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C nomoIb0 METO/1a SHEPTrEeTUYECKUX HEPABEHCTB [3 ] MPUXOIUM K JOKA3aTEIbCTBY OCHOBHOM
TEOPEMBI.

Teopema 2. [1ycTb BBIIOIHEHBI YCIOBHS A , TOTJa IPU TIOCTATOYHO MajioM 3Ha4eHuH h
ycedeHHasi pa3HOCTHas cxema M-ro panra (4) mis 3amayu (1), (2) umeer M+ — i mOpsAI0K
TOYHOCTH , T. €. CIIPaBeJINBA OLIEHKA

[1Zllvn <Ch™|zd]| vn, C#C(h)
I'nie ||*||vh-ceTounblii anaor HOpMbI B ipoctpancse V[-1;1] ,
Z=V-U MOrpenIHOCTh YCEUYCHHOM PA3HOCTHON CXeMbl M-ro panra (4).
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QUYOSH TERMOKIMYOVIY SIKLIDA ISHTIROK ETUVCHI METALL
OKSIDLARNING GIBBS ERKENERGIYASI TAHLILI VA UNING
VODOROD ISHLAB CHIQISHDA AHAMIYATI

X. S. Ahmadov

O zbekiston Fanlar akademiyasining Fizika-texnika instituti
E-mail: xushdil.ahmadov@gmail.com

S. A. Boltayev, J.H.Hamrayev

Buxoro davlat texnika universiteti

E-mail: jumaboyhamroyev7@gmail.com

Annotatsiya. Quyosh termokimyoviy jarayonlar samarali quyosh yoqilg isini ishlab
chigarishda muhim rol o ‘ynaydi, bunda metall oksidlar asosidagi redoks sikllari katta ahamiyatga
ega. Ushbu tadgiqotda CeO: ning ikki bosqichli termokimyoviy reaksiyalarda ZnO ga nisbatan
afzalliklari o ‘rganildi, aynigsa kamaytirish harorati, oksidlanish kinetikasi, bargarorlik va kislorod
saglash qobiliyati bo ‘yicha. CeO., pastroq kamaytirish harorati (~800°C), tezroq oksidlanish
kinetikasi va sinterlashga chidamliligi bilan yuqori samaradorlikni ko ‘rsatadi. Birog, bu
afzalliklarga garamay, katalitik faollikni oshirish va redoks sikl bargarorligini yaxshilash zarurati
mavjud. CeQO: ning samaradorligini maksimal darajada oshirish va uning cheklovilarini bartaraf
etish uchun yanada chuqurroq tadgiqotlar o ‘tkazish zarur. Shuningdek, MoO:/Mo va SnO./Sn kabi
metall-oksid tizimlari yuqori haroratlarni talab qilsa-da, quyosh yoqilg ‘isini ishlab chigarishda va
amalga oshirishda istigbolli potentsialga ega. Bu tizimlar bo ‘yicha Gibbs erkenergiyasi tahlili va
tajriba natijalarining taggoslanishi ularning amalga oshirilishi va samaradorligi hagida batafsil
ma'lumot beradi.

Kalit se‘zlar: Quyosh termokimyoviy jarayon, Metal oksidlar, CeO2, ZnO, Redoks sikllari,
Gibbs energiyasi.
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Auuomauuﬂ. Conneunvie mepmoxumuuecKkue npouyeccol ucparom Kirouyesyro pojlb 8
npou%odcmee Qd)d)eKmu@HOZO COJIHEYHO2O monJjued, 6 Komopom OKUCTIUMENbHO-
esoccmaHosumelbHble YyuKibl Ha OCHO6€ OKCUO08 Memdanios umelom bOoavuioe 3navenue. B smom
uccredosanuu  oOviiu  ucciedosanvt npeumyuwecmsa CeO: nepeo ZnO 6 osyxcmynenuamoix
mepmoxumMuv4ecKux peaxkyusix, 0COOEHHO ¢ MOYKU 3peHUsl memnepamypvl 60CCMAHO6/IEHUA,
KUHemuKku OKUCIEeHUA, CMabUIbHOCMU U eMKOCIU XPAHEHUA KuC]lOpO@d. CeO: noxasvieaem
8bICOKYVIO d¢hhexkmusnocmsb npu 6onee Huskou memnepamype eoccmanosienus (~800 °C), oonee
6blcmp0ﬁ KUuHemukKke OKUCIEHUA U ycmoﬁqueocmu K CneKaruro. OaHaKO, Hecmomps Ha Iomu
npeumywecmea, cywecmeyem HeoOX00UMOCMb 6 NOBbIUEHUU KAMAIUMUYECKOU aKMUSHOCU U
yaysuteHuu cmabunbHoCcmu OKUCaIuUmelIbHoO-60CCMAHOBUNIEIbBHO20 yuKia. Heobxooumwi
Odanvheluue uccre0osanuss 0aa maxcumuzayuu ¢ gdexmusnocmu CeO: u mnpeoodonenus ezo
oepanuuenuii. Kpome mozo, cucmemsi okcuoos memannos, maxue kak MoO:/Mo u SnO/Sn, xoms u
mpedyIom BblCOKUX MeMnepamyp, Umerom MHO2000ewarwuli. NOMeHyual Oisi NPou3eoocmeda u
6HeOpeHUs.  CONHeuHo2o monausa. Ananuz ceoboonou smepeuu lubbca u cpaeHeHue
IKCNEPUMEHMANbHBIX PE3VIbMAMOos 01 SMUX CUCTeM NPedoCmAasisom noopooHYI0 UHpOpMayuo
00 ux ocywecmeumocmu u 3¢hhekmusHocmu.

Knrouesvie cnosa: Conneunviii mepmoxumuyeckuii npoyecc, okcuool memannos, CeO2, ZnO,
OKUCTUMETIbHO-60CCMAROBUMENIbHbLE YUKIIbL, IHEPIUSL Tub6bca.

Abstract. Solar thermochemical processes play a key role the production of efficient solar
fuels, which metal oxide-based redox cycles are of great importance. this study, the advantages of
CeO: over ZnO two-step thermochemical reactions were investigated, especially terms of reduction
temperature, oxidation kinetics, stability, and oxygen storage capacity. CeO: shows high efficiency
with a lower reduction temperature (~800°C), faster oxidation kinetics, and resistance to sintering.
However, despite these advantages, there is a need to increase the catalytic activity and improve
the stability of the redox cycle. Further studies are needed to maximize the efficiency of CeO: and
overcome its limitations. Also, metal-oxide systems such as MoO:/Mo and SnO:/Sn, although
requiring high temperatures, have promising potential for the production and implementation of
solar fuels. Gibbs free energy analysis and comparison of experimental results on these systems
provide detailed information on their feasibility and efficiency.

Keywords: Solar thermochemical process, Metal oxides, CeO2, ZnO, Redox cycles, Gibbs
energy.

Kirish. Quyosh termokimyoviy sikllar vodorod ishlab chigarishning istigbolli usullaridan biri
bo‘lib, metall oksidlarning oksidlanish-gaytarilish reaktsiyalariga asoslanadi. Ushbu jarayonning
samaradorligini aniglash uchun Gibbs erkenergiyasi tahlili muhim ahamiyat kasb etadi [1]. Gibbs
energiyasi harorat va bosimga bog‘liq holda metall oksidlarning termodinamik barqarorligini
belgilaydi. Fe304/FeO, CeO,/Ce203, ZnO/Zn kabi oksidlar yuqori haroratli reaktsiyalar uchun mos
materiallardir [2]. Ularning fazaviy o‘zgarishlari va reaktivligi termodinamik modellashtirish orqali
baholanadi [3]. So‘nggi tadgigotlar CFD va DFT modellashtirish usullaridan foydalangan holda
metall oksidlarning xatti-harakatlarini tahlil gqilmoqgda [4]. Ushbu magolada metall oksidlar asosida
vodorod ishlab chigarish uchun Gibbs energiyasining o°zgarishi, reaksiyalar samaradorligi va
optimallashtirish strategiyalari yoritiladi [5]. Quyosh termokimyoviy texnologiyalari uglerodsiz
energiya ishlab chiqgarishning asosiy yo‘nalishlaridan biri bo‘lib, kelajakda yanada samarali
materiallar va jarayonlar ishlab chigilishi kutilmoqda [6]. Mazkur magolada quyosh termokimyoviy
sikllarda ishtirok etuvchi metall oksidlarning Gibbs erkenergiyasi tahlili, ularning haroratga bog‘liq
o‘zgarish tendensiyalari va vodorod ishlab chiqarish samaradorligiga ta’siri muhokama qilinadi.
Shuningdek, ilg‘or termodinamik modellashtirish usullari orqali ushbu materiallarning ishlash
xususiyatlarini yanada takomillashtirish strategiyalari yoritib beriladi [5]. Metall oksidlar asosida
quyosh termokimyoviy sikllarni rivojlantirish  energiya ishlab chigarishda uglerodsiz
texnologiyalarga o‘tish jarayonini tezlashtirish bilan birga, atrof-muhitga zarar yetkazmaydigan
innovatsion yondashuvlarni taklif etadi [6].

Asosiy gism. Ikki bosgichli metall oksidi protseduralari juda ko‘p emas, ular suvning
bo‘linishini (H2 hosil gilish uchun) va regeneratsiya bosgichini (quyosh energiyasini saglash vaqtida
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O2 ni chiqgarish) o‘z ichiga oladi. Ushbu reaksiya tizimini ifodalovchi kimyoviy tenglama quyida (1)
va (2) larda keltirilgan oksidlanish gaytarilishga asoslanadi [13].

Yugori haroratli quyosh dissotsiatsiyasi (endotermik):

M,0, - M,0,_1 + 1/20,(1)

Suvni parchalash (ekzotermik):

MxOy_l - MXOy + HZ (2)

Ba’zi redoks juftlik sikllari, masalan, C0304/CoO va Mn3O4/MnO holatlarida, vodorod ishlab
chiqarishga mas’ul bo‘lgan gidroliz bosqgichi termodinamik bashoratlarga ko‘ra amalga
oshmaydigan jarayon sifatida baholanadi. Biroq, ikkinchi holatda, quyosh nurlanishi yordamida
hosil gilingan MnO nazariy jihatdan 900 K dan yugori haroratda NaOH bilan reaksiyaga kirishib,
uch bosgichli ketma-ket jarayon orgali vodorod hosil gilishi mumk([7-8]. Hozirgacha olib borilgan
eksperimental tadqiqotlar asosan ZnO/Zn va Fe;04/FeO (hamda ferrit tizimlari) ikki bosqichli
sikllariga garatilgan bo‘lib, tajribalar orgali ularning samaradorligi tasdiglangan [9-10]. Quyidagi 1-
jadvalda quyosh termokimyoviy jarayonlarda qo‘llaniladigan metall oksid asosidagi tadgigotlarning
tasnifi keltirilgan.

1-jadval:
Quyosh termokimyoviy jarayonlarda ge ‘llaniladigan metall oksid asosidagi tadgigotlarning
tasnifi
Metall oksid Reaksiya Termodinamik Eksperimental Qo‘llanilish
juftligi bosqgichlari bargarorlik tadgiqotlar mavjudligi imkoniyati
Zn0O/Zn 2 bosgich Yugori Ha [7-8] Yugori
Fe;04/FeO 2 bosgich Yugori Ha [9-10] Yugori
C0304/Co0 2 bosgich Past Yo‘q Cheklangan
Mn304/MnO . . . Potensial
+ NaOH 3 bosgich O‘rta Nazariy [11-12] mavijud
Ce02/Ce:20s 2 bosgich Yugori Ha Yugori
Ti02/TiO 2 bosqich Past Yo‘q Cheklangan

Ko‘plab metall-oksid redoks tizimlari quyoshni kamaytirish bosgichi uchun juda yuqori
haroratlarni talab giladi (bu erda AG < 0, T > 2500 K bo‘lganda), masalan, MoO2/Mo, SnO2/Sn,
TiO2/TiO2x, MgO/Mg, CaO/Ca juftliklari asosidagi sikllarda. Bunday holatlarda, to‘g‘ridan-to‘g‘ri
bir bosgichli suv termolizisi afzal ko‘rilishi mumkin, garchi bu O2/H; ajratish uchun gimmatbaho
membranali texnologiyalarni talab gilsa ham [11-12]. Nihoyat, 1-jadvalning 2-gismida tahlil
gilingan maqgolalarda tagdim etilgan Gibbs energiyasining haroratga bog‘liq natijalari bizning
aniglangan natijalarimiz bilan solishtirildi. 2-jadvalda Gibbs energiyasining haroratga bog‘liq
o‘zgarishi bo‘yicha regressiya tenglamalari keltirilgan [13].

2-jadval:

Metall oksidlarida Gibbs energiyasini o ‘zgarishini aniglash uchun oksidlanish regressiya
tenglamalari

ErkGibbs energiyasi o‘zgarishining regressiya tenglamasi
(kJ/mol)
AG=Ag+B; T+B, T*>+ -

580,8629 — 0,19848 - T + 2,5179 - 107° - T2 + 4,78909

Ikki bosgichli reaksiya

GeO, - Ge + 0,

2H,0 + Ge - GeO, + 2H, 10777
1
2Ce0, > Ce,03 + -0
€0z = LeUs + 3502 726.72162 — 0.23194 - T — 1.698 - 107° - T2 + 1,90121
Ce,03 + H,0 - 2Ce0, +10710-73

+ H,

388



Fe;0, » 3Fe + 20,
3Fe + 4H,0 1012.177 - 0,325-T + 2,914-107°-T2 - 2.97-107°- T3
- Fe;04 + 4H,

1
$n0, = $n0 +30, 741.3305 — 0.4935 - T + 1.1376 - 104+ T? — 1.571 - 10~®
Sn0 + H,0 — Sn0, + H, T

1
Sno —>Sn+§02
Sn+ H,0 - 5n0 + H,

37.744 —0.01277 -T +3.111-107°-T? = 543-1072 - T3

1

Zn0 »Zn+=0
n0—=zn+50; —269,45 — 0,06644 T + 1,855 - 104 -T2 — 443 - 109 - T3
Zn+ H,0 - Zn0 + H,

1500 - — T
i Ge0,=>Ge+0, | / : i
___________________ 2Ce0,=>Ce,0,+1/20, | | |
Fe,0,=>3Fe+20, /i : :
: : Sn0,=>Sn+0, : :
1000 SnO=>Sn+1/20, :
i Zn0=>Zn+1/20, J

AG (kJ/mol)

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Temperature(K)

1-rasm. Har xil metall oksidlarining haroratga garab Gibbs energiyasining o ‘zgarishi.

2-jadvalda keltirilgan regressiya tenglamalariga asoslanib, 1-rasmda barcha metall
oksidlarining endotermik oksidlanish jarayonida haroratning o‘zgarishi va shunga mos ravishda

Gibbs energiyasining o‘zgarishi ko‘rsatilgan.
3-jadval:

Turli maqgolalarda aniglangan va hisobotda keltirilgan natijalar, standart ildiz o ‘rtacha kvadrat
xato (RMSE), o‘rtacha mutlag xato (MAE) va korrelyatsiya koeffitsienti (R?)

Metal oxide Our result From RMSE MAE R?2
different
articles
Ce0,/Ce203 2900 K 2750 K [3,8]
GeO/Ge 2950 K 3200 K [8]
Fe304/FeO 3850 K 4050 K [1] 173,21 K 160,00 K 0.95
Sn0O2/SnO 2400 K 2450 K [25]
Zn0/Zn 1350 K 1200 K [23]

Grafik 3-jadvalda keltirilgan qiyosiy ma'lumotlardan foydalangan holda tuzilgan. Biz bu
natijalarni avval aytib o‘tilgan manbalarda havola gilinganidek, o‘z natijalarimiz bilan solishtirdik.
Bu tagqoslash 2-rasmda aniq tasvirlangan.
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2-rasm. Turli metal oksidlari uchun endotermik termokimyoviy jarayonda Gibbs energiyasi
nolga yetadigan haroratni tasvirlaydi.

Ce0», quyosh yoqilg'isini konvertatsiya gilish uchun ikki bosgichli termokimyoviy redoks
reaksiyasida ZnO ga nisbatan bir gancha afzalliklarga ega: CeO2, ZnO ga nisbatan sezilarli darajada
pastroq kamaytirish haroratlarini talab qiladi (~800°C, ZnO uchun ~1400°C), bu bir gancha
afzalliklarni tagdim etadi, masalan past haroratlar, kamrog fluks bilan markazlashgan quyosh
energiyasidan foydalanishni osonlashtiradi, bu esa tizimning amalga oshirilishi va samaradorligini
yaxshilaydi. Bu haroratlar bilan ko‘proq reaktor materiallari bardosh bera oladi, bu esa tizimga
ko‘prog moslashuvchanlikni va ehtimoliy ravishda pastroq xarajatlarni tagdim etadi. CeO2, ZnO ga
nisbatan tezroq oksidlanish kinetikasiga ega bo‘lib, bu reaktor hajmini kamaytiradi va tizim
dizaynini soddalashtiradi, bu esa xarajatlarni pasaytirish va samaradorlikni yaxshilash imkonini
beradi. Tezrogq oksidlanish, CeO> ning H>O bilan reaksiyaga Kirishishi kabi istalmagan yon
reaktsiyalarni kamaytiradi, bu esa mahsulotning sof va yugori hosilini ta’minlaydi.

Xulosa. Quyosh termokimyoviy jarayonlarda metal oksidlar asosida amalga oshiriladigan
redoks sikllari, energiya ishlab chigarish va gayta ishlashda samaradorlikni oshirish uchun muhim
rol o‘ynaydi. Bu tizimlar orasida CeO., ZnO va boshqa metall oksidlar asosidagi sikllar keng
o‘rganilmoqda. CeO: ning afzalliklari, pastroq kamaytirish harorati, tezroq oksidlanish kinetikasi,
yugori bargarorlik va sinterlashga chidamliligi, shuningdek, ko‘proq kislorod saglash qobiliyati uni
boshqa oksidlarga nisbatan afzal qiladi. Biroq, CeO: ham ba'zi qiyinchiliklarga duch keladi,
jumladan, katalitik faollikni oshirish zaruriyati va redoks sikli bargarorligini yaxshilash. Natijada,
CeO: ning samaradorligi va barqarorligini oshirish uchun yanada chuqurroq tadqiqotlar o‘tkazilishi
kerak. Yana bir jihat shundaki, yuqori haroratlarda amalga oshiriladigan reaksiyalar, masalan,
MoO2/Mo, SnO-/Sn va boshqalar, yanada samaraliroq va arzonroq texnologiyalarni taqdim etishi
mumkin, ammo ular hali o‘zining amaliy qulayligini tagdim etmagan.
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OIIPEJEJEHUSI XUMHUUYECKOI'O COCTABA MSICHOM MACCBI
CBUHHUHDbI

Daiizues Ampunno A6oyrnaesuy
PhD, ooyenm, Byxapckozo mexnuueckoeo ynugeepcumema.

Annomayusn. Obvekmom uccied08anust AGIIUCL KOCMb CEUHAs (UeliHble, CHUHHO-pebepHble
NO360HKU, KPecmyoevie), KOmopoe cooepican ocmamox mviueunou mrxanu om 8% oo 14% k
macce kocmu. HMzeomoeieHo u  UCNOIb306AHO U3 Hepofcaeeiou;uﬁ cmanu 6pau;a;0u;eﬁc;z
9KCNEPUMEHMANbHBIU bapabat, 20e NPoBOOUNCS MEXHOI02UYECKULl NPoyecc, OMOesiu MAKOMHbLe
MKAaHUu om Kocmu. Hpoeoduﬂu Xumudeckue aHanuzbl MACHOU MAcCCobl U 6yJZb0Ha CBUHUHDBL.

Knioueewvie cnoea. Obsanxa maca, omoenenus mMaca ¢ xocmeti, 00 008aika MAcCA, MACHOU
0Y1bOH, MACHASL Macca, OYIbOH, NO36OHKU, WEliHble, OXAANCOeHUsl, evblpawaroujelicsi bapadbau,
MblUieuHasA mMKAHb.

Anotatsiya. Tadgigot ob'ekti suyak massasining 8% dan 14% gacha bo‘lgan mushak
to ‘gimalarining qoldig'ini 0z ichiga olgan cho‘chga suyagi (bachadon bo‘yni, orga miya
umurtqalari, sakral) edi. Ishlab chigarilgan va ishlatilgan zanglamaydigan po ‘lat aylanadigan
eksperimental baraban, bu erda jarayon o ‘tkazilib, pulpa to ‘gimalari suyakdan ajratilgan. Go ‘sht
massasi va cho ‘chga go ‘shti bulyonining kimyoviy tahlillari o ‘tkazildi.

Kalit sozlar. Go ‘shtni suyakdan ajratish, go ‘shtni suyakdan ajratish, go ‘shtni suyakdan
ajratish, go‘sht bulyoni, go‘sht massasi, bulon, umurtgalar, bachadon bo ‘yni, sovutish,
o ‘stiriladigan baraban, mushak to ‘qimasi.

Abstract. The object of the study was pork bone (cervical, dorsal-costal vertebrae, sacral),
which contains the remainder of muscle tissue from 8% to 14% of the bone weight. A rotating
experimental drum was made and used from stainless steel, where the technological process was
carried out, the pulp tissue was separated from the bone. Chemical analyses of the meat mass and
pork broth were carried out.

Keywords. Meat boning, separating meat from bones, before meat boning, meat broth, meat
mass, broth, vertebrae, cervical, cooling, growing drum, muscle tissue.

CBIpLeM AJid TOJIYUCHUA MSCHOM MAacChI CJIyKart rZ[OGpOK&l‘-IeCTBE}HHI:IG KOCTH: I.HCf/iHBIC,
IIOACHUYHBIC U CIIMHHBIC ITO3BOHKHW C OTIINJICHHBIMU pe6paMH, NOAYYCHHBIMU IIOCJIC OSICHOU
00BaIKH MNapHOro OCTBIBHICTO W OXJIAKACHHOTO MsCa (FOBSI,Z[I/IHLI, CBHUHHHBI, 6apaHI/IHBI).
[IponomxurensHOCTh 006paboTku 2-3uaca (1, 2, 3, 4).

3a 10 BpEMA OXJTIAXKACHUEC PAaCTBOPECHUC U BBIACJICHUC B PACCOJI 3HAYUT.
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