the waveform model as it involves additional
calculations and numerical simulations to capture the physical properties of the
system.

Interestingly, the IMRPhenomPv3 model demonstrated lower entropy values
compared to IMRPhenomPv2 NRTidal. This observation may be attributed to the
inclusion of additional NRTidal effects in IMRPhenomPv2 NRTidal, leading to
more complex or unpredictable behavior of the waveforms from precessing binary
black hole systems, despite the IMRPhenomPv3 model using double-spin rotation
comparing to single spin in IMRPhenomPv2 NRTidal.

Besides varying entropy in different models, it can be seen that entropy is near
exponentially decreases while the total mass of the systems providing those GWs
increases. It happens because at lower masses, the spectrum band of the GW signal
1s wider, and it contains more information.

Conclusion. In summary, this study investigated the relationship between
entropy and the mass of gravitational wave sources. The results showed a consistent
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correlation, with higher mass sources exhibiting lower entropy values. Additionally,
different waveform models demonstrated varying levels of entropy. These findings
highlight the complexity of gravitational waveforms generated by binary systems
and provide insights into their information content. This study opens avenues
for further research on the underlying physics of GWs and their detection and
classification methods.
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Abstract. The alkanolamine solutions used in natural gas purification processes
are inevitably degraded over time. This occurs due to accumulation of reaction
products from the reactions with carbon dioxide, hydrogen sulphide, oxygen and
other impurities present in the gas streams, as well as from thermal degradation.
The degradation of solutions leads to the formation of thermostable compounds
that not only reduce absorption efficiency, but also increase corrosive activity.
Furthermore, part of the amine turns into a bound state and becomes ballast. The
necessity of purification of alkanolamine solutions is becoming more and more
urgent since the cost of maintaining efficient operation of gas treatment plants
grows, and environmental safety requirements increase. Purification of solutions
makes it possible to prolong their service life, reduce the cost of purchasing new
reagents and reduce the negative impact on the equipment. In this work the method
of anion-exchange technology of purification is used. Unlike vacuum distillation
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and electrodialysis, the considered technology does not require significant energy
costs for generation and maintenance of vacuum, and heating of solutions, it can
be easily integrated into the existing production process without any significant
changes in the infrastructure. The described problem is relevant for Kazakhstan
oil refineries, two of which use methyldiethanolamine, and one of which uses
diethanolamine, and the existing practice of maintaining the operability of the
systems is based on periodic replacement of part of the solution with pure amine.
The development of automated systems for purification of such solutions makes
it possible to significantly improve process control, minimise manual labour, and
improve the overall economic efficiency of production.

Keywords: methyldiethanolamine, corrosion, degradation, thermostable
compounds, anion exchange resin, purification, automation.
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AHHOTanusA. YaKkpIT ©T¢ Kelie TaOUFU ra3jbl Ta3apTy MpOIeCTepiHAe Koiaa-
HBUIATHIH aJKaHOJAMWH epITIHALIEpl co3Ci3 Jerpafanusra yuiblpaiasl. by ra3
arbIHIapbIHAA OOJIaTBIH KOMIPKBIIIKBLUT Ta3bl, KYKIPTTi CYTeTi, OTTET] KoHe Oacka
KOCTIAJJADMECH PEaKiys OHIMCPIHIH IKMHAKTATYbIHA, COHJAW-aK TEePMHUSIIBIK
NECTPYKIUsIFa OalnaHpICThl Oonazpl. EpiTiHIIIepAiH AerpaJansChlHbIH HOTH-
KECiH/Ie TEPMOTYPAKThl KOCBUIBICTAP TY3UIEdl, ojap CiHipy THIMIIUITIH TOMEH-
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NeTim KaHa KoWMaHl, COHBIMEH Karap KOppo3usi OEJCEHIUTTiH apTThIPab.
Bynan Oemnek, amuHHIH Oip Oeumiri OaiaHBICKaH KyHTe oTim, Oamimact peTiHze
opekeT eTeni. ANKaHOJIAMHH epITIHAIIepiH Ta3apTy KaKeTTUIri raz TaszapTy
KOHIBIPFBUIAPBIHBIH ~ THIMII JKYMBICBIH KaMTaMachl3 €Ty LIbIFbIHIAPbIHBIH
eCyiHe >KOHE SKOJOTHSIIBIK KayilCI3MiK TaJamnTapblHBIH apTyblHA OailIaHBICTHI
e3ekTi OompIm Kememi. Tazamay mmemriMuepi ONapAblH KBI3BMET €Ty MeEp3iMiH
y3apTyFa, jKaHa pearcHTTEep/i CaThill aly KYHBIH a3aliTyra »OHE >KaOJbIKKa
JKaFBIMCBI3 OCepai azaiiTyra MYMKIHIIK Oepemi. byn jkyMbpIicTa aHWOH amMmacy
TazapTy TEXHOJOTHSCHIHBIH OJICI KOIJIAHBULIBI. BakyyMIbIK AMCTHIUIALUS MEH
ANEKTPOJMATM3IEH albIPMAIIbLUIBIFBI, KaPAaCTHIPBUIATBIH TEXHOJOTHS BaKyyMIbI
JKOHE epITIHIUIePIHIH JKBUTyBIH JKacall, KOJJady YIIiH alTapibIKTail SHeprus
LIBIFBIHBIH Ka)KeT eTHeW[i, jKoHe e WHPPaKypbUIBIMIAFEl eNeyii e3repicTepii
KaXXeT eTIeCTeH KOJIJAHBICTaFbl OHAIpIC MpoleciHe oHall OipiKTipiayi MYMKIH.
Cunarranral Macene Ka3aKCTaHIbIK MYHal eHJIey 3aybITTaphl YIIiH ©3€KTi 00JIbII
TaObUIAABI, OJNAPABIH €Keyl MEeTWIIUITAaHONaMHUHII, an Oipeyi ITU3TaHOIaMUHII
nainanaHaapl, *oHe KYHCHIH (yHKIMOHAJIBIFBIH CaKTayIblH Ka3ipri Taxipuodeci
epiTiHAiHIH Oip OeiriH Taza aMHHMEH Mep3iMIi TYp/e aybICTBIPyFa HETi3eITeH.
MyHpaaii epiTiHaepal TasalayFa apHaJFaH aBTOMATTAaHABIPBUIFAH >KyHenepui
JAMBITY TIPOIIECTi OacKapy/Ibl JKaKcapTyFa, KOJI eHOCTIH a3aiiTyFa )KoHe OHIIPiCTiH
KAl SKOHOMHKAIIBIK THIMJIUTITIH apTTRIpyFa MYMKIH/IIK Oepefi.
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DTO MPOUCXOAMT W3-32 HAKOIUICHUS MPOIYKTOB PEAKIMH C YIJICKHUCIIBIM Ta30M,
CEPOBOJIOPOOM, KHCIOPOJAOM M JPYTHMH TMPUMECSIMH, MPHUCYTCTBYIOIIUMU B
ra30BbIX IOTOKaX, a TAKXKE B pe3yJibTaTe TEPMHUUECKOM Jierpajanuu. B pesynbrare
JeTpaialliil PacTBOPOB 00pa3yroTCs TEPMOCTAOMIBFHBIE COSTMHEHUS, KOTOpPBIE HE
TOJILKO CHIXKAIOT 3PPEKTUBHOCTh a0COPOIIUH, HO M YBEIMYMBAKOT KOPPO3ZHOHHYIO
aKTUBHOCTb. Kpome TOro, 4acTh aMHWHAa MEpPEXOAWT B CBS3aHHOE COCTOSHHE U
SBIISICTCSl OaJIacToM.

HeoOXoauMOCTh  OYMCTKHM pAcTBOPOB  AJKAHOJIAMUHOB CTaHOBHUTCS BCE
0ojiee akTyaJdpbHOM IO Mepe pocTa 3arpaT Ha momaepkanne 3¢PGEeKTHBHOU
paboThl TA300YMCTHBIX YCTAHOBOK M YBEIUYCHHUs TPEOOBAHMI K IKOJOTHUCCKOM
6e3omacHocTr. OYUCTKA PACTBOPOB MO3BOJISIET IPOTHTH CPOK MX CITY>KOBI, CHU3UTh
3arparhl Ha 3aKyIIKy HOBBIX PEareHTOB M YMECHBIIUTh HETAaTUBHOE BO3JICHCTBHIE HA
o0opy/oBaHHe.

B mamHoi#1 paboTe HCoMb30BaH METOI aHHOHOOOMEHHOM TEXHOJIOTUN OYUCTKH.
B omimuue or BakyyMHOW JUCTWUISIMH W 3JIEKTPOJUANIN3a, PACCMOTPEHHAs
TEXHOJIOTHS He TpeOyeT 3HAYNTEIHHBIX YHEPTo3aTPaT sl CO3aHuUs U ITOIIePKAHHS
BaKyyMa W HarpeBa pacTBOPOB, JIETKO HMHTETPUPYETCS B CYIICCTBYHOIIUN
MTPOM3BOJICTBEHHBIH TIpoIecC 0e3 HEeoOXOIMMMOCTH 3HAYMTEIhHBIX H3MEHEHUN
B uHppacTpykrype. OmnmcanHas mpoOneMa akTyajdbHa ISl Ka3aXCTaHCKUX
He(TenepepabaThIBAIONIMX 33aBOJIOB, HAa JBYX M3 KOTOPBIX HCIOIb3yeTCs
METWJIINATaHOJIIAMHUH, @ Ha OTHOM — JMATAaHOJAMUH M CYIIECTBYIOIIAs MPaKTHKa
nozJiep)anusi paboTOCIIOCOOHOCTH CHCTEM OCHOBaHA Ha MEPUOAMYECCKON 3aMeHe
YacTH pPacTBOpa YHCTHI aMWHOM. Pa3pa0oTka aBTOMAaTH3MPOBAHHBIX CHCTEM
OYMCTKM TaKHX PAaCTBOPOB IMO3BOJSCT 3HAYMTEIBHO YJIYUIIUThH YIIPaBJICHUE
MPOIECCOM, MUHIUMHU3HPOBATH PYYHOU TPYI U TIOBBICUTH OOIIYI0 SKOHOMHYECKYIO
3(h(EeKTUBHOCTH TIPOU3BOACTBA.

KaroueBbie c10Ba: METHIIMATAHOIAMUH, KOPPO3Us, Jerpajialius, TepMOCTa-
OWITbHBIC COCMHEHNS, aHHOHOOOMEHHAs CMOJIa, OYNCTKA, aBTOMATH3AIIHS.

Introduction

Solutions of alkanolamines such as monoethanolamine (MEA), diethanolamine
(DEA), methyldiethanolamine (MDEA) and others have found wide application in
various industries. Their main purpose is purification of gases (Pal et al., 2015: 8§;
Dalei et al., 2020: 11), including gases, generated during waste incineration (Aouini
et al., 2014: 14), from acidic components (hydrogen sulphide, carbon dioxide).
Such purification provides environmental protection and protection of equipment
from hazardous influence.

Alkanolamine solutions are widely used at oil refineries in Kazakhstan to purify
gases from acidic components. The principle of operation is based on the ability of
amines to bind acidic gases in the absorber and then to release them in the desorber
(Kheirinik et al., 2018: 8). Despite the high efficiency of monoethanolamine (MEA),
some plants favour diethanolamine (DEA) or methyldiethanolamine (MDEA) because
of their better thermal stability (de Avila et al., 2015: 6; Bonenfant et al., 2007: 4).
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Thermal (Mahmud et al., 2018: 7; Closmann et al., 2011: 6; Davis et al., 2009:
7) and oxidative (Fredriksen et al., 2013: §; Lee et al., 2013: 6; Chi et al., 2002: 9;
Goff et al., 2004: 9; Lawal et al., 2005: 13) degradation of alkanolamines, as well
as formation of thermostable compounds (TSC) lead to a decrease in the efficiency
of gas purification processes. In addition, the amine decomposition products cause
corrosion of equipment due to the formation of soluble complexes with iron, which
represents the basis of all structural steels. Some impurities accumulated in amine
solutions have surfactant properties and promote intensive foaming (Alhseinat et
al., 2015: 7; Chen et al., 2011: 6). The generated foam can cause various problems
in the technological process, such as amine entrainment and equipment instability.
Foam suppressants are used to control foam, but their use can change the properties
of the amine solution (Edalatpour et al., 2022: 8).

The mentioned negative phenomena will decrease the overall efficiency of
gas purification plants due to decrease of working concentration as a result of
degradation by various mechanisms, binding of amine into protonated form and
carrying away together with foam. At the facilities where there are no amine
solution purification units, in order to reduce the concentration of impurities, it
is practiced to drain part of the contaminated solution and replace it with freshly
prepared solution during repair shutdowns (Fiirhacker et al., 2003: 6; Chen et al.,
2020: 10). This approach does not correspond to the principles of lean production
and constantly requires substantial expenses. Kazakhstan’s oil refineries are forced
to purchase alkanolamines abroad due to a lack of its production.

Ion-exchange method of amine solutions purification has been successfully
implemented by a number of western companies for the last 20-25 years. In the
CIS countries there are no developments in this area, the reason for this may be the
lack of necessary and substantial funding, the complexity of licensing and the lack
of test sites. Today the most well-known companies distributing this technology are
MPR Services, Inc (USA) with HSSX® technology (Ion Exchange Heat Stable Salt
Removal Process) and Eco-Tec, Inc (Canada) with AmiPur™ technology.

HSSX technology uses a unique patented Versalt® resin in the process of
purification of amine solutions from thermostable compounds, which has the ability
to remove anions from amine solutions. The resin is heat resistant, withstanding the
temperature of the working solution up to 55-60 °C. Service life of the resin is 1
year, guaranteed by the company. The resin is regenerated by alkali and retains its
properties.

AmiPur™ technology utilises the highly efficient Recoflo© ion exchange
process based on a strong-base monodisperse gel anionite. Monodisperse resin is
used for amine purification from TSC, which, unlike ordinaryn sieve macroporous
polydisperse resin, has high osmotic stability of ionite grains, higher working
ion exchange capacity in a dense layer of ionite, increased surface area of
interfacial contact and fast kinetics of ion exchange, higher rate and completeness
of regeneration of small ionite grains with significantly lower consumption of
regenerant.
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In general, both described technologies are using the same principles and
based on the process of ion exchange of anions present in the solution with the
hydroxide ion of the resin. As a result of this exchange, the bound amine must also
be regenerated by reaction of the protonated form of the amine with the hydroxide
ion to form water and free amine. In total, such purification should give not only
the removal of weak acid anions, but also should return the bound amine back to
the system, since it acts like a ballast and does not participate in the purification of
acid gases.

The aim of the present work is to develop an automated system and algorithms
of its operation for purification of alkanolamine solutions, as well as to develop
a system, providing continuous monitoring and quality control of solutions for
further industrial integration.

Materials and methods

Laboratory tests for the selection of anion-exchange resin were carried out on
a system, consisting of a peristaltic pump, an ion-exchange column and tanks with
initial and purified MDEA solution. The concentration of bound amine (BA) was
used as an analytical signal.

Dynamic exchange capacity (DEC) and full dynamic exchange capacity (FDEC)
were used as a measure of resin performance. At this stage, these characteristics
were investigated for Lewatit A365, Purolite AS00 and Tokem-840 resins. All
resins are strongly basic, the first two are macroporous, and Tokem-840 is gel type.
In the first step, the performance of the resins was evaluated against anions of
organic and mineral nature: chloride, sulphate, formate and acetate. The choice was
dictated by the fact that the mentioned anions are typical components of TSC anions
in alkanolamine solutions at oil plants. Chloride comes in with the water used to
prepare the solutions. Sulfate is formed by oxidation of hydrogen sulfide. Acetate
and formate are degradation products of amines. Solutions of the corresponding
acids with hydrogen ion concentration ~0.25-0.27 mol/L were taken for the tests.
The concentration of hydrogen ions after slippage, determined by acid-base titration
was used as an analytical signal.

The model solution of MDEA with impurities contained 20% MDEA, 0.075
mol/L formic acid, 0.075 mol/L acetic acid, 0.0375 mol/L hydrochloric acid, and
0.01875 mol/L sulfuric acid. The concentration of bound amine was 2.58%.

Bound amine concentration and the concentration of TSC were determined by
conductometric titration method. For the determination of bound amine, a 4 g sample
was taken with an accuracy of 0.0001 g and titrated with 0.1N sodium hydroxide
solution. Free amine and TSC concentrations were determined by titration of 0.5 g
sample with 0.1N hydrochloric acid solution.

Results and discussion

The main issue of efficiency of ion exchange technology for purification of
alkanolamine solutions is resin selection, since resins with similar characteristics
can give very different results. Figure 1 shows the saturation curves under dynamic
conditions of the resins for each anion. Based on the sorption curves, the DEC
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and FDEC values in the Lewatit-Purolite-Tokem resins series were calculated for
chloride ion 3024, 3302 - 270, 367 - 725, 841 gxeq/m®. For formate ion 2856, 3327
- 816, 903 - 969, 1029 gxeq/m?. For sulphate ion 1690, 1812 - 728, 839 - 702, 806
gxeq/m’. For acetate ion 2392, 2912 - 624, 672 - 1092, 1120 gxeq/m°.
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Figure 1. Sorption output curves

Although in our conducted tests the best results were obtained with Lewatit
A365 resin for all anions, a hydrogen ion slippage is observed on the model
MDEA solution from the first batch. This resin is not suitable for use in alkaline
environments. On Purolite AS00 resin, slippage occurred on sample 10, while the
first two samples containing no amine. The total volume of purified solution was
160 mL with an MDEA content of 16.69%. On Tokem-840 resin, slippage occurred
on the 21st sample. The total volume of the purified solution was 380 ml with an
MDEA content of 19.12%. Thus, the best results of the tested resins were shown
by Tokem-840 resin, the efficiency of the resin was 3.8 volumes per one volume
of resin. Tests with MDEA solution from the plant with 24.42% free amine, 1.21%
bound amine and 1.79% TSC showed that one volume of Tokem-840 resin was able
to purify 8 volumes of solution. The concentration of bound amine in sample 9 was
0.32% with a further increase to the initial value in sample 15.
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To carry out scale-up tests on purification of 1 m* of MDEA solution, a unit
was assembled on the basis of a 40 ft container. The power supply is external,
single-phase with capacity of 3 KW/hour. The reverse osmosis unit requires a tap
or industrial water supply with capacity of 2 m*/hour. To drain the concentrate
after reverse osmosis process and the neutralised effluent after pilot plant operation,
access to a sewer is required. The plant is suitable for purification of solutions of
alkanolamines: MEA, DEA, MDEA and other alkanolamines. Table 1 shows the
list of equipment of the pilot plant.

Table 1 — Construction of the pilot plant

Label Item name Label Item name

CV-1 | Control valve 1 pH-1 | pH sensor 1

SOV-1 | Shut-off valve 1 P-3 Pump 3

SV-1 | Solenoid valve 1 SOV-2 | Shut-off valve 2

P-1 Pump 1 DP-2 | Drain pump 2

CS-1 | Conductivity sensor 1 | EP-1 | Electrical panel 1

DP-1 | Drain pump 1 ROS-1 | Reverse osmosis system 1

IEC-1 |lon exchange column 1 | CP-1 | Control panel 1

CV-2 | Control valve 2 DB-1 | Distribution board 1, ABTomMaTnuecKkoe yrnpasieHHe y3JIaMH
ycTaHoBKH Ha 6a3e mporieccopa PLC Simatic S7-1200

FM-1 |Flow meter 1 E-1 Amine tank

P-2 Pump 2 E-2 Caustic tank

CV-2 | Solenoid valve 2 E-3 Purified water tank

CV-3 | Solenoid valve 3 E-4 Drainage tank

CV-3 | Control valve 3 E-5 Technical water tank

F-1 Filter 1 SOF-1 | Shut-off fittings

The plant operation consists of 5 operations, the algorithm of which is given
below.

Operation 1. Preparation of purified water for washing the column, and
preparation of sodium hydroxide solution. To start the reverse osmosis (RO) unit,
ensure that the E-5 tank is filled with tap or industrial water. Route the drain of the
concentrate to the sewer. Switch the unmarked shut-off valves in the direction from
ROS-1 to vessel E-3 to the open position. Switch the automatic switches in EP-1
to the operating position. Turn on power to the P-4 pump supplying water from the
E-5 tank to the RO unit. Switch on power to ROS -1. As the E-3 tank fills to the
required level, switch off the water pump and ROS -1 power supply or switch the
purified water flow to the E-2 tank by switching the corresponding valves in the
pipeline.

Operation 2. Preparation of regenerating solution of sodium hydroxide. For
convenience of operators, alkali solution with mass concentration of 3% is prepared
by pouring water into the tank E-2 up to the mark 833 liters and then adding 25 kg
of sodium hydroxide. Transfer of alkali should be done in portions to avoid strong
heating of the solution, with using manual or automated stirring. The solution
should be prepared immediately before the start of the test to prevent the solution
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from absorbing carbon dioxide from atmospheric air. Preparation should be carried
out using personal protective equipment: goggles, gloves, respirator, protective
clothing and footwear.

Operation 3. Cleaning of alkanolamine solution. Before starting the operation,
switch the automats in DB-1 to the operating state. Wait for system initialization
displayed on the CP-1 control panel. Check the set parameters of CV-1 valve
opening and conductivity value to complete the operation. On the CP-1 panel, start
operation 3 by pressing the corresponding button. After start-up, the SOV-1 valve
should open and after a pause of 10 s, the amine pump P-1 should switch on. After
the IEC-1 column is filled with amine solution, it will be drain back to the tank
E-1. As the resin saturates, the conductivity value, recorded by the conductometric
sensor CS-1 and displayed on CP-1, will increase. When the set value is reached,
the amine flow into the column will be stopped. Pump P-1 will shut off and valve
SOV-1 will close. After a pause, valve SV-1 will be opened and pump DP-1 will
be switched on, after that amine from the column will be pumped to the tank E-1.
When pumping is completed, the SV-1 valve will close and the DP-1 pump will
switch off.

Operation 4. Resin regeneration. The operation is started automatically, the
valve CV-2 must be opened to the set value. Valve SV-2 is opened and pump P-2
starts taking the alkali supply from tank E-2. The alkali is drained into the tank
E-4, the operation continues until the set volume of alkali is passed through the
column, the volume is recorded by the flowmeter FM-1. After that the pump P-2
is automatically switched off and the valve SV-2 is closed. The next stage is alkali
draining from the column, for this purpose SV-3 valve is opened and DP-1 pump
is started, the alkali is drained into the tank E-4. After the specified time the SV-3
valve is closed and the DP-1 pump is switched off. As the E-4 tank is filled it is
necessary to neutralise the solution with acid to neutral reaction after which the salt
solution can be flushed to the sewer by starting the DP-2 pump.

Operation 5. Washing the resin from alkali. To start the operation, valve SOV-2
is opened; valve CV-3 must be opened to the set value. Pump P-3 is started, water
supply goes from tank E-3, the end of washing is controlled by pH-meter, when
the set value is reached, valve CV-3 is closed, pump P-3 is switched off. Water is
drained the same way as alkali was drained from the column. Upon completion
of the operation, the automatics will start a new cycle from Operation 1. Figure 2
shows the scheme of the plant.
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Figure 2. Pilot plant

The purification of 1 m® of solution was performed online to simulate plant
conditions when the purified amine returns to the original tank. This approach is
more time consuming, but allows purification without stopping the process (on the
plant) since there is no reduction in the volume of amine in the system. The resin
volume is 200 litres, the solution feed rate is 200 litres per hour, and a sample of
the solution was taken every hour to determine the degree of purification. Table 2
shows the dependence of the bound amine concentration on the sample number.

Table 2 — Solution composition depending on purifying time

Ne 0 1 2 3 4 5 6 7 8 9 10 11
CBA,%|1,21 |1,2 |1,15 |1,04 [0,63 |0,58 |0,46 (0,38 |0,24 |0,18 |0,15 |0,12

Since the process conditions at the production site are practically constant, the
composition of the generated harmful substances also remains unchanged. For
operative control of contamination it is optimal to use conductivity measurement
method. The Figure 3 shows a graph of direct relationship between the electrical
conductivity of MDEA solution and the degree of its contamination at different
temperatures. Thus, knowing the current parameters of the solution, it is possible
to determine in real time the need for purification or replacement of the amine,
allowing to optimize the technological process. Equations for these dependencies
were derived from the experimental data. Since the amine contamination may be
more significant than the investigated sample, extrapolation, based on the equations,
will provide data on specific conductivity at values outside the investigated range.
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Figure 3. Dependence of electrical conductivity on the content of bound amine at different
temperatures

Conclusions

The research presented in this paper demonstrates the potential and efficiency
of anion exchange technology for the purification of alkanolamine solutions.
By effectively removing thermostable salts and other impurities, this process
significantly extends the service life of amine solutions, minimises corrosion
processes and improves the overall efficiency of gas treatment plants.

Selection and testing of various anion exchange resins showed that Tokem-840
resin demonstrates the best performance in terms of dynamic exchange capacity
and selectivity for the target anions in MDEA solutions. The developed automated
solution purification system allows a continuous operation, can be easily integrated
into the existing technological process, and minimises manual labour.

It is possible to estimate the potential economic benefit from the introduction of
the proposed technology on the example of one of the Kazakhstan’s oil plants with
the volume of the system is 860 m®. The existing practice is based on replacement of
30% solution with fresh solution, i.e. 258 m? of solution needs to be replaced. At a
concentration of 24%, 62 tonnes of pure MDEA will be required (density of MDEA
is 1.04 g/cm?, for simplicity of calculations density of 1 g/cm? is taken), which at
its cost of 1,003,800 tenge per 1 tonne will amount to 62,235,600 tenge. The only
purchased reagent required for purification of such volume of solution is sodium
hydroxide, approximately 10 tonnes of which is required; at a cost of 210,320 tenge
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per 1 tonne, the total cost will be 2,103,200 tenge. One-time costs of resin purchase
will be 2,337,302 tenge at the price for 1 m® and 35,059,530 tenge for 15 m?*. Costs
for resin are significant, but it will work in the once-a-year-operation-mode for
many years. At the same time, replacement of 30% of the solution only lowers the
concentration of impurities, but does not remove them completely.
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Abstract. The interaction of a representative of the serpentine group of minerals,
chrysotile and sulfuric acid, has been studied. Using the results of chemical and
X-ray phase analyses of the products of the interaction of chrysotile asbestos (grades
A-4-20) with H,SO, solutions containing from 0.1 to 1.0 HC H,SO,, calculated
relative to the molar content of magnesium in chrysotile, it is shown that the degree
of transition of magnesium ions into solution depends on the amorphous silicate
layers formed on the surface of fibers arising in during the dissolution of chrysotile
asbestos in acid. The yield of the maximum amount of Mg?* passing into solution
does not exceed 70% with a ratio of the amount of acid (CHA H,SO,) and the
amount of magnesium in chrysotile asbestos (1:1).
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Annoranusi. CeprneHTUHUT MHHEpaiap TOOBIHBIH OKiTi — XPH30THI MEH
KYKIpT KbIIIKBUIBIHBIH apachblHIarbl ©3apa opeKeTTecyaepi 3eprreni. Xpru3oTui
KYpaMbIHAaFbl MarHUiJiH MeiuiepiHe (MOJb) KATBICTBI €CENTeNreH KYKIipT
KBIIIKBLIBIHBIH CTEXHOMETPUAIbIK KaxeTTi memmepi (CKM H,SO,) 6Gap, (0,1-
1,0) CKM H,SO, apanbIfbIHaarbl €piTiHALIEPMER XpU30THI-acOecTiH (XA) (A-
4-20 mMapkaJjbl) apacblHa KYPETiH e3apa dpeKeTTecysiep, peakuusiap eHiMIepin
XMMUSUIBIK JKOHE PEHTreHo(asanblK TalaaylapAblH HOTHXKEIEPiH KONJaHyMEH
TaJKbUIaHABL. AJBIHFaH MONiMETTep OOMbIHIIA, ©HAEYre alblHFaH KYKIpT
KbiKbUTbIHBIH CKM (0,1-0,3) apanbirbiHga epitingire eretin Mg?' memmepi
KBIIIKBLIT KOHIICHTPALUACHIHBIH Moiiepine nponopuunonad, (0,4-1,0) apansireiaaa
MPOMOPLUOHAN TOYEIAIK CaKTaIMANTBIHABIFBI aHBIKTAIbI. KYKIpT KBIIIKBUTBIHBIH
CKM (0,1-0,3) apanbirsinaarsl Mg? MemmepiHiH alblHFaH KBIIIKBIT MOJIIIEPiHe
KATBICTBl OKBUBAJICHTTI TYpPAE €PITIHAIre OTyl XPHU30THI KYPBUIBIMBIHIAFBI
OpycuTTiH KabarTarbl MarHui memnuiepiniy (1/3 Genirimen) epyiMeH TYCIHIIpiIII.
Xpu30TH-acOecT kKoHE KYKIPT KbIIIKbUIBI apachlHAa KYPETiH CTEXHOMETPHSIIBIK
MOJIIEPIIK OPEKETTECYiHIH 3epTTey HOTHXKEJNepl MAarHuiIiH epiTiHaire ety
JIOPEKECIHIH epy Ypaici OapbIChIHA, TAIIBIK OST KabarTapbiHa majaa 0oiaThiH
MOJIMKPEMHUHN KBIIIKBUIAAPBIHBIH O1piryiHEeH TYbIHAAUTBIH aMOP(THI Ka0aTTapIbIH
Ty3l1yiHe OaiiJlaHbICThI OONATBHIHABIFBI €PIMEHTIH KaJABIKTapAbl pEHTIeHO(]a3aIbIK
3epTTeyNepPMEH KOPCETUINI. AbIHAaThiH KplUKbUT Meamepi (CKM H,SO,) men
XpU30THII-acOSCT KypamblHAa MarHui MeJjnepiHiH KatbiHackl (1:1) Oonranja,
epiTiraire etetin Mg?*-1iH MaKCHMAJIIbI MOJIIIEPiHIH MIBIFBIMBI 70%-1aH acau bl
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AnHoTaums. VccnenoBaHo B3auMOJEMCTBHUE NpeACTaBUTEN TPYIIbl MHHE-
paJIoB cepIieHTHHA — XPU30THIIA M CEpHON KHCIOThI. C IPUMEHEHHEM Pe3yIIbTaToB
XIMHYECKOTO M PEHTreHO(a30BOr0 aHAIM30B TPOIYKTOB B3aUMOICHCTBUU
xpusorui-acoecra (mapku A-4-20) ¢ pacreopamu H,SO,, conepxammmu ot 0,1
no 1,0 CHK H,SO,, pacunTanHbIX OTHOCHTENBHO MOJIBHOTO COIEPKAHMS MArHus
B XpPHU30THJIE TIOKA3aHO, YTO CTETIeHb IepPeX0/ia HOHOB MAarHUs B PACTBOP 3aBHCUT
oT 00pa3yromuxcss aMOp(HBIX CHJIMKATHBIX CIIOEB Ha TIOBEPXHOCTH BOJIOKOH,
BO3HHUKAIOIINX B XOJI€ PACTBOPEHUS XpU30THI-acOecTa B kucnore. [1o pesynbraram
WCCJICZIOBAHUS BBISBICHO, YTO MPOIMOPIMOHAILHOCTh U3BJICUYCHHOTO KOJIUYECTBA
Mg?*" B pacTBOp IpH UCIOIB30BAHUH KOHIEHTpaluu cepHoi kuciotsl (0,1-0,3)
CHK cBsi3ana ¢ pacTBOpEHHEM OpYCHTOBOTO CJIOSI CTPYKTYpHOTO CaTpOCHUS
KPUCTAJUTMUECKON pEIIeTKH XPH30THJA, e HaxodsTcs 1/3 vacTh Maraus oOT
00IIero ero comepKanus B MUHEpaje. BBIXoa MakCHMaIbHOTO KonndectBa Mg,
TIePEXOJSIIETO B pacTBOp, HE mpeBbimaet 70% TpU COOTHOIICHUH KOJTHMYECTBA
kucnorel (CHK H,SO,) n xonnuectsa marnus B xpusorui-acoecre (1:1).

KuroueBble cioBa: Xpu30THII, CEpHAs KUCIOTAa, CTEXHOMETPHUECKOoe He00X0-
JIMMO€ KOJIMYE€CTBO, MarHui, KpeMHUH.

Kipicnoe
Conrbl ke3zaepae KaOaTThl KYpbUIBICHI 0ap MarHWi CHJIMKarTapbl (cepreH-
TUHUTTEP) MEH MMHEpPaJJIbl KHIIIKBUIAAD apachlHAAaFbl ©3apa JpeKeTTecyIepi
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3eprTey  OapbICHIHIAFBl  JKYMBICTapAblH caHbl keOeiin kenemi. Cebedi,
CEepPICHTHHUTTEP KYpaMbl MarHuii MeH KpemHezemre Oait  (Mac.% MgO 43-ke
neiiin, SiO, 45-ke neiiin) muHepangap. JKanmel, CEPIEHTHHUTTEPII XUMUSIIBIK-
TEXHOJIOTHSIIBIK TYPFBIJIAH 3€pTTEYNepi, KOWBIIFaH MaKcarTapbl OOWBIHINA,
oJapibl «IKOJIOTUSIIBIK» JKOHE «TEXHOJIOTHSIIBIK» TYPFBIIAFbl OarbITTap JIeI
KapacTeIpyFa 1a Oonaapl. ©O3eKTiniri O0HbIHIIA, eKi OaFBIT Ta MaHBI3/IbI, OipiHIIIC]
KOpIIIaFaH OPTaHbl KOPFAy TYPFBICHIH/A, CKIHINICI TaOWFM XpH30THI-acOecT
IUKI3aThIH KeIIeH/I KaWTaeHJeyle, SFHU TaOWFH IIMKI3aTThl PaIdOHAIIBI
nmaganady TYPFBICBIHAH Oojyanpl. CepneHTHHUTTEPAl OHIIpiC OpBIHAAphIHIA
(37EKTPOCTAHIINS, METAJLTY PTUSIIBIK, [IEMEHT 3aybITTAPhI )KOHE T.C.C ) Iaki1a 00J1aThIH
CO, raspiH ycTay/ia naiaanany MYMKIHJIII, CEPIIEHTHHUT Cycriensusnapbia (B.B.
Benunckuit xone T.0., 1995; A. Cavallo, 2018; L.Diaz xone 1.6. 2007) kapOoHmay
peakuusiIapbeiHa HerizaenreH. JKypeTiH opekeTTecynep HOTHKECIHIe CEPIIeHTHHUT
KypambIHarbl MarHuid norgapel CO, ra3biH TepPMOJMHAMHUKAJIBIK TYPAKThl MArHUH
KapOoHaTbIHAa alHanAbIpaabl. EKiHII OaFbITTarbl 3epTTeyiepii KYPrizyaiH
OacTel ceOeOiHe, CePIICHTHHUTTEPMEH KOHE OJIApAaH TYPaThIH XPH30THI-acOecT
OH/JIIPICIHIH KaJIJIBIKTapbIHAAFbl Makaalibl MarHuid TOThIFBI (32-43%), KpeMHE3eM
(35-40%) xone Oacka metaimmapabiH (Fe.Ni, Cr, Mn, Al xone 1.0.) 601ysl j)KoHE
oJiap/ibl O6TII ajly MaKCaThIH KaTKbI3yFa 00JIaIbl.

Ochl OarbITTarbl 3epTTEYNICpP, COHBIMEH Karap, CEpPHEHTHHUTTIK TaOWFu
IUKI3aTThl KemeHAl KaWTaeHJEY[IH TEeXHOJOTHAJAphIH Kacaydbl Ja Makcar
TyTanel. byn skarnmaiija, Koraphl MarHuiial acOSCT IWKI3aThIH pallOHAIbI
naianany, MarHAWIIH Tai1anbl KOCBUTBICTAPBIH ally MYMKIHIIKTepi MEH OHBIH
HKOJIOTHSUTBIK Ma3MYHBI KaTap €CKepilIin oThIpaibl. OHIipic OapbIChIHIA XPU3OTHII-
acOecti OaiipiTy ypaiciHae Ty3ineTiH, KypambiHaa 1,0%-fa neliH XpU30THII-
acbecti Oap MmIAHTIpi3AEC KaNABIKTApAbl YTWIM3AIMIAY SKOIAAPBIH 13/1ECTipy
KOKETTUIIrT OONIFaH Ke3lle, 3epTTEYJEpPIiH 3KOJOTHSUIBIK MaHBI3IbLUIBIFBl apTa
Tyceni. byt GaFrbITTaFb 3epTTeYIIepaiH OachIM KOTIIUTIT MATHUHITI CHITHMKATTapaaH
TYpaThlH KaIIBIKTAp/bl KBIIIKBUIIBIK OHICY OMIiCTepiHEe apHAIFaH Jeyre Ooaibl.
Omapra cepneHTHHUTTIK IMUKi3aTTaH MeTanasl Marauiai (M. Maroto-Valer sxone
1.0. 2005), maruuii ty3aapei (R. Zevenhoven xone 1.0. 2002; B.II. Ilerpos
1978), marnuiinin ruapokcuain (A.B. Ilenckuii xone 1.0. 2005; B.A. Kozmnos
xkoue T.0. 2015 ), maramii okcuzi (K. Yoo xone 1.60. 2009) sxoHe kpemue3eM (A.
Fedorockova xone T.6. 2012; L. Gladikova xone 1.6. 2008) amyra GarpITTanran
KOMTeTeH 3epTTeyIep i )KaTKbI3yFa Oomaapl. AJaiia, OChl TYPFBIIAFEl OHiCTEePIiH
o3eri Gonbin TabbutaTein H,O" nonmaper men cepnentunurrep [Mg,Si,O,(OH),]
apachIHJaFbl ©3apa opeKeTTecylep OOMBIHIIA 3epTTeyJepAiH KOITIriHe >KOHE
OPTYPIIi KOCIIapiIapMeH XY PTi3UIreHiHe KapamMacTaH, 931pre TEXHOJOTHSITBIK JKOHE
SKOHOMHUKAJIBIK TYPFBUIAPJIAH KOJIJAHBICKA JKapaMJlbl HOTHXKE Oepe KoMaraHbIH
aram etyre Oomanel. byt skarmaii, €3 Ke3eTiHIe OChl TaKBIPBINITAFEl 3ePTTCYICPIiH
outi ie ©osica ©3eKTi OONBIN OTHIPFAHBIH alFaKTal/IbI.

Kamner, H,O" wnonmapel MeH KypbUIBIMBI ~KaOarThl —OONbBIN  KEJIETIH
CEpIICHTUHHTTIH ©3apa OpeKeTTeCyi TeTepoTeHAl OopTaja JKYpPeTiH YpIic, Kem
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Ka0aTThl MAarHAWI CHJIMKATTaH MarHUWIIH KBIIKBUT €PITIHIICIHE 6Ty MEXaHU3Mi
MEH KHHETHKachl Kypaemi cumnarka ue. OchlfaH OaillaHBICTBI, CEPIIEHTHHUTTIH
KBIIIKBIIa epy OapbIChIHAA OpPBIH alaThlH XUMHSJIBIK YpAICTEpre KaThICThI
Ke3KapacTap/a Kapama-kaibuibiktap (M.F.R. Fouda xxone 1.6. 1996; S. Teir sxoHe
1.0. 2007) ke3mecinm OTBIpadbI, dcipece KOJNIaHFaH KBIIMTKBUT KOHIICHTPAITUSChIHA
KaTBICTHI CEPIICHTHHUTTEH MAarHUW/IIH epiTiHITe maiiManany aapexeci OoibIHIIa,
OHBIH TEMITEPaTypaIbIK TOYEeJIUTri *oHe T.0. Byn OarbITTarsel 3eprTTeyiep MeH
Mmocenenep OoiipiHma JKiTikapa KEHOPHBIHBIH CEPIIEHTUHUTTEPI oJi TOJBIK
3epTTeNIMereH Jeyre 0omabl.

Bbyn makamama, xeprimikri (OKiTikapa KeH OpHBIHBIH) CEPIICHTHHUTI MEH
KYKIPT KBIIIKBUTBI apachlHAaFbl MOJIIEPIiK (MOJIIK) e3apa OpeKeTTeCYyIepiH
3epTTey HOTHIKEINepi YCHIHBUIBII OTHIP, SFHU CEPIIEHTHHHUT KYpPaMbIHAAFbl MarHui
MeJIIIepiHe KaThICThI ABIHFaH KYKIPT KBIIIKBUIBIHBIH CTEXHOMETPHSIIBIK KaXKeTTi
MOJIILEPiHiH, MArHUHAIH epiTiHAire oTy JopekeciHe acepi MEH CEepIEeHTHHHUTTIH
KBIIIKBIIIa epiIMEHTIH OOmiriHAe OpbIH ajaThlH (DU3MKA-XUMHSIIBIK e3repicTepi
3epTTEINII.

MarepuaJjigap KoHe Herisri agicrep

3epTTeyre, CepPIeHTHHUT TOOBI MUHEPAJIapbIHBIH IMIiHAE €H KOl KOJIaHbICKa
ue OosFaH, Kom KabarThl KypbUIbIMbI Oap maruui cunmkarel [Mg.Si O (OH),],
«Kocranaii Munepangaps» AK-na enaipinetia A-4-20 Mapkaibl Xpu30THI-acOoecT
AJIBIHJIBI.

Xpuzotmir-acoecTid (XA) 20,0 T ycakTambI, eneHin, Toxipudere emmemi <0,14
MM peiinri GpaknusceiabH 10,0 T emeHin ansHFaH yarinepi KoJaaHbuabl. XA-
TiH (A-4-20 MapKaJbl) aHBIKTaJIFaH KypaMmbl 1-kecteze kenripinreH. Kypampiaga:
Mg — 26,42%; Si — 18,65%; Fe — 2,73% 06ap XA-tiH 10 rpamblHAa MarHUHIiH
meutiepi 2,642 r wemece 0,11 monb, Temipain memmepi 0,0049 monb. XA-TiH
KypaMbIHiarbl Mg Metiiepi, TemMip mMesmepineH 22,45 ecere ker OOJIFaH/bIKTaH,
JKYPETIH peakIusiapra KaThICThI KBIMIKBUT MemepiHiy ecebinge Fe memmepi
ecenke anbiHOAAbl. KBIIKBUIIBIH CTEXHOMETPHUSIBIK KakeTTi memmepi (CKM
H,SO 4) KeJIeCi peakius TeH eyl OOWBIHIIA eCeTTeH]Ii:

Mg + H SO, — MgSO, + 2H" (1)

CKM H,SO, epitinginepi 92%-mpik H,SO,, mMapkacbl «X.T.» peaKTHBIHEH
naiteramanael. Kememi 200 mur, KypambiHAa KYKIpT KbIIKBUTBIHBIH CKM HZSO4
MeJiepi 6ap epiTiHALIepi TOMEHIETI TeH IeYIep OOUBIHIA eCeTTeiH/Ii:

m=C-M -V-100/92=C-21,304 )

V=m/d=C-21,304/d 3)

MyHsga: m — Oenrii Oip MOJSpPIbl KOHICHTPAIMSUIBI EPITIHI JaiblHayFa
anpiatbid 92% H,SO,, r; C — MOJISPIIBIK KOHIIEHTpAIusl, MOJIB/T; M, — MonSpIIBIK
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macca, r/Moib; V — epitini kenemi, 11; d — 92%-npix H,SO, TeFb13abrsL, /M. XA-
Ti epityre mbFbIHAanaTeiH H,.SO, Memmepi (Mo ):

nulblrbm = n6acr - ncoum (4)

TEeHIEYIMEH, all %-IbIK OJIIeMIETiC:

H,SO

2 41Lll>lfl>lH(

%) =1 10000, 5)

TCHJICYIMCH aHBIKTAJAIbI.

Toxipubene (10 T XA) ynarimepi Oemek-6emex 118 M cymbr epiTiHgiiep
Typinae, konuentpamusiapel: 0-1,0 CKM H,SO, apaneireina 0,1 CKM H, SO,
AUBIPMAIIBIIBIK ~ KaJaMBIMEH NAWbIHAANBIT KOMMAHBUIIEL. Tokipubemep 95-
100°C mamaceiama, 10 MHHYT Ke3€HIHIE Kepi MY3IATKBIIIIEH KaMTaMachl3
eriren Dpnenmeiiep komdaceiHaa xyprisinai. H,SO, nmen XA-TiH KOCIIaChIHbIH
cycrien3usicel 350 aifH/MUH >KBUIIaMIBIFBIHAA apaTacTRIPBUIBII, COHBIHAA OipIcH
(kex cy3ri) cysrineHmi. bemiHIN amelHFaH CYWBIKTBHIK TI€H €pIMETeH KaJIbIK,
annprH-aa manerHabpikTan (105°C kenripy) etkisinren coH, JSM-6490LV, JEOL
(OKanonmst), INCA Energy 350 sHeprogucrnepcusuiblK MHUKPOTAJIAFbIIIBI Oap
KeIeH i KOHIABIPFBICKIH/IA SJICMEHTTIK TalgayFa >KiOepiTinn OTeIpAbl. PeakusIHbIH
opraria KelKeUABUTBIFEI U-160 MU noHoMepiMeH oJTeH 1.

Horu:xkenep

Xpusorun-acoectin  xumusuiblK - Kypamel Mg Si O, (OH), dopmynaceiven
CUmaTTanajibl, KypambiHaarsl (camM. %): MgO — 43,6; SiO, — 43,5; H,O — 13,4,
TayapJbl XpU30THI-acOeCT KypaMbIH/Ia a3ar 6acka Ja Kocra dJIeMeHTTep OO0 Ibl.

1- kecre — A-4-20 mapkainbl XA-TiH 3JIEMEHTTIK KypaMbl
OneMeHT Mg Si Fe O
Menmepi, % 26,70 18,20 2,63 52,46

Xpusormi-acoectiH KypeuibIMbIHBIH (H.B. beno, 1976) tanmayel, OHBIH
MUHEpAJIBIK CyOmnapasieNnii arperarrap TY3UTIMIEpiHeH TYpaTblH JKOHE OHal
TammbIKTaHaThIH nuamerpi 30-36 HM KypalThlH KabarTapgaH TYpPaThIHBIH
KepceTesi.

Kazipri ke3zeri »xanmpuiama KaObUTIaHFAH XPU3OTHIIIIH HUICNIbl KYPHUTBIMBI
(E.J. Whittaker, 1963) OoifpIHIIIa, oNap KaoNHWHTOpi3nec OyKTeMeni KadarrapiaH
Typaasl. A op0Oip Kabart, ©3 Ke3eriHie eKi AIeMeHTapIbl TOpIaH — Oipi KpeMHUI-
OTTEKTIK OailfTaHBICKaH TETPAIPIIK TOP/aH, EKIHIIICI OKTadyIpIIiK OpyCcHUTTapi3aec
OombIn KeJemi, ekeyi TeTpadapiik-okradyapiik (1:1) xoc KabarTel xymrapiaH
TypaTelH Kabarrtap Ty3enmi. Hortmwkene, Oip-OipiHe KabarTackaH Oykremeni
KabarTapablH cepusichl maiina Oomambl. XA-TiH opOip 3JIEMEHTTI TaIIBIFBI
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OipHerre KabdaTTaH TYpaThIH TYTIKIICIEPACH TYPaJIbl, KO XKaFaaiia Ty TIKIenepi
KYpalTbIH KabaTTap caHbl SHEPTETHKAJIBIK LICKTEylepre OalIaHbICTBl TOFBI3AAH
acraiiapel (H.O. Symymsan sxone 1.6. 2013).

OcpInaaii cunarramagarsl XA reH HZSO ,©3aPa dPEKETTECKEH]IC, CEpIICHTUHUTTI
TeTpadapiik-okTadapmik (1:1) KypbUIBIMBIHAH OIpIHII OKTadAPIIK OpPyCHTTIK
[Mg(OH),] xabarbl H,O" nOHAApBIHBIH SKBUBAIEHTTI MOJIIEPIMEH OPEKETTECY
apKpUIBl epuiai jgen Oomkayra Ooianmbl. Ce0eli, XpU3OTHIAIH KYPBUIBIMIIBIK
CTPYKTypachlHaH, OpyCHTTIK Topaa »ammel Marnmiigin 1/3 6emiri Mg(OH),
TYpinze, an imki Terpasapaik topaa (MgOH), typae 2/3 Gesiri opHagacKaHbIH
Oalikayra Oomabl. KypbuibiMabik Typrbiian onapasl Mg Si, O (OH), — Mg(OH), -
(MgOH), - 81,0, Typinge enecreryre 6onansl. Toxipubesik MomiMeTTep OOMbIHIIA
(I-cyper), epityre ambinran epitkimreri H SO, CKM-He KaTbICThI, €piTiHIire
OTeTiH MarHuit Mesmepinia (Mg?*, MOJIb) TOYENIUTIK CHI3BIFDI 1A OCBIHBI MECH3EM/II.
CypeTTe ToyenauTiK ChI3bIFbl, MarHuiiiH (1 TEHIEyMeH) eCenTeNTeH TeOPHSUTBIK
IIBIFBIMBIMEH (1 CBI3BIK) calbICThIpa OepiiireH.

1.2

. MOJB/T

-
-

D 1 | | 1
] 0.2 0.4 0.6 0.8 1

CH:SD4- 107, Mome/n

1-cyper. Xpusorun-ac6ecri (10 r) H,SO,-n (0,1-1,0) CKM —i Gap epitinginepmen onerense
(=10 munyT, t=95-100°C) epiringire ererin Mg*" (Mosb) Mesepi: 1 — Teopusuibik ecebi
OolibIHIIA, 2 — iC-KY31HIE

byn wmomimertepaen (1-cyper) OaiikaitteibIMBI3, eHaeyre (0,1-0,3)
apaNbIFBIHAAFBl  KYKIPT  KBIIKBUIBIHBIH, ~CKM-ri  KOHIEHTpanusAChIHIaFbl
epiTiHaiIepai Koimanranaa, XA-TeH epitiHimire ererin Mg? (Monb) Medmepi
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KBIIIKBITFA KAaTBICTBI SKBUBAJICHTTI Meepe OoiHEeTiHIH Kkopyre Oonaapl. Apbl
Kapaii, KelmkeU1 KoHIeHTparusachiH 0,4-1,0 CKM-re keOeiTkeHIe MarHUHIIiH
epITIHJIre OTy JopeXeci TEOpPHSUIBIK ECENTElTeH MOJIIepPIeH aybITKylIap
OonateiHBIH Oaiikaiimbs. Anramkel ayeITKy (0,4-0,5) CKM-ne Gacramsm, (0,5-
0,8) apasbirsiaga Maruauii (Mg?, Monb) mbFsIMBl 65-70% Kypaca, (0,9-1,0) CKM
HZSO , APAJIBIFBIH/IAFbl MAKCUMAII/IBI IIIBIFBIMBbI (XA-TiH OacTankpl KypaMbIH/IAFbI
MarHuil MeJIIIePiHiH) OChl MOHIEP/ICH aCTIaiIbl.

Toxipubenik  mamiMerrepai Tangay Oapeickinaa, XA men H,O™ e3apa
OpeKeTTeCyi, TOMEHETI peakIusuiap CcXeMachl TYpiHAE XXypemi nen Ooimkayra
OoJaanl:

Cartbuisl TYpIE:

Mg, Si.O(OH), + H,SO, — Mg? + SO, + Mg SiO, + H,Si0, +2H,0  (6)
Mg SiO, + H,8O, — Mg* + SO > + MgSiO, + H,0 ™)

OpeKeTTecy/liH 0acTankbl Ke3eHiHJe, XA-TiH KYpBUIBIMBIHIAFBl OpPYCHUTTIK
kabartaH Maramiifiy 1/3 Oemiri (oHail epuTiH Oeiri) H,O0" ocepiHeH epiTiHfire
oTeli, Oy Ke3zie maiaa Gonarbin cuaukar nonaapsl H,O HOHIapbIHBIH XpH30THIT
KabarTapbiHa quQy3usiIaHybIHA KeJIepTi KeATipyiHe KETKUTIKCI3 00Iybl MYMKIH.
KyxkipT kprmkpuisr kormieHTpanusceiaa (0,4-0,5) CKM KaThICTBI epiTiHire OTeTiH
MarHuii MeJIIEpiHiH apTybIMEH Kalarraca TY3IJeTiH CHIIMKAT WOHIAPBIHBIH
Jla KOHIIEHTpAaIUsIIaphl J1a Kyienae apra tycemi. Ty3inerin HZSiO3 KBIIKBILIBIK
opTajzia accolualnusUlaHyFa OeifiM OONFaHIBIKTaH, TY3UITEH TIOJTHKPEMHUI
KBIIKBUIAAPBl  Oipirill, TYTKBIPIBIFBI JKOFApbl KOJUIOMATHI EpITIHIIep maiina
Oomanmel. XA TaNIMIBIKTapBIHBIH OETKI JKaKTapblHAa OJapAabsl OypKeMeIeHTiH
Kabartap maiiga Oona Oacrtaiiiel. by sxarnal, e3 kezeringe XA-TiH KbIIIKbIIIAFbI
epy KHHETHUKAChIHA dCeP eTei, SFHU MarHUIIIH epiTiH/Ire oTyiH TeKel OacTanIbl.
CoHbIMeH KaTap, KbIIIKBULIBIH OeNTiii 6ip 06Iiri 91¢i3 KpeMHUH KbIITKBUTIapbIHBIH
Ty3utyiHe sxymcanaasl. MyHsl, KyKipT Kbiukbuisl (0,1-1,0) CKM men xpuzoTtui-
acOecT e3apa opeKeTTeCyllepiHe ajblHFaH epiTiHAuIepiHiH Oactanksl pH-meH
opekeTTecyleH Kewinri pH mramanmapbIMEeH CalbICTBIPYIaH JYXOHE OHBIH ©3Tepy
KHCBIFbIHAH Oaiikayra Oonanabl (2-cyper). Kykipt kpimkeuisl memmepi 0,4 CKM
MeduepineH 6acrar, conan keiinri (0,5-1,0) CKM apaibikTa aa, 9peKeTTecyaeH
Kelin, xy#ene (oprana) Kanarbin 60¢ H,O" noHapbIHbIH MOJIIIEP] TYPAKTHI TYPIE
e3repMelIi )KoHE OHBIH IIaMachl KBIIKBUIBIH Oactankel MemmepiHiH 30-35%
TeHiperiHae 0oabl.
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pH 8

b2
T
¥

a0
e sy

L e T W _‘__‘_*__.
D 1 1 1 |__*__“.I
0 02 04 0.6 08 1

Cu 50, : MOIB/T

2-cyper. bacranke! epitingigeri kerkpuiae (0,1-1,0) CKM H, SO, Gonran xesnepaeri
pH monnepi (1) sxoHe onmapabIH Oipaei xarnaiina X A-1eH opeKeTTecylIepiHeH KeHiHT1
epitinainepiaaeri pH-TeiH e3repici (2), =10 MunyT, t=95-100°C

baiikanran Oy sxarnaii, XA nen H,SO, e3apa spexetrecysepi (6-7) cxemanapia
KOPCETUITeH peakIusuiap CUMAThIHIA KYPETiHIIriH kepcereni. JKyitemeri 6oc
H,O" uvonnapbiHblH naiina OOMybIH, KBINIKBUI HOHIAPHIHBIH iIIKi TETpasmpiik
kabarrarel Mg(OH), Typinaeri Marnuiire TammblK OETTEPIHAE MOJIMKPEMHMIAII
KBIIKbLIIapbIHAH TYPAThIH KabaTiuanap/blH Ty3inyine Oainanpictel H,O* nonna-
PBIHBIH U Gy3HsIaHy KbULIAMIBIFBIHBIH TOMEH/ICYIMEH TYCIHIipyTe O0Mabl.

P‘r % 30

[

20 |

10 1 L 'l L
0 0.2 0.4 0.6 0.8 1
CH:SD4 , MOMB/A

3-cypert. Xpuzorun-acoect nen H,SO, e3apa opekeTTecynepinin epiMeHTiH KaIbIFbiHIa
marHuii (1) )xoHe kpeMHHH (2) KOHIIEHTPALMACHIHBIH o3repyi: 10 T xpusotmi-acoecti (Mg-0,11 M)/
H,SO, (0,1-1,0 MONB/JT) CTEXMOMETPHUSIIBIK, KAXKETTi MOJIIIE,
t=10 mun, t =90°C
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Cypert-4. Bactanks! xpusotui-acoectit (A-4-20 copTsl) (a) jKoHE XPU30THUI-acOSCTiH epiMeHTIH
KaJIIBIFBIHBIH SHEPTOAUCTICPCUSIIBIK CIICKTPIICPI: HZSO 4=1 :1 CTEXHOMETPHSIIBIK KaJKETTI MOJIIIEP
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Cypet-5. XpHu30THiI-acOeCTiH PEHTTeHO(A3abIK TalIaybIHBIH HOTHKEIEpPi: a) OacTamnksl; 0)
XPH30TIII-acOECTTI KYKIPT KBIIIKBIIBIMEH OHIereHHeH keiin (C — 0,7 mons/n, CKM 0,7 Gemiri)

H2S04

XA-TiH KbIIIKBUIMEH OPEKETTECYl TaIIIBIKThI TY3€TIH TYTIKIIEIEP/iH CHIPTKBI
KabarTapeiMeH OacTayblll, apbl Kapad Kejieci KabarTapMeH Ke3eKTi Typle
OipTiHAen KemieTiH CUSAKThI. KeImKeul MeH XA opTypii Meiiep/e allbIHFaH
Ke3JIerl OpeKeTTeCyJepACH KeWiHrl KauablKTapablH Mg wmeH Si kacanraH
XMMUSUTBIK  Talfay HOTHKenepi (3-cypeT) ochlHAal Ooinkamfra HTepMeleii.
Kanneikrapnaret Marauii  memmepinin  (XA-ri Mg MenmiepiHe KaTbICThI)
OiIpKaNbINTBI KEMY1 jKoHE Si OipKaNBINTHI ©CYyi 03apa opeKeTTecyep Ke3eHITIK eH
Ka0aTTBUIBIK CUIIATTA KYPETIHJIrHEe MeH3eHi. MyHbI, COHBIMEH KaTap OJlap/IbIH
SHEPTOAMCIIEPCHSITBIK CTeKTpiepiH (XA TMeH KalAbIKTBIH) CajbICTHIPYIapblHaH
na Oaiikayra Oonaabl (4-cypeT). A TajllublK OeTTepiHae aMop(Thl MOJTUKPEMHUN
KpimKpLiiapbiHad  (SiO,'nH,O) Typarbin KaOaTThIH TY3UIETIHAIN, OIapAbIH
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T paKTOrpaMMaapbIHIAFHI (5-CypeT, 6acTamnKsl (a) )KoHe KBIIIKBUIMEH OHICITCH
XA (0)) esrepicTepiHjie alKbIH KOpiHEI.

KopbIThIHABI

XpuzoTmin-acoecT KypaMbIHIAFbl MarHuii MeumiepiHe (MOJb) KaThICTHI,
KYKipT KbIUIKbUTBIHBIH (0,1-1,0) CKM apansirbiaga Medmepi 0ap epitinaiaepMen
XpU3OTHII-acOECT apachIHIAFbl ©3apa opeKeTTecylep OapbIChIHIA, KBIIIKBLT
MeJIIepiHe KaThICTBI  epiTiHmire eoteriH Mg  (MONb) SKBHBAJICHTTLIIK
MeIIepiHiH 3aHAbbIKTapel XA (Mg*, mons):H SO, (monp)=1:(0,1-0,3) CKM
apanbIFbIHAa OpbIHAANanel. Kommpaneumarea epitinaigeri Kermkpur (CKM H,SO 4)
KOHIIEHTPANMSChl apbl Kapail jKorapblUiaraHia, epitingire eterin Mg?* (MoJb)
MeJIIIepi, XPU30THIT TAIIBIKTAPEIHBIH OCTTepiHe MOIUKPEMHIH KBIIITKbUIAPIaH
TYpaThIH KadaTmianap Ty3iryiHe 0ailaHbICThI, TEOPHSUTBIK €CETTENreH MOHIEPACH
ayBITKBIT, KeMH Tycemi. MarHmid, KpIIIKBUI epITIHAICIHIE XpU30THI-acOecT
KYPBUIBIMBIHIAFbl ~ TYTIKTI KaOarrapaan H,O" HOHZApbIHBIH  KaTbICybIMEH
KE3CH/IK-Ka0aTThIK CHUTIATTaFbl OPEKETTeCylep HOTIKeCiHAe epumi. KeImKbut
koHIeHTpanusceiHby (0,1-1,0) CKM apanbirbiaga XA KypaMbIHIAFl MATHUHTIH
epyiHiH MaKCHMaJJbl MIBIFBIMBL, KoHIeHTpanus — 0,7 CKM HZSO4 OosraHa
Oaiikaiasbl.

Byn zeprrey KP M FK I'K (AP19676952) kKapKbIIbIK KOJaybIMEH KY3€Te
aCBIPBLIJIBI.
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Abstract. The article presents a method for treatment circulating solutions
formed during uranium mining using polymer flocculants. The formation of
large-tonnage acidic recycling solutions during uranium mining at the Irkol mine
(Semizbay-U LLP) and improvement of technologies for their treatment is an
urgent problem. Uranium minerals are extracted from ores by acid or alkaline
methods of leaching technology. In turn, these recycled solutions are deposited in
reservoirs and reused, i.e. they participate in uranium dissolution in the uranium
mining technological cycle.

During the study, the elemental analysis of the composition of the circulating
solutions was determined using a D8 Advance (Bruker) X-ray phase detector and
their interaction with polymer flocculants was investigated. It is shown that the
main components of the dry residue of the sample of reducing solution are quartz
(92%) and other silicon compounds. There are also dissolved salts (mainly sulfates)
of iron, aluminum, calcium, magnesium and potassium and their hydroxides.
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Modern analytical instruments, atomic adsorption, X-ray phase, X-ray
spectral methods and QicPicLyxell apparatus, which allows to determine the
particle size, were used in the article. It is shown that polymeric flocculants
remove dispersed colloidal compounds from circulating solutions and allow their
purification. Purification processes are provided to accelerate rapid separation
of low sedimentation suspension particles. Depending on the nature and dosage
of polymeric flocculants, the possibilities and dependencies of the degree of
purification of circulating solutions are considered. The process of flocculus
formation by polymeric flocculants or aggregation of large particles by flocculation
is studied on the QicPicLyxell apparatus. It is shown that the formation of larger
particles leads to a higher level of purification of recycled solutions.

Keywords: uranium, recycled solutions, leaching, polymeric flocculants,
dispersed particles, colloidal particles.
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KeJeMJle KBIIIKbUIIBI KaWTapbIMABl EepITIHIAUIepAiH Ty3idyi, ONlapiasl Ta3apTy
TEXHOJIOTHUSIIAPBIH JKETIAIPY ©3€KTi Macene Oobll TadbUIa bl YpaH MUHEpa-
JapblH KeHJEPACH KBIIIKBUIIBI HEMEece CUITLI oMicTep apKbhUIbl CUITIICHIIPY
TEXHOJIOTUSACHIMEH alblHAAbl. ©O3 Ke3eriHAe Oyl KaWTapbIMABI epiTiHAUIED
pesepByapiapia TYHIBIPBUIBIHBIN — KalTa maiijanaHyra, SFHH ypaH ajy
TEXHOJIOTUSIIBIK [IUKIIIHE KalTa ypaH bl epiTyre KOJIaHbUIAIbI.

3eprrey Oapoicbinga D8 Advance (Bruker) pentrenaik azaiblk anmnaparbiHaa
KalTapbIMIBl ePITIHAIIEPAIH KypaMbIHa 3JIEMEHTTIK Talay >Kacajblll, OJap/IbIH
oNTUMepITi  (IIOKYIISTHTTApMEH OpeKeTTeCyl aHbIKTayFaH. KalTtapeIMasl epiTiHIi
YIITiCiHIH KYPFaK KaJJABIFBIHBIH HETi3r1 KOMITOHeHTTepi kBapIl (92%) sxoHe Oacka
KPEMHUH KOCBUIBICTAPHI OOJIBIN TaOBIIATHIHBIH KopceTTi. Temip/iH, amtoMUHUITIH,
KaJBIUIIIH, MAaTHUWTIH JKOHE KaJIUiIiH epireH Ty31aphl (HeTi31HeH cynbhaTTapsl)
YKOHE OJIAP/IBIH THIPOKCUATEPI JIe Ke3/IeCeTiHi OaiKanaipl.

Makanana O3bIK AaHAJUTHKAIBIK KYPBUIFBUIAP, COHBIH IMIHJAC AaTOMIBI
aICOPOIUSITBIK, peHTTeHO(ha3aIbIK, PEHTTEH/TiK CIIEKTPJIIIK 9/1ICTep MEH armaparrap,
OenmiekTiH emmieMiH aHbiKTail amarbiH QicPicLyxell ammaparer konnmaHbLIFaH.
[omumepni  QUOKyNSHTTapABIH  KaHTapbIMIbl  EpITIHIUIEpAETi  JWUCHEpPCTi
KOJUTOM/THI KOCBUIBICTAP/BI JKOWBIT, OHBIH Ta3apyblHa MYMKIHIIK OepeTiHi
kepcerinreH. llleryi TeMeH cycrieH3usi OONIIEKTEePiHIH Te3 OOJiHYIH KeIenIeTy
MaKCaThIH/[a Ta3apTy MpolecTepi KapacThIpblara. [ToauMepii GrIoKyISHTTapIbIH
TaOWFaThlHA JKOHE JI03aChlHa OalIaHBICTBI  KaWTapbIMABI  epiTiHILIepi
KaHIIAIBIKTBl Tazajay TOYENIUNKTepl MEH MYyMKIHIIKTepi KapacThIPBUIFaH.
[Momumepni dimokyastHTTapABIH (IIOKYIAa TY3LTy Tpoleci HeMece (IOKYISIUs
apKbLIBI ipi OemmekTepAiy naimaa 6omysr  QicPicLyxell anmaparsiaga 3epTTenres.
Ipi GemmmexTepAiH HEFYPITBIM KOTITETI TY311yi KA TapbIMIIBI €piTIHAUIEPIiH KOFaphl
JICHIreii/ie Ta3aTaHybIHA aJIbIT KEeJIETiHIKTEPi KOPCETIITeH.

Tyiin ce3mep: ypaH, KaWTapbIMABl €pITIHAUIEP, CUITIICHIIPY, MTOIUMEPITi
(ITOKyISIHTTap, AUCTIEPCTi OOIIIEKTEP, KOTOUITHI OOIIIEKTED.

© A.C. laynerdaeB”, K.A. Kagupoexos*?,
C.0. Abuakacosa!, .M. Kagumomauua', JK.C.Mykaraesa*

'AO «AnmMaTUHCKHN TEXHOIOTHUYECKUI yHUBEpCUTET, Anmarsl, KazaxcraH;
?AO «MHcTuTyT XMMHUYeckuX Hayk uM A.b.BektypoBay, Anmarsl, KasaxcraH;
3TOO «Cemusbaii-U» HAK «Kasarommpom», Acrana, Kazaxcraw;

* Kazaxckuii HaI[MOHAIBHBIH MEJarOTHYECKUI YHUBEPCUTET UMEHU Abast,

Anmarsl, Ka3zaxcTaH.
E-mail: aklakz@mail.ru

OYUCTKA OBOPOTHBIX PACTBOPOB, OBPA3YIOIINUXCSI ITPHU
MMPOU3BOJACTBE YPAHA INOJIUMEPHBIMUA ®JIOKYJISIHTAMUA

A.C. Jayaer6aeB AnMaTHHCKUI TEXHOJIOTMYECKUI yHUBEPCUTET, CTApIINI IIPEroAaBaTeb
kagenpbl « XUMUsi, XUMUYECKasi TEXHOJIOTH U 3KoJIorus», E-mail: aklakz@mail.ru;

85



ISSN 2224-5227 3.2024

K.A. KagupoekoB AO «/HcTUTYT XUMHYecKHX HayK UM A.b.bekTypoBay», JOLEHT,
3aBeyIoIui 1aboparopueil XuMun HeTH 1 HePTEXUMUIECKOTO CHHTEe3a, 1.X.H., E-mail: kkairati@
mail.ru;

C.O. AdnikacoBa AJMaTHHCKHH TEXHOJIOTHYECKUH YHHBEPCHTET, CEHHOP-JIEKTOP Kadeapsl
«XuUMUsI, XHMIYECKast TEXHOJIOTHSI U SKOJIOTHs», K.T.H., E -mail: sandy ao@mail.ru Orcid ID 0000-
0001-8322-4592;

JL.M. Kantumonauna AJMaTHHCKHH TEXHOJIOTMYECKUH YHHBEPCHTET, CEHHOP-JIEKTOP Kadeapsl
«XuUMUsI, XHMIYECKasi TEXHOJIOTHSI U SKOJIOTUs», K.T.H., E-mail: kalimoldina.laila@mail.ru. Orcid ID
0000-0003-4397-9629;

K.C. MykaraeBa Ka3zaxckuii Hal[HOHAJIBHBIN IT€larOTMYECKHH YHUBEPCUTET HMEHH Abas,
PhD, accor. npodeccop, E-mail: jazira-1974@mail.ru https://orcid.org/0000-0002-1584-5810.

AnHoTauus. B crarbe npeacraBiieH cnocod OYUCTKH OOOPOTHBIX PacTBOPOB,
oOpa3zyroumxcs npu g00e4ue ypaHa, nonumMepHbsIME (riokynsaTamu. O0pazoBanue
KPYIMTHOTOHHAXHBIX KHCIIBIX 00OPOTHBIX PACTBOPOB IIPH 10OBIYE YpaHa Ha PyJHHUKE
«Mprom» (TOO «Cemunzbaii-Y») u cOBEpIICHCTBOBAHUE TEXHOJIOTHI WX OYUCTKH
SIBIIIIOTCSL aKTyaJIbHON TpoOiIeMoil. YpaHOBbIe MHUHEPAIIBI M3BIIEKAIOTCS U3 PYIIBI
KHUCJIOTHBIMU WJIM IIEJIOYHBIMH METOaMM TEXHOJIOTHM BhlleNadnBaHus. B cBoro
odepe.ib, 3T 00OPOTHBIE PACTBOPHI ACIOHUPYIOTCS B PE3€PBYapax U UCIIOIb3YIOTCS
MOBTOPHO, TO €CTh yYacTBYIOT B PACTBOPEHHH ypaHa B TEXHOJIOTHMYECKOM ITHKIIC
JOOBIYM ypaHa.

B xone uccnenoBaHus ONpEAEiICH AIIEMEHTHBIN aHalu3 cocTaBa 0OOPOTHBIX
pacTBOpoB Ha peHTreHodazoBoM jerekrope D8 Advance (Bruker) u uccienoBano
WX B3aUMOACUCTBHE C MONMMEPHBIME (hrioKynssHTamu. [lokazaHo, 4TO OCHOBHBIMU
KOMIIOHEHTaMH CYXOT'0 OCTaTKa MpoObl BOCCTAHOBUTEIBHOTO PAacTBOPA SBIISIFOTCS
kBap1 (92%) u apyrue coenuHeHus: KpeMHHs. Berpeyarorest Takske pacTBOPEHHBIE
conu (IJIaBHBIM 00pa3oM cyiab(aTsl) jKesne3a, ATIOMUHUS, KaJIbLKsl, MATHUS ¥ KaJus
1 UX TUAPOKCHIBL.

B crarbe ncnonb30BaHbl COBPEMEHHBIE AHAIUTHUYECKUE MPUOOPHI, AaTOMHO-
a7IcOpOLIMOHHBIN, PEHTTeHO(a30BbIH, PEHTI€HOCIIEKTPaIbHbIE METOABI U ammapar
QicPicLyxell, mo3Bomsromuii ompenensaTs pasMep dyacTuil. Ilokazano, dYTO
MOJMMEpPHBbIe (IOKYJISIHTBl YIANSIOT JUCIEPCHBIC KOJUIOMIHBIC COCTHMHEHUS U3
00OPOTHBIX PACTBOPOB U MO3BOJISIIOT MTPOBOANUTE UX OUUCTKY. [Iporiecchl 04nCTKI
MPEAYCMOTPEHBI ISl YCKOPEHHs OBICTPOTO pa3AeiCHUSI YacTHIl CYCIICH3UH C
HU3KAM YPOBHEM CEIMMEHTAlMH. B 3aBUCHMOCTH OT TPHUPOABI M JO3UPOBKU
MOJIMMEPHBIX (IIOKYJSIHTOB PACCMOTPEHBI BOBMOYXHOCTH M 3aBUCUMOCTH CTEIICHU
OYMCTKH 00OPOTHBIX pacTBOpoB. [Iporecc oOpasoBanus (GIoKyIbl HOTUMEPHBIMU
(GIIOKYNSIHTaMU WM arperauusi KpyHmHbIX 4acTHIl MyTeM (IIOKYJSIIMU U3y4YeH Ha
anmapare QicPicLyxell. Tlokasano, uto oOpa3oBaHue 0Ooiee KPYITHBIX YaCTHI]
MPUBOJUT K O0Jiee BEICOKOMY YPOBHIO OUMCTKA OOOPOTHBIX PACTBOPOB.

Ki1roueBble cj10Ba: ypaH, 000pOTHbIE paCTBOPHI, BBIILIEIAYUBAHNE, IOTUMEPHBIE
(IIOKYIISIHTBI, AUCIIEPCHBIE YaCTHUIIbI, KOJUIOUIHbIC YaCTHIIbI.

Kipicne
Kazakcran TaOufu ypaHHBIH OapiiaHFaH KopJjapbl OOMBIHINIA dIeM/Ie
eKkiHI opbiHAa. baprnanran ojemuik KopiapiasliH mamameHn 14% Kaszakcran
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PecnyOnuKachIHBIH Kep KOWHAyBIHAA MIOFbIpiaHFaH. ENfiH skanmel OapiaHFaH
Kopsapel 700 MBIH TOHHAIaH acTaM ypaH OOJIbIT OaranaHajbl. DJIEKTP SHEPTHUACHIH
OHJIIPY VIIIH arOM OJHEPrHsChbIH MaljalaHyFa KbI3bIFYIIBUIBIKTBIH apTYhI,
KOMIPTEK KOCBUIBICTAPBIHAH DJHEPTHsS any Kkesmepi kahaHOeIK mpoOiemanap
TYBIHJATBINT OTBIPFaHJBIFBIH Kepcereai (Adamantiades, 2009; Edwards, 2000).
ATOM SHEpPreTHUKACHIH TAMBITY/IbIH CANACHIHIAFBI KETICTIKTEP O YPaHIbl THIMIII
OHJIIpy OOJIBIN TAaOBLIA/BI, OUTKEHI YpPaH OChI cayajaFbl HETI3ri 3JIEMEHT OOJIbII
tabbutamel (Hisan, 2018; Krishnan, 2018).

OjerTe, OpTYPIi KEHIEPACH YpaHIbl aly THAPOMETAILUTYPTUSUIBIK OHJICY
omicimeH xky3ere aceipbutabl (Ahro M, 2013; Clark et al. 2006; Wellmer, 2002).
VYpaH MuUHEpanAapelH KeHIEPACH KBIITKBUIIBI HEMECEe CLITUI 9[iICTEepMEH JKy3ere
achIpy apKbUIbl CUITUICHIIpY TexHOJOTHsCHIMEH anbiHabl (Kagupbekos, 2020;
Ilankoon, 2018).

Analima, ocbl camaga ypaH OHAIpY OaphIChIHAAa Ja TEXHOJOTHSIIBIK
KHUBIHIIBUIBIKTAP OPBIH aibln oThIpansl. Kazipri Tanga conapabis 0ipi «pkosby»
kenimingeri (Cemiz6aii-U, XIUIC) ypan eHmipy OapbICBIHIAFb, KYH CAHBIHFBI
YJIKeH KeJieMJIe 9JICi3 KbBIIIKbUIIbI KaWTapbIMJbl EpITIHIAUIepIiH Ty3ityi. O3
Ke3eringe Oyl KalTapbIMIIBI epiTIHALIEp pe3epByapiapia TYHIBIPHUIBIHBII
KaliTa maijanaHyra, sSFHH ypaH ally TEXHOJOTHSUIBIK IMKIIiHE KalTa ypaHIbl
epiTyre KarbICajbl. OETTe, OChl KAUTapBIM/BI €PITIHAIIC) MEXaHUKAJIBIK Ta3aiay
OIICTEpiHEH OTKEHIMEH OJ TONBIK Ta3aJaHOalIbl, OHBIH KYpaMblHa KOWBLIIATHIH
TaJanTap/Abl KaHaFaTTaHABIPMAal/Ibl )KOHE Ta3apTYIbIH KAKETTI AOpPEKECiHe KETy
mymKkiH emec (KemenbbaeBa, 2010, Lee, 2022, Than Van Lien 2020). JlocTypmi
MeXaHHMKaJbIK Tazayuay oJicTepi, oferrte 50 MUKpPOHHAH acaThlH OOJIEKTEpACH
apbLUTyFa FaHa MYMKIiH/IIK Oepeni. KaitapsiMs! epiTiHainepe, 03 Ke3erinue, KUbIH
TyHOaFa TYCETiH ycak OemeKkTep, COHMai-aK KOCIOPBIHHBIH OHICY KEIICHIHIH
TEXHOJIOTUSUIBIK LMKITiH/e Taiiaa 00JaThlH KOJTOUATHI Oenmiektep ke3aeceni (Yue,
2023; Li,2020). by kommon el Kocmaiap 63 Ke3eTiHae ypaH oHIipy OapbIChIHIaFbI
KYPBUIFbLIAP/IbI TO3BIPYFa Ja anbin kesei. COHIbIKTaH OyJ1 MaKajia/ia ypaH OHIipy
OaphIChIH/IA TY3UIETIH KaUTapbIMIBl EPITIHILIEpAl TOTUMEpITi (QIOKYISHTTapMEH
tazanay onici yesiHburan (Lockwood, 2021; Ighalo, 2024). Tucnieperi da3anbix
yCaK, KaTThl, 6Tyl 6T¢ TOMEH CYCIICH3Hs OOJIIICKTEPiHIH Te3 0OIiHYIH KeIeIIeTy
MaKcaThIHAa Ta3apTy MPOIeCTepi KapacThIphUTFaH. KalTapsIMIbl epiTiHAUIEPIiH
KYpaMBIH/IaFbl SJIEMEHTTEpre JKOHE OJlapFa CHIaTTaMallbl 3epTTeyiep KYPri3iii.
[omumepai (GIOKYASHTTEI KOCKAH Ke3Aeri TY3IeTiH QIoKynajapAblH HeMmece
OeJIIIEKTEp/IIH ~ OJIIIeM/Iepl JKaH JKaKThl  KapacThIpbULAbl.  KahTapbiMjbl
epITIHIep/Ieri YCcaK AUCIIEPCTI KocTalapiaH Ta3apTy Aopekecine (pIoKyITHTTHIH
TaOWFaThl MEH OHBIH MOJIIIEPiHiH (H03aChl) 9Cepi 3ePTTENII.

IicTep MeH MaTepHaJaap

JKymbicTa epiTiHAUIepal JAalbIHAAYbIH XUMISUIBIK OJICTEpl JKOHE Kazipri
3aMaHFbl XMMHsI CATACBIHAAFbI KETIK acrnanTtap KOJJAHBULABI: COHBIH IIIiHAE,
ATOMJIBIK-a/ICOPOIMSITBIK CIIEKTPOCKOIHSI, PEHTICHIIK TU(PaKIHs, PEHTICHIIK
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CIEKTp, O6JIILICKTIH MilIiHI MCH K6JIEMiH aHBIKTAUTHIH anmapar. 3epTTeyre ajJblHFaH
mouMepITi (IIOKYIISIHT epiTiHAIepi AUCTWIIEHTeH cyna Aarbramaanapl. On yuriH
AQHAIMTUKANBIK Tapasbina enmeHreH 0,1 T QIOKyISHTTBI Cyna epiTy apKbLIbI
JKY3€ere achIpbUIIbL.

KaiitapeimMapl epiTiHaiHiH yiarici 250 M MarHUTTI apaiacThIPFRINITA 2 MUHYT
00MibI apanacTeIpbUIBL. ApanacTeipy xuiniri 1000 aiin/mMuH Kypanbl. Kepcerinren
YaKbITTaH KeiiH )purnamMapik 200 aifH/MHUH AeliH TOMEHICTIIIN XKoHe OIIIICHIeH
703a/la aNJbIH aja JalblHJanFaH (QIOKYISHT KOCBULIBL. Karitapprmabt
epITIHUIEePIiH WOHAPBIHBIH KYpPaMblHa aTOMJIBIK SMUCCHSUIBIK CIIEKTPOMETPIIH
keMmerimen Optima: 8000DV ammaparbiama Tanmay jkacadblHIBI. PeHTreHmik
CHEKTPIIK XoHEe PEeHTreHAIK (pazanmblK omicTepni KojimaHa oTeipbin, D8 Advance
anmaparbiana (Bruker) xalTapeIMIpl epiTiHIIHIH CYCHICH3USUIIBI OOIIIEKTEePiHIH
(hazanpIk KypamblHA Tanjuay Kyprizingi. KalTapbMIbel epifiHai MeKTp MenriHae
105-110°C Ttemmneparypaia KyYpFak KaJJbIKKa alHaJIBIPBUIABL. O3 KeseriHue,
KalTapbIMIBI epITIHAUIEpIET] TYHOA pe3epByapbIHBIH TYOIHEH aJIbIHBIT OTBIP/IBL.

KaiitappIMapl  epiTiHAIHIH O6INIIeKTepiHiH enmeMaepi MeH MilIiHAepiH
QicPicLyxell >xaHa ¥FBUIBIMAA KONJAHBICKA CHTI3IITEH  aHAIM3aTOPBIHIA
MEXaHUKaJIBIK CyCIICH3HUsIIAP/IbIH TPAHYJIOMETPHUSUIBIK KYPaMbIH aHBIKTAY apKbIIbI
1a 3epTTeysep KYpriziii.

Jé‘“

=

Cyper 1 - QicPicLyxell ananusaropst

Kympic  OapeichiHma  1-KecTeme  KepceTUIreHmed  Kenmeci  ImolmMmepdti
(GIOKYISIHTTAp KOJIaHBUIIBL.

Kecre 1 — [lomumeprni GprokyIsHTTap

[Monumepsi GQIOKYISHT ataybl Mapkacbl Onuipyri

Marnadok (Magnafloc) LT24 Marnadiok Ciba Specialty Chemikals
OJICI3 KaTHOHIBIK KOMITAHUSACHIHBIK]
Cynepduox (Superfloc) A 130 Cymnepdiok KEMIRA

AHHOHJIBIK
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[Mpaecron (Praestol) 650TR [Ipaecron «MSP» xomnanuscsl, Peceit ['epmanus
KaTHOHIBIK OipiieckeH eHmipici

Chinaflok Chinaflok Shandong Shuiheng Chemical Co..Itd.
KaTHOHJIBIK KpiTait KOMIaHUSICBIHBIK]

Cynepduox (Superfloc) N-100 Cymnepdiok KEMIRA

HOHCEI3

Byn ¢noxynsaTrTapasie Oapneirsl nonmuakpunaMug (PAA) Heriziameri opra-
HUKaJBIK, CHHTETHKANBIK, JKOFapbl MOJIEKYJIallbl KochuteicTap. [lommakpumamunri
(IoKyISIHTTap MaKpOMOJIEKYTaIapblH KYPBIIBIMBI MEH MOJIEKYJIAJIBIK CalMarbl
OOHMBIHIIIA EpeKIIeTICHETIH OPTYPJ THUMNTI OOJNBIN Kenemi. KaTHOHMABIK; HMOHCHI3;
AHUOHJIBIK.

HoTu:xesiep skoHe TaJKbLIAY

AngeiMer, «Cewmizbaiti-Uy» JKIIC ypan eHmipy KOCIMOPHBIHEIH «MpKOIb)»
KCHIMIIHIH KaUTapbhIMIBI EPITIHAUICPIHIH KAaTHOHABIK (DIEMEHTTIK) KypaMIaphl
aHbIKTaIBI. OCHI JIEMEHTTEP/IIH CUTIATTaMachlHA COMKeC aphl Kapail 3epTreyiep
JKYPTi3UIII KOHE 2-KecTere 0ailIaHbICTBI MOJIIMETTED aJIbIHIIbI.

Kecre 2 - KaiTapbIMab! epiTiHALIEpAIH KypaMbl

Dite- Si 18] Al Fe Mg Ca Mn [K |Cu |V [Ni [Cr |Sr |Sc
MEHT
Kaiita- | 66,04 | 43,22 |427,05 400,93 | 330,61 | 205,77 | 37,25 (9,41 | 1,50 | 8,17 0,76 | 0,02 | 6,40 | 0,06
PBIMJIBI
epiTiH-
i
Mr/

Ypan eHmipiciHIEri KaWTapeIMABI EpITIHAUIEpAEC KO3ICITeH DIEMECHTTEH
Oenek Oacka MeTanmapAblH HETi3ri OeJiriH aaloMUHUN, TeMip, MarHWid >KOHE
kanmpui Kypaitasl. Omapasie MoHaepi 300-nen 600 Mr/a-re AeiinTi MemepiIepmi
Kypaiiasl. KaiiTapeIMIBI epiTiHIIIEpIe Ke3AeCeTiH KeHOip AIeMEeHTTepre KpeMHUA,
MapraHell koHe BaHaaui xkaraabl. CTpOHINH, Kaauil, HUKeIh, MBIC Ja epiTiHaiIe
adTapibeIKTall MeJmepae kKe3aeceTiHi Oalikamanel. KesmenreHn saeMeHTIMI3 ypaH
KaTapbIMABl CpITIHIIIEpAE aWTapIBIKTal MeJIepae Ke3[eceTiHIH OaiKkayra
Oomaapl. Anaiima Oyi1 SIIEMEHTTI COpONMsIIay CaThICBIH/A TOJNBIKTAN KalTaphIMIbI
epITIHAUTEepICH OOJIIT aTaThIHBI KOPCETLITeH.

3eprrey Oapriceiaga D8 Advance (Bruker) pertrenaik ¢azaisik anmapaTeiHIa
Tanmay OapbICBIHIA KAWTaphIMABI EPITIHAI VATICIHIH KYpFaK KaJabIFBIHBIH
AJIEMEHTTIK KYpaMbl aHBIKTAJBIN, OHBIH HEri3ri KoMmoHeHTTepi kBapi (92%)
JKoHe 0acka KpEeMHHUH KOCBUIBICTAPHI OOJBINT TaOBUIATHIHBIH KopceTTi. COHBIMEH
Karap TeMipiH, aJIOMUHUNIIH, KaIBIWHIIH, MAaTHUWIIH JKOHE KaTuNmiH epireH
Ty31aphl (HETi3iHEeH Cylmb(aTrTaphl) 5KoHE OJIAPIbIH THAPOKCHUATEPI € Ke3MeCETiHi
OaifKarapl.

KaittapeiMas! epiTiHAIHIH JKOFaphl KHIIKBUIABIFEl OHBIH KYPaMBIHIAFbI SiO2
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XKoHE 0acKa KpEeMHHI KOCBUIBICTAPBIHBIH XKOFapbl 00Tyl KDEMHHUH KBIIIKbUTBIHBIH
YKOFaphl TIOJMMEPIICHTeH TYpiHiH (ramMMa-dopMmachl) TY3UTyiHE alblll Kenlemdi, ol
TEeMIpPIIiH /e Kyp/eli KOChUIbICTApPhIMEH (HeMece KOJUIOMATAphIMEH) OairaHbicTa
0oJrybl MYMKiH, MYHJaii KOCBUIBICTApD MaKCaTThl 3JIEMEHTTI ajly Ke3iHae HOH
QJIMaCTBIPFBIII  IIANBIPIApABIH NalJaNaHy CHIIATTaMajJapblH  TOMEHJICTETiHi
Oaiikanapl. KpeMHUI KBIIIKBUTBIHBIH 9pTYPITi (hopMallapbiHBIH OOIYHI €piTiHIIHIH
KBIILIKBUIABIFBIHA OalIaHbICTBl @ e3repin oThIpansl. OcbuTaiiia, MOHOKPEMHHN
KbIIKbUIBI pH = 2,5-3 nuana3oHbIHAA €H TYPAaKThl, ajl JTUKPEMHUN KbIILIKbLIbI
keOipek KeimKbl1 epitiaminepae (pH = 1 kesinme) Ttypaktel. beliTapanka
YKaKbIH JKOHE COJI CUITUI epiTiHIIep/Ie MOHO- JKOHE JUKPEMHUH KBIIIKBUTBIHBIH
MTOJTUMEPIICHY1 Te3 JKYpei.

Onebuertepnen (Farjana, Shahjadi Hisan, et al. 2018) xpeMHUH KBIIIKBLTBI
opTYpIiKaFaainapnaeputit (anbha xkoHe OeTa TypiHe ) JKoHE epiMEHTIH ToITuMepITi
(hopmanapna (ramma-hopma) 6012 aTaThIH TYPAKCHI3 KOCHLUTBIC OOJBIT Ta0BLIATHIHEI
na kepcerinreH. COHbIMEH, 3epTTENIETIH HET13T1 AIEeMEHT KalTapbIM/IbI ePIiTIHIIHIH
KOJUTOW Bl HEMECE TUCTIEPCTI KaCHETiHE TiKeNeH KaThICThl KpeMHHH OONFaHABIKTaH,
OpTYPJi KOHLEHTPALMSIIAFbl OPTYPii (QIOKYISHTTapAbIH KPEMHHUNAIH KOHBLTY
nopexecine ((uokymsanus nmopexkeci) rpadukrepi  TYpFBIBULAB  (1-cyper).
['paduxrepren kepiHin TypraHAai, KpPeMHHH KOHLEHTPALMSCHIHBIH €H YJIKCH
TemeHieyi (uokyisHTTapabl Praestol skone Chinaflok kockanma Gaiikamassr, an
Chinaflok Temen xonmeHTparusma Praestol kaparanma Oipmrama THIMAIpEK, aj
YKOFaphl KOHIIEHTpanusiapaa Praestol TaiMaipex ekeHIiriH rpaguKTepIeH Kopyre
Oomasel. ExeyiHe e oHTaIbI 1032 5-6 MI/1 Kypai b,

KpemHHiiTin azaio qenreiii, %
40

35
30 /

s =
. 25 /./
= /
@ / —a—Chinafiok
= 20
= / / —m—Marnadnok
2
= 15 Mpaecton
s

10 Cynephnox

0 2 4 6 8 10
DJIOKYJIAHT 103aChI, MI/JI

Cyper 1 - KaitrapeiMibl epitininepaeri noaumepii GIoKyJITHTTap bl KOCKaHAAFbl KPEMHHUHIIH
a3a10bl
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Magnafloc sxone Superfloc Oip chIBBIKTH 6ce Oepeni, SFHH KOHLEHTPALUSCHI
JKOFapbUlaFaH CaliblH KPEMHHMH MeJIIepi 3epTTeieTiH 0acka 3JIeMEHTTePMEH
CaJIBICTBIPFaH/ia Typa MPONOPLUOHANBI TYpAe a3zas OepeTiHiH Kepyre Oomaipl.
Kemneci2-cyperre Magnaflocxone Praestol remip1iskakchl QroKyIsSIUsIIaR THIHBIHAH
kepyre Ooxmanel. Chinaflok Temipre kareicThl THiMITIri OOMbIHINA Praestol-ra
YKaKBIH JKOHE OJIaH CAJI KOFAPbI 00JIIbI XoHE 0AaCKa HJIEMEHTTEPre KaThICThI O1pKeIKi
opexket erexi. Cynepdiok >xorapeiia ataiarad (IIOKYJSHTTAPMEH CaJIbICThIPFaH/Ia
THIMJIUTITT TOMEH, COHBIMEH Oipre OHBIH ocepi AIEMEHTTEp apachlHAa OipKelKi
aca e3repMeiTiHiH OaiikayFa Oonaabl. MarHWTTIK apajacTHIPFBINITA OHTAMIIBI
nosananrad eH tuiMai (uokyastHT Chinaflok epiTirnineri nucnepcti dhazamapasiH
KOHIICHTPAIMSCHIH TOMEHJIETETiHI aHBIKTANbl: KpeMHui 30%, amromuanii 30%,
temip 43%, xkanbuuit 42% sxone maruui 45%.
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PIOKYIAHTTEIH ATAYBI MEH A03AChI
B KpemHWA B ANKOMUHUIA Heneso MW Kanbumii B MarHmid

Benrinenyi: K-Chinaflok, M-Magnaflok, S-Superflok, P-Praestol, 2 — 10 canmap — ¢oxyastHT
ZI03aCBIH KOPCEeTe/I.

Cyper 2 - 3epTTeneTiH 2IeMeHTTeP/IIH a3aio JopekeciHin (prokymsius ropexeci)
GbIOKYISHTTAapABIH TAOUFAThIHA KOHE OJAPbIH J03aChIHA TOYESIILTIT]

Bapnbik  kyprizuireH  (QIOKyJISIUSUIBIK — TPOIECTEpAC KelIecl TeHJEHIUS
OaiiKaJIaTBIHBIH aTall eTy KepeK: AUCIICPCTi (ha3aablk KOMIIOHEHT KOHIICHTPAIIHSIChI
HEFYPJIBIM )KOFapbl 00Jica, OFaH (DIOKYJISHTTBIH dCEPl COFYPIIBIM THIMIII O0JIaIbI.

Keneci seprreynmep QicPicLyxell anamuzatopbiHna KaWTapbIMIbl EpiTiH-
JUHUIEPIIH KYpPaMbIHJAFbl JUCIEPCTI KATThl  OOJIIICKTEPAiH MIlIiHACpI MEH
eJIIIeM/Iepi KapacThIpbUIAbl. KaliTapbIM bl epiTiH/II ChIHAMACBHIHBIH CYCIICH3USIIBI
OeJIIIEKTEPiHIH TPAaHYJIOMETPHUSUIBIK TaJJlaybl HOTHIKECIHIEC OJIAPJbIH MilIiHAepl
50-70 MKM apaJbIFbIHIa OONATBIHBI KOPCETUII. 3-CypeTTe ONap/AblH eeMaepi
kepceriired. CypeTTeH KOpiHINl TypraHaai OeJICKTep/AiH ©JIIIeMi MOoIuMepi
(IIOKYISIHTTBL  KOCTIAFaHJa, aHAFYPJIBIM TOMEH JKOHE CYMBIKTBIK JUCIEPCTI
OWIBIHFBIP OOJIBIN TYPFaHBIH OalikayFa Oomabl.
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EQPC 54.464um EQPC 57.520pm EQPC 52.327ym EQPC 50.099ym EQPC 60.422ym
+  Sphericity 0.900 *  Sphericity 0.888 *+ Sphericity 0.864 *  Sphericity 0.862 *  Sphericity 0.853
Image number 1 Image number 1 Image number 1 Image number 1 Image number 1
EQPC 55.501um EQPC 64.087ym EQPC 57.520pm EQPC 55.501um EQPC 53.406um
+  Sphericity 0.824 ¥ Sphericity 0816 «  Sphericity 0.803 *  Sphericity 0.803 +  Sphericity 0.801
Image number 1 Image number 1 Image number 1 Image number 1 Image number 1
EQPC 55.501um EQPC 56.520pum EQPC 56.520um EQPC 59.471um EQPC 63.191um
»  Sphericity 0.775 + Sphericity 0.770 »  Sphericity 0.752 #  Sphericity 0.749 % Sphericity 0.740
Image number 1 Image number 1 Image number 1 Image number 1 Image number 0
EQPC 55.501pm EQPC 71.652um EQPC 63.191um EQPC 50.099pum EQPC 53.406pum
*  Sphericity 0.738 ¥ Sphericity 0.736 4 Sphericity 0.734  Sphericity 0.723 = Sphericity 0.710
Image number 1 Image number 1 Image number 1 Image number 1 Image number 1
EQPC 69.222um EQPC 56.520um EQPC 60.422um EQPC 63.191um EQPC 53.406pum
= Sphericity 0.705 #  Sphericity 0.689 #  Sphericity 0.673 4 Sphericity 0672 4 Sphericity 0.671
Image number 1 Image number 1 Image number 1 Image number 0 Image number 1
EQPC 55.501um EQPC 56.520ym EQPC 52.327ym EQPC 63.191um EQPC 66.704 ym
¢ Sphericity 0.671 +  Sphericity 0.655 +  Sphericity 0.643 *  Sphericity 0.643 1 Sphericity 0.635
Image number 1 Image number 1 Image number 1 Image number 0 Image number 1
EQPC 53.406um EQPC 70.851ym EQPC 70.042um EQPC 73.227ym EQPC 65.844um
? Sphericity 0.631 " Sphericity 0.628 % Sphericity 0.625 #  Sphericity 0.622 1 Sphericity 0.621
Image number 1 Image number 1 Image number 1 Image number 1 Image number 1
EQPC 63.191um EQPC 51.225ym EQPC 66.704um EQPC 55.501um EQPC 66.704um
% Sphericity 0.601 +  Sphericity 0592 #  Sphericity 0.587 #  Sphericity 0.585 @ Sphericity 0.569
Image number 1 Image number 1 Image number 1 Image number 1 Image number 1
EQPC 68.393pm EQPC 58.504pum EQPC 57.520pm EQPC 51.225um EQPC 64.971um
4 Sphericity 0.567 & Sphericity 0.543 1 Sphericity 0.537 # Sphericity 0.529 = Sphericity 0.527
Image number 1 Image number 1 Image number 1 Image number 1 Image number 1

Cyper 3 - QicPicLyxell anmaparsiaia KaiTapbsIM/IbI epiTiHIIEpAET] JUCIePCTi KOChIIBICTap IbIH
eJmeMaepi MeH Himinaepiniy pparmenTTepi (momumMepiti GIoKyITHTTapAbl KOCIaraH/a)

KapacTeipbuirad  (UIOKYJISSHTTap/blH Ke3 KelreHiH (0apiiblK 3epTTeireH
KOHIICHTpALUsJIApbIHIA)  alHAJNBIMIAFbl  EPITIHIIre KOCKaHIa  YIJIKCHIpEK
OesieKTep/IiH TY31Tyi OaliKaaaThIHbI XKOHE OJIapAbIH ePITIH T OJIIEMIIK TapaTy
KHCBIKTAPBIHBIH SKCTPEMaJI/Ibl CUTIATTa OOJIaThIHBI aHBIKTAJIIbI. AJIBIHFaH (IIOKYIIA
OeJIeKTep ©Te Te3 TYHY IMPOLECIH KOPCEeTIl, KaHTapbIMIbl €pITIHAUTIEPIiH
Ta3ajaHybl )Ky3ere acThl (4-cyper).
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EQPC 154.417um EQPC 161.283um EQPC 233.770pm EQPC 273.365um

» Sphericity 0895 [9 Sphericity 0875 v Sphericity 0842 o Sphericity 0831
Image number 0 Image number 0 Image number 0 Image number 0
EQPC 176.806pm EQPC 252312um EQPC 257.681m EQPC 279.759um

& Sphericity 0812 - Sphericity 0.793 - Sphericity 0.792 - Sphericity 0.788
Image number 0 Image number 0 Image number 0 Image number 0
EQPC 505.980um EQPC 375.366m EQPC 272110pm EQPC 319.367um
Sphericity 0786 Sphericity 0771 ' Sphericity 0767 ‘ Sphericity 0767
Image number o Image number o Image number 0 Image number 0
EQPC 227.588um EQPC 298.884um EQPC 258.565m EQPC 205.180um

L 8 Sphericity 0748 Sphericity 0.745 ‘. Sphericity 0743 ) § Sphericity 0721

Image number 0
EQPC 525.339um
‘ Sphericity 0713
Image number 0
EQPC 462.881um
Sphericity 0.696
Image number 0 Image number 0

EQPC 554.808m EQPC 437.540pm EQPC 821.970pm EQPC 611.448ym
Sphericity 0577 Sphericity 0557 Sphericity 0.461 Sphericity 0.431
Image number 0 Image number 0 Image number 0 Image number 0

Cyper 4 - QicPicLyxell anmaparsiaia GprokynssHTTapasl KOCKaHIa KalTapbIMIIbI ePITIHILICPIC
TY3UIeTiH QIoKyIanapIsH ememMaepi MeH HillHAepiHiH pparMeHTTepi

Image number 0 Image number 0 Image number 0

EQPC 533 528ym
Sphericity 0709
Image number 0

EQPC 334.034pm EQPC 189.272pm
Sphericity 0.708 v Sphericity 0.702
Image number 0 Image number 0

EQPC 599.102um

Sphericity 0606

EQPC 349.066pm EQPC 322.212pm
Sphericity 0595 ‘ Sphericity 0.595

Image number 0 Image number 0

) L A ™

KopbITBIHABI

JKympIcTa atoMbl aJcOPOIMSUIBIK 9/1iC apPKbLIbl KAUTAPBIMJIbI epPITIHALIEPIIH
KO3/ICJITCH JIEMEHTTeH OeJieK Heri3ri OeJliriH aJfOMHUHUHN, TeMip, MarHuil >KoHe
KaJIbIMH KypalThiHbI aHbIKTasIbl. Onapasi Monepi 300-1en 600 mr/n-re aein
ayBITKH/Ibl. AHHATIBIMIAFbIEPITIHIIepAe Ke3Ae CeTIHKE 01 paIeMEeHTTepre KpeMHHUH,
MapraHell )KoHe BaHajuii skatajabl. CTPOHIMH, KaJIui, HUKEJb, MBIC Ja epPITIHIIIe
alTapibIKTall Meumiepae Ke3necedl. AMHaNbIMIArbl epITIHIIACT] JIacTayIllbl
AJIEMEHTTEP/IIH KYpaMblHA KOCBUIFaH (NIOKYISIHTTAP/BIH KOHIICHTPAIUSICHIHBIH
ocepi aWTapibIKTall ocep ereriHi kepceriunmi. JucmepcTi ¢aszanblKk KOMIOHEHT
KOHIICHTPALUSCHI HEFYPJIbIM JKOFapbl 00Jica, OFaH (PJIOKYISHTTBIH 9Cepi COFYPIIbIM
THIM/I OONaTBIHBI aHBIKTANAbl. MarHUTTIK apajiacThIPFBIIITA KAIbI (PIOKYIISINS
THIMAUTITIHIE ~ JIopekeci 3epTTey JKYMBICBIHIA KapacTBIPBUIFAH IOJUMEpIi
(ITOKYIISIHTTAp/IbIH KAHCHICHI THIM/II €KEeHI ChI30aHyCKa OOMbBIHIIIA KOPCETUII, O
Superfloc — Magnafloc — Praestol — Chinaflok Ty>xeipeiMaansl.

Kapacteippuiran  QUIOKyNSIHTTApAblH Ke3 KelreHiH (0apiblK 3epTTesreH
KOHIICHTPALMsIAPbIH/IA) alHAIBIMIAFbl EPITIHIIre KOCKaH/Ia ipi OesIeKTepiH
Ty3lUlyl OalKanaTbIHBI KOHE ONApAbIH  CpITIHIIAEri eNIeMIiK Tapaiy
KHCBIKTAPBIHBIH KCTPEMAJIZIbl CHITATTa OOJIaThIHBI aHBIKTAJIJIbI.

KpemHuii KoHIEHTpaUsICHIHBIH €H KONl ToMeH eyl GrokyasHTTapas! Praestol
xoHe Chinaflok kockanaa Gaiikananel, an Chinaflok TemMeH koHIeHTpalusIapaa
Praestol-ra kaparanma coi THIMJIIPEK, all )KOFapbl KOHIICHTpanusiapaa Praestol
con tuimaipek. EkeyiHe Je oHTainbl no3a 5-6 mr/m kypaiinel. Magnafloc sxone
Superfloc CBI3BIKTBI OpEKET €Telli, SIFHU. KOHIEHTPALUSICHIHBIH KOFapbLIaybIMEH
KpEeMHHUI Meiepi 0acka 3epTTENCTiH JJIEMEHTTEPMEH CalbICThIPFaHIa Typa
MIPOTIOPITUOHAIIIBI TYPJIC a3asiJibl.

93



ISSN 2224-5227 3.2024

OJeduerTep

Adamantiades, A. and Kessides, 1. (2009) Nuclear Power for sustainable development: current
status and future prospects, Energy Policy, —37, —12, —5149-5166.

Ahro, M. L., Pathan, A. G. and Memon, Sirajuddin, A. R. (2013) Dual polymer flocculation
approach to overcome activation of gangue minerals during beneficiation of complex iron ore, Powder
Technol., —245, —281-291.

Anon (1993) Uranium extraction technology. IAEA technical report series no. —359, —137
Vienna, Austria, IAEA.

Clark D.L. et al. (2006) Uranium and uranium compounds, Kirk-Other encyclopedia of chemical
technology. —2006

Edwards, C.R., Oliver, A.J. Uranium processing: A review of current methods and technology.
JOM —52, —12,—20, —2000.

Farjana, Shahjadi Hisan, et al. (2018) Comparative life-cycle assessment of uranium extraction
processes. Journal of cleaner production. —2018, —202, —C.666-683.

Hisan F.S., Nazmul H., Parvez M.M.A., Lang C. (2018) Comparative life-cycle assessment of
uranium extraction processes, J. Journal of Cleaner Production —202, —666-683.

I.M.S.K. Tlankoon, Yuan Tang, Yousef Ghorbani, Stephen Northey, Mohan Yellishetty, Xiangyi
Deng, Diane McBride (2018) The current state and future directions of percolation leaching in the
Chinese mining industry: Challenges and opportunities, Minerals Engineering, — 125, —206-222,
ISSN 0892-6875, https://doi.org/10.1016/j.mineng.2018.06.006.

Ighalo, J. O., Chen, Z., Ohoro, C. R., Oniye, M., Igwegbe, C. A., Elimhingbovo, L., ...

& Anastopoulos, 1. (2024) A review of remediation technologies for uranium-contaminated
water. Chemosphere, —141322.

Krishnan, S. V., Attia, Y. A. (2018) Polymeric flocculants. In Reagents in Mineral
Technology —485-518. Routledge.

Lee, H. K., Chang, S., Park, W., Kim, T. J., Park, S., & Jeon, H. (2022) Effective treatment of
uranium-contaminated soil-washing effluent using precipitation/flocculation process for water reuse
and solid waste disposal. Journal of Water Process Engineering, —48, —102890.

Li, P., Chen, P., Wang, G., Wang, L., Wang, X., Li, Y., ... & Chen, H. (2020) Uranium elimination
and recovery from wastewater with ligand chelation-enhanced electrocoagulation. Chemical
Engineering Journal, —393, —124819.

Lockwood, A. P. G. (2021) The impact of polymeric flocculants on the sedimentation, flotation
and dewatering of radwaste suspensions (Doctoral dissertation, University of Leeds).

Than Van Lien, Tran The Dinh, Nguyen Thi Kim Dung (2020) Study on leaching systems and
recovery for PALUA—PARONG low grade uranium sandstone ores, Hydrometallurgy —191,
—105164.

Wellmer F.W., Becker-Platen J. (2002) Sustainable development and the exploitation of mineral
and energy resources: a review. Int J Earth Sci (Geol Rundsch) —91, —723-745.

Yue, C., Liu, R., Wan, Q., Wang, H., Liu, L., & Zhang, X. (2023) Synthesis of novel phosphate-
based hypercrosslinked polymers for efficient uranium extraction from radioactive wastewater. Journal
of Water Process Engineering, —53, —103582.

Kamupoeror K. A., AnteiaOek A. 1., KamupoexoB A. K., I[Iprazaposa A. XK., AGropos A. XK.,
PreicriaeBa A. A., Tuneyxanosa K. T., Axwurymosa P. H. (2020) Oynctka KHCIOTHOTO 00OPOTHOTO
PacTBOpa YpaHOBOI'O PYJHUKA OT OTPABJIAIOIIMX HOHUT HPUMECEH ¢ MCIOIb30BaHHEM (IOKY/ISHTOB
Ha OCHOBE NoJIMaKkpuiIaMuaa. Xumuueckuit xypHan Kaszaxcrana. — 2, —207-219.

KemennbaeBa A.C., [dyiicebae b.0O., CaiikueBa C.X., Ansioaes X.A. (2010) Meton o4ncTKH
ypaHCOIepKalIux pacTBOpoB OoT KpeMHHeBoi kuciotel. M3Bectus HAH PK. Cepus Xumunueckas.
—5, —65-68.

References
Adamantiades, A. and Kessides, 1. (2009) Nuclear Power for sustainable development: current
status and future prospects, Energy Policy, —37, —12, —5149-5166.
Ahro, M. 1., Pathan, A. G. and Memon, Sirajuddin, A. R. (2013) Dual polymer flocculation
approach to overcome activation of gangue minerals during beneficiation of complex iron ore, Powder
Technol., —245, —281-291.

94



Reports of the Academy of Sciences of the Republic of Kazakhstan

Anon (1993) Uranium extraction technology. IAEA technical report series no. —359, —137
Vienna, Austria, IAEA.

Clark D.L. et al. (2006) Uranium and uranium compounds, Kirk-Other encyclopedia of chemical
technology. —2006

Edwards, C.R., Oliver, A.J. Uranium processing: A review of current methods and technology.
JOM —52, —12, —20, —2000.

Farjana, Shahjadi Hisan, et al. (2018) Comparative life-cycle assessment of uranium extraction
processes. Journal of cleaner production. —2018, —202, —C.666-683.

Hisan F.S., Nazmul H., Parvez M.M.A., Lang C. (2018) Comparative life-cycle assessment of
uranium extraction processes, J. Journal of Cleaner Production —202, —666-683.

LM.S.K. Ilankoon, Yuan Tang, Yousef Ghorbani, Stephen Northey, Mohan Yellishetty, Xiangyi
Deng, Diane McBride (2018) The current state and future directions of percolation leaching in the
Chinese mining industry: Challenges and opportunities, Minerals Engineering, — 125, —206-222,
ISSN 0892-6875, https://doi.org/10.1016/j.mineng.2018.06.006.

Ighalo, J. O., Chen, Z., Ohoro, C. R., Oniye, M., Igwegbe, C. A., Elimhingbovo, L., ...

& Anastopoulos, 1. (2024) A review of remediation technologies for uranium-contaminated
water. Chemosphere, —141322.

Krishnan, S. V., Attia, Y. A. (2018) Polymeric flocculants. In Reagents in Mineral
Technology —485-518. Routledge.

Lee, H. K., Chang, S., Park, W., Kim, T. J., Park, S., & Jeon, H. (2022) Effective treatment of
uranium-contaminated soil-washing effluent using precipitation/flocculation process for water reuse
and solid waste disposal. Journal of Water Process Engineering, —48, —102890.

Li, P, Chen, P., Wang, G., Wang, L., Wang, X., Li, Y., ... & Chen, H. (2020) Uranium elimination
and recovery from wastewater with ligand chelation-enhanced electrocoagulation. Chemical
Engineering Journal, —393, —124819.

Lockwood, A. P. G. (2021) The impact of polymeric flocculants on the sedimentation, flotation
and dewatering of radwaste suspensions (Doctoral dissertation, University of Leeds).

Than Van Lien, Tran The Dinh, Nguyen Thi Kim Dung (2020) Study on leaching systems and
recovery for PALUA—PARONG low grade uranium sandstone ores, Hydrometallurgy —191,
—105164.

Wellmer F.W., Becker-Platen J. (2002) Sustainable development and the exploitation of mineral
and energy resources: a review. Int J Earth Sci (Geol Rundsch) —91, —723-745.

Yue, C., Liu, R., Wan, Q., Wang, H., Liu, L., & Zhang, X. (2023) Synthesis of novel phosphate-
based hypercrosslinked polymers for efficient uranium extraction from radioactive wastewater. Journal
of Water Process Engineering, —53, —103582.

Kadirbekov K. A., Altynbek A. D., Kadirbekov A. K., Prnazarova A. Zh., Abyurov A. Zh.,
Ryspaeva A. A., Tileukhanova K. T., Azhigulova R. N. (2020). Purification of acidic recycled
solution of a uranium mine from impurities poisoning the ion exchanger using flocculants based on
polyacrylamide. Chemical Journal of Kazakhstan. — 2, —207-219 (in Russ.)

Kemelbaeva A. S., Duisebayev B. O., Saikieva S. Kh., Alybayev Zh. A. (2010) Method for
purification of uranium-containing solutions from silicic acid. Bulletin of the NAS RK. Chemical
Series. —5, —65-68 (in Russ.)

95



ISSN 2224-5227 3.2024

REPORTS OF THE NATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC
OF KAZAKHSTAN

ISSN 2224-5227

Volume 3. Number 351 (2024), 96-107
https://doi.org/10.32014/2023.2518-1483.300

UDC.644.2-404;665.74/75

L.D. Volkova ',|N.A. Zakarina', O.K. Kim !, A.K. Akurpekova',
A.V. Gabdrakipov %, T.V.Kharlamova* 2024
'“D.V. Sokolskiy IFCE” JSC, Almaty, Kazakhstan;
2 Scientific chemical analytical center, Almaty, Kazakhstan;
3JSC A.B. Bekturov Institute of Chemical Sciences, Almaty, Kazakhstan.
E-mail: volkova ld@rambler.ru akurpekova@mail.ru

INFLUENCE OF MODIFICATION OF KAOLINITES BY ALUMINUM
OXIDE ON THE CRACKING ACTIVITY OF PETROLEUM RESIDUE

Volkova L.D. - Candidate of Chemical Sciences, the Leading Researcher of laboratory of oil
processing catalysts of JCS “D.V. Sokolsky Institute of fuel, catalysis and electrochemistry”,
Almaty, Kazakhstan, e-mail: volkova_ld@rambler.ru , https://orcid.org/0000-0002-8017-5059;
Zakarina N. A. — Doctor of Chemical Sciences, Professor, Head of the laboratory of oil processing
catalysts of JCS “D.V. Sokolsky Institute of fuel, catalysis and electrochemistry”, Almaty,
Kazakhstan. https://orcid.org/0000-0002-5895-8110;

Kim O.K. - Candidate of Chemical Sciences, the Leading Researcher of laboratory of oil processing
catalysts of JCS “D.V. Sokolsky Institute of fuel, catalysis and electrochemistry”, Almaty,
Kazakhstan. e-mail: kimolya82@mail.ru , https://orcid.org/0000-0001-5110-2523;

Akurpekova A.K.- Candidate of Chemical Sciences, the Senior Researcher of laboratory of oil
processing catalysts of JCS “D.V. Sokolsky Institute of fuel, catalysis and electrochemistry”,
Almaty, Kazakhstan. Tel. +77476737782, e-mail: akurpekova@mail.ru , https://orcid.org/0000-
0002-8021-4644;

Gabdrakipov A.V. - Candidate of Chemical Sciences, Director of Scientific chemical analytical
center”, Almaty, Kazakhstan. e-mail: avgab@mail.ru https://orcid.org/0000-0002-8016-4819
Kharlamova T.V. - Candidate of Chemical Sciences, the Chief Researcher Institute of Chemical
Sciences named after A.B. Bekturov, Almaty, Kazakhstan. e-mail: kharlamovatv@mail.ru https://
orcid.org/0000-0001-6508-9104

Abstract. The preparation of matrices of zeolite-containing catalysts using acid-
treated (20% H2SO4) kaolinites from the Pavlodar region of Kazakhstan (NPK-
I, NPK-2 and NPK-3) with subsequent modification with aluminum hydroxo
complexes of different concentrations (2.5, 5.0 and 7.5 mmol Al3+/g) was studied.
and aluminum hydroxide gel prepared by the ammonia method for activity in
cracking residual petroleum feedstock.

In the experimental part of the article for kaolinites of the Pavlodar region of
Kazakhstan - PK-1, PK-2 and PK-3, the values of the Si02/A1203 molar ratios in
the original samples, the change in these ratios during acid activation and subsequent
modification with aluminum hydroxo complexes are considered. It has been shown
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that the criterion for choosing kaolinites as matrices for zeolite catalysts can be the
increased content of aluminum oxide in the original kaolinite. From the analysis of
data on the matrix activity of kaolinites in the cracking of vacuum gas oil, it follows
that in order to achieve optimal yields of gasoline and light gas oil for samples
with lower AI203 content, the introduction of a higher concentration of hydroxo
complex is required.

Using the example of the Al(2.5)NPK-1 sample, it is shown that the additional
introduction of aluminum hydroxide gel (5% Al203 by weight of the catalyst)
obtained by the ammonia method into the modified kaolinite matrix, followed by
drying and heat treatment leads to the production of a catalyst with high activity.
The catalyst was tested in the cracking of fuel oil, a mixture of vacuum gas oil (VG)
with fuel oil (30%).

For comparison, data on cracking of heavy vacuum gas oil are presented.
Gasoline yields for these types of raw materials at S00°C are 26.8; 31.9 and 39.1%;
respectively, with raw material conversion of 88.4% and 92.1%. Cracking gasolines
are characterized by a high content of iso-paraffin and aromatic hydrocarbons.
Al(2.5)NPK-1+AI203 can be an economically beneficial and environmentally
friendly catalyst and adsorbent.

Keywords: catalytic cracking, kaolinite, vacuum gas oil, modification.
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Annoraunus. Kemmkeumven ernenrer (20% H2S04) Kazakcranusiy [laBmomap
obmpicel  kaommauTTepin (HIIK-1, HIIK-2 xone HIIK-3) maiimanansim, kediHHEH
KOMIPCYTEKTI IMKI3aTThIH KPEKUHTIHAET1 OCTICEHAUTITIH TYPITi KOHIICHTPAIIHSIIaFbI
AIFOMUHHHN THAPOKCOKemenaepimen (2.5; 5.0 sxone 7.5 Mmmons Al*/T) )xoHe aMMuaK
omiciMeH MalbIHAANFaH ATOMUHUA THAPOKCHII TeNiMEH TYPIEHAIPE OTBHIPHIII,
IIEOJIUTTI KaTaINu3aTOPJIapAblH MaTpUTIaIapblH JabIHIAY 3€PTTCIII.

Makaanbiy dKcriepuMeHTTIK Oemirinne Kaszakcranuwia [laBmomap oOmbICH —
[TK-1, ITIK-2 sxone T1K-3 kaonmmHUTTEpi YIIIH OacTamkel yATLIEpACTi SiOz/Ale3
MOJIb apaKaTBIHACKIHBIH IIaMacChl KHIIKBIIIB aKTHBTCHIIPTCHE KOHE KeHiHHCH
ATIOMUHUHN THIPOKCOKEIIECHIEPIMEH TYPICHIPY Ke3iH/e 0ChI apaKaThIHACTapABIH
e3repyl Kapanapl. KaoawmHUTTEpi MEONHUT KaTaJIu3aTOpiapbIHBIH MaTpHIIAIAPEI
peTiHAe TaHmay KpUTEpHii OacTamkel KAOTHMHHUTTETI ATIOMUHUN OKCHIIHIH
JKOFaphIIaybl OOJybl MYMKIH €KEHIIr KepceTinreH. MaiiMerTepi TainmaraHnaa
BaKyyMBIK Ta30MIb KPEKWHTIHIETI KAOMHMHUTTEPAIH MATPUIATBIK OCIICEHIIITI
OOUBIHIITA OCH3WH MEH JKEHIJT Ta30MIbIiH OHTAIIBI IIBIFEIMBIH ATy YIIiH Ale3
KYpaMBblI a3 YATUIEpTe alFOMIHUA KOHIICHTPAITUSACHI KOT THAPOKEIICHACPI] SHT13y
TaJarn eTUTeTIHIH KopeMis.

Al(2.5)HIIK-1 ynrici mpIcamblHIa aMMHAKTBl OMICTICH albIHFAH aTFOMUHUN
THAPOKCHUI TeJIHIH MonuuKaIUsITaHFaH KAOJIWHUTTI MaTpHUIlachiHA
(xaranuzaropibiH canMarbiHan 5% Al,O, KoChIMIIIA €HI'i311Ty1, COCBIH KENTIPY KIHE
TEPMUSIIBIK OHJCY apKbUIBI KPEKUHTTET1 OCJICEHIUTIrT OOWBIHIIA YITICIHE KaKBIH
aKTUBTUIIT] JKOFaphl KaTaIu3aTopAbl amyra OonaTeiHbl KepceeTiareH. Karammsarop
BI' masyrnien (30%) KOCHaCBIHBIH, Ma3yTTBIH >KOHE BaKyyMJBIK Ta30MIIbIbIH
KPEKHUHTIH]Ie CRIHAKATH OTKI3LIII.

500 °C kesiHge KepCeTUIreH MIMKI3aT TypJiepi YIniH OCH3WH MIbIFbIMBI 39.1;
31.9 xxone 26.8%, an mmKizaT KOHBEpCHCH THiciHIIe, 92.1 )oHe 88.4% Kypalbl.
Kpexunr 6ensunepi nzonapadui ’oHe apoOMaTThl KOMIPCYTEKTEPiH KONTIriMeH
epexureneneni. Al(2.5)HIIK-1+AL O, 5KOHOMHUKaIbIK THIMJII JKOHE IKOJOTHUSIIBIK
Kayimnci3 Karaau3aTop >KOHE aicOpOCHT 00TyBI MyMKIiH.

KinT ce3aep: karamusaik KPeKUHT, KAOJTUHUT, BAKYyMJIBIK Ta30HIb, TYPICHIIPY.
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AHHoTanms. VccnenoBaHO TPHUTOTOBICHWE MATPHUI] IEOIUTCOMEPIKAIINX
KaTaju3aTopoB C HMCIOIb30BAHHEM KHMCIOTHO-00paboTannbix (20% H,SO,)
kaonmuHUTOB [laBnomapckoit obmactm Kaszaxcrana (HIIK-1, HIIK-2 w HIIK-
3) ¢ mocienyrImuM MOIU(MUIIUPOBAHHEM THUIAPOKCOKOMIUIEKCAMU aTFOMUHUS
pasHbIX KoHueHtpauui (2.5; 5.0 u 7.5 mmons Al°/r) u renem ruapokcuaa
AITIOMUHUS, TIPUTOTOBICHHBIM aMMHUAYHBIM CITIOCOOOM, Ha aKTUBHOCTh B KPEKUHTE
YIJIEBOIOPOTHOTO CHIPHSL.

B skcrieprMeHTanbHOM YacTH cTaThy JUIs KaoMnHATOB [laBmomgapckoii obmacti
Kazaxcrana—IIK-1,1IK-2 u [1K-3 paccMOTpeHbI BETUUHHBI MOIbHBIX COOTHOILICHUN
Si0,/AlL O, B ucxonHbIX 00pa3Uax, M3MEHEHNE ITUX COOTHOLIEHUH NPU KUCIOTHON
AKTUBAIlMM W TOCIEAYIONIEM MOIU(GUIIMPOBAHUHA  T'HMJIPOKCOKOMILIEKCAMHU
amromunus. [lokazaHo, 9To KpUTEpHUEM BBHIOOpA KAOTHMHHUTOB B Ka4eCTBE MaTPHII
IIEOJTUTHBIX KaTaJIN3aTOPOB MOYKET CITYKHUTD ITOBBIIIIEHHOE CO/IEP’KaHUE B HCXOTHOM
KaOIIMHUTE OKCHAA alfOMUHUS. V3 aHamm3a MaHHBIX 110 MATPUYHON aKTHBHOCTH
KaOIIMHUTOB B KPEKWHTE BaKyyMHOTO Ta3OMIIA CIENyeT, YTO I JOCTHIKCHUS
ONTUMAJIBHBIX BBIXOJIOB OCH3MHA W JICTKOTO Ta30Wjs Ui 00pa3llioB ¢ MEHBIIUM
conepkanuem AlO, TpeOyeTcss BBeleHHE T'HIPOKCOKOMILIEKCA ¢ Oonbuien
KOHIICHTPAIIUECH.
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Hanpumepe Al (2.5) HITK-1 o6pa3ima moka3aHo, 4To IOTIOTHUTEIEHOE BBEICHUE
B MOJIUGUIIMPOBAHHYIO KAOJUHHUTOBYIO MATPUILy TeJs THUIAPOKCHIIA AJTFOMUHUS
(5% AlLO, or Beca karanusaropa), IOJYYEHHOIO AMMHMAYHBIM CIIOCOOOM, C
MOCJICAYIONIUM BBICYIIMBAaHUEM W TEPMHUYECKOW OOpaOOTKOH TPHUBOAUT K
MOJIyYEHUIO KaTajm3aropa C BBICOKOH aKTMBHOCTHIO. Karammsarop ucmbiTaH
B KPEKHWHTe Ma3yTa, cMecH BakyymHoro razoiis (BI') ¢ masyrom (30%). s
CpaBHEHUS PUBE/ICHBI JaHHBIC M0 KPEKUHTY YTSDKEIICHHOTO BAKyYMHOTO Ta30HIIs.
Boixoibt 6eH31MHA 7T YKa3aHHBIX BUIOB ChIphs ipu 500°C cocrasnsior 26.8;31.9u
39.1%; cooTBeTCcTBEHHO, ¢ KOHBepcHei chIpbsa 88.4% u 92.1%. beH3unb! KpekuHaTa
OTJIMYAIOTCSI TTOBBIIICHHBIM CONIEP)KaHUEM H30-TTapaUHOBBIX U apOMATHUYECKUX
yraeBooponos. Al (2.5) HITIK-1+AL O, MOKET ObITh 5KOHOMUYECKHU BBITOJHBIM U
AKOJIOTHIECKH O€30TTaCHBIM KaTaJIn3aTOPOM H aICOPOSHTOM.

KuiroueBble ci10Ba: KaTaTMTUUECKUNA KPEKUHT, KAOJTMHUT, BAKYYMHBIN T'a30MIb,
MoauduIpoBaHue.

INTRODUCTION

One of the main components of zeolite-containing cracking catalysts is a matrix
that provides thermal stability, bulk density and formability of the contact. Bentonite
and kaolinite clays are widely used as matrices for modern cracking catalysts [1-3].
For Kazakhstan, which has large reserves of clays, their use is an urgent task.

Clay mineral catalysts have been used commercially since the 1930s. Recent
years, an increasing number of studies have appeared on the use of kaolinite as
precursors for the synthesis of zeolites of the faujasite structure, high-silica
zeolites and adsorbents. The research carried out has become a breakthrough in the
technology of obtaining of catalysts in petrochemical processes. The availability,
efficiency and environmental safety of natural clays (Murray, 2000; Hettinger,
1991; Alaba, 2015) determine the attractiveness of this type of raw material. It was
calculated that the cost of catalysts based on natural clays is more than an order of
magnitude lower than the cost of catalysts based on synthetic aluminosilicates.

The widespread use of kaolinite is hampered by the presence of impurities, low
specific surface area and low acidity. Kaolinite is known to be a hard aluminosilicate.
It has a low cation exchange capacity. No noticeable isomorphic substitutions of
aluminum by atoms of other metals are observed in it. Changes in the properties of
kaolinite are promoted by activation and modification. Materials based on modified
kaolinite (Miranda-Trevino, 2003; Shapkin, 2016; Silva-Valenzuela, 2013) have
found practical application in the synthesis of microspherical cracking catalysts
(Zheng, 2005; Rong, 2002; Belver, 2002; Ribero, 2013; Panda, 2010), as adsorbents
in water treatment, in cosmetics (Silva-Valenzuela, 2013) and other fields.

There are a number of methods for enhancing of the activity of kaolinite:
mechanochemical activation, leading to particle fragmentation, with an increase
of surface area and pore volume, thermal heating, chemical (acid and alkaline)
activation. Thermal heating in the temperature range from 450 to 1200°C leads
to dehydroxylation of kaolinite with destruction of hydrogen bonds between
dioctahedral layers with the formation of metakaolin, which is more reactive than
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kaolin. This opens the way to increasing the efficiency of chemical activation of
natural raw materials. Treatment of kaolinite with acid, like sequential treatment
with acid and alkali, leads to dealumination of the material, disaggregation of
kaolinite particles, and dissolution of its outer layer. With such treatment, the
structure and composition of the kaolinite material change, the specific surface
area, acidity, and the ratio of acid sites increase with the formation of stronger acid
sites (Lenarda, 2007; Valaskova, 2011).

Based on the analysis of the physicochemical characteristics of modified
kaolinite with varying processing conditions, conclusions were made about the
possibility of synthesizing zeolites on their basis and methods were developed
for obtaining of zeolites of faujasite structure from kaolinite (Johnson, 2014;
Salahudeen, 2016; Novembro, 2011; Krishnandy, 2019; Melaningtyas, 2019)
and high-silica zeolites (Subagio, 2015; Hartanto, 2016; Mohiuddin, 2018). The
number of works on the synthesis of zeolites from kaolinite is constantly growing,
which indicates the attractiveness of the process. The synthesized zeolites can be
used in cracking reactions (Liu, 2016; Makaou 2021) and other catalytic processes
not only as carriers, but also as stand-alone catalysts.

In works (Liu, 2016; Makaou 2021) it is shown that kaolinite of different
geological places of occurrence differ in composition. Variations in the structure
and composition of kaolinite can affect its subsequent reactivity. One of the
fundamental principles of kaolinite modification is control over the SiO/AlLO,
molar ratio. Interesting data on the activity of catalysts for cracking residual
petroleum feedstock based on Nigerian kaolinites are given in (Makaou 2021).
Catalysts prepared included La,O, (1) and Cr,O, (2). In order to increase acidity,
the catalysts were prepared with addition of silica and subjected to acid treatment.
The authors managed to significantly increase surface area, porosity and acidity of
the catalysts. The degree of fuel oil conversion exceeded 74.5%. In (Liu, 2016),
the ability of kaolinites to undergo ion exchange due to the presence of various
impurities in them was noted. This possibility of kaolinite activation we used when
modifying kaolinite with hydroxo complexes of aluminum, iron and other metals
(Volkova, 2020; Volkova, 2014; Zakarina, 2010). One of the fundamental principles
for controlling changes in the characteristics of modified kaolinite is the Si02/
AI203 molar ratio. We took this characteristic of modified kaolinites into account
when synthesizing catalysts.

The aim of this work was to establish the regularities of changes in the chemical
composition of H-kaolinite at its modification with aluminum hydroxo complexes
to obtain effective matrixes for cracking catalysts and to determine the possibility
of additional activation of kaolinite in the cracking of petroleum feedstock with
the introduction of aluminum hydroxide gel obtained by the ammonia method (5%
AlLO,).

Experimental part

The objects of study were kaolinites of the Pavlodar region of Kazakhstan PK-1,

PK-2 and PK-3, differing in their chemical composition. The H-form of kaolinite
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was obtained by treating the initial kaolinite clays by boiling in 20% H,SO, solution
for 6 hours with following washing from SO,* ions, drying and calcination. Due
to decationation and dealumination, it is desirable to introduce additional amounts
of aluminum to increase the catalytic, adsorption, and acidic characteristics (Alaba,
2015; Liu, 2016). The loss of aluminum during acid treatment was compensated
by introducing additional amounts of aluminum in the form of aluminum hydroxo
complexes with concentrations of 2.5; 5.0 and 7.5 mmol Al3+/g according to the
methods described in (Volkova, 2020; Volkova, 2014; Zakarina, 2010).

Chemical analysis of the composition of kaolinites was carried out by X-ray
fluorescence spectroscopy (Nitron XRF —analyzer of Thermo — Scientific company).

For cracking heavy and residual petroleum feedstocks, zeolite-free Al(2.5)
HPK-1 + Al203, obtained by mixing Al(2.5)HPK-1 with aluminum hydroxide gel,
was also prepared and tested. The gel was prepared by mixing AI(NO3)3 salt with
NH40H, followed by thermal decomposition to A1203.

The process was carried out in a flow-type installation with a fixed catalyst bed
according to the method described in (Volkova, 2014).

Three types of raw materials were used: fuel oil grade M-100, vacuum gas oil
(VG) from the Pavlodar petrochemical plant with a boiling point of 532°C and a
mixture of fuel oil (35%) with VG. The activity of the catalysts was assessed by
the yield of gasoline obtained from cracking in accordance with ASTM D3907-13.
We studied the change in process activity depending on the cracking temperature,
the volumetric feed rate of raw materials, and the catalyst: raw material ratio. It
should be noted that feeding fuel oil into the reactor is difficult due to its increased
viscosity, which is determined by the presence of paraffin hydrocarbons, resins, and
asphaltenes in it. To supply fuel oil, the temperature in the feed tank was maintained
within 60-70°C.

Reactors with a volume of40 and 100 cm3 of catalyst were used. Cracking of fuel
oil and mixtures of fuel oil with VG was carried out at 500 and 550°C, VG - at 470
and 500°C. The cracking products and feedstock were analyzed by chromatography.
To analyze gasoline and the gas phase in cracking products, a Chromos GC-100
chromatograph with a 100 m capillary column with a stationary phase HP-1 (ASTM
D 6729-04) was used. The carrier gas is helium. The hydrocarbon composition of
the cracked raw material was determined in accordance with ASTM D 2887-95
and ASTM D 3710-95 Auto-System XL SIMIDIS with a PE ELITE column 60 m
long at a helium feed rate of 1 ml/min with a programmable thermostat operating
temperature. X-ray fluorescence analysis data show that the mineral part of the
used M-100 fuel oil includes 2.5% sulfur, 0.07 vanadium and 0.02 nickel, 0.3 iron.
Certain elements include calcium, potassium, phosphorus, silicon, zinc.

Results and discussion
According to chromatographic analysis of the hydrocarbon composition of the
original gas oil, a mixture of gas oil with 30% fuel oil and M-100 fuel oil (Table 1)
VG contains the most paraffin, isoparaffin and
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Table 1 - Hydrocarbon composition of VG, mixture of VG with masut (30%) and masut aromatic
hydrocarbons, naphthenic hydrocarbons and heavy residues - fuel oil.

Hydrocarbon composition VG VG+Masut Masut
Paraffins 34.139 28.730 28.346
Isoparaffins 24.345 23.475 22.487
Olefins 3.727 4.632 5.445
Aromatic hydrocarbons 9.440 7.860 6.396
Naphthenic hydrocarbons 3.441 3.952 5.046
Oxygen containing compounds 1.902 2.197 2.459
Resins + coke 23.0 29.15 29.82

As follows from the data on the fractional composition of the raw material
(Table 2), vacuum gas oil contains lower-boiling fractions. At 200°C, for example,
6.984% of VG, 5.819 mixtures of VG with fuel oil and 5.775% of fuel oil are
distilled. In general, the difference between the three types of raw materials used
is the higher content of resins and asphaltenes in the fuel oil and the higher boiling
points of its components.

Table 2 - Fractional composition of VG, mixtures of VG + masut and masut

T,..»'C VG VG+Masut Masut
100 6.2 5.279 5.138
150 6.768 6.663 5.842
200 6.984 5.819 5.775
250 8.247 7.478 6.403
300 11.247 8.328 6.981
350 13.675 10.516 7.848
400 14.469 11.809 10.030
450 32.0 26.944 25.373

After the experiment the liquid phase was subjected to distillation. Fraction
n.c. - 205°C was attributed to gasoline, 205-350°C - to light gas oil, > 350°C - to
heavy gas oil. Previously, we [24-26] showed that modification of kaolinites with
aluminum hydroxo complexes leads to an increase in pore volume, the number of
mesopores, and an increase in acidity. The data obtained suggested that the AI203
content in the initial kaolinite is one of the factors of the possible initial (matrix)
activity of the contact.

The chemical composition of the initial kaolinites, H-forms, and samples of
modified kaolinites and so the calculation of the molar ratios of SiO,/Al O, are
given in the table 3.

Table 3 - Chemical composition of PK-1, PK-2, PK-3, their H- and aluminum-modified forms

Sample Amount, weight %

ALO, [SiO, MgO |[K O CaO |NaO |TiO, [Fe O, [SiO/AlLO,
PK-3 28.44 |57.4 0.83 |2.14 1.50 [0.70 |0.72 8.20 2.02
HPK-3 2722 |60.7 0.64 |2.10 0.69 [0.12 |0.70 |7.83 2.23
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Al(2.5HPK-3 [29.61 |58.84 0.42 |2.16 0.34 10.10 [0.78 7.75 1.99
Al(5.0)HPK-3 |31.36 |57.66 [0.36 |2.15 0.37 10.10 [0.78 7.28 1.84
Al(7.5HPK-3 |33.38 |[54.29 |0.81 [2.44 041 10.10 [0.88 7.69 1.63
PK-2 29.52 159.07 ]0.00 |1.58 0.71 10.84 [0.82 7.46 2.01
HPK-2 2846 [62.12  [0.00 |1.56 0.21 10.10 |0.71 6.84 2.19
Al(2.5HPK-2 |31.24 |59.34 |0.00 |[1.58 0.15 10.10 [0.75 6.84 1.90
Al(5.0)HPK-2 [32.62 |57.94 [0.00 |1.58 0.19 10.10 [0.76 6.85 1.78
Al(7.5HPK-2 |32.75 |[57.26 |0.00 |1.67 0.23 10.10 [0.79 7.20 1.75
PK-1 34.86 |59.52 [0.08 ]0.10 0.15 10.18 |1.25 3.83 1.71
HPK-1 32.81 [63.10 [0.03 ]0.08 0.10 10.03 |1.28 2.57 1.93
Al(2.5HPK-1 {35.00 |[59.80 |0.12 |0.14 0.14 10.12 [1.20 |4.50 1.71
Al(5.0)HPK-1 |35.80 [59.26 [0.10 |0.12 0.10 10.10 |1.25 3.27 1.66
Al(7.5)HPK-1 |36.10 [58.76 [0.10 |0.10 0.10 |0.10 |1.27 3.47 1.63

As follows from the data in the table, PK-1 - kaolinite - 34.86% with SiO, / AlL,O,
= 1.71 has the largest amount of aluminum in the initial sample. Acid activation
leads to decationation and dealumination of the samples. Subsequent modification
with aluminum leads to an increase in the AL,O, content, as a result of which the
Si0, / AL,O, molar ratios become close for all three studied samples.

The figure 1 shows data on the yield of the main products of the cracking of
vacuum gas oil - gasoline and the sum of light products(of gasoline and light gas oil).

Q\QRIQ\ \ﬂ\ué*/x\ Q*Q‘*Z*
’\/\Q\'\%\ ,»{9\0)0\/\0,\ ’\«\\
SRR SRR

Figure 1 - The yields of gasoline and light products in an amount cracking of VG on kaolinites
modified with aluminum depending on the concentration of aluminum hydroxocomplexes at 500°C

Modified by aluminum kaolinites exhibit a fairly close matrix activity. The
highest yields of gasoline (9.1%) and the amount of light products (54.3%) are
obtained on the Al(2.5)HPK-1 sample with the maximum initial A1,O, content. The
maximum yields of gasoline and light gas oil are observed on Al(5.0)HPK-2 and
Al (5.0)HPK-3 contacts.

Previously (Volkova, 2020; Volkova, 2014; Zakarina, 2010) it was shown by
us that the modification of kaolinites by aluminum hydroxocomplexes leads to an
increase of pore volume, the number of mesopores and an increase of acidity. The
data obtained suggest that the Al,O, content in the initial kaolinite is one of the
factors of the possible matrix activity of the sample.
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As noted above, an additional modification of the Al (2.5) HPK-1 sample was
carried out with an aluminum hydroxide gel. Table 4 shows data on the cracking
of vacuum gas oil, a mixture of VG with 30% fuel oil and fuel oil on the Al(2.5)
HPK-1 + Al,O3 (5%) catalyst.

Table 4 - Cracking of masut, mixtures of masut with VG and VG on the Al(2.5)HPK-1 + AL O,
catalyst

Name of products Masut Masut + VG VG
500°C 550°C 500°C 550°C 470°C 500°C

Gas 28.1 28.0 234 26.4 15.2 17.0
Gasoline (to 205°C) 23.8 26.8 29.6 31.9 36.7 39.1
Coke 15.1 13.3 10.0 9.0 8.5 7.8
Light gas oil (205°—350°C) | 19.3 20.3 25.7 21.1 28.3 28.2
Heavy gas oil 13.7 9.6 9.4 9.6 9.3 5.9
Losses 2.0 2.0 2.0 2.0 2.0 2.0
Conversion 84.3 88.4 88.7 88.4 82.7 92.1
Sum of light products 43.1 47.1 55.3 53.0 65.0 67.3
Octane number 78 78 78 78 78 78
Total 100 100 100 100 100 100

In the cracking of VG on this modified contact at 500°C, the gasoline yield
is 39.1% at 500°C. In the cracking of masut the yield of gasoline was 26.8% at
550°C, in the cracking of a mixture of masut with VG - 31.9%. The conversion of
raw materials is the highest (92.1%) in VG cracking at 500°C, in masut cracking
- 88.4% at 550°C. Thus, there is an economic feasibility of using a zeolite-free
activated Al(2.5)HPK-1+AlLO, contact in the cracking of all three types of raw
materials.

Table 5 - Hydrocarbon compositions of the gasoline fraction on the Al(2.5)HPK-1 +Al,O, catalyst

Raw T, °C | Paraffins | Isoparaffins | Aromatic hydrocarbons | Naphthenes Olefins
VG 470 | 14.1 26.8 29.4 11.0 17.7
VG 500 | 12.6 27.9 33.6 8.7 17.3
VG+M | 500 | 12.1 25.9 27.5 10.6 23.7
VG+M | 550 | 13.2 34.1 38.1 6.1 8.5
Masut | 500 | 12.4 25.6 30.7 8.3 23.0
Masut | 550 | 12.5 27.3 38.3 5.6 16.3

The gasolines of cracking are characterized by a significant content of
isoparaffinic and aromatic hydrocarbons, the content of which increases with
increasing temperature(table 5). Cracking on the matrix by comparison with zeolite
contacts proceeds with the release of significant amounts of dry gas(table 6), which
is optimal in the cracking of masut, the ratio of ethylene and propylene is close to
1.0 at the cracking of mixture and masut. In VG cracking, the propylene: ethylene
ratio is 1.33. A significant amount of butylenes is formed on this catalyst (up to
13.1% in VG cracking).
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Table 6 - Hydrocarbon composition of the gas phase in the cracking of masut, a mixture of masut
with VG and VG on the Al(2.5)HPK-1 + Al O, catalyst at 500°C

Name of products VG VG+Masut Masut
500°C 500°C 500°C
Dry gas: 35.0 40.5 43.7
methane 15.9 25.2 26.3
ethane 19.1 15.3 17.4
Ethylene 15.1 15.9 18.1
Propane 10.1 9.8 7.0
Propylene 20.2 18.3 19.4
Iso-butane 3.5 2.9 2.5
Butane 3.0 3.5 2.7
Butylenes 13.1 9.1 6.6
X C, + C,-alkenes 353 342 37.5
2C, + C, —alkenes 48.4 433 441
CONCLUSION

On the obtained experimental data, the following conclusions are made:
1 The optimal activity in cracking is showed on Pavlodar kaolinite with the
highest AL,O, content and the lowest SiO,/AL O, ratio.
2 Acid activation leads to decationing and dealumination of contacts and the
convergence of Si0,/AlO, values.
Thus, aluminum-modified acid-activated kaolinites having an initial matrix
activity can be proposed as catalysts and components of cracking catalysts.
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Abstract: Results of the hydrogenation process of isoprene and piperylene
mixtures, as well as their mixtures on multicomponent skeletal nickel catalysts
are reported in this article. Hydrogenation of piperylene and isoprene proceeds
at a higher rate (W=215-220 cm*/min-g Ni) on Ni-Mo-Cu alloy catalyst than on
skeletal nickel (W=112-115 cm*/min-g Ni). The results of chromatographic analysis
indicate that the hydrogenation of piperylene proceeds with high selectivity. The
selectivity coefficient K is 0.95 and 0.98 on skeletal nickel and Ni-Mo-Cu catalyst,
respectively. At hydrogenation of the piperylene-isoprene mixture the piperylene
conversion rate (P > J) is prevailed. At piperylene conversion degree P=50 % the
isoprene J conversion is 35-37 % on Renea Nickel. 34 % on Ni-Mo-Cu catalyst.
The selectivity degree of hydrogenation of this mixture is S ;= 0.34-0.36 on
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Renea Nickel, S, = 0.40 on Ni-Mo-Cu. It was found that during hydrogenation
of piperylene and isoprene mixtures on Ni-Al-Mo-Cu (42-50-3-5 %) catalysts the
mono- and disubstituted acetylenes are saturated with a high degree of conversion
compared with isoprene.

Keywords: selective hydrogenation, isoprene, piperylene, skeletal nickel
catalysts
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AHHoTanus. by Makanasa ke KOMIOHEHTT] KaHKAJIbl HUKEJTh KaTajau3aropiap
KaTBICHIH]IA M30IIPEH, TUIIEPUIICH JKOHE OJIapIbIH KOCIATAPhIH THPIEY MPOIeci-
HiH HoTWXenepi kentipireH. Kankanbl HukenMeH cambicTeipranga (W=112-115
cv®/MuH T Ni) Ni-Al-Mo-Cu KOpBITIIACHIHBIH KaTaIM3aTOP KAThICHIHIA TUIIEPUIICH
MEH W3OMpPEHIl THAPJICY >KOFapbLKbUIIAMIBIKIEH kypemi (W=215-220 cm?/
MuHT Ni). XpoMmarorpausuiblK Tajnay HOTHXKEIepl NMUIIEPHIICHHIH THIPICHYI
JKOFaphl CENEKTUBTLIIKIIEH XKypeTiHin kepceTeni. Coiikecinme, K cenekTuBTiIik
ko3 dunmenTi kaHkamel Huken MeH Ni-Mo-Cu karammzatopsiaaa 0,95 sxoHe
0,98 xypaiinpl. [lunepuiieH-U30MpeH KOCTACHIH THIPIEY Ke3iHAe MHUIepPHICHHIH
KOHBEPCHS KbULIAMABIFBI 0ackiM Oomasel (P > J). [TunepuneHHiH KOHBEpCUsIaHy
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nopexecinne P=50% m3onpennin kouBepcusicol Peneit aukemnine 35-37% Kypanis1,
ann Ni-Mo-Cu karanuzaropbiaa 34 %. byt KocnaHbIH THIPICHYHIH CEIEKTUBTLIIK
nopexeci Peneit nukeninge S = 0,34-0,36 , an  Ni-Mo-Cu karanusaTopbiia
S, = 0,40. IMunepwuien — uzonpen Kocnanapein Ni-Al-Mo-Cu (42-50-3-5 %)
KaTanmu3aropiiap KaTbICBIHAA THIpIEY Ke31HJe MOHO-)XOHE ajJMacThIpbUIMaraH
arleTHIICHIEp M30IIPEHMEH CaNBICTHIPFaH/a YIIKeH TpaHchopMarus nopexkeciMmer
KaHBIKTHIPBIIATHIHBI AaHBIKTAJIJIBI.

Tyiiin ce3mep: Tasrammasibl TUAPIIEY, H30MPEH, TUIICPUIICH, KAHKAIBl HUKEIb
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AHHOTauMsi: B HacTosmed cTarbe MPUBEACHBI PE3yIbTAaThl MpolEecca
UIPUPOBAHUS CMECEH H30IIPEHa, TUIIEPHIICHA U X CMECEl HA MHOTOKOMITOHEHTHBIX
CKEJIeTHBIX HUKEJeBBIX Karanm3aropax. Ha karammzatope mu3 cruraBa Ni-Al-
Mo-Cu ruapupoBaHue MUTIEPUIICHA W HM30MpEeHa WAET C OONBIIONH CKOPOCTHIO
(W=215-220 cm’/muuT Ni), B ominune or ckemeTHoro Hukens (W=112-115
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cM?/muHT Ni). Pesynbrarhl XpoMarorpaudyeckoro aHajiu3a CBHICTEIbCTBYIOT,
YTO THUIPUPOBAHME [UIECPUICHA IIPOTEKAET C BBICOKOW CEJIEKTHBHOCTEIO.
Koadppuunent cenexrusnoctn K cocrapnser 0,95 u 0,98 Ha ckeneTHOM HUKENE U
Ni-Mo-Cu karanu3arope, COOTBETCTBEHHO. [ [py ruaprpoBaHIY CMECH TUTICPUIICH-
M30IIPEeH IpeodiagaeT CKOPoCTh mpeBparieHus nunepmwieHa (P > J). [lpu crenenn
npespanienus nmunepuieHa P=50 % kouBepcus uzornpena J cocrasnset 35-37 % Ha
Nial. 34 % - na Ni-Mo-Cu karanu3zarope. CTerneHb CelIeKTUBHOCTH 'HIPUPOBAHUS
stoit cmecu S = 0,34-0,36 ma Nial, S = 0,40 na Ni-Al-Mo-Cu.YcranosneHo,
YTO MPY THAPUPOBAHNH cMecel murepuiieH — n3onper Ha Ni-Al-Mo-Cu (42-50-3-
5 %) KaTanmu3aropax MOHO- U JM3aMEIICHHbIC alleTHIICHBI HACHIIIAIOTCS ¢ OOMBLION
CTEIICHBIO MTPEBPALLCHUS 10 CPABHEHHUIO C U30IIPEHOM.

KiroueBble cjl0Ba: CEJICKTUBHOE THIPUPOBAHUE, HW3OMPEH, MHUIIEPHUIICH,
CKEJICTHBIC HUKEJIEBbIC KaTaIN3aToOpPhI.

Introduction

Hydrogenation of unsaturated hydrocarbons is an industrially important
process underlying the production of fuels that meet modern requirements for their
quality, polymers, synthetic rubbers. Modernization of existing, development of
new effective, environmentally friendly (Shafigulin et al., 2017; Mikhailova et al,
2014), economically more profitable technologies is a priority direction of modern
science and economics (Khorkova et al, 2010; Konkova et al, 2013). An important
point here is the development of inexpensive catalysts based on new materials that
provide an acceptable value of catalytic activity comparable to that shown by the
catalysts currently used in industry (Lakshmi et al, 2016).

The most applicable for this purpose are nickel-based hydrogenation catalysts,
which have high activity and relatively low cost compared to catalysts based on
noble metals (Kasyanova et al, 2016; Putilin et al, 2015; Statsenko et al, 2016;
Kairbekov et al, 2023).

In industry, nickel catalysts are mainly used for hydrogenation processes. This
is due to the high activity and selectivity, ease of preparation and regeneration,
stability of operation in a long cycle, resistance to poisoning by catalytic poisons
(Karakhanov et al, 2014; Boymans, 2015). It has been shown that the modification
of skeletal nickel by various metals makes it possible to regulate the properties of
the catalyst in a wide range (Jeldybaeva et al, 2022; Jeldybayeva et al, 2021).

Thus, the search for new cheap, highly active and selective catalysts for
hydrogenation of individual unsaturated hydrocarbons and their technical mixtures
is a task of great practical importance.

In this paper, studies were carried out on the selective hydrogenation of isoprene,
piperylene and their mixtures on skeletal nickel catalysts made of Ni-al and Ni-Al-
Mo-Cu alloys.

Materials and methods
Raw materials, catalysts, experimental methods
Table 1 shows the physicochemical characteristics of piperylene and isoprene.
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Table 1: Main physicochemical characteristics of piperylene and isoprene
Connection The structural | Mole- | Boiling | Density | Ref- Solubility in:
formula cular |point, N ¢ ractive
weight | °C index | Wwater | etha- | hexane
”L'-;D nol
Isoprene CH,=C-CH=CH, | 68.12 34.07 | 0.6806 | 1.4194 | not o
(2-methyl-1 soluble
3-butadiene) CH,
Piperylene CH,=CH- 68.1244.07 (¢)| 0.6910 | 1.3883 | not o
(1,3-pentadiene) | CH=CH-CH, 42.03 (t) | 0.6760 soluble

Preparation of catalysts. The weighed amount (0.4-0.8 g) of the ground,
powdered Ni-Al-alloy from the fractions of 0.06-0.20 mm was treated with
a 20 % KOH solution at a temperature of 96 °C in a boiling water bath for
2 hours. The obtained products were washed from the alkali by decantation
with distilled water 4-5 times, until a negative reaction to OH-ions in washing
water was obtained. The catalyst was then washed with a solvent in which
the hydrogenation process was carried out (Jeldybayeva et al, 2021).

Methodology of the study. Hydrogenation was carried out in a
thermostatically controlled catalytic “chamber” at atmospheric pressure and
a temperature of 20 °C. Simultaneously, the reaction rates (the amount of
absorbed hydrogen per unit time, cm?/min) and the catalyst potential (mV)
relative to the calomel reference electrode were recorded according to the
methodology (Kairbekov et al, 2021). Before the reaction, the catalyst was
treated with hydrogen in a solvent (¥ = 25 cm®) until a reversible hydrogen
potential was established. Hydrogenation was carried out in the kinetic mode
(700-800 pumps/min).

The selectivity index (o) was determined graphically using equation (1).
Theselectivity index is determined by both kinetic and thermodynamic factors,
together reflecting the presence of energy and structural correspondence:

-
= kx5, ey

where K, K, are the hydrogenation rate constants of the 1st and 2nd
substances; B, B, are the adsorption coefficients of the hydrogenated
substances on the hydrocarbon surface.

The degree of selectivity (S) of hydrogenation of the mixture of substances
was calculated by formula (2):
l-a

2)
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The ratio of adsorption coefficients B./B, was determined using equation

(3):

Wo _ HpB. Gy
W, K,B,C, (3)

where K, K, are the rate constants of the hydrogenation reaction of
1.2 substances, B, B, are the adsorption coefficients of the components of
the mixture, C, C, are the concentrations of the components in the initial
mixture.

The selectivity coefficient, migration coefficient and hydrogenation
isomerization coefficient of isoprene and piperylene were determined by the
following formulas (4-6).

alkenes output By
K, = ; ’ )
cutpur (alkenetalkans) U
. output (cis—alkene—2+trans—alkens—2) (5)
migr  putput (alkene—1l+ciz—alkene—2+trans—alkens—2)
cutput trans—alkene—2,% (6)

ism  putput (cis—alkene—2+trans—alkens—2).%

Chromatographic analysis was performed on a Chromos GC-1000
chromatograph (“Chromos”, Russia) with a flame ionization detector in
isothermal mode using a BP21 capillary column (FFAP) with a polar phase
(PEG modified withnitroterephthalate) 50 mlong and 0.32 mm inner diameter.
The column was maintained at a temperature of 90 °C, the temperature in
the evaporation chamber was 200 °C, the carrier gas was helium, the volume
of the injected sample was 0.2 pl. During the experiment, 2-3 samples of the
liquid reaction mixture were taken for analysis (Jeldybayeva et al, 2021).

Results and discussion

Isoprene hydrogenation

To clarify in detail, the mechanism of hydrogenation of mixtures of
hydrocarbons, the hydrogenation of individual components was previously
studied. The connection of hydrogen to the conjugated system of isoprene
bonds on the studied catalysts goes in all possible directions (scheme 1):
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CH3-CH-CH=CH:
|
+Hi(1.2) CH: u-isoamylene +H
——* 3- methylbutene-1
1 23 4 | +H(4  CH=C-CH-CH +H;
CHz=C-CH=CH " !
| CH: - isoamylene
CHs 2- methylbutene -1
isoprene,

2-methyloutadiene 1,3 | +Ha(3,4)

f————
CH:; [-izoamylene
1- methylbutene -2
+2H3(1.23.4)

CH:-CH-CH=CHz
|

CH:  isopentane
2- methylbutane

Scheme-1

CH;-C=CH-CH3 +Ha
|

The rate of hydrogenation of isoprene to the absorption of about half
of the calculated amount of hydrogen remains constant. At the moment of
attachment of one mole of hydrogen, a sharp fracture is observed ("critical
point of the conjugated system"), and then the intermediate isoamylenes are
saturated at a significantly slower rate (1.5-2 orders of magnitude) than the

diene bond (Fig. 1).

Modification of the skeletal nickel Mo-Cu leads to a decrease in the
adsorption capacity of the catalyst for isoprene (AE=190 mV) and an increase
in selectivity from 0.96 to 0.98 (Table 2).

E.mV

(]

Figure 1: Kinetic and potentiometric curves of isoprene hydrogenation (A, =100 cm*H,)

In ethanol on skeletal nickel catalysts made of alloys:
1-Ni-al (50-50 %), 2-Ni-Al-Mo-Cu (45-50-5) (m-0.8 g)
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1-isoprene, 2-B-isoamylene, 3-y-isoamylene, 4-o-isoamylene, 5-isopentane.

Figure 2: Composition diagrams of isoprene hydrogenation catalyst
on Ni-Al-Mo-Cu skeletal catalyst

According to the chromatographic analysis of the catalyst composition
during the isoprene hydrogenation reaction (Table 2, Fig. 2), it follows that
at the first stage - before the absorption of approximately I mole of hydrogen
- isoamylene is predominantly formed on the studied catalysts (Selectivity
factor of isoprene = 0.96-0.98), and isopentane is formed only in insignificant
amounts (1-2 %). The formation of alkanes in the first step of the reaction
can be explained on the basis of a multi-step mechanism of hydrogenation
of alkadienes, including the formation of semi-hydrogenated forms of the
compound, which may not be desorbed (Kairbekov et al, 2023).

Table 2: Hydrogenation of isoprene, piperylene and their mixtures on skeletal nickel catalysts

(m, =0.8g, Temp 20 °C,P,, 0.1 MPa, V=30 ml)
Hydrocarbons Alloy Wcee AE beg., mV Ky K igrcc- K e
composition | cm?/min-g
Ni
Isoprene Ni-Al 115 220 0.96 0.61 0.76
Ni-Al-Mo-Cu 220 190 0.98 0.59 0.73
Piperylene Ni-Al 112 270 0.95 0.61 0.74
Ni-Al-Mo-Cu 215 210 0.98 0.58 0.72
Piperylene - w AE J a |B, /1S K, K,
Isoprene beg., |P=50|P=100 B, piperylene | isprene
mV % %
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1:1 Ni-Al 117 260 35 90 |[0.64|1.6] 036 | 0.98 | 0.98
1:3 Ni-Al 120 | 240 37 93 [0.66 |45 034 | 098 | 0.98
1:1 Ni-Al-Mo-Cu | 218 | 220 34 87 10.60| 1.7 | 040 | 099 | 0.99

P, J — degree of conversion of piperylene, isoprene (relative %) at absorption of 50 cm’® of H,

Hydrogenation of piperylene

For hydrogenation reactions, piperylene with a ratio of trans/cis-
stereoisomers equal to 2 was used (Table 2, Fig. 3.4). Fracture on the kinetic
curve of hydrogenation of piperylene (A, =100 cm®) corresponds to the
addition of 1 mole of hydrogen to piperylene (Fig. 3). The absorption of 2
moles of hydrogen proceeds at a significantly lower rate (by 1-2 orders of
magnitude).

On a Ni-Al-Mo-Cu alloy catalyst, piperylene is hydrogenated at a higher
rate (W =215 cm*/min-g Ni) than on skeletal nickel (W = 112 cm?*/min-g Ni).
The results of chromatographic analysis indicate that the hydrogenation of
piperylene proceeds with high selectivity. The Selectivity factor is 0.95 and
0.98 on skeletal nickel and Ni-Mo-Cu catalyst, respectively (Kairbekov et
al, 2023).

When piperylene is hydrogenated on skeletal nickel catalysts (Table 2,
Fig. 4), pentene-1, cis- and trans-pentenes-2 are formed, and in insignificant
amounts - pentane (Selectivity factor = 0.95 on Nial, Selectivity factor =0.98
on Ni-Al-Mo-Cu). The formation of pentene isomers is shown in Scheme 2

below.
CH=CH-CE=CH-CH,

T

H.C-HCFCH H:C-HC=CH-CH=CH: H:C—HITC{

T L LT

H,C-HC=CH — [ BCCH-CHCHSCH: | — HCHO=CH
. | — x — N

CH

1]. H, C—CI-I—C:H -CH=CH. EC 4
[H-C—HC=C:H [ H cm:a::—: J

\ Pmteu 1 / H c’

H. C—HJ:=-CH Hi C—Hq=CH—C:H -CH. H.C- HC C:H
CI—I
B
trans-Pensen— 21 ciz-Penten-2
Scheme-2
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The ratio of the rates of formation of pentene-1; trans-pentene-2; cis-
pentene-2 is approximately constant and is 2:2:1 (Fig. 4). After piperylene
disappears from the reaction mixture, pentene-1 is hydrogenated at a higher
rate. At the same time, the content of trans-pentene-2 and cis-pentene-2
increases (mainly the trans isomer), which indicates the isomerization of
pentene-1.

When hydrogenating alkadienes (piperylene, isoprene), high selectivity
(Selectivity factor of isoprene), constancy of the ratios of the amounts
formed by C.-alkenes, as well as their lack of isomerization at the first stage
are associated with adsorption displacement of alkenes by alkadienes on the
surface of catalysts.

W 3
oiV.cm® /min

&0
40
-0 TN vo
= »cme
LN, >
o ——
20 40 &0 20 1 4]
800
600 E - -
- 2
o
400 1=
E.mWV

Figure 3: Kinetic and potentiometric hydrogenation curves of piperylene (A, 100 cm?) in
ethanol on skeletal nickel alloy catalysts:

1 - Ni-Al-Mo-Cu (42-50-3-5%), 2 - Ni-al (50-50%) (m = 0.8 g)

H2=

%. mol
100
90
80
70
60
50
40
30
20
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0

Composition of the reaction mixture

0 20 40 60 80 100
1 - trans-piperylene, 2 - cis-piperylene, 3 - trans-pentene-2, 4 - cis-pentene-2,
5 - pentene-1, 6 - pentane.

Figure 4: Diagram of the composition of the hydrogenation catalyst of piperylene
on a skeletal catalyst from the Ni-Al-Mo-Cu alloy (42-50-3-5 %)
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Hydrogenation of mixtures of piperylene with isoprene

To assess the possibility of joint removal of piperylene impurities from
isoprene, along with monosubstituted acetylenes, by selective catalytic
hydrogenation, the hydrogenation processes of the following mixtures were
studied: piperylene-isoprene (100:100 cm® H,), on catalysts made of Ni-al
(50-50 %), Ni-Al-Mo-Cu (42-50-3-5 %) alloys in ethanol at a temperature
of 20 °C (Table 2, Fig. 5).

The results of the hydrogenation curves (Fig. 5) and chromatographic
studies (Fig. 6) of the mixture of piperylene-isoprene on skeletal nickel
catalysts from Ni-al and Ni-Al-Mo-Cu alloys in ethanol showed that the
hydrogenation+ rate of the mixture before absorbing about half of the
calculated amount of hydrogen remains constant, and then the fracture and
saturation of the formed piperylenes and isoamylenes is observed at a much
lower rate.

When hydrogenating the piperylene-isoprene mixture on skeletal nickel
catalysts, the conversion rate of piperylene (P > J) predominates. At the
degree of conversion of piperylene P=50 %, the conversion of isoprene J
is 35-37 % on Raney nickel, 34 % on Ni-Mo-Cu catalyst. The degree of
hydrogenation selectivity of this mixture is = 0.34-0.36 on Raney nickel, and
0.40 on Ni-Mo-Cu.

The saturation of the piperylene-isoprene mixture is characterized by the
preferential addition of hydrogen to the piperylene. Piperylene is saturated
more intensively than isoprene. The degree of conversion of hydrocarbons
at the time of absorption of 50 cm® of H, on a Ni-Mo-Cu catalyst is 36 and
22 % for piperylene and isoprene, respectively.

The alkadien mixtures used are hydrogenated at a higher rate on aNi-Mo-
Cu catalyst (W =218 cm*/min-g Ni) than on Raney nickel (W = 117-120 cm?/
min-g Ni). The addition of the Mo-Cu composition reduces the adsorption of
alkadienes on the catalyst surface (AE =240-260 mV on Raney Anickel AE
=220 mV on Ni-Al-Mo-Cu). ’
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Figure 5: Kinetic and potentiometric hydrogenation curves
1.3 — mixtures of isoprene — piperylene (100:100 cm® H,) in ethanol on skeletal nickel catalysts
from alloys:
1 —Ni-Al-Mo-Cu (42-50-3-5 %), 2 — Ni-al (50-50 %) (m = 0.8 g)
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1-isoprene, 2- fi-isoamylene, 3-y-isoamyleney, 4-g-isoamylene, 5-isopentane,
6 — trans-piperylene, 7 — cis-piperylene, 8 — pentane-1, 9 — trans-pentene-2,

10 — cis-pentene-2, 11 — pentane.

Figure 6: Diagrams of the composition of the hydrogenation catalyst of piperylene and isoprene

on a skeletal
catalyst from the Ni-Al-Mo-Cu alloy (42-50-3-5 %)
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The introduction of small Mo additives to the Ni-al alloy in combination with Cu,
slightly reducing the strong promotional effect of Cu, contributes to the formation of
a selective and stable catalyst. A favorable combination of Mo and Cu is associated,
apparently, with the presence of the following factors: the introduction of Mo
promotes the strengthening of the Me-H bond due to the formation of Mo oxides,
while Cu additives lead to an increase in the adsorption capacity of the -C=C- bond
of alkanes. Modification of Mo complicates the phase composition of the catalyst
both due to partial oxidation of Ni and the formation of significant amounts of
ALO,. When Mo and Cu are co-administered, the stabilizing effect of the formed
metal oxides is enhanced, which prevents the catalyst from recrystallization and
reduces activity.

Conclusion

On a Ni-Al-Mo-Cu alloy catalyst, piperylene and isoprene are
hydrogenated at a higher rate (W = 215-220 cm*/min-g Ni) than on skeletal
nickel (W = 112-115 cm*/min-g Ni).

According to the chromatographic analysis of the catalyst composition
during the hydrogenation reaction of isoprene, it follows that in the first stage
- before the absorption of approximately I mole of hydrogen - isoamylene is
predominantly formed on the studied catalysts (Selecticity factor of isoprene
= 0.96-0.98), and isopentane are formed only in insignificant amounts (1-2
%).

Hydrogenation of piperylene also proceeds with high selectivity. The
selectivity factor is 0.95 and 0.98 on skeletal nickel and Ni-Mo-Cu catalyst,
respectively.

The hydrogenation of the piperylene-isoprene mixture is dominated by
the conversion rate of piperylene (P > J). At the degree of conversion of
piperylene P=50 %, the conversion of isoprene J is 35-37 % on Raney nickel,
34 % on Ni-Mo-Cu catalyst. The degree of hydrogenation selectivity of this
mixture is 0.34-0.36 on Raney nickel, and 0.40 on Ni-Al-Mo-Cu.
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Abstract. Thermal polymer compounds were used in biotechnology in the
quality of highly effective reagents from foreign sources, the availability of
proteins and enzymes, in medicine for the development of medical products,
as well as in electronics for reshuffle different environmental problems. In this
regard, a large share is used in the study of physical and chemical properties of
thermosetting polymers, their synthesis and modification of complex packaging
with complementary macromolecules of specific types.

122



Reports of the Academy of Sciences of the Republic of Kazakhstan

The copolymerization method can create a wide range of opportunities for
obtaining thermosensitive polymers. The use of somonomers, which differ in
their solubility in water, makes it possible to adjust the ratio of hydrophilic and
hydrophobic joints in macros, the phase transition temperature in the polymer-cy
system at wide intervals.

By the polycondensation method had received thermo sensitive polymers based
on polyethylene glycol. Changes of optical density of copolymer depending on
temperature have been investigated. Also, influences of ionic force have been
investigated at a temperature on copolymers based on polyethylene glycol. As a
result there proved that with increasing of ionic force concentration the thermo
sensitive properties of copolymer increase. In order to prove formation of
copolymer between polyethylene glycol and sebacic acid the IR spectrum was
received. Received —COO- the carboxyl group proved polycondensation reaction
passed. Following the results of work, properties of the formed copolymers give a
chance to use it in chemical, biochemical and medical regions.

Keywords: Polyethylene glycol, sebacic acid, smart and thermo sensitive
polymers, thermo sensitive copolymers.
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AnHoTanusi. TepMmoce3iMTan MOIUMEPIi KOCBUIBICTAP CBIPTKBI OpTa dcepiHe,
TO3IMIUTIriHE OaiIaHBICTBI OWOTEXHOJOTHsIIA JKOFaphl A((EKTUBTI peareHT
peTiHzme akybI3 OeH GepMmeHTTepai OalbITy, MEAUIINHAAA JOPITIK 3aTTap sl 0Oy
YILiH, COHBIMEH KaTap JIEKTPOHMKAIa 3P TYPJi SKOJOTHSIIBIK MoceeIepAl ety
yiiH naiinamansuiael. OcklFaH OailaHBICTBI TEpMOCe3iMTal MOJIMMEpPICPAiIH
(U3NKa-XUMHUSUIBIK  KaCHETTEPiH 3€pTTey, OJlapAbl CHUHTE3ICY >KOHE TaOMFaThl
OeJiek KOMIUIEMEHTAapibl MaKpOMOJIEKyJaJIapMEH KOMIUICKCTY3Y  apKbLIbI
MOJIU(pHKaLUsIIAYy YIKEH CypaHbICKa he OOJIBII OTBIP.

ComonumepiieHy opici TepMoce3iMTal MoJUMepieplai anry OapbIchlHAa KeH
MYMKIHIIKTep Kacall amanpl. O34epiHIH cynarbl epirimTikTepi OoMbIHIIA
epeKIIeNiriMeH COMOHOMEpIIEpi KOJJaHy MakpoTizOekTepieri TuapoQuiIbIi
XKoHE TUAPOPOOTHI OyBIHAAPIBIH KaThIHACKIH, MTOIMMEP-CY JKYHECIHIET1 (a3abIK
aybICy TEMIIEpaTypachlH KEH apaliblKTa PEeTTeyre MyMKIHIIIK KacaiIbl.

[TonM3THUIECHITIMKObL HETI3IHAErT TepMOce3iMTal COIOJUMED MHOJIMITHIICH-
rmukonb  (II2I0) sxoHe cebamuH  KBIIKBUIBIHBIH (CK)  momukoHICHCAITHSACHI
OMICIMEH CHHTE3JICIIN albIH/BL. AJIBIHFAH COTOJHMMEPIiH TYPOUIMMETPHSLTBIK
TUTPIEY OHICIMEH op TYpJi TeMmIepaTypaja TepMOCE3IMTAIABIK KacHeTTepi
3eprreninai. COHBIMEH Karap, MOJMATHICHIIIMKONb HETI3IHAETi COMOIUMEpPIIiH
TepMOce3iMTall KacHeTiHe HWOHJBIK KYIITIH ocepi 3eprreminmi. Hotmxkecinae
WOHIBIK KYIUTIH KOHLEHTpalMs MeJIepi ©CKeH CalblH, COMOJUMEPAiH
TEepMOCE3IMTaJIBIK KACHETIHIH apTaTbIHbl JanenaeHl. [lonusTuiaeH KOs MeH
ce0alMH KBIIIKBIIBIHBIH OPEKETTECYiHEH albIHFaH COMOJUMEPAIH KYPBUIBICHIH
nonenney makcarbiana UK-, SIMP-cnexTpriepi Tycipinmi. AJBIHFaH HOTHXKEIEP
ootiprama [12I-CK comommmepinig Ty3inreni monenaenai. Cuaresnenren [100-
CK comonumepiHiH QHU3NKa-XUMUSIIBIK KACUETTepl XUMIS, OMOXUMUS, MEIUIINHA
caylajapblH/Ia KOJIAaHBUTYbIHA K€H MYMKIHIIK O€pEeTiHI aHBIKTAJIIbI.

Tyiiin ce3nep: IlomMATHUIEHTIHKONb, CEOANWH  KBIIIKBUIBL,  aKbUIIBI,
TEepMOCEe31MTall TIOIUMEPIIEP, TEPMOCE3IMTaIl COTOJINMEPIIEP.
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AHHOTanusi. TepMOUYBCTBUTEIbHBIE MHOIMMEPHBIC COEAMHEHHS HCIIONb30-
BAJINCh B OHOTEXHOJIIOTMM B KadecTBE BBICOKOI()(EKTHMBHOTO peareHTa H3-3a
BO3/ICHCTBUS BHEIIHEH CPEeIbl, YCTOWYMBOCTH K 00OTAIIIEHUIO OCITKOB U ()epPMEHTOB,
B MEAMLIMHE JIJIs pa3/IeNICHNs ICKAPCTBEHHBIX CPEJICTB, & TAKIKE B AJIEKTPOHUKE IS
PEIICHHS Pa3IMIHBIX IKOJOTHYECKUX MpoOIieM. B CBsI3u ¢ 3TUM OOIBIIUM CIIPOCOM
MOJIBb3YIOTCSI HCCIIENOBAHUS (PU3UKO-XMMUYECKUX CBOMCTB TEPMOUYBCTBUTEIBHBIX
MOJIMMEPOB, UX CUHTE3 U MOAM(UKALMS IIyTEM KOMILIEKCOOOPa30BaHUs ¢ KOMILIE-
MEHTApPHBIMH MaKpOMOJIEKYJIaMH OTACIBHON MPUPOJIBL.

ComnonuMepHu3anuoOHHBIA METOJ] CO37aeT MIMPOKUE BO3MOXKHOCTH JUISL IOJY-
YEeHUSI TEPMOUYBCTBUTEIBHBIX MONMMEpOB. biaromapsi cBoeld pacTBOPUMOCTH B
BOJIC, COTIOJIMMEPHI TTO3BOJISIIOT PEryIHpPOBaTh COOTHONICHUE TUAPO(PUIBHBIX U
ruapoQOOHBIX CErMEHTOB B MAKpPOMOJIEKYJIaX, a TAKXKE YIPaBIATh TeMIepaTypoi
(a3oBoro nepexoza B CUCTEME MOJUMEP-BOJA B IIMPOKOM THAIa30HE.

MeTogoM TONMKOHACHCAIMKM OBUIM  TOJIyYEHBI TEPMOYYBCTBHUTEIbHBIC
MOJMMEPhl Ha OCHOBE MOJIMATHICHIIMKONS. BBUIM HWCCleloBaHbl HM3MEHEHUs
OINTHYECKOH TIOTHOCTH COIOJIMMEpa B 3aBHCUMOCTH OT TeMmImeparypbl. Taxke,
OBLTH MCCIIE/IOBAHBI BIMSTHUS HOHHOW CHIIBI ITPH TEMITEPAType Ha COMOIMMEPHI Ha
OCHOBE MOJMATHWICHIJINKOIIA. B pe3ynbrare ObUIO 10Ka3aHO, YTO IPH HOBBILICHUI
KOHLEHTPALMM HMOHHOM CHIJIBI TEPMOYYBCTBUTENIBHBIE CBOICTBA CcoOmoOIMMeEpa
yBenuuuBaroTcs. OOpazoBaHUE cOMONMMEpPa MEXKIY MOJUITHICHITIMKOIEM U
cebanHOBOM Kucioroir Obutn pokazanbl MK-, SAIMP-cnekrpamu. [oixydeHHbie
pe3yNIbTaThl CBHUICTENBCTBYIOT 00 0Opa3oBaHUM COIOJIMMEPa MEKAY IOIHITH-
JICHIJIMKOJIEM | ce0arnHOBOM KUcIoTol. [To nccnemyembiM hrU3nKa-XMMMHAYECKHM
cBOMcTBaM cuHTe3upoBaHHbI conosumep [IOT-CK  jgaior  BO3MOXKHOCTH
WCTIOJIb30BAHUS B XUMUYECKOM, OMOXMMUYECKON 1 MEIUIIMHCKON 001aCTsIX.

KiroueBsie cioBa: nommytuiaeHrukons ([1900), cebanunosas kucnora (CK),
YMHBIE, TEPMOYYBCTBUTEIbHBIE TOJTMMEPHI, TEPMOYYBCTBUTEIBHBIC COMOIMMEPHI.

Kipicne
Kazipri ke3ne FBUIBIM MEH TEXHUKAHBIH, TEXHOJIOTHS MEH MEIWITMHAHBIH
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TYPJ canajapblHbIH KapKbIHABI 1aMybl cajJlapblHAaH MOJIMMEpIl MaTepuangapra
KoibulaThlH Tasantap apryfga. OcblFaH OalIaHBICTBl OHAIPICTIK JKarnaina
KOJDKETIM/II TIMKI3aTTaH apHabl Malijaiany NIapTTapblHa JKayarn OepeTiH pu3nka-
XUMHSUTBIK KacHeTTepi 0ap MmoimMMeplli MaTepuaiiap amy e3eKTi Mocese OObII
oThIp. by xxaraiina remnepatypa ocepineH (azajblK aybICyFa KaOileTTi ChI3BIKTHI
MKOHE TOPJIbI KYPBUIBIMJIBI TEPMOCE3IMTA TOJIUMEPIIEP KbI3BIFYLIBUIBIK, TYABIPHIIT
oteipranbl 0enrini (Azhkeyeva, 2017). [Tonumep TepmMoce3iMTan KacHeT KopceTyi
VIIIH MakpoMOJIeKyna AUQUIbAI OONybl KaXKeT, SFHH Oyl MakKpoTi3OeKkTeri
ruapouiIbai KoHe THAPO(OOTH OyBIHAAPABIH YHIECIMIITIHEH Ky3ere acaibl
(Azhkeyeva, 2018). bipkaTap MamaHapIbIH alTyBIHINIA OCBIH/IAH CTHMYJICE31MTal
MONTIUMEPIIEP/IiH HeTi3iHAe oTe Oaraibl (U3NKA-XUMHSIIBIK KaCUETTepPre he KOM-
IUIEKCTEP JKOHE Kol (yHKUMOHAIAB MaTepuanaap anyra 6onansl (Chilkoti, 2002).

Kazipri Tarna mudunbp/i cyaa epuTiH, KypaMblHIa Oip yakbITTa THUAPOPIIBIL
ToNTap koHE THAPO(HOOTH PparMeHTTepi Oap MOHOMEPIEP/Ii OTUKOH ICHCAIIHS
o/liciMEeH anaThlH TEPMOCE3IMTall HOJIMMepiep aschl mekTeyi. OcblFaH colkec
OHJIIpicTe KOJI JKEeTIMJIi MOHOMepJIep HeTi3iH/Ie KaHa TepMOoCce3iMTall oJIuMepIiIep
aJly FBUIBIMH, COHAAW-aK MPaKTHKAJBIK aKTaH MaHbI3/bl Macesie OOJBIN Kelel
(Ford, 2000). Temmepatypara OailaHBICTHI ©3repicKe e IMOJMMEPITi MaTepraaap
FBUIBIM cajachlHAa aca YJKEH KbI3bIFYIIbUIbIKKA ue. KypambiHga ruapodoOTs
XKoHE THAPOGWIBII (PYHKIMOHAIABIK TONTAphl 0ap TepMOCEe3iMTal MOJUMepiep
ManpI3bl 30p (Galaev, 1993). TepmocesiMTan noauMepIepAiH CHHTE31 OapbIChIHIA
KPUTHKAJIBIK TEMIEPaTyPachIHbIH JKOHE CHIPTKBI OpTa (DakTOpJIapbIHBIH dCEpiHEeH
TEeMIIepaTypachlHbIH ©3repyl ONaplblH op TYpJdi >KOFapbl TEXHOJOTHsIapAa
KOJIJIaHBITYbIHa MYMKiHIIK Oepeni (Karg M., 2008).

TepmocesimTan momuMepii KOCBUIBICTAp CHIPTKBI OPTa dCEpiHe TO3IMILTIriHe
0aifaHpICTBl OMOTEXHOJOTHSIA KOFaphl A(PQPEKTUBTI peareHT pPETiHJAe aKybI3
O0eH QepmeHTTEpAi OalibITy, MEIUIIMHANA JOPITIK 3aTTapibl 06y >KoHE Kakma
MaMJIbIH KacHeTiH XaKcapTy VIIiH, COHBIMEH KaTap KOCMETHKa YXKOHE TaFbl Ja
Oacka FpUTBIM cananapbinia nanananeuans! (W. Ly, 2011). Oceiran 6aiimaHbICTHI
TepMOce3iMTall HOIMMEPIEPAiH PU3UKA-XUMHUSIIBIK KACHETTEPIiH 3epTTEy, 0JIapIbl
CHUHTE3/ley KoHE TaOuraThl OeJieK KOMIUIEMEHTApibl MakKpOMOJICKYJalapMeH
KOMITJIEKC TY3y apKbUIbl MOAH(UKALMsIIAY YJIKEH cypaHbicKa ue 0ombin oTbip (F.
Wang, 2016; Juan Carlos Rueda, 2012). CoHIBIKTaH MOIUATHICHIINKOIb MEH
ce0anyH KBIIKBUTBI HET131H/Ie TePMOCE3IMTall TIOIMMEPIIEP/Ii ally YIKeH MaHbI3Fa
e Oonpim kenemi. Kazipri kesme TepMoce3iMTanm TOTUMEpIepAl KON KEeTiMIli
MOHOMEPJICPJICH CHUHTE3JCN ajbll, OJNapIblH (U3NKA-XUMMSIBIK KAaCHETTEPiH
3epTTey KOHE MpaKTUKaja oJapJbl KOJJAaHy ©3eKTi MocelenepaiH Oipi OombIm
tabpu1ael (Dimitrov, 2007).

Marepuajgap koHe Heri3ri agicrep

Bacmanxkwl 3ammap men epimxiuimepoiy cunammamacsl:

[TonMATHUIIEHITIMKOIb — 3TUIICHIMKONE nonumepi, («Aldrich», Hunepnanmws)
(bupMachIHBIH OHIMI, Ta3a KYHiHAE KOIIaHbLIIbL. TT¥TaHy: 455-560 K.
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CebaniH KBIIKBUTBI — €Ki HeTi3ni kapOoH KbIIKbUIEL, («Aldrichy, Keirait)
(hupmMachIHBIH OHIMI, Ta3a KYHiHIE konmanbubl T, = 406-407 K, Tm' =505 K.

Cononumepoiy cunmesi:

JKyMBIcTa  MOMMATHIICHTIIMKONb MEH ceOalWH  KBIIKBUTHI  HETi3iHIe
TEPMOCE3IMTaJl COMOJIMMEpP TOJIMKOHACHCAIUS 9JIICIMEH CHHTE3JICIIIIT aJIbIH]IbI.
CuHTE3 YIII MOMBIHIBI KOJIOaaa a30T Ta3bIHBIH Y3IiKci3 Oepimin Typybimern 175°C
TeMIeparypaaa xyprizuiai. CHHTe3 y3aKThiFbl 4 caraTKa CO3bLIIBL. bacTamksel
moHoMmep KocrnackiHblH (BMK) op Typini monbaik katsiHackiHAarsel [[1O1]:[CK]
(60:40; 50:50 mMo11.%) conmonmuMepep CHHTE3IEI/Ii.

3epmmeynepoiy (husuxa-xumusivly 20icmepi:

UK-cnekmpockonusnvi 20ic. ComomuMepIiH, KYpaMbIHAAFbl (HyHKITHOHAITBI
TONTAP/Ibl aHBIKTAY MAKCAThIH/a MOJUATUIICHIJIMKOJIb HETI31HETI TepPMOCe3iMTall
coronmmMepiiH uH(paKp3e1 crektpi  Dypwe-typaermiprimi 6ap ATR/FTIR
cnektpometpinge («Spectrum Two IR Spectrometers», AKII) tycipinmi. bapmbik
criektpiep 6emme Temneparypacbirga 4000-800 cm! Auana3oHbIHAA ANBIHFAH.

VK-cnexmpockonusiiolx ~ 20ic.  AJBIHFAH  COIIOJIIMEpPTe  TEMIIepaTypa,
KOHIICHTpAIHsl oHEe MOHJIBIK KymTiH acepin 3eprrey (UV-2401 PC Shimadzu,
JKanoHus1) KOHIBIPFBICHIH/IA OIIIICH/T.

AMP-cnekmpockonusiivlk, 20ic. CONOIMMEPIIH CYTEK XKOHE KOMIPTEK CaHbIH
aHbIKTay MakcarblHaa, yiariiep «Jeol» (SAmonus) xommnanwmsceiablH JNN-ECA
400 crrekrpoMetpinae Tycipinmi. CriekrpoMeTpain xyMmbIc xuimiri 'H u BC yrin
coiikecinme 400 sxone 100 MI' TeH Gomazbl.

Horu:xenep

Temmnepatypara OGaiJaHbICTBI ©3repicKe Me MOIUMEPIl MaTepHajiap FbUIBIM
calachlHJIa aca YJKeH KbI3BIFYIIbUIBIKKA He. KypambiHna runpodoO0Thl KoHE
ruapoQuiIbaAl  QYHKIMOHANIBIK TONTapbl Oap TepMoce3iMTal MOIUMEpIepAiH
MaHBI3HEI 30p (S. Hajebi, 2019; Qureshi M. A., 2019). [Tonsipisl TONTapa6IH CYTEKTI
OaiiaHpIC TY3Yi )KoHE crienupUKaIBIK THAPO(OOTHI 9PEKETTECY apaChIHIAFbI 0ace-
KeJIECTIK KaThIHACHI aTaJIFaH MOJIMMEPJIEPAIH CYMEH TYBICTBIFBIH aHBIKTAI Oepei.
I'upodoOTHI opekeTTecy TeMIepaTypara TOyel Il TYp/Ie )KOFaphLIar OThIPaJIbL.

By xyMmbicTa MOJMMKOHAEHCALUS SICIMEH aifall peT MOJUATUICHIINKOIb
MEH ceOalliH KBITITKBUTBI HETi31HIe MOJUKOHICHCAITUS OICIMEH TepMOoce3iMTall
conojuMep aibHAbl. CHUHTE3 yII MOWBIHABI K0J0aaa a30T Ta3bIHBIH Y3IKCi3
oepimin Typysimer 175°C temnepatypania sxyprizinai. CHHTe3 Y3aKTHIFBI 4 caraTKa
co3buiabl. XKymbicTa Gacranksl MoHOMep KocrachiHbH (BMK) op Typni mMonbaik
katbrHackHAars! [[1917]:[CK] (60:40; 50:50 M0:1.%) cormonmmepiiep CUHTE3IEI.

[ToNMATUIICHITTMKOIh MEH Ce0aliH KBIIIKBUIBIHBIH OPEKETTECYIHEH allbIHFaH
COTNOJIMMEP/iH OCBl TOJMKOHJCHCAIMS pPEaKUMsIChIHA TYCKEHIH JoJenaey
MakcaTblHga WHQpa-Kb3pl1 cnekrpi  Dypwe-typuenmiprimi O6ap ATR/FTIR
criektpomerpinae tycipingi. Crnekrp 6enme temmnepatypacbinaa 4000-800 cm!
JMaTa30HbIHAA albIHFaH. 1-cyperte kepcerinrenae, 3400 cm' xone 2900 cm™!
LIBIHJIAPBI THAPOKCHI TOOBIHBIH aCCUMETPHSUIBIK BaJICHTTI TepOericTepine colikec

127



ISSN 2224-5227 3.2024

keneni. Kypueni adupain Banentti tepoenictepi C=0 10661 1750-1700 cm' sxone
C-O 1o0br 1275-1050 cm!' msiHaapeinaa Oaiikanajpl. HoTiokeciHae amblHFaH
-COO- kypaedi a¢hup TOOBI TOTMITUIICHTIIMKOIh MEH Ce0AIINH KBIIIIKBUTBI HET131H e
MTOJIMKOH/ICHCAITHS PEaKIUSChIHBIH KYPTEHIH QI ICH/II.

0,025 Cononumep
0,020 —
D
2 0,015 ]
(-3
=
= ]
o
2
= 0,010 4
0,005 —
0,000 ' . . . . T . T . : s T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm'1)
I-cyper. [I1OI']:[CK] cononumepinin UK-crnekTpi

ConbiMeH Katap, [12I'-CK comnoiuMepiHiH KypaMbIH JTJIEICy MaKcaThIHIA
CUHTE3/ICJIreH COIOJIMMEP/IiH XKoHe MoHOMepiepaiH SIMP — criektpiepi Tycipii.
Yarinep «Jeoly (Slnonust) xommnanusceinblH JNN-ECA 400 cniekrpomerpinje
tycipinai. Crniekrpomerpain xymbic sxuiiri 'H u PC yuuin colikecinire 400 xoHe
100 MI'u ten 6omaner. Tycipinim 6enve Temneparypacbinaa JIMCO-d, epiTkinninin
KOJIJIAaHBUTYBIMEH >Ky3ere actbl. KajablKk NMpoTOHIap HEMece AeUTepHUpIICHTeH
TUMETUIICYIb(OKCHIITIH KOMIPTEK aTOMIaphl CUTHAIIapbIHA KAThICTHI XUMUSIIBIK
BIFBICYJIAP OJIIICH]II.

CebauuH KbIIKBUIBIHBIH 2, @ -CypeTTeé KOpPCETUITeH/IeH CHUMMETPHUSIIBIK
MosekyaanapeiHeiH [IMP criexrpinge ymr 'H curnansr Gaiikamabl. XUMHSIIBIK
biFbICYBI 1,20 M.y. xone unrerpansl 8H Oonmarein cunrier tept opransik CH,
—rtontapra (H-6,7,8,9) xayan Oepemi. H-5 »xone H-10 mporonmaper 1,43 Mm.y.
XKUUTITiHAe KeHedrtinren curnan (4H) Oepeni. Optanbirbl 2,14 M.y. OonarbiH
tpumier (4H) H-4,11 oskBuBanenrine coiikec kememi. 2,45 >xoHe 3,32 Mm.y.
JKUUTICHAETT CUTHAJIIap SPITKII TICH CY/IbIH MPOTOHIaPbIH Oepeii.

2, 6-cypeTTe KeMIpTeK CIEeKTpPiHeri KymTi epicti curnangapast (25,005 29,15
u 34,17 M.y.) METHJICH]II KOMIPTEK aTOMbIHA JKaTKbI3yFa Oojajabl. EH skorapbl
xuiikTi curHan (175,03 m.y.) C-2 xone C-12 kapOOKCHIIBI aToMIapbIHa JKayarl
oepeni.

[IMP-cnektpne (3, a-cyper) 3,47 M.y. XKHIJIKKE TCH >XOFapbl WHTCHCHBTI
CHTHaJl MOHOMEPITi OyBIHJIAFbI METHIICH]TI TOTIKA JKaTabl. AJl, XUMHUSUIBIK BIFBICYBI
3,32 sxoHe 3,37 M.y. )KHUIIKKe TEH MHTEHCHUBTI curHangapisl [1D0-miH COHFbI
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(hparMeHTiHIH TPOTOHBIHA JKATKBI3yFa OOIaIbI.

Kemiprek cnexrpinge (3, 6-cyper) CH,-ToObiHbIH curHangapsl 70,31 sxone
72,86 M.y. KHUITIKTepe KOpiHei.

3eprreninin  oThIpFaH  comonuMepnin SIMP-cnexkTpi keneci MoHOMepIi
OyBIHAAP/BIH TY31TyiMEH JKy3ere acThl:

ab b b b a c deffedc
+CH20H20{CH2(:H202—CH20H2oﬂ——focc:chHZCHECHECHECHQCHZCHECDO%
n m

16

SAMP-cniekrpe (4-cypeT) ceOaliH KbIIKbUIBIHBIH curHaaaapsl 1,20-1,43 sxoHe
2,12-2,25 M.y. XKHLUTIKTe Kapausl. Oci3 epicti curnangap (3,18-4,08 m.y.) [19I'-
JIiH METUJICH TOOBIHBIH MTPOTOHBIHA YKATaJIbl.

CK:IIOI' Monsipnblk  KaThlHACBIH IIBIFApy YIIiH opOip MoHOMepaiH Oip
CUTHAJIBIHBIH WHTETPAJIbl MHTEHCUBTUIIKTEPIHIH OpTa MOHI TaiJlaTaHbUIIbL.
Ecenrey 4CH,- ToObIHa COliKeC KEJETiH, XUMHAIBIK BIFBICYBI 0=1,20M.y. jxoHE
[=8.00 TeH OonareiH ceOalMH KHIIIKBIIBIHBIH CUTHAIBI OOWBIHIIA, COHBIMEH KaTap
11,6 CH,-CH, + 2CH, *9He XMMUSJIBIK BIFBICYBI 0=3,47 M.y., [=42,16 Ten I110I'-
JiH curHabl OolbIHIIA Ky3ere acTbl. CoHa:

B 42,16

m:n=;:m=l 10,84 ~1:1.

Kewmiprek cnekrpinne (5-cyper) cedalyH KbIIIKbIIBIHBIH aToMbiHa 25,00-34,18
M.Y. OOJIBICBIHJIAFbl CUTHAJIAP KaTabl. XUMUSUIBIK bIFbICYbl 60,73; 70,31 sxoHe
72,86 M.y. TeH OomnarbiH curHaimaap [ID0-miH kemiprTek aToMblHA KaThICThl. EH
XKOFapbl KHUUTIKTI curHain (175,03 M.y.) kKapOOKCHIIBbIII KOMIPTEK aTOMBIHA COWKeC
KeJei.

124

ou (6.7.53)
3 “an

21

ity

- {10.,5)

2

=~

am

1 [ _tam) 1
2 [ 14z =
3 .36 007 | bseatrert
a Toazes | - 965 | 6622038t
[22_3an)|ases| tavsarert

129



ISSN 2224-5227

3.2024

o
o
as ELESE ok -]
as o
E O"\‘\\ /4\\ 6, \]3
1 L 8. 10,
o NN 2
3 n OH
=54 ch) il (6.,7.8,9)
5 3
HEEE {4,11)
L 212 anazg-mse (5,100
T
E| 3337
3 )
=3 (!
17503
0'2_ 4062
Al
a
T T TP T T T TP AT T T T T T T T T T T I T T T T T T
L Y L R T "N St S A R B - BN A
‘Chemical snm (ppm)
ta. T jppm) | iz}
1 | 2500 213z
2 28.03 | 29187
3 [ za1s [ sz
4 3417 | M3IS3
5 | za37 [ mrre
e
i
6 [ [ acop | aoens |
3 [4n21 [ 4nezn
5 | 4b.22 | aDEs.1
T1 [ 462 [apesz
12 | 17503 [ 17584.7
1 1 o
2-cyper. CebanuH KplkpuIbIHBIH 'H (a), 'C (6) SIMP-cnekrprepi
347
10
[
E P 0
(K] /R \ ~ 4ﬂ\
f HO 3 wH
5
ar
3 !
a6
=
2705
2
f 3 @
T @)
(5]
53
7
EE
ﬂJ_ F“‘-I 326 2
v
o
1837 222 D=
Wl b
A T L IR ot aass nand sacon st Aot st Aoade nidnd aodsn et ot nast Aoy pads
4z a1 40 as 2B ar 3 35 34 33 3z at an 28 25 27 25
Chemical Shit (pom)
Na. [ippm}] (Hz) | Height
1 332 | 13257 | 0.0259
2 336 [ 13413 | O:9 Mo (pomi Valwa | Ansolte Value|
3 {337 {13450 | D711 1 |[326..3.33] | D.58 | 1.3B477e+1
a 4 [ 338 [13514 ) D.OBSE 2 | [3.34..3.40] [ 2224 | 3113058+
5 |34 13770 noan 3 [[3.41..3.52] [ 16373 | 2.25167etz
L] 3.47 | 1385.7 | 1.0000

130



Reports of the Academy of Sciences of the Republic of Kazakhstan

sy

man
2 o}
Hot N7ty
@3 1 5
3!.99-‘
JIMD—H—BITB
28 o .a0j-39 57
4061 r:i!lﬁ
i b,
L] an B5 L1 75 m =0 45 4D 35 k) 25

z
H

[ NGE]
3236 30557 | Ol
EIERD
570 9308
32.98 | 40128 | 0.
19 [ aman1
40| av612
40.61) 4DE22 | Q.
w074 ] E1056
01| 067 8
T2.56) T324.7 | 0.

0o |af | en [ e |ma |~

3-cyper. [Homustunenrmakonsain 'H (a), 'C (6) SIMP-cniekrpiepi

50 ;
Lo ab b b b a e d et ! ed e
-fCH,cn,o{cmcmo}—cuacmo—]—foccu,cn,w,cu;cn,cmcwcwcoo{-
e 118 n m
5 F
T
T
LE g
LU
LU
a
15 agT
itaJrass
- =
o L 4298 N L EE- y £ axm
4o i ) 2o 15 [
[ | e =) | Feigrs | [ e T ey =
1 o) T nﬂ;‘rh 0| N ETT L L. ]
F] [T W | e | oo | 3 | nay 3o 13 | W08
3 57313 13 13772 o 1 =] EEE] T EXT:)
4 .4 =a2 3T 13152 | 0D 14 asd [2] a 4
5 | 73 | marz 330 | 1ies oo | 3= | e I TT] RN
& [ 302 ] mas B30 | 1rad | BET, . ("] 5Pz dsylanes
[ 7 | 2w | s EERRECTIETS T AT & Jpor_avy) ores
N S ) e | )
[ TN T 330 | 1303 [ooson || 5 | aea
1o | 228 | wea0 343 [ 13701 | Diosne.

4-cyper. [TIDT]:[CK] uerizinneri conomumepaiy 'H SIMP-criekrpi

131



ISSN 2224-5227 3.2024

314 3614

sty
L

{sebacoyl acid)
(PEG) sa6s ]
ois [-35.40

(CO}

E 7288 BT

e 168 fsb 182 144 s 128 120 112 104 a6 B & 72 £ 56 28 a0 = 24 15
Chemical Sh (ppm)

3014 r2am

i

Az | wegmt | [Ma_ [ ppm | (mzy | Aegne
2500 | 25122 | nossa || 9 | 4023 | 40430 [nesza
2902 | 20177 | 0.0s26 | [ 10 | 4324 | 4oesp | D43e
25,12 | 25252 | 0.0435 | [11 | 4065 | 40e6.1 [ D123
3499 | 3436.2 | 0.0526 || 12 | 6073 | 61046 | D725

3%60.5 | 01358 | [13 | 7031 | 7oevs | nasoz
3061 | 36616 | 024154 | [ 14 | 72.86 | 73247 | 00563
3581 | 40017 | 08235 | [ 15 17503 135827 | D3ty
4002 | 40228 | 1.0000

@~ [mfon|a fora |+
I
1]

5-cyper. [TIOT']:[CK] uerizinaeri conomumepuiy 'C SIMP-cniexrpi

TepMOCCBiMTaJI TMOnUMepIepAiH MaKpOMOJIEKYIaChIHAAFbl THAPO(POOTHI
(parMeHTTep KOHE CyAarbl epirilTIKTI KamMTaMachl3 €TeTiH — (YHKIHOHAIIBI
rUAPOQUIBALI ToNTapbl O0Nybl KaxeT. TemmepaTypaHblH ecyiMeH TuapodoOThI
ocepliecy KylIele Tyce/i )koHe TePMOCe3iMTal OIUMEP-CY KYHECIH e KPUTUKATIBIK
KYOBUTBICTapABIH OPTYPJIi 9cepiiecy MYMKIH/ITT Tyasbl.

Agnram per cuntesnenin ansiarad [191-CK cononumepain TepMoce3iMTalIbIK
KACHETiH aHBbIKTAy MaKCaTbIHAA COMOJIMMEPIIH op TYpil TeMmmeparypana
cynarbl epitingitepinig (BMK [[I9T]:[CK] = 60:40 momnb, %) da3zanbik aybicybl
TypOUAMMETPUSUIBIK 9icTieH 3eprrenai (6-cyper). CypeTTeH KepiHin TypraHaan
TeMIepaTypaHblH ©cyiMeH >KYHEeHIH OYJIBIHFBIPJIBIFEI OipAeH Kylueideni, sFHU
TeMIIepaTypaHblH JCEpiHEH COMOIMMED >KUBIPBUIBINT TyHOara Tycy KaOineri
apra Ttycemi. ColikeciHme, cygarbl epiTIHAUIEPIHAETT MOJUITHICHIIIUKOIb
HETi3iHAeri  TepMoce3iMTan  CONMOJMMEP/AIH  TeMIepaTypaHblH  ©CYiMEH
arperanusra KaOUICTTUTIr OJapiblH KYPBUIBICBIHIAFbI CE0AlMH KhIIIKBUIBIHBIH
ruapoQOOTH KOMIIOHEHTTEPiHIH O0ybIHA OaitaHbIcThl. [10MUAITHIICHTIIMKOIBAIH
ruapoQuIIbAl OybIHAAPHEl COMOJIMMEPAIH CyAaFbl epirilTiriH KaMTaMachl3 eTejl,
an ce0aunH KbIIIKBUIBIHBIH OYBIHAAPHI THAPOPOOTH acepiiecyre KaTblcaibl, SIFHU
TeMIepaTypaHblH 6CyiMEeH CONOIMMEPIiH CyJbl epiTinaicinaeri ¢asanbik Oemyin
KaOineTTeHaipesi.

MornekynanblKk JeHreineri Qaszanblk  ayblcyaslH —ce6ebi, ruapohoOThIK
ocepiiecyiep, COHbIMEH KaTap MAakKpOMOJIEKYJIaJarbl TUAPO(UIBAl TOOTap
MEH CYy MOJIEKyJaJlapbIHbIH apachblHAaFrbl CYTEKTiK OalIaHBICTBIH Oy3bLTybIHA
OaiinmanpicThl. CyTeKTiK OaiilaHbICTap TOMEHTI TeMIepaTypaja >KeTKUTIKTI Typae
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MBIKTBI OOJIBIIT KeJe i, SFHU MaKpOMOJIEKYJIallap IbIH epiTiHIi/Ie aCCOIMPICHOSTeH
Kyiiie KamyblHa MYMKIHIK TYIBIPabl. AJl TEMIEpaTypa apTKaH CailblH CyTEKTIiK
Oaifnanpic Oy3puUTanbl 1a, (pasanblk KabaTTaHy MEH MOJUMEP/IH COJNBBATTHIK
Ka0aTTaHyAbIH JeCTA0MIN3aIlUsIChIHA OKEJeTiH THAPOo(hOOTHI acepiiecy Kyllehemi.
CoHbIMEH KaTap, COTOJMMEP/iH KOHIICHTpAIUs MOJIIepi KOFapbUIaFraH CaibIH,
OTITHKAJIBIK THIFBI3/IBIFBIHBIH MOHI apTa TYCEI.

CoHbIMEH, allbIHFaH TIOJMATUIICHITIMKONL HETi3iHAeri CcomoimuMepl YIIiH
OYJIBIHFBIPIIaHy TEMIIEPaTypaChIHBIH MOHI €pPITIHIeTi COMOJIMMepiep KypaMbl
MEH OJIap/IbIH KOHIICHTPAIUSICHIHA TOYCIAUTITT aHBIKTAIIIbI.

D
1,6- 4
14
12

1 3
1.0 2
0,8-

] 1
0,6-
0,4 1 v
0.2
00 : : : :

20 30 40 50 60 T1°C

BMK [II3I']:[CK] = 60:40 momns, %;
[Conomumep] = 0,05 (1); 0,1 (2); 0,3 (3); 0,5 (4) %
6-cyper. [1DI'-CK Heri3iHaeri COnoaMMepaiH ONTHKAIBIK THIFBI3IBIFBIHBIH TeMIIepaTypara
Toyemiiri

AJIBIHFaH ~ COINOJUMEPJIH  TEPMOCE3IMTAIIBIK  KAaCHETTEepPiH  3epTTey
OapbIChIHIA MOHJBIK KYWITIH ocepi 3eprreinni. Hormxkenep OoiibiHma 7 (a-r)-
CyperTeplic TOJIMATUIICHIIMKONb HETI3IHAer TepMOCe3iMTal COMOJIMMEPIHIH
TEPMOCE3IMTAIIIBIK KACHETIHIH KaOUICTTUTIriHE MOHABIK KYIITIH OCEpiHiH
MoiMeTTepi kepcerinreH. CyperTep/ieH KOpiHil TypraHaald, OpTaHbIH HOHJIBIK
KYIIHIH ©6Cyl COMOJIMMEP/IH TEPMOCE3IMTAIIBIK KACHETIH >KOFapbUIaTKAHBIH
KepeMi3, sFHH OYJ1 KYHeaeri TOMEHTT MOJICKYJIAJbIK TY3/IbIH KOHIICHTPAIUSICHIHBIH
©CyiMeH aJIbIHF aH ITOJTUA TUIICHTITMKOJIb HET131H/IeT1 COMOIMMEPre TOH TEPMOCEe3iMTall
KACHeTTIH apTybl TYCIHIIpUIeHi. SIFHM, TOMEH MOJCKYIAJBIK TY3Iap/IbIH
Oonysl (hazanblK aybICybIHA jKaFiail KacaWThlH (DAKTOp OOJIBIN TaOBLIATHIHBI
JoNeieHal. By epiTKIimTiH TepMOAMHAMUKAJIBIK CallaChbIHBIH TOMEHJICYIMEH
tycingipineni. ConbiMen kartap, [19-CK comnonumepiHiH KOHIIEHTPALUSICHIH
0,05-Ten 0,5 %-Ke apTThIpFaHa ONTUKAJIBIK THIFBI3IBIKTHIH MOHI 1-11eH 2-r¢ JIeiiH
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apTaThIHBl CypeTTEpACH KOPIHIll Typ. ANbIHFaH HoTHXeep OoiibiHma, [191-CK
COTIONIMMEPIHIH TePMOCE3IMTAIIBIFBIH aPTTHIPY YIIiH €PIiTIHIIHIH HOHABIK KYIIiH
KOHE COTIOJIMMEPAIH KOHIEHTPALMSICBIH apTThIPY KaxeT.

a) 0)
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00
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BMK [IIOI']:[CK] = 60:40 Mo, %;
[NaCl] =0 (1); 0,01 (2); 0,02 (3); 0,05 (4) momb/1;
[Comomumep] = 0,05 (a); 0,1 (6); 0,3 (B); 0,5 (1) %
7-cypet. ConmomuMepIiH HOHIBIK KYIITIH 9CEPIMEH TeMIepaTypa OOUBIHIIIA ONTHKAJIBIK
TBIFBI3IBIFBIHBIH ©3repici

KopbIThiHABI

CrIpTKBl ocep TaOuraThlHA OalJaHBICTBI TOJMMEpJIEP: JKbUIY, OPTaHBIH
KpILIKbIIABIFEIHA (pH), coyie, anekTp epiciHe ce3iMTalIbIK KacHeT KOpCeTeTiHi
oenrimi. OchuapplH imIiHAe, Ka3ipri Ke3le Kol KeHUT OeiHreHI TOoJuMep
epiTiHALIepiHIH JKyie TeMIepaTypachlHa OailmaHbICThl (hazanblK esrepicrepre
yIIbsIpaysl 00Jbil Ta0bUIaAbL. TepMoce3iMTan MoJUMEpIIepAiH Cybl epiTiHainepi
MaKpOMOJICKYJIaHbIH ~ JUQPUIBAITiHIH 9CEpIHEH TOMEHI1 KPUTHKAJIBIK epy
temneparypaceiHa (TKET) we Oomampl. MakpoMosieKynanablK — KEHICTIK
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KYpBUIBIMBI HeTi3iHeH BaHn-mep-Baambc kymiiMeH, CyTeKTik OailaHbICTapMEH,
AIIEKTPOCTATHKAIIBIK JKOHE THUAPOPOOTHIK OpPEKETTEeCyJIepPMEH Oenrimi Oomabl.
I'unpodoOTHl TapThIIBIC KYIITEPi TEMIEpaTypaHblH aybICybIMEH >KOFapbLIaIbI.
O3iHaiK THAPOPOOTHIK OPEKETTECY KIHE Cy MOJEKYIAChIMEH MOJISIPIbI TONTHIH
CYTEKTiK OailJlaHBIC TY3UTYiHIH OCEpJECYMEH OHBIH BIHTHIKTHIFBIH AHBIKTAWIBI.
MakpoMmoJsieKyIaHbIH TOIAPChI3 OCTTIK aylaHbl CyMEH OPEKETTeCyre YMThIIa bl
XKoHe Oip-OipiMeH accolanusiaHa b,

Kopeira kene, anram per [13I'-CK Herizinze kaHa cyga epUTiH CONOJIMMED
cunresnenin aneaael. UK-, SIMP-criekrpockonust amictepi kemerimer [191-CK
conoiuMepiHiH KypambiHAarsl —COO Kypaeni 3¢up TOObI MOTU3THIICHIIIUKOIb
MeH ce0alnH KBIIIKBUIBI HETi31H/1e TONMKOHICHCALUS PEaKMAChIHBIH KYPreHiH
nonenaenai. Kymeicra ansiaran [191-CK cononmMepinid op TYpii TeMneparypana
Cylarbl  epiTiHIUIepiHiH (a3amblK  aybICybl TYypOMIUMETPHUSIIBIK — OJIiCTICH
3eprreni. 3eprrey HoTkenepi OoitbiHma I[I9I-CK comonmumepiHiH HMOHABIK
KYIUTiH apTybIMEH TEPMOCE3IMTalAbIK KAaCHETiHIH apTaThlHbl, COHBIMEH KaTap
COTOJIMMEPIIH KaWblJIFaH KYHACH IIyMaKTalfaH KYHTe aybICaThIHbI AQJIETICH .
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