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AHHOTaumA. Micrnonb3oBaHMe BO30OHOBASIEMbIX MCTOYHMKOB LIEAAKOAO30COAEPXKALLIErO Chipbs AAS TOAYYEHMS MPOAYKTOB
C BbICOKOM A0BABAEHHOM CTOMMOCTbIO SIBASIETCS aKTyaAbHOW TEMOM. LIEAAKOAO30COAEPXKALLIEE ChIPbE MNPEACTABASET
€060/ MPUPOAHYHO MaTPULLY, COCTOALLYHO U3 LLeAAOA03bI (38-50%) AnrHuHa (10-25%), remuuesrronod (23-32%). Ans
ee paspyLleHnss He0bXOAMMO MCMOAb30BaThb MPEABAPHUTEAbHYIO 06PabOTKY C yAGAEHUEM reMULIEAAOAO3 U AMTHUHA.
Takoro poAa BO3AENCTBHE MO3BOASET UBMEHWUTb XUMMUYECKUI COCTaB U CTPYKTYPY LIEAAKOAO3bI, @ TaKXe roBbICUTb
nopucTocTb. B 0630pe npeacTaBAeH aHaAU3 MHGOPMaLMU MO TMAPOTEPMUUYECKOM 06paboTKe M MapoBOMY B3PbIBY
LIEAAKOAO30COAEPXKALLErO ChIPpbsi (COAOMA NMOACOAHEYHMKA, ra30HHas TpaBa, OMMUAKK TOMOAS], CEHO, TOOCTHMK, OCHUHa,
rMraHTCKuM TPOCTHMK, CUAOC M T.A.) C LLEABIO KOHBEPCHM B CYOCTPaThl AAS CUHTE3a BMOTEXHOAOTMYECKUX MPOAYKTOB
(6enok, 6M0BOAOPOA, BUOras, AeByAMHOBAs KUCAOTa, METaH, MOAOYHAasi KUCAOTa, 3TaHOA, AHTapHas Kucaota). [pu ruapo-
TepmMmmuueckor obpaboTke chipbe obpabartkiBaroT npu temnepatype 160-240 °C B BOAE M0A BbICOKUM AQBAEHWEM.
AaBAeHUe UCTIOAb3YETCS AAST MOAAEPXKAHMS BOAbI B XMAKOM COCTOSIHUM. [1pm napoBOM B3PbIBE ChIPbE NOABEPraeTcs
06paboTKe NapoM Npu yMEPEHHOM TEMNEPATYPE U A@BAEHNM B TEHEHUE ONPEAEAEHHOIO BpEMEHU. 3aTeM AaBAEHME
ObICTPO cOpackIBAETCS, MPU 3TOM MPOUCXOANT PaCLUMPEHNE BOAOKOH LIEAAKOAO30COAEPXKALLErO ChIPbS. dPPEKTHB-
HOCTb MPOLIECCOB rMAPOTEPMMUECKON 06paboTKM M NapoBOro B3pbiBa 3aBUCUT KaK OT TUMa CbIPbsl (XMMUYECKMI
coCTaB, KOHLEHTpaLMsl TBEPAOro BeLLEeCTBa, CBOVMCTBa TBEPAOro BELLECTBA), TaK M OT YCAOBUH MPOBEAEHMS TMAPO-
TepMmuyecKor 06paboTKu 1 NapoBOro B3phbIBa.

KaroueBble cAOBa: LIEANOAO30COACPXKALLIEE ChIPbE, TMAPOTEPMUYECKAs 06paboTka, NapoBOL B3PbIB, PEAYLIMPYIOLLNE
BEeLLEeCTBa, reMULIEAAKOAO3b], KUCAOTOHEPaCTBOPUMbIH AUTHUH
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Preliminary hydrothermal treatment and steam explosion
of cellulosic feedstock for the subsequent biotechnological
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Abstract. The use of renewable sources of cellulosic feedstock to produce high value-added products is a relevant
issue. Cellulosic feedstock constitutes a natural matrix comprising cellulose (38-50%), lignin (10-25%), and
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hemicel-luloses (23-32%). In order to break it down, pretreatment involving the removal of hemicelluloses and
lignin is required. This process can change the chemical composition and structure of cellulose while increasing
porosity. This review article provides an analysis of data on the hydrothermal treatment and steam explosion of
cellulosic feedstock (sunflower straw, lawn grass, poplar sawdust, hay, reed, aspen, giant reed, silage, etc.) intended
to convert it into substrates for the synthesis of biotechnological products (protein, biohydrogen, biogas, levulinic
acid, methane, lactic acid, ethanol, and succinic acid). Hydrothermal treatment involves treating raw materials at
160-240 °C in water under high pressure. Pressure keeps water in a liquid state. During steam explosion, feedstock
is treated with steam at a moderate temperature and pressure for a certain amount of time. Then, the pressure
is rapidly released, and the fibers of cellulosic feedstock expand. The effectiveness of hydrothermal treatment
and steam explosion depends both on the type of feedstock (chemical composition, solids concentration, and
properties of solids) as well as on the conditions of hydrothermal treatment and steam explosion.

Keywords: cellulosic feedstock, hydrothermal treatment, steam explosion, reducing agents, hemicelluloses,
acid-insoluble lignin
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BBEAEHUE

B HacTtodAlee BpemAa B CBA3U C BbICOKMM CMNPOCOM
Ha 3HEPruto M COKpalleHWMEM 3anacoB MCKOMaemoro
TONAMBA MHTEPEC MUPOBbIX UCCAEAOBAHWI HAaNpaBAEH Ha
MCMOAb30BaHWE BO30OHOBAAEMbIX MCTOYHUKOB LIEAAKOAO-
30COAEPXALLENO CbIPbS C LEABIO NMOAYYEHUSI MPOAYKTOB C
BbICOKOM AOBABAEHHOW CTOMMOCTbIO. AaHHas KOHLENLUMS
6uonepepaboTKn PaCTUTEALHOIO Cbipbsi pa3pabaTbiBaeTcs
ANA MPOU3BOACTBA 6VIOI'IpOAyKTOB, YAOBAETBOPAKOLLNX
06LEeCTBEHHbIE NOTPEBHOCTH, BKAIOUAS IHEPTETUUECKYIO
6€e30MacHOCTb U peLLEHEe 3KOAOTUYECKMX Mpobaem [1, 2].
Llenntono3ocopepxalliee cbipbe iBAsieTcst Hanbonee pac-
NPOCTP@HEHHbIM UCTOYHUKOM YIAepoAa Ha 3emae, HO
COCTaB CbIpbA MOXeT BapbhpoBaTbCA B 3aBUCUMOCTU OT
BMAQ PacTeHuid, ce3oHa cbopa ypoxas U reorpadpuye-
CKOro MOAOXeHUs. M3BECTHO, UTO pacTUTEABHOE Cbipbe B
HaTWBHOM BUAE NPeACTaBAAET COO0M MPUPOAHYHO MATPULLY,
COCTOSILLYH U3 LEeAAOAO3bI (38-50%) AurHmHa (10-25%),
reMuLEenntonos (23-32%) [3].

PactutenbHoe Cbipbe 06/\aAaeT «COMPOTUBAAEMOCTbIO
6romacchl», KoTopas 3aBUCUT OT CTPYKTYPbI TKAHW PacTeHus,
CAOXHOCTM KOMMOHEHTOB KAETOYHOM CTEHKM, CTEMEHW AUT-
HUOMKALMK, CTENEHU KPUCTAAAUYHOCTU U MOAUMEPU3ALIMM
LIEAAIOAO3bI U FeTeporeHHocT Bruomaccesl [4]. AAs npeopo-
AEHUS «COMPOTUBAAEMOCTU BUOMACChI» U MaKCUMAABHOTO
MCMOAb30BaHUA YTAEBOAOB PAaCTUTEAbBHOIO CblpbA Heob-
XOAMMO NCNOABb30OBATb 3¢¢eKTVIBHbIe CTpaternn npepBa-
puteAbHO 06paboTku [5]. MpeaBaputeAbHan 06paboTka
NMO3BOASIET UBMEHWUTb CTPYKTYPHbIE U KOMMO3ULMOHHbIE
NPensTCTBUSA, Takne Kak NopucTan CTPYKTypa (pasmep u
obbem nop, pasmep YacTuL, U YAeAbHaAA NOBEPXHOCTL),
XUMWUUYECKUI COCTaB (cerpxaHMe reMnuueAnron03, AMTHUHa
W NEKTUHA) U CTPYKTYpa ULEAAIOAO3bl (KPUCTAAAUUHOCTb
LLEAAOAO3bI U €€ CTeNeHb NoAuMepusaumnm) [6], n Takum
006pa3oM yAyULLIUTb CKOPOCTb TMAPOAM3A, YBEAUUNTb BbIXOA
peAyumpyroLmx BellecTs [7]. PeayumpyroLime BellecTBa,
MOAYYEHHbIE U3 LEAAFOAO30COAEPXKALLETO ChIPbS, UMEIOT
BbICOKUM NOTEHUMNAA AAA NPOU3BOACTBA NMPOAYKTOB C BbICOKOW
AOBABAEHHOM CTOMMOCTbLO.

OAHUMMK M3 METOAOB MpeABapUTEAbHOW 06paboTKK
pPacTUTEABHOTO CbIPpbsi ABAAKOTCH TMAPOTEPMUYECKASN
obpaboTka (I'TO) n naposow B3pbIB (MB) [8, 9]. AaHHble
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MeToAbl 06paboTkM ABASOTCA 3ODEKTUBHBbIMKU, UMEIOT
HW3KKe 3aTpaTbl Ha NPOM3BOACTBO M MEHbLLEE BO3AEN-
CTBME Ha OKpyxatoLuyto cpeay [10, 11]. T'TO u B ncnoab-
3YHOTCS AN TOAYYEHMSA NPOAYKTOB C BbICOKOM AOGaBAEHHOWM
CTOMMOCTbHO (TabAanua). B oaHHOM 0630pe Mbl NPUBEAEM
noApobHoe onucaHne 3TUx AByX cnocoboB 06paboTKu.

TMAPOTEPMUYECKASA OBPABOTKA

Mpu I'TO cbipbe NOABEPraeTcsi BbICOKOTEMMNEPATYPHOWM
06paboTke B BOAE NOA BbICOKUM AaBAEHUEM. AaBAEHUE
MCMNOABb3YETCH AASI TOAAEPXKAHUSA BOABI B XXMAKOM COCTOSIHWUM
Npv NOBbILLEHHbIX TemnepaTtypax 160-240 °C [26]. Uenb
['TO cocTouT B TOM, 4TOObI YAGAWUTb FEMMLEAAOAO3bI, CAEAATD
LLeAAOAO3Y BOAEE AOCTYMHOM AAA B3aUMOAENCTBUSA ¢ dep-
MeHTamMu U n3bexartb 06pasoBaHUsi UHIMOUTOPOB. MNpwu
AAHHOM crnocobe reMULEAAOAO3bI B OCHOBHOM AEMOAW-
MEPU3YHOTCS, @ MPOAYKTbI UX AECTPYKLMKW PacTBOPAIOTCS
B XMAKOM dase. LleAnntono3a NOAHOCTBbIO COXpPaHseTcs B
TBEPAOW YacCTU. AUFHUH NOABEPraeTcsi OAHOBPEMEHHO
peakuMam AenoAMMeEpPU3aunm U penoaMmepusaumnm [27].
YcTaHOBAEHO, UTO BOAbLLIASA YaCTb HEPACTBOPUMOTrO AUTHUHA
ocTaeTcsl B TBepAOM dpakumm [28].

Kputnueckumu dpaktopamu npu MO ABAAIOTCA TEM-
nepatypa v Bpems Bbiaepxku [18, 29-31]. K npumepy,
B XOA€ TMOAYYEHUA MeTaHa MNpW PasAMUHbIX Temne-
patypax (o1 150 a0 225 °C) u BpPEMEHU BbIAEPXKKM
(0T 5 A0 60 MWH) MaKCHMaAbHBIN BbIXOA ObIA AOCTUIHYT
npun 175 °C B TeueHne 30 MUH, UTO COCTaBMAO Ha 62,9%
Mo CpaBHEHUIO ¢ HEObpaboTaHHOW conoMol [29]. B aHano-
TMUYHOM UCCAEAOBAHMU HanboAbLLEE BbIAEAEHWE METaHa
N MaKCUMaAbHbIN TMAPOAN3 Bomacchl nocae F'TO 6bia
pocturHyT npun 180 °C u Bbiaepxke 30 muH [18]. TTO
MBOBbIX OMUAOK 1 APEBECHOM BMOMACChI MPU PA3AUUHBIX
Temnepatypax (o1 130 po 230 °C) nokasana, 4To npw
Temnepatypax 215 n 230 °C npoMCXOAUT YBEAUUYEHUE
TEPMUYECKON Aerpapaumn LEAAOAO3bI M 0Bpa3oBaHue
dypdypoaa, 5-rnpapokecumeTnadypdypora 1 opraHnyecKmnx
KWUCAOT N0 CPaBHEHWIO C BOAee HU3KMMK TEMMEPATYpPaMm
o6paboTtku [31].

[TO AMIHOUEAAOAO3HOW BMOMAcChl MPU KOHTPOAK-
pyemom pH mexay 4 n 7 adPeKTUBHO yAaraeT reMuLen-
AFOAO3bI U YaCTb AUTHWUHA, CBOAA K MUHUMYMY 06pa3oBaHue
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MPOAYKTbI, MOAYUYEHHbIE NOCAE NPEeABaPUTEAbHOW TMAPOTEPMUUECKON 06paboTKn U NapoBOro B3pbiBa

Products obtained after preliminary hydrothermal treatment and steam explosion

MoAyY€EHHbIN .
McxoaHoe cbipbe YcnoBuWS NpeABapUTEAbHON 06paboTKK MCTOUHMK
NMPOAYKT
bBenok BroataHoabHas 6bapaa ['TO: temnepatypa - 110-210 °C, Bbiaepxka — 10-90 MuH [12]
BruoBopopoa | Conoma NOACOAHEYHMKA, ['TO: cooTHOLLIEHWE TBEPAOIO BellecTBa K Boae - 1:20 (macc/06.), [13]
ra3oHHasi TpaBbl, Temnepatypa - 210 °C, Bblaepxka - 15 MuH
OMUAKK TOMOASA
Buoras CeHo ['TO: temnepatypa - ot 160 po 220 °C, BbipepXka — 5-15 MuH [14]
TPOCTHHK MB: paBAeHWe - po 3,4 MIa, temnepatypa - ot 160 ao 220 °C, [15]
BblaepXka — 5-20 MUH
NeByavHoBas | OcuHa I'TO: COOTHOLLEHWE TBEPAOIO BELLECTBA K XMAKOCTU — 1:7 (Macc/06.), [16]
KUCAOTa Temneparypa - 200 °C), Bbiaepxka - 10-50 mMuH),
CKOpOCTb nepemelmBanuns - 20 06/MuH
MertaH TMraHTCKUIM TPOCTHUK ['TO: cooTHOLLEHWE TBEPAOTO BeLLECTBa K xmnakocTh —1:10 (macc/06.), [17]
Temnepatypa - 170-230 °C, Bblpepxka — 5-15 MuH,
CKOpOoCTb NepemelrBarus — 400 06/MUH
Cunoc Sida hermaphrodita (L.) | TTO: temnepatypa - 100-180 °C, Bbiaepxka — 5-30 MuH [18]
Rusby
MweHnyHasa conoma MB: temnepatypa - ot 140 po 178 °C, Bbiaepka — oT 30 MUH A0 2 Y [19]
MonouHasn Bambyk B: paBAeHME — 35 aTM., BbIAEPXKa — 3 MUH [20]
KUCAOTa
3TaHoA Mpoco Panicum virgatum L. [TO [21]
Xnonok ['TO: cooTHOLLIEHWE TBEPAOIO BellecTBa K Boae - 1:9 (macc/06.), [22]
CKOpOCTb NepemMellnBaHns - 600 06/MuH, Temnepatypa - 230 °C,
XECTKOCTb NpeABapUTeAbHON 06paboTkun - 2,5-4,7
KoHonaA ['TO: cooTHOLIEHME TBEPAOrO BelecTBa K Boae - 1:10 (macc/06.), [23]
Temneparypa - 170 °C, Bbiaepxka - 30 MUH
CnoHOBbS TpaBa [TO: Temnepatypa - 170-220 °C, BblaepXka — 1-12 MUH [24]
AHTapHas Ay6 MOHIOABCKMI ['TO: cooTHOLLIEHWE TBEPAOIO BeLLECTBa K xuakocth —1:8 (macc/06.), [25]
KMUCAOTa Quercus mongolica Temneparypa - 150-200 °C, Bbiaepxka — 10-70 MUH

MOHOCaxapMAOB M AaAbHEWLLEE PAa3AOXEHWE CaxapoB AO
TOKCUUHBbIX BellecTB [32, 33]. HenpepbIBHbIA MOHUTOPUHT
pH 1 pobaBAEHME TMAPOKCUAA KaAUss CNOCOOCTBYET NOA-
AEpPXUBaHUO pH Bo BpeMsi npeABapUTEAbHON 06PaboTKK
B OnpeAeneHHOM apvana3oHe 4-7 [34]. B 10 xe Bpems
oTMeyvanoch, uto pH npoaykToB nocae 'TO 06bIYHO Haxo-
AWTCA B AManasoHe 4-5 6e3 poobaBAEHUSt OCHOBAHMWS UAK
6ydepa [32, 33, 35].

APYrM BaxHbIM GaKTOPOM, KOTOPbIA MOXET NMOBAMSATb
Ha GepPMEHTATUBHbIN TMAPOAU3 Chipbsl, IBASETCA NPOLEHT
3arpy3KM Cyxmx BELLLECTB AAA TMAPOAM3A. [1pK copepxaHmm
cyxux BelectB 15% ToAbko 66% rAtOKaHa npeBpaLLanochb
B FAKOKO3Y, 4TO Ha 20% HUXE, YeM BbIXOA NPW COAEPXAHUM
TBEPAbIX BelecTB 2%. AeAO B TOM, UTO NPU YBEAUYEHUU
COAEPXaHUA TBEPAbIX BellecTB pAobaBAsieTcsi 6oAbllee
KOAMYECTBO GpepMeHTa. BbICOKIME KOHLIEHTPALIMK TAKOKO3bI
MOTYT OKa3blBaTb MHIMOUpPYtOLLEE AENCTBUE HA GEPMEHTBI.
Kpome aToro, B rMAPOAM3aTE U3-3a BbICOKON KOHLIEHTPALIMM
CYXMX BELLECTB YXyALLAeTcsi MmacconepeHoc u Andodysus [36].

MakTop XecTKoCTH Npu npouecce 'O Takxe oka3biBaeT
BAUSIHWE HA XMMUYECKMUIA COCTAB AUTHOLIEAAOAO3HOMO MaTe-
pyana v ero cnocobHOCTH K GepMeHTaTUBHOMY TMAPOAM3Y [27].
Huskasa Temnepatypa 1 AAMTEABHOE BpeMSA NpebbiBaHMA
NPeANOUTUTEAbHBI ANA YAGAEHWS TEMMULIEAAOAO3 BO BPEMSI
npeABapUTEAbHOM 06PaBOTKM, MOCKOALKY 3T YCAOBUS BAa-
ronpuSATCTBYHOT 06Pa30BaHUIO OAMIOCAXapUAOB Y MOHO-

MEPHbIX CaxapoB, a He pasnoXeHuto caxapa [37]. Hanpotus,
BbICOKas rMAPOAM3YEMOCTb LLEAAKOAO3bl AOCTUIaeTCA Mpu
Bbicokon Temnepatype (>200 °C) 1 BbICOKOM XECTKOCTU
npeaABapuTeAbHON 06paboTKK, Koraa 3a NPeABapPUTEALHON
06paboTkoi caepyeT depMeHTaTUBHbINM TMAPOAK3 [38].

AByxcTyneHuaTtas npeaBaputenbHass obpaboTka no-
3BOAAAA YAQAWUTb AUFHWH W MOBbICUTb YCMELHOCTb NPO-
Luecca GepMeHTaTMBHOIO ruapoaunsa [39]. Tem He MeHee
NOAHAsA AeAMTHUPUKALMA HEBO3MOXHA M3-3a MOBTOPHOM
KOHAEHCAaLMKW PacTBOPUMbIX KOMMOHEHTOB AUTHUHA, YTO
MOXET OKa3blBaTb HErATUBHOE BAUSIHWE Ha depMeHTa-
TUBHbIV TMAPOAU3 MO NPUUMHE aacopbunn depmenTa [27].
Takxxe yCcTaHOBAEHO, YTO ropsivas MAM XOAOAHAA NPOMbIBKa
TBEpPAOM dpaKkumm nocae ['TO NOBbIWAET BbIXOA PEAYLM-
pytowmx caxapoB Ha 10-35%. MpUuMHbI 3TOro SIBAEHUS
He YCTaHOBAEHbl, XOTSi BO3MOXHO, YTO PacTBOPEHHbIE
dEHOAbHbIE COEAMHEHUS, YKCYCHAs KMCAOTa U caxapa,
MOAyYEHHbIE B pe3yAbTaTe MMAPOAM3A FEMULEAAONO3bI,
MOTYT OKa3blBaTb UHIMOMPYIOLLIEE AENCTBIE Ha LIEAAIOAASH,
BXOAfILLME B pepMeEHTaTUBHbIE KOMNAEKCHI [35]. HecmoTps
Ha NpUCyTCTBUE MHIMOUTOPOB, MO He ycTynaeT Apyrum
cnocobam npeaBapuUTEAbHON 06PaOOTKM MO BLIXOAY PEAY-
unpytowmx Beutects [40]. Mpn 3TOM NOAYYEHHbIE TMAPO-
AM3aTbl cUMTaOTCA BMOAOTMYECKN AOBPOKAUYECTBEHHBIMMU
W NPUTOAHBIMU AAST AQAbHEWLLETO MOAYUYEHMS MPOAYKTOB
C BbICOKOM A0BABAEHHOM CTOMMOCTbIO [41].
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I'TO He TpebyeT pAobaBAEHUA XMMUKATOB U KaTaAU3aTOPOB,
B CBSI3W C 3TUM BBUAY HU3KOIO NOTEHLIMAAA KOPPO3UM MOXET
6bITb UCNOAb30BaHa HEAOPOran KOHCTPYKLUUS peakTopa.
OTCYTCTBYET CTAAMUS HEWTPAAM3ALMKM OTPaboTaHHbIX pac-
TBOPOB U NOTPEOHOCTb BO BEAEHWM CTAAUKU U3MENBUYEHUS
LIEAAKOAO30COAEPXKALLLETO ChiPbs, KOTOPOE ABASETCS BbICO-
Ko3aTpaTtHOM onepauuen. Takxe 60AbLIOE NPEUMYLLIECTBO
3aKAOYAETCH B TOM, UTO AOCTUIaeTCs BbICOKOE U3BAEUEHWE
NeHTo3, Npr 3ToM 06pa3yeTca MeHbLLEE KOAMYECTBO UHI -
6uTopoB. OCHOBHbBIMW HEAOCTATKAMMK NPOLECCA ABASIOTCS
BbICOKME NOTPEOHOCTU B S3HEPIUN 13-3a BbICOKOTO AaB-
AEHUS U BOABLLIOTO PacxoAa BOAbl. TakXe K HeAoCTaTKaMm
OTHOCWTCA HE3HAUUTEABHOE YAAAEHWE AUTHUHA U3 TBEPAOH
dpakumun. Tem He meHee B LieroM [TO MMeET BbICOKMI 3KO-
HOMWYECKMI NOTEHLMAA, AQHHbIA METOA NPOCT U NOHATEH
U BKAKOYAET B ceba CpaBHUTEAbHO HEBOABLLOE KOAUUYECTBO
3TanoB NMpoLecca, YTo ABASIETCS MPEUMYLLECTBOM AASI €T0
WHTErpaumm n paspaboTku.

NAPOBOW B3PbIB

MNB sBAsieTcs Hauboaee LMPOKO MCMOAb3YEMbIM
OUBUKO-XUMUYECKUM METOAOM NMpeABapUTEAbHON 06pa-
60TKM AHOOOr0 AUFHOLEAAIOAO3HOTO Chipbs [42, 43]. B
npouecce 06paboTKM Chipbe NpeABapUTeAbHO 06paba-
TbIBAOT MAPOM NpY YMEPEHHON TeEMMNepaType 1 AABAEHWM
B TEUYEHME OMPEAENEHHOr0 BPpeEMEHU. 3aTeM AaBAEHUE
6bICTPO cOpacbiBaETCA, NPK 3TOM NPOUCXOAUT PACLLMPEHUE
BOAOKOH CbipbA [44, 45]. MHOroypoBHeBasi CTpyKTypa
AMTHOLIEAAFOAO3HOTO ChlPbSl UBMEHSAETCH CO 3HAUNTEABHBIM
yBEAUYEHWEM NOPUCTOCTH, OAHOBPEMEHHbLIM TMAPOAU3OM
reM1LUEAAIOAO3 M PACTBOPEHUEM UX MPOAYKTOB, AEAWUTHU-
duKaumen M HebOAbLIMM TEPMUYECKUM PA3AOXKEHUEM
LEeAAOAO3bI [46, 47]. TIB cnocobCTBYET CHUXEHUIO KPU-
CTAAAMYHOCTU LEAAKOAO3bI, AeAast AUTHOLLEAAKOAO3HOE
Cbipbe 60OAeEe AOCTYMHBLIM AASl AEUCTBUS GEPMEHTHbIX
npenapatoB [48, 49]. B 10 Xe BpemMs UCCAeAOBaTEAU
OTMeuYaAn KOHAEHcaLIMIo AMrHUMHa B npouecce MNB ¢ 0bpa-
30BaHKeM Bonee cTorkoro coepmrHenus [50]. MB aBaaeTca
9KOAOTUYECKM UNCTbIM METOAOM, MOCKOAbKY He TpebyeT
NCMNOAb30BaHUA XUMUYECKUX PeaKTUBOB [51], U cunTaeTcs
OAHWMM 13 Hanbonee adEKTUBHBIX NPOLLECCOB NPeABapH-
TEAbHOM 06pPabOTKM AAS MHOTMX BUAOB CbIPbSl, BKAIOUAS
TBEPAYH APeBECUHY [52], CEAbCKOXO3ANCTBEHHbIE [53],
6biToBbIE [54] U AeCHble 0TXOAbI [55].

B npouecce MNB npu BbICOKUX TEMNepaTypax BO3MOXHO
06pa3oBaHue UHIMBUTOPOB, TaKMX Kak GypdYPOA U 5-TMAPOK-
CUMETUADYPDYPOA, aAUbaATUUECKME KUCAOTLI, YKCYCHas,
MypaBbWHas, AEBYAMHOBasA KUCAOTbl U GEHOAbHbIE COe-
AVHeHUA [56, 57]. UMetoTcs AaHHbIe, YKasblBatoLne Ha
TO, UTO 3TW NPOAYKTbI ABASIFOTCS CUABHBIMWU MHTMBUTOPaMK
MWKPOBHOro pocTa [58] 1 UTO AAS NOBbILLEHMA CNOCO6-
HOCTU AMTHOLLEAAOAO3HbBIX TMAPOAM3ATOB K depMeHTaumnm
B pa3AnyHble BUOTEXHOAOTMUECKME MPOAYKTbI HEOOXOANMO
paspabaTbiBaTh cTpaTernmn pAeTokcudukaumm [3, 59, 60].

Pe3yAbTaTUBHOCTb MPEeABApPUTEABHON 06paboTKK
napoBbiM B3PbIBOM 3aBWCUT OT Taknx GaKTopoB, Kak
Temneparypa, NPOAOAKUTEABHOCTb, Pa3Mep YacTUL, Cblpbs
n copepxaHue Baaru [50]. B pabote [61] MB npun 200 °C
B TeueHne 10 MUHYT NPUBEA K BbICOKOMY BbIXOAY PEAY-
LMPYHOLMX BELLECTB NPU GepMeHTaTUBHOM FMAPOAM3E
(91,7%) v 06LLEMY BbIXOAY FAOKO3bI (35,4 T TAHOKO3bI /
100 r nweHWYHOW COAOMBI), a TakxXe K Boaee BbICOKOMY
06pa3oBaHUIO TOKCUMYHbIX COeAMHEHUI. TemnepaTypa
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meHee 200 °C cnocobcTBOBaAa MUHWMaAbHOW AerpaaaLmm
caxapoB M 06pa3oBaHWI0 TOKCUYECKHMX BELLECTB. AHAAO-
TMYHble Pe3yAbTaTbl ObIAM MOAYYEHbI B UCCAEAOBAHMM [62]:
MaKCUMaAbHbIE BbIXOAbI FAOKO3bI NPY GEePMEHTAaTUBHOM
rTMAPOAM3E ObIAM MOAYUYEHbI NMOCAE MPEABAPUTEABHOM
06paboTku npu 210 °C B TeueHre 10 MUH. Bbixop xe
KCMAO3bl yBEAUUMBAACS NpU Temnepartypax Ao 190 °C
N AAMTEABHOW MPOAOAXKMUTEABHOCTH, NMPU TemnepaTtype
6onee 190 °C nponcxoanno obpaszoBaHue dypdypoaa.
YCTaHOBAEHO, UTO B cpeaHeM npu Temnepatype 200 °Cu
NMPOAOAXKUTEABHOCTU 5 MUH 0KOAO 3,71 MacC.% LEAAOAO3bI
1 46,62 macc.% reMULEAAOAO3bI TPEBPALLAETCA B TAKOKO3Y
M KCUAO3Y COOTBETCTBEHHO, OKOAO 26,73 Macc.% AUrHUHa
npeBpaLLaeTcs B Apyrve xummuyeckue Bellectaa [63]. Ctout
OTMETUTB, YTO Nnpoueccol 1B, npoTekatoLne B AnanasoHe
Temnepatyp ot 200 po 280 °C 1 BpeEMEHU BbIAEPXKKHN
0T 2 A0 10 MuH, cnOCOBCTBYIOT YBEAMUEHUIO AOAW YAQAEHUS
reMMULEAAIOAO3 U AUTHWMHA, HO MPU 3TOM YCUAMBaETCH
TEPMUUYECKOE PA3NOXEHUE LLEAAIOAO3bI AO CaxapoBs [64].
Mpu BCEM 3TOM ONTUMU3ALMA COOTHOLIEHUA TeMIepaTypbl
n Bpemenu (270 °C, 1 muH namn 190 °C, 10 MuH) MoxeT
OKas3sblBaTb BAUSHUE Ha pe3yAbTaTUBHOCTB B [65]. Momumo
Temneparypbl U BpEMEHU NpebbiBaHWA, pasmep YacTul,
AMTHOLLEAAOAO3HOTO ChiPbS M COAEPXAHME BAArn Takxe
OKasblBalOT BAUSIHUE Ha pe3yAbTaTUBHOCTL 1B [66, 67].
06paboTka Nnapom Lenbl ocuHbl (Populus tremuloides)
cTaHpapTHoro pasmepa npu 180 °C B TeueHune oT 4 a0
18 MUWH nokasana, 4T0 BO3MOXHO NPOBECTU PABHOMEPHYHO
06paboTKy APEBECHOW LLLEMbI KPYNMHOrO pa3mepa [68].
Mpu 06paboTke MB KyKypy3HOW COAOMbI BbISSIBAEHO, UTO
6onee KpynHble YacTULLbl Cblpbs Ayyllle NepeMeLLMBAOTCA
n obpabaTbiBatOTCA NapoM BbICOKOTO AaBAeHUs [69].
NccaepoBaHMA CBUAETEABCTBYHOT, UTOo B 06pasuoB
XXOMa CcaxapHOro TPOCTHMKa C BbICOKMM COAEPXaHUEM
BAArM obecneuynn 3HauYMTEAbHOE YBEAUUYEHUE CTENEHMU
M3BAEYEHUA LEAAOAO3bl, TEMULEAAIOAO3 W AMIHUHA
No cpaBHEHUIO ¢ 06pasLamMmu C HU3KUM COAEPXAHUEM
BAaru. C Apyrov CTOPOHbI, yBEAUUEHKE COAEPXKAHMSA BAGTU
0Ka3an0 HeraTMBHOE BAMAHWE Ha BbIXOA PEAYLMPYHOLLMX
BELLECTB Npu depmeHTaTuBHOM ruapoamnse [70]. Kpome
BblLLENEPEUYNCAEHHbIX GAKTOPOB Ha 3PPEKTUBHOCTL 1B
OKasblBaeT BAUSHUE NAOTHOCTb MOLLIHOCTHM B3pbiBa [71].
AaHHbIM napameTp SIBASIETCA NPEAMETOM OTAEAbHbIX
NCCAEAOBaAHUN.

MpeaBaputenbHas obpaboTka MB cunTaeTcss IKONO-
rMyeckn 6e3onacHbIM METOAOM, MOCKOAbKY HE NMPeAno-
Aaraet UCNOAb30BaHWE XMMUYECKMX BeLLecTB. Takxe B
ABAAETCH SKOHOMMUYECKU 3OPEKTUBHBIM, MOCKOABKY HE
TpebyeT 3aTpaT Ha M3MeAbUYEHWeE Chipbsi 1 0becneunBaeT
60AEe€ BbICOKMI BbIXOA PEAYLIMPYHOLLMX BELLECTB. B TO Xe
Bpems ObINO 06HaPYXEHO, UTO 3TOT METOA NMPUMEHUM K
LIEAAFOAO30COAEPXKALLEMY ChIPbIO C HU3KUM COAEPXaHUEM
AMTHUHA. Lleaatono3ocopepxallee cbipbe, BKAKOUAtoLLEee
60AbLLOE KOAMUECTBO AMFHWHA, XYXE MOAAAETCS TAKOMY
BMAY 06paboTku. K MpourM HepocTaTKaM MOXHO OTHECTH
HEMOAHOE PacLUENAEHNE AUTHUH-TEMULEAAOAO3HbBIX CBA3EN,
NPUBOASLLEE K BEICBOOOXAEHMUIO MOAYNEPEBAPEHHbIX KOM-
NAEKCOB, KOTOPblE MOTYT KOHAEHCMPOBATLCA U OCaXAATbCA
Ha TBEPAYO dpaKLMto, CHUXasn obLLee U3BAEUYEHWE caxapa,
a TakXe YaCTUUHYIO AerpajaLmio reMULEAAONO3 U 0Bpa-
30BaHWE HEKOTOPbIX TOKCUMYHbIX COEAMHEHWIA, KOTOPbIE
MOryT BAUATb Ha GEPMEHTATUBHbIW TMAPOAU3 U MUKPO-
6MOAOTMUECKYIO CTAAMUIO.
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SAKAKOYEHUE

Takum 06pa3om, AAA pa3pyLLEHNUA TPUPOAHOW MaTPULb
LIEAAOAO30COAEPXKALLETO ChlPbs 1 BbICBOOOXAEHMS cOpa-
XWBaeMbIX CaxapoB, KOTOPbIE B AAAbHENLLIEM MOTYT BbiTh
npeobpa3oBaHbl MUKPOOPraHW3Mamu B MPOAYKTbI C BbICOKOW
AOBABAEHHON CTOMMOCTbIO, HEOOXOAMMO MCMOAb30BaTh
npeABapuUTeAbHYt0 06paboTky. NpeaBapuTeAbHan obpa-
60TKa NO3BOASIET YAAAUTb OOAbLLIYHO YaCTb FEMULIEAAIOAO3
M YacTMUYHO PaCTBOPUTb AWFHWH, a Takxe obecneunTtb
AOCTYMHOCTb LIEAAOAO3bI AN GEPMEHTOB. B npoBeAeHHOM
0630pe npeacTaBAeH aHaAn3 uHdopmaumu no 'O n MNB

LIEAAFOAO30COAEPKALLETO ChIPbS (COAOMa MOACOAHEYHMKA,
ra3oHHas TpaBa, OMUAKM TOMOAS, CEHO, TPOCTHMK, OCUHA,
TMraHTCKMIM TPOCTHMK, CUAOC U T.A.) C LIEABIO KOHBEPCUU B
cybcTpaThl AAA CUHTE3a BMOTEXHOAOTMUYECKMX MPOAYKTOB
(6enok, 6BoBopOpPOA, BKOras, AeByAMHOBAsS KUCAOTA, METaH,
MOAOYHAA KMCAOTA, 3TAHOA, AHTApHas KUCAOTa). dddek-
TUBHOCTb npoueccoB ['TO u NB ueArton030COAEPXKALLETO
CblpbAl 3aBUCUT OT TUMA CblPbs, XMMUUYECKOIO COCTaBa,
KOHLIEHTPALIMK TBEPAOrO BelLecTBa, CBOMCTB TBEPAOrO
BELLECTBA M YCAOBWI MPOBEAEHUS MPeABapUTEAbHOM
obpabotku 'TO n MB.

CMUCOK UCTOYHUKOB

1. Chen W.-H., NiZeti¢ S., Sirohi R., Huang Z., Luque R.,
Papadopoulos A.M., et al. Liquid hot water as sustainable
biomass pretreatment technique for bioenergy production:
a review // Bioresource Technology. 2022. Vol. 344.
P. 126207. DOI: 10.1016/j.biortech.2021.126207.

2. MakapoBa E.N., bypaeBa B.B. BuokoHBepcus
HEMULLLEBOrO LLEAAOAO30COAEPXKALLETO Chipbs. YacTb 1 //
MN3BecTnA BY30B. [prKrapaHas XMMKUA U BUOTEXHOAOTUSA.
2016.T.6. N 2. C. 43-50. DOI: 10.21285/2227-2925-
2016-6-2-43-50. EDN: WAJUUX.

3. Kim D. Physico-chemical conversion of lignocel-
lulose: inhibitor effects and detoxification strategies:
a mini review // Molecules. 2018. Vol. 23, no. 2. P. 309.
DOI: 10.3390/molecules23020309.

4. Antczak A., Szadkowski J., Szadkowska D., Zawadzki J.
Assessment of the effectiveness of liquid hot water
and steam explosion pretreatments of fast-growing
poplar (Populus trichocarpa) wood // Wood Science and
Technology. 2022. Vol. 56. P. 87-109. DOI: 10.1007/
s00226-021-01350-1.

5. Chen H., Liu J., Chang X., Chen D., Xue Y., Liu P,,
et al. A review on the pretreatment of lignocellulose for
high-value chemicals // Fuel Processing Technology. 2017.
Vol. 160. P. 196-206. DOI: 10.1016/j.fuproc.2016.12.007.

6. Zhou Z., Liu D., Zhao X. Conversion of lignocellulose
to biofuels and chemicals via sugar platform: an updated
review on chemistry and mechanisms of acid hydrolysis
of lignocellulose // Renewable and Sustainable Energy
Reviews. 2021. Vol. 146. P. 111169. DOI: 10.1016/].
rser.2021.111169.

7.Chen W.-H., Wang C.-W., Ong H.C., Show P.L., Hsieh T.-H.
Torrefaction, pyrolysis and two-stage thermodegradation of
hemicellulose, cellulose and lignin // Fuel. 2019. Vol. 258.
P. 116168. DOI: 10.1016/].fuel.2019.116168.

8. Hydrothermal processing in biorefineries. Pro-
duction of bioethanol and high added-value compounds
of second and third generation biomass / H.A. Ruiz, M.H.
Thomsen, H.L. Trajano. Cham: Springer, 2017. 511 p.
DOI: 10.1007/978-3-319-56457-9.

9. MaBnoB W.H. BAnsiHWe aBTOrMAPOAUTUUECKOM 0bpa-
60Tkn Miscanthus sacchariflorus Andersson Ha BbIX0A PEAY-
LMPYIOLLMX BELLECTB MPU NOCAEAYOLLEM GEPMEHTOAM3E //
MN3BecTnA By30B. [prKAapaHas XMMKUA U BUOTEXHOAOTUS.
2020.T. 10. N 2. C. 303-313. DOI: 10.21285/2227-2925-
2020-10-2-303-313. EDN: WMKYYJ.

10. Yoo C.G., Meng X., Pu Y., Ragauskas A.J. The critical
role of lignin in lignocellulosic biomass conversion and
recent pretreatment strategies: a comprehensive review //
Bioresource Technology. 2020. Vol. 301. P. 122784,
DOI: 10.1016/j.biortech.2020.122784.

188

11. Hu F.,, Ragauskas A. Pretreatment and lignocel-
lulosic chemistry // Bioenergy Research. 2012. Vol. 5.
P. 1043-1066. DOI: 10.1007/s12155-012-9208-0.

12, Lamp A., Kaltschmitt M., Ludtke O. Protein recovery
from bioethanol stillage by liquid hot water treatment // The
Journal of Superecritical Fluids. 2020. Vol. 155. P. 104624.
DOI: 10.1016/j.supflu.2019.104624.

13. Dimitrellos G., Lyberatos G., Antonopoulou G. Does
acid addition improve liquid hot water pretreatment of
lignocellulosic biomass towards biohydrogen and biogas
production? // Sustainability. 2020. Vol. 12, no. 21. P. 8935.
DOI: 10.3390/5u12218935.

14. Bauer A., Lizasoain J., Theuretzbacher F., Agger J.W.,
Rincén M., Menardo S., et al. Steam explosion pretreatment
for enhancing biogas production of late harvested hay //
Bioresource Technology. 2014. Vol. 166. P. 403-410.
DOI: 10.1016/j.biortech.2014.05.025.

15. Lizasoain J., Rincon M., Theuretzbacher F.,
Enguidanos R., Nielsen P.J., Potthast A., et al. Biogas production
from reed biomass: effect of pretreatment using different
steam explosion conditions // Biomass and Bioenergy. 2016.
Vol. 95. P. 84-91. DOI: 10.1016/j.biombioe.2016.09.021.

16. Madadi M., Bakr M.M.A., Song G., Sun C., Sun F.,, Hao Z.,
et al. Co-production of levulinic acid and lignin adsorbent from
aspen wood with combination of liquid hot water and green-
liguor pretreatments // Journal of Cleaner Production. 2022.
Vol. 366. P. 132817. DOI: 10.1016/j.jclepro.2022.132817.

17. Jiang D., Ge X., Zhang Q., Li Y. Comparison of
liquid hot water and alkaline pretreatments of giant reed
for improved enzymatic digestibility and biogas energy
production // Bioresource Technology. 2016. Vol. 216.
P. 60-68. DOI: 10.1016/j.biortech.2016.05.052.

18. Zielinski M., Kisielewska M., Dudek M., Rusa-
nowska P., Nowicka A., Krzemieniewski M., et al. Comparison
of microwave thermohydrolysis and liquid hot water pre-
treatment of energy crop Sida hermaphrodita for enhanced
methane production // Biomass and Bioenergy. 2019.
Vol. 128. P. 105324. DOI: 10.1016/j.biombioe.2019.105324.

19. Theuretzbacher F., Lizasoain J., Lefever C.,
Saylor M.K., Enguidanos R., Weran N., et al. Steam explosion
pretreatment of wheat straw to improve methane yields:
Investigation of the degradation kinetics of structural
compounds during anaerobic digestion // Bioresource
Technology. 2015. Vol. 179. P. 299-305. DOI: 10.1016/j.
biortech.2014.12.008.

20. Chen H.-Z., Liu Z.-H. Steam explosion and its
combinatorial pretreatment refining technology of
plant biomass to bio-based products // Biotechnology
Journal. 2015. Vol. 10, no. 6. P. 866-885. DOI: 10.1002/
biot.201400705.

https://vuzbiochemi.elpub.ru/jour


https://vuzbiochemi.elpub.ru/jour
https://doi.org/10.1016/j.biortech.2021.126207
https://doi.org/10.21285/2227-2925-2016-6-2-43-50
https://doi.org/10.21285/2227-2925-2016-6-2-43-50
https://www.elibrary.ru/wajuux
https://doi.org/10.3390/molecules23020309
https://doi.org/10.1007/s00226-021-01350-1
https://doi.org/10.1007/s00226-021-01350-1
https://doi.org/10.1016/j.fuproc.2016.12.007
https://doi.org/10.1016/j.rser.2021.111169
https://doi.org/10.1016/j.rser.2021.111169
https://doi.org/10.1016/j.fuel.2019.116168
https://doi.org/10.1007/978-3-319-56457-9
https://doi.org/10.21285/2227-2925-2020-10-2-303-313
https://doi.org/10.21285/2227-2925-2020-10-2-303-313
https://www.elibrary.ru/wmkyyj
https://doi.org/10.1016/j.biortech.2020.122784
https://doi.org/10.1007/s12155-012-9208-0
https://doi.org/10.1016/j.supflu.2019.104624
https://doi.org/10.3390/su12218935
https://doi.org/10.1016/j.biortech.2014.05.025
https://doi.org/10.1016/j.biombioe.2016.09.021
https://doi.org/10.1016/j.jclepro.2022.132817
https://doi.org/10.1016/j.biortech.2016.05.052
https://doi.org/10.1016/j.biombioe.2019.105324
https://doi.org/10.1016/j.biortech.2014.12.008
https://doi.org/10.1016/j.biortech.2014.12.008
https://doi.org/10.1002/biot.201400705
https://doi.org/10.1002/biot.201400705

Iaabiwesa E.K. lpeaBapuTeAbHas ruaporepmuyeckas 06paboTka U napoBok B3pbIB LLEAAFOAO30COAEPIKALLETO. .
Gladysheva E.K. Preliminary hydrothermal treatment and steam explosion of cellulosic feedstock for the subsequent...

21. Larnaudie V., Ferrari M.D., Lareo C. Life cycle
assessment of ethanol produced in a biorefinery from liquid
hot water pretreated switchgrass // Renewable Energy. 2021.
Vol. 176. P. 606-616. DOI: 10.1016/j.renene.2021.05.094.

22, Jiang W., Chang S., Li H., Oleskowicz-Popiel P.,
Xu J. Liquid hot water pretreatment on different parts of
cotton stalk to facilitate ethanol production // Bioresource
Technology. 2015. Vol. 176. P. 175-180. DOI: 10.1016/j.
biortech.2014.11.023.

23. Zhao J., Xu Y., Wang W., Griffin J., Wang D. Con-
version of liquid hot water, acid and alkali pretreated
industrial hemp biomasses to bioethanol // Bioresource
Technology. 2020. Vol. 309. P. 123383. DOI: 10.1016/j.
biortech.2020.123383.

24, Toscan A., Fontana R.C., Camassola M., Dillon A.J.P.
Comparison of liquid hot water and saturated steam pre-
treatments to evaluate the enzymatic hydrolysis yield of
elephant grass // Biomass Conversion and Biorefinery. 2024.
Vol. 14. P. 8057-8070. DOI: 10.1007/s13399-022-02939-7.

25. Kim J.-H., Choi J.-H., Kim J.-C., Jang S.-K., Kwak H.W.,
Koo B., et al. Production of succinic acid from liquid hot
water hydrolysate derived from Quercus mongolica //
Biomass and Bioenergy. 2021. Vol. 150. P. 106103.
DOI: 10.1016/j.biombioe.2021.106103.

26. Sahay S. Impact of pretreatment technologies
for biomass to biofuel production // Substrate analysis
for effective biofuels production / eds N. Srivastava, M.
Srivastava, P.K. Mishra, V.K. Gupta. Singapore: Springer,
2020. P. 173-216. DOI: 10.1007/978-981-32-9607-7_7.

27. Ko J.K., Kim Y., Ximenes E., Ladisch M.R. Effect
of liquid hot water pretreatment severity on properties of
hardwood lignin and enzymatic hydrolysis of cellulose //
Biotechnology and Bioengineering. 2015. Vol. 112, no. 2.
P. 252-262. DOI: 10.1002/bit.25349.

28. Wang W., Zhu Y., Du J., Yang Y., Jin Y. Influence of
lignin addition on the enzymatic digestibility of pretreated
lignocellulosic biomasses // Bioresource Technology. 2015.
Vol. 181. P. 7-12. DOI: 10.1016/j.biortech.2015.01.026.

29. Shang G., Zhang C., Wang F., Qiu L., Guo X., Xu F.
Liquid hot water pretreatment to enhance the anaerobic
digestion of wheat straw - effects of temperature and
retention time // Environmental Science and Pollution
Research. 2019. Vol. 26. P. 29424-29434. DOI: 10.1007/
s11356-019-06111-z.

30. Varongchayakul S., Songkasiri W., Chaiprasert P.
Optimization of cassava pulp pretreatment by liquid hot water
for biomethane production // Bioenergy Research. 2021.
Vol. 14. P. 1312-1327. DOI: 10.1007/512155-020-10238-0.

31. Antonopoulou G., Papadopoulou K., Alexandropoulou M.,
Lyberatos G. Liquid hot water treatment of woody biomass at
different temperatures: the effect on composition and energy
production in the form of gaseous biofuels // Sustainable
Chemistry and Pharmacy. 2024. Vol. 38. P. 101485.
DOI: 10.1016/j.scp.2024.101485.

32. Mosier N., Hendrickson R., Ho N., Sedlak M.,
Ladisch M.R. Optimization of pH controlled liquid hot water
pretreatment of corn stover // Bioresource Technology.
2005. Vol. 96, no. 18. P. 1986-1993. DOI: 10.1016/j.
biortech.2005.01.013.

33. KimY., Hendrickson R., Mosier N.S., Ladisch M.R.
Liquid hot water pretreatment of cellulosic biomass // Biofuels.
Methods and Protocols / ed. J.R. Mielenz. Totowa: Humana,
2009. P. 93-102. DOI: 10.1007/978-1-60761-214-8_7.

https://vuzbiochemi.elpub.ru/jour

34. Li H.-Q., Jiang W., Jia J.-X., Xu J. pH pre-corrected
liquid hot water pretreatment on corn stover with high
hemicellulose recovery and low inhibitors formation //
Bioresource Technology. 2014. Vol. 153. P. 292-299.
DOI: 10.1016/j.biortech.2013.11.089.

35. Kim Y., Mosier N.S., Ladisch M.R. Enzymatic
digestion of liquid hot water pretreated hybrid poplar //
Biotechnology Progress. 2009. Vol. 25, no. 2. P. 340-348.
DOI: 10.1002/btpr.137.

36. Vallejos M.E., Zambon M.D., Area M.C., da
Silva Curvelo A.A. Low liquid-solid ratio (LSR) hot water
pretreatment of sugarcane bagasse // Green Chemistry.
2012. Vol. 14, no. 7. P. 1982-1989. DOI: 10.1039/
C2GC35397K.

37. Serna-Loaiza S., Dias M., Daza-Serna L.,
de Carvalho C.C.C.R., Friedl A. Integral analysis of liquid-
hot-water pretreatment of wheat straw: evaluation of the
production of sugars, degradation products, and lignin //
Sustainability. 2021. Vol. 14, no. 1. P. 362. DOI: 10.3390/
sul14010362.

38. Kim Y., Kreke T., Mosier N.S., Ladisch M.R.
Severity factor coefficients for subcritical liquid hot
water pretreatment of hardwood chips // Biotechnology
and Bioengineering. 2014. Vol. 111, no. 2. P. 254-263.
DOI: 10.1002/bit.25009.

39.Yu Q., Zhuang X., Yuan Z., Wang Q., Qi W., Wang W.,
et al. Two-step liquid hot water pretreatment of Eucalyptus
grandis to enhance sugar recovery and enzymatic digestibility
of cellulose // Bioresource Technology. 2010. Vol. 101,
no. 13. P. 4895-4899. DOI: 10.1016/j.biortech.2009.11.051.

40. Ladeira Azar R.1.S., Bordignon-Junior S.E., Laufer C.,
Specht J., Ferrier D., Kim D. Effect of lignin content on
cellulolytic saccharification of liquid hot water pretreated
sugarcane bagasse // Molecules. 2020. Vol. 25, no. 3.
P. 623. DOI: 10.3390/molecules25030623.

44. Van Walsum G.P., Allen S.G., Spencer M.J., Laser M.S.,
Antal Jr. M.J., Lynd L.R. Conversion of lignocellulosics
pretreated with liquid hot water to ethanol // Conversion
of Lignocellulosics Pretreated with Liquid Hot Water to
Ethanol: Seventeenth Symposium on Biotechnology for
Fuels and Chemicals. Totowa: Humana Press, 1996.
P. 157-170. DOI: 10.1007/978-1-4612-0223-3_14.

42. Machineni L. Lignocellulosic biofuel production:
review of alternatives // Biomass Conversion and
Biorefinery. 2020. Vol. 10. P. 779-791. DOI: 10.1007/
$13399-019-00445-x.

43. AliN., Zhang Q., Liu Z.-Y., Li F.-L., Lu M., Fang X.-C.
Emerging technologies for the pretreatment of lignocellulosic
materials for bio-based products // Applied Microbiology and
Biotechnology. 2020. Vol. 104. P. 455-473. DOI: 10.1007/
s00253-019-10158-w.

44, Alvira P., Tomas-Pejo E., Ballesteros M., Negro M.J.
Pretreatment technologies for an efficient bioethanol
production process based on enzymatic hydrolysis: a
review // Bioresource Technology. 2010. Vol. 101, no. 13.
P. 4851-4861. DOI: 10.1016/j.biortech.2009.11.093.

45. Chen H. Lignocellulose biorefinery engineering:
principles and applications. Sawston: Woodhead
Publishing, 2015. 274 p.

46. Haldar D., Purkait M.K. Lignocellulosic conversion
into value-added products: a review // Process
Biochemistry. 2020. Vol. 89. P. 110-133. DOI: 10.1016/].
prochio.2019.10.001.

189


https://vuzbiochemi.elpub.ru/jour
https://doi.org/10.1016/j.renene.2021.05.094
https://doi.org/10.1016/j.biortech.2014.11.023
https://doi.org/10.1016/j.biortech.2014.11.023
https://doi.org/10.1016/j.biortech.2020.123383
https://doi.org/10.1016/j.biortech.2020.123383
https://doi.org/10.1007/s13399-022-02939-7
https://doi.org/10.1016/j.biombioe.2021.106103
https://doi.org/10.1007/978-981-32-9607-7_7
https://doi.org/10.1002/bit.25349
https://doi.org/10.1016/j.biortech.2015.01.026
https://doi.org/10.1007/s11356-019-06111-z
https://doi.org/10.1007/s11356-019-06111-z
https://doi.org/10.1007/s12155-020-10238-0
https://doi.org/10.1016/j.scp.2024.101485
https://doi.org/10.1016/j.biortech.2005.01.013
https://doi.org/10.1016/j.biortech.2005.01.013
https://doi.org/10.1007/978-1-60761-214-8_7
https://doi.org/10.1016/j.biortech.2013.11.089
https://doi.org/10.1002/btpr.137
https://doi.org/10.1039/C2GC35397K
https://doi.org/10.1039/C2GC35397K
https://doi.org/10.3390/su14010362
https://doi.org/10.3390/su14010362
https://doi.org/10.1002/bit.25009
https://doi.org/10.1016/j.biortech.2009.11.051
https://doi.org/10.3390/molecules25030623
https://doi.org/10.1007/978-1-4612-0223-3_14
https://doi.org/10.1007/s13399-019-00445-x
https://doi.org/10.1007/s13399-019-00445-x
https://doi.org/10.1007/s00253-019-10158-w
https://doi.org/10.1007/s00253-019-10158-w
https://doi.org/10.1016/j.biortech.2009.11.093
https://doi.org/10.1016/j.procbio.2019.10.001
https://doi.org/10.1016/j.procbio.2019.10.001

U3BECTHA BY30B. NIPUKNAAAHAA XUMWA U BUOTEXHOAOINA 2024 Tom 14 N 2
PROCEEDINGS OF UNIVERSITIES. APPLIED CHEMISTRY AND BIOTECHNOLOGY 2024 Vol. 14 No. 2

47. Volynets B., Ein-Mozaffari F., Dahman Y. Biomass
processing into ethanol: pretreatment, enzymatic hydrolysis,
fermentation, rheology, and mixing // Green Processing
and Synthesis. 2017. Vol. 6, no. 1. P. 1-22. DOI: 10.1515/
gps-2016-0017.

48. Smichi N., Messaoudi Y., Allaf K., Gargouri M. Steam
explosion (SE) and instant controlled pressure drop (DIC)
as thermo-hydro-mechanical pretreatment methods for
bioethanol production // Bioprocess and Biosystems
Engineering. 2020. Vol. 43. P. 945-957. DOI: 10.1007/
s00449-020-02297-6.

49. Liu Z.-H., Chen H.-Z. Xylose production from corn
stover biomass by steam explosion combined with enzymatic
digestibility // Bioresource Technology. 2015. Vol. 193.
P. 345-356. DOI: 10.1016/j.biortech.2015.06.114.

50. Sun X.F,, Xu F, Sun R.C., Geng Z.C., Fowler P.,
Baird M.S. Characteristics of degraded hemicellulosic
polymers obtained from steam exploded wheat straw //
Carbohydrate Polymers. 2005. Vol. 60, no. 1. P. 15-26.
DOI: 10.1016/j.carbpol.2004.11.012.

51. Chen H., Sui W. Steam explosion as a hydrothermal
pretreatment in the biorefinery concept // Hydrothermal
processing in biorefineries / eds H.A. Ruiz, M.H. Thomsen, H.L.
Trajano. Cham: Springer, 2017. P. 317-332. DOI: 10.1007/
978-3-319-56457-9_12.

52. Wojtasz-Mucha J., Hasani M., Theliander H.
Hydrothermal pretreatment of wood by mild steam explosion
and hot water extraction // Bioresource Technology. 2017.
Vol. 241. P. 120-126. DOI: 10.1016/j.biortech.2017.05.061.

53. Adapa P, Tabil L., Schoenau G. Grinding performance
and physical properties of non-treated and steam exploded
barley, canola, oat and wheat straw // Biomass and
Bioenergy. 2011. Vol. 35, no. 1. P. 549-561. DOI: 10.1016/j.
biombioe.2010.10.004.

54. Capolupo L., Faraco V. Green methods of
lignocellulose pretreatment for biorefinery development //
Applied Microbiology and Biotechnology. 2016. Vol. 100.
P. 9451-9467. DOI: 10.1007/s00253-016-7884-y.

55. Negro M.J,, Alvarez C., Doménech P., Iglesias R.,
Ballesteros I. Sugars production from municipal forestry
and greening wastes pretreated by an integrated steam
explosion-based process // Energies. 2020. Vol. 13, no. 17.
P. 4432. DOI: 10.3390/en13174432.

56. Marques F.P., Silva L.M.A., Lomonaco D., de Freitas
Rosa M., Leitdo R.C. Steam explosion pretreatment to
obtain eco-friendly building blocks from oil palm mesocarp
fiber // Industrial Crops and Products. 2020. Vol. 143.
P. 111907. DOI: 10.1016/j.indcrop.2019.111907.

57. Cantarella M., Cantarella L., Gallifuoco A., Spera A,
Alfani F. Effect of inhibitors released during steam-explosion
treatment of poplar wood on subsequent enzymatic
hydrolysis and SSF // Biotechnology Progress. 2004.
Vol. 20, no. 1. P. 200-206. DOI: 10.1021/bp0257978.

58. Morales P., Gentina J.C., Aroca G., Mussatto S.I.
Development of an acetic acid tolerant Spathaspora
passalidarum strain through evolutionary engineering with
resistance to inhibitors compounds of autohydrolysate of
Eucalyptus globulus // Industrial crops and Products. 2017.
Vol. 106. P. 5-11. DOI: 10.1016/j.indcrop.2016.12.023.

59. Sarker T.R., Pattnaik F., Nanda S., Dalai A.K.,
Meda V., Naik S. Hydrothermal pretreatment technologies

for lignocellulosic biomass: a review of steam explosion and
subcritical water hydrolysis // Chemosphere. 2021. Vol. 284.
P. 131372. DOI: 10.1016/j.chemosphere.2021.131372.

60. Jacquet N., Maniet G., Vanderghem C., Delvigne F.,
Richel A. Application of steam explosion as pretreatment on
lignocellulosic material: a review // Industrial & Engineering
Chemistry Research. 2015. Vol. 54, no. 10. P. 2593-2598.
DOI: 10.1021/ie503151¢g.

61. Alvira P., Negro M.J., Ballesteros I., Gonzalez A.,
Ballesteros M. Steam explosion for wheat straw pretreatment
for sugars production // Bioethanol. 2016. Vol. 2, no. 1.
P. 66-75. DOI: 10.1515/bioeth-2016-0003.

62. Horn S.J., Nguyen Q.D., Westereng B., Nilsen P.J.,
Eijsink V.G.H. Screening of steam explosion conditions
for glucose production from non-impregnated wheat
straw // Biomass and Bioenergy. 2011. Vol. 35, no. 12.
P. 4879-4886. DOI: 10.1016/j.biombioe.2011.10.013.

63. Baral N.R., Shah A. Comparative techno-economic
analysis of steam explosion, dilute sulfuric acid, ammonia
fiber explosion and biological pretreatments of corn stover //
Bioresource Technology. 2017. Vol. 232. P. 331-343.
DOI: 10.1016/j.biortech.2017.02.068.

64. Singh J., Suhag M., Dhaka A. Augmented digestion
of lignocellulose by steam explosion, acid and alkaline
pretreatment methods: a review // Carbohydrate
Polymers. 2015. Vol. 117. P. 624-631. DOI: 10.1016/].
carbpol.2014.10.012.

65. Kumar A., Anushree, Kumar J., Bhaskar T. Utilization
of lignin: a sustainable and eco-friendly approach // Journal
of the Energy Institute. 2020. Vol. 93, no. 1. P. 235-271.
DOI: 10.1016/j.j0ei.2019.03.005.

66. Vidal Jr. B.C. Dien B.S., Ting K.C., Singh V. Influence
of feedstock particle size on lignocellulose conversion - a
review // Applied Biochemistry and Biotechnology. 2011.
Vol. 164. P. 1405-1421. DOI: 10.1007/s12010-011-9221-3.

67. Hoang A.T., Nguyen, X.P., Duong X.Q., Agbulut u.,
Len C., Nguyen P.Q.P., et al. Steam explosion as
sustainable biomass pretreatment technique for biofuel
production: characteristics and challenges // Bioresource
Technology. 2023. Vol. 385. P. 129398. DOI: 10.1016/j.
biortech.2023.129398.

68. DeMartini J.D., Foston M., Meng X., Jung S., Kumar R.,
Ragauskas A.J., et al. How chip size impacts steam
pretreatment effectiveness for biological conversion of poplar
wood into fermentable sugars // Biotechnology for Biofuels.
2015. Vol. 8. P. 209. DOI: 10.1186/s13068-015-0373-1.

69. Liu Z.-H., Qin L., Pang F, Jin M.-J,, Li B.-Z,
Kang Y., et al. Effects of biomass particle size on steam
explosion pretreatment performance for improving the
enzyme digestibility of corn stover // Industrial Crops and
Products. 2013. Vol. 44. P. 176-184. DOI: 10.1016/].
indcrop.2012.11.009.

70. Pitarelo A.P., da Silva T.A., Peralta-Zamora P.G.,
Ramos L.P. Effect of moisture content in the steam treatment
and enzymatic hydrolysis of sugarcane bagasse // Quimica
Nova. 2012. Vol. 35, no. 8. P. 1502-1509. DOI: 10.1590/
S0100-40422012000800003.

71.Yu Z., Zhang B., Yu F,, Xu G., Song A. A real explosion:
the requirement of steam explosion pretreatment //
Bioresource Technology. 2012. Vol. 121. P. 335-341.
DOI: 10.1016/j.biortech.2012.06.055.

https://vuzbiochemi.elpub.ru/jour


https://vuzbiochemi.elpub.ru/jour
https://doi.org/10.1515/gps-2016-0017
https://doi.org/10.1515/gps-2016-0017
https://doi.org/10.1007/s00449-020-02297-6
https://doi.org/10.1007/s00449-020-02297-6
https://doi.org/10.1016/j.biortech.2015.06.114
https://doi.org/10.1016/j.carbpol.2004.11.012
https://doi.org/10.1007/978-3-319-56457-9_12
https://doi.org/10.1007/978-3-319-56457-9_12
https://doi.org/10.1016/j.biortech.2017.05.061
https://doi.org/10.1016/j.biombioe.2010.10.004
https://doi.org/10.1016/j.biombioe.2010.10.004
https://doi.org/10.1007/s00253-016-7884-y
https://doi.org/10.3390/en13174432
https://doi.org/10.1016/j.indcrop.2019.111907
https://doi.org/10.1021/bp0257978
https://doi.org/10.1016/j.indcrop.2016.12.023
https://doi.org/10.1016/j.chemosphere.2021.131372
https://doi.org/10.1021/ie503151g
https://doi.org/10.1515/bioeth-2016-0003
https://doi.org/10.1016/j.biombioe.2011.10.013
https://doi.org/10.1016/j.biortech.2017.02.068
https://doi.org/10.1016/j.carbpol.2014.10.012
https://doi.org/10.1016/j.carbpol.2014.10.012
https://doi.org/10.1016/j.joei.2019.03.005
https://doi.org/10.1007/s12010-011-9221-3
https://doi.org/10.1016/j.biortech.2023.129398
https://doi.org/10.1016/j.biortech.2023.129398
https://doi.org/10.1186/s13068-015-0373-1
https://doi.org/10.1016/j.indcrop.2012.11.009
https://doi.org/10.1016/j.indcrop.2012.11.009
https://doi.org/10.1590/S0100-40422012000800003
https://doi.org/10.1590/S0100-40422012000800003
https://doi.org/10.1016/j.biortech.2012.06.055

Iaabiwesa E.K. lpeaBapuTeAbHas ruaporepmuyeckas 06paboTka U napoBok B3pbIB LLEAAFOAO30COAEPIKALLETO. .
Gladysheva E.K. Preliminary hydrothermal treatment and steam explosion of cellulosic feedstock for the subsequent...

REFERENCES

1. Chen W.-H., NiZeti¢ S., Sirohi R., Huang Z., Luque R.,
Papadopoulos A.M., et al. Liquid hot water as sustainable
biomass pretreatment technique for bioenergy production:
a review. Bioresource Technology. 2022;344:126207.
DOI: 10.1016/j.biortech.2021.126207.

2. Makarova E.I., Budaeva V.V. Bioconversion of non-food
cellulosic biomass. Part 1. Proceedings of Universities.
Applied Chemistry and Biotechnology. 2016;6(2):43-50.
(In Russian). DOI: 10.21285/2227-2925-2016-6-2-43-50.
EDN: WAJUUX.

3. Kim D. Physico-chemical conversion of lignocellulose:
inhibitor effects and detoxification strategies: a mini
review. Molecules. 2018;23(2):309. DOI: 10.3390/
molecules23020309.

4. Antczak A., Szadkowski J., Szadkowska D., Zawadzki J.
Assessment of the effectiveness of liquid hot water and
steam explosion pretreatments of fast-growing poplar
(Populus trichocarpa) wood. Wood Science and Technology.
2022;56:87-109. DOI: 10.1007/s00226-021-01350-1.

5. Chen H., Liu J., Chang X., Chen D., Xue Y., Liu P,, et al.
A review on the pretreatment of lignocellulose for high-value
chemicals. Fuel Processing Technology. 2017;160:196-
206. DOI: 10.1016/j.fuproc.2016.12.007.

6. Zhou Z., Liu D., Zhao X. Conversion of lignhocellulose
to biofuels and chemicals via sugar platform: an updated
review on chemistry and mechanisms of acid hydrolysis of
lignocellulose. Renewable and Sustainable Energy Reviews.
2021;146:111169. DOI: 10.1016/j.rser.2021.111169.

7. Chen W.-H., Wang C.-W., Ong H.C., Show P.L., Hsieh T.-H.
Torrefaction, pyrolysis and two-stage thermodegradation of
hemicellulose, cellulose and lignin. Fuel. 2019;258:116168.
DOI: 10.1016/j.fuel.2019.116168.

8. Ruiz H.A., Thomsen M.H., Trajano H.L. Hydrothermal
processing in biorefineries. Production of bioethanol
and high added-value compounds of second and third
generation biomass. Cham: Springer; 2017, 511 p.
DOI: 10.1007/978-3-319-56457-9.

9. Pavlov |.N. Effect of the autohydrolytic treatment of
Miscanthus sacchariflorus Andersson on the yield of the reducing
substances during the subsequent fermentolysis. Proceedings
of Universities. Applied Chemistry and Biotechnology.
2020;10(2):303-313. (In Russian). DOI: 10.21285/2227-
2925-2020-10-2-303-313. EDN: WMKYYJ.

10. Yoo C.G., Meng X., Pu Y., Ragauskas A.J. The critical
role of lignin in lignocellulosic biomass conversion and
recent pretreatment strategies: a comprehensive review.
Bioresource Technology. 2020;301:122784. DOI: 10.1016/j.
biortech.2020.122784.

11. Hu F,, Ragauskas A. Pretreatment and lignocellulosic
chemistry. Bioenergy Research. 2012;5:1043-1066.
DOI: 10.1007/s12155-012-9208-0.

12, Lamp A., Kaltschmitt M., Ludtke O. Protein recovery
from bioethanol stillage by liquid hot water treatment.
The Journal of Supercritical Fluids. 2020;155:104624.
DOI: 10.1016/j.supflu.2019.104624.

13. Dimitrellos G., Lyberatos G., Antonopoulou G.
Does acid addition improve liquid hot water pretreatment
of lignocellulosic biomass towards biohydrogen and
biogas production? Sustainability. 2020;12(21):8935.
DOI: 10.3390/su12218935.

14. Bauer A., Lizasoain J., Theuretzbacher F., Agger JW.,
Rincén M., Menardo S., et al. Steam explosion pretreatment

https://vuzbiochemi.elpub.ru/jour

for enhancing biogas production of late harvested hay.
Bioresource Technology. 2014;166:403-410. DOI: 10.1016/j.
biortech.2014.05.025.

15. Lizasoain J., Rincon M., Theuretzbacher F,,
Enguidanos R., Nielsen P.J., Potthast A., et al. Biogas
production from reed biomass: effect of pretreatment using
different steam explosion conditions. Biomass and Bioenergy.
2016;95:84-91. DOI: 10.1016/j.biombioe.2016.09.021.

16. Madadi M., Bakr M.M.A., Song G., Sun C., Sun F.,
Hao Z., et al. Co-production of levulinic acid and lignin
adsorbent from aspen wood with combination of liquid
hot water and green-liquor pretreatments. Journal of
Cleaner Production. 2022;366:132817. DOI: 10.1016/j.
jclepro.2022.132817.

17. Jiang D., Ge X., Zhang Q., Li Y. Comparison of
liquid hot water and alkaline pretreatments of giant reed
for improved enzymatic digestibility and biogas energy
production. Bioresource Technology. 2016;216:60-68.
DOI: 10.1016/j.biortech.2016.05.052.

18. Zielinski M., Kisielewska M., Dudek M.,
Rusanowska P., Nowicka A., Krzemieniewski M., et al.
Comparison of microwave thermohydrolysis and liquid hot
water pretreatment of energy crop Sida hermaphrodita for
enhanced methane production. Biomass and Bioenergy.
2019;128:105324. DOI: 10.1016/j.biombioe.2019.105324.

19. Theuretzbacher F., Lizasoain J., Lefever C.,
Saylor M.K., Enguidanos R., Weran N., et al. Steam explosion
pretreatment of wheat straw to improve methane yields:
Investigation of the degradation kinetics of structural
compounds during anaerobic digestion. Bioresource
Technology. 2015;179:299-305. DOI: 10.1016/].
biortech.2014.12.008.

20. Chen H.-Z., Liu Z.-H. Steam explosion and its
combinatorial pretreatment refining technology of plant
biomass to bio-based products. Biotechnology Journal.
2015;10(6):866-885. DOI: 10.1002/biot.201400705.

21. Larnaudie V., Ferrari M.D., Lareo C. Life cycle
assessment of ethanol produced in a biorefinery from
liquid hot water pretreated switchgrass. Renewable Energy.
2021;176:606-616. DOI: 10.1016/j.renene.2021.05.094.

22. Jiang W., Chang S., Li H., Oleskowicz-Popiel P.,
Xu J. Liquid hot water pretreatment on different parts of
cotton stalk to facilitate ethanol production. Bioresource
Technology. 2015;176:175-180. DOIl: 10.1016/].
biortech.2014.11.023.

23. Zhao J., Xu Y., Wang W., Griffin J., Wang D. Conversion
of liquid hot water, acid and alkali pretreated industrial
hemp biomasses to bioethanol. Bioresource Technology.
2020;309:123383. DOI: 10.1016/j.biortech.2020.123383.

24. Toscan A., Fontana R.C., Camassola M., Dillon A.J.P.
Comparison of liquid hot water and saturated steam
pretreatments to evaluate the enzymatic hydrolysis yield
of elephant grass. Biomass Conversion and Biorefinery.
2024;14:8057-8070. DOI: 10.1007/513399-022-02939-7.

25. Kim J.-H., Choi J.-H., Kim J.-C., Jang S.-K., Kwak H.W.,
Koo B., et al. Production of succinic acid from liquid hot
water hydrolysate derived from Quercus mongolica. Biomass
and Bioenergy. 2021;150:106103. DOI: 10.1016/j.
biombioe.2021.106103.

26. Sahay S. Impact of pretreatment technologies
for biomass to biofuel production. In: Srivastava N.,
Srivastava M., Mishra P.K., Gupta V.K. (eds). Substrate

191


https://vuzbiochemi.elpub.ru/jour
https://doi.org/10.1016/j.biortech.2021.126207
https://doi.org/10.21285/2227-2925-2016-6-2-43-50
https://www.elibrary.ru/wajuux
https://doi.org/10.3390/molecules23020309
https://doi.org/10.3390/molecules23020309
https://doi.org/10.1007/s00226-021-01350-1
https://doi.org/10.1016/j.fuproc.2016.12.007
https://doi.org/10.1016/j.rser.2021.111169
https://doi.org/10.1016/j.fuel.2019.116168
https://doi.org/10.1007/978-3-319-56457-9
https://doi.org/10.21285/2227-2925-2020-10-2-303-313
https://doi.org/10.21285/2227-2925-2020-10-2-303-313
https://www.elibrary.ru/wmkyyj
https://doi.org/10.1016/j.biortech.2020.122784
https://doi.org/10.1016/j.biortech.2020.122784
https://doi.org/10.1007/s12155-012-9208-0
https://doi.org/10.1016/j.supflu.2019.104624
https://doi.org/10.3390/su12218935
https://doi.org/10.1016/j.biortech.2014.05.025
https://doi.org/10.1016/j.biortech.2014.05.025
https://doi.org/10.1016/j.biombioe.2016.09.021
https://doi.org/10.1016/j.jclepro.2022.132817
https://doi.org/10.1016/j.jclepro.2022.132817
https://doi.org/10.1016/j.biortech.2016.05.052
https://doi.org/10.1016/j.biombioe.2019.105324
https://doi.org/10.1016/j.biortech.2014.12.008
https://doi.org/10.1016/j.biortech.2014.12.008
https://doi.org/10.1002/biot.201400705
https://doi.org/10.1016/j.renene.2021.05.094
https://doi.org/10.1016/j.biortech.2014.11.023
https://doi.org/10.1016/j.biortech.2014.11.023
https://doi.org/10.1016/j.biortech.2020.123383
https://doi.org/10.1007/s13399-022-02939-7
https://doi.org/10.1016/j.biombioe.2021.106103
https://doi.org/10.1016/j.biombioe.2021.106103

U3BECTHA BY30B. NIPUKNAAAHAA XUMWA U BUOTEXHOAOINA 2024 Tom 14 N 2
PROCEEDINGS OF UNIVERSITIES. APPLIED CHEMISTRY AND BIOTECHNOLOGY 2024 Vol. 14 No. 2

analysis for effective biofuels production. Singapore: Springer;
2020, p. 173-216. DOI: 10.1007/978-981-32-9607-7_7.

27. Ko J.K., Kim Y., Ximenes E., Ladisch M.R. Effect
of liquid hot water pretreatment severity on properties
of hardwood lignin and enzymatic hydrolysis of cellulose.
Biotechnology and Bioengineering. 2015;112(2):252-262.
DOI: 10.1002/bit.25349.

28. Wang W., Zhu Y., Du J., Yang Y., Jin Y. Influence of
lignin addition on the enzymatic digestibility of pretreated
lignocellulosic biomasses. Bioresource Technology.
2015;181:7-12. DOI: 10.1016/j.biortech.2015.01.026.

29. Shang G., Zhang C., Wang F., Qiu L., Guo X., Xu F.
Liquid hot water pretreatment to enhance the anaerobic
digestion of wheat straw - effects of temperature and
retention time. Environmental Science and Pollution
Research. 2019;26:29424-29434. DOIl: 10.1007/
s11356-019-06111-z.

30. Varongchayakul S., Songkasiri W., Chaiprasert P.
Optimization of cassava pulp pretreatment by liquid hot
water for biomethane production. Bioenergy Research.
2021;14:1312-1327. DOI: 10.1007/s12155-020-10238-0.

31. Antonopoulou G., Papadopoulou K., Alexandro-
poulou M., Lyberatos G. Liquid hot water treatment of
woody biomass at different temperatures: the effect
on composition and energy production in the form of
gaseous biofuels. Sustainable Chemistry and Pharmacy.
2024;38:101485. DOI: 10.1016/j.s¢cp.2024.101485.

32. Mosier N., Hendrickson R., Ho N., Sedlak M.,
Ladisch M.R. Optimization of pH controlled liquid
hot water pretreatment of corn stover. Bioresource
Technology. 2005;96(18):1986-1993. DOI: 10.1016/j.
biortech.2005.01.013.

33. Kim Y., Hendrickson R., Mosier N.S., Ladisch M.R. Liquid
hot water pretreatment of cellulosic biomass. In: Mielenz J.R.
(ed.). Biofuels. Methods and Protocols. Totowa: Humana;
20009, p. 93-102. DOI: 10.1007/978-1-60761-214-8_7.

34. Li H.-Q., Jiang W., Jia J.-X., Xu J. pH pre-corrected
liguid hot water pretreatment on corn stover with high
hemicellulose recovery and low inhibitors formation.
Bioresource Technology. 2014;153:292-299. DOI: 10.1016/j.
biortech.2013.11.089.

35. Kim Y., Mosier N.S., Ladisch M.R. Enzymatic digestion
of liquid hot water pretreated hybrid poplar. Biotechnology
Progress. 2009;25(2):340-348. DOI: 10.1002/btpr.137.

36. Vallejos M.E., Zambon M.D., Area M.C., da Silva
Curvelo A.A. Low liquid-solid ratio (LSR) hot water
pretreatment of sugarcane bagasse. Green Chemistry.
2012;14(7):1982-1989. DOI: 10.1039/C2GC35397K.

37. Serna-Loaiza S., Dias M., Daza-Serna L., de
Carvalho C.C.C.R., Friedl A. Integral analysis of liquid-
hot-water pretreatment of wheat straw: evaluation of the
production of sugars, degradation products, and lignin.
Sustainability. 2021;14(1):362. DOI: 10.3390/su14010362.

38. Kim Y., Kreke T., Mosier N.S., Ladisch M.R.
Severity factor coefficients for subcritical liquid hot water
pretreatment of hardwood chips. Biotechnology and
Bioengineering. 2014;111(2):254-263. DOI: 10.1002/
bit.25009.

39. Yu Q., Zhuang X., Yuan Z., Wang Q., Qi W., Wang W.,
et al. Two-step liquid hot water pretreatment of Eucalyptus
grandis to enhance sugar recovery and enzymatic digestibility
of cellulose. Bioresource Technology. 2010;101(13):4895-
4899. DOI: 10.1016/j.biortech.2009.11.051.

192

40. Ladeira Azar R.1.S., Bordignon-Junior S.E., Laufer C.,
Specht J., Ferrier D., Kim D. Effect of lignin content on
cellulolytic saccharification of liquid hot water pretreated
sugarcane bagasse. Molecules. 2020;25(3):623.
DOI: 10.3390/molecules25030623.

44. Van Walsum G.P., Allen S.G., Spencer M.J., Laser M.S.,
Antal Jr. M.J., Lynd L.R. Conversion of lignocellulosics
pretreated with liquid hot water to ethanol. In: Conversion
of Lignocellulosics Pretreated with Liquid Hot Water to
Ethanol: Seventeenth Symposium on Biotechnology for
Fuels and Chemicals. Totowa: Humana Press; 1996,
p. 157-170. DOI: 10.1007/978-1-4612-0223-3_14.

42. Machineni L. Lignocellulosic biofuel production:
review of alternatives. Biomass Conversion and Biorefinery.
2020;10:779-791. DOI: 10.1007/s13399-019-00445x.

43. AliN., Zhang Q., Liu Z.-Y,, Li F.-L., Lu M., Fang X.-C.
Emerging technologies for the pretreatment of lignocellulosic
materials for bio-based products. Applied Microbiology
and Biotechnology. 2020;104:455-473. DOI: 10.1007/
s00253-019-10158-w.

44, Alvira P., Tomas-Pejo E., Ballesteros M., Negro M.J.
Pretreatment technologies for an efficient bioethanol
production process based on enzymatic hydrolysis: a
review. Bioresource Technology. 2010;101(13):4851-
4861. DOI: 10.1016/j.biortech.2009.11.093.

45. Chen H. Lignocellulose biorefinery engineering:
principles and applications. Sawston: Woodhead Publishing;
2015, 274 p.

46. Haldar D., Purkait M.K. Lignocellulosic conversion
into value-added products: a review. Process Biochemistry.
2020;89:110-133. DOI: 10.1016/j.procbio.2019.10.001.

47. Volynets B., Ein-Mozaffari F., Dahman Y. Biomass
processing into ethanol: pretreatment, enzymatic hydrolysis,
fermentation, rheology, and mixing. Green Processing and
Synthesis. 2017;6(1):1-22. DOI: 10.1515/gps-2016-0017.

48. Smichi N., Messaoudi Y., Allaf K., Gargouri M. Steam
explosion (SE) and instant controlled pressure drop (DIC)
as thermo-hydro-mechanical pretreatment methods for
bioethanol production. Bioprocess and Biosystems Engineering.
2020;43:945-957. DOI: 10.1007/s00449-020-02297-6.

49. Liu Z.-H., Chen H.-Z. Xylose production from corn
stover biomass by steam explosion combined with enzymatic
digestibility. Bioresource Technology. 2015;193:345-356.
DOI: 10.1016/j.biortech.2015.06.114.

50. Sun X.F., Xu F,, Sun R.C., Geng Z.C., Fowler P,
Baird M.S. Characteristics of degraded hemicellulosic
polymers obtained from steam exploded wheat straw.
Carbohydrate Polymers. 2005;60(1):15-26. DOI: 10.1016/].
carbpol.2004.11.012.

51. Chen H., Sui W. Steam explosion as a hydrothermal
pretreatment in the biorefinery concept. In: Ruiz H.A.,,
Thomsen M.H., Trajano H.L. (eds). Hydrothermal processing
in biorefineries. Cham: Springer; 2017, p. 317-332.
DOI: 10.1007/978-3-319-56457-9_12.

52. Wojtasz-Mucha J., Hasani M., Theliander H.
Hydrothermal pretreatment of wood by mild steam
explosion and hot water extraction. Bioresource Technology.
2017;241:120-126. DOI: 10.1016/j.biortech.2017.05.061.

53. Adapa P, Tabil L., Schoenau G. Grinding performance
and physical properties of non-treated and steam
exploded barley, canola, oat and wheat straw. Biomass
and Bioenergy. 2011;35(1):549-561. DOI: 10.1016/j.
biombioe.2010.10.004.

https://vuzbiochemi.elpub.ru/jour


https://vuzbiochemi.elpub.ru/jour
https://doi.org/10.1007/978-981-32-9607-7_7
https://doi.org/10.1002/bit.25349
https://doi.org/10.1016/j.biortech.2015.01.026
https://doi.org/10.1007/s11356-019-06111-z
https://doi.org/10.1007/s11356-019-06111-z
https://doi.org/10.1007/s12155-020-10238-0
https://doi.org/10.1016/j.scp.2024.101485
https://doi.org/10.1016/j.biortech.2005.01.013
https://doi.org/10.1016/j.biortech.2005.01.013
https://doi.org/10.1007/978-1-60761-214-8_7
https://doi.org/10.1016/j.biortech.2013.11.089
https://doi.org/10.1016/j.biortech.2013.11.089
https://doi.org/10.1002/btpr.137
https://doi.org/10.1039/C2GC35397K
https://doi.org/10.3390/su14010362
https://doi.org/10.1002/bit.25009
https://doi.org/10.1002/bit.25009
https://doi.org/10.1016/j.biortech.2009.11.051
https://doi.org/10.3390/molecules25030623
https://doi.org/10.1007/978-1-4612-0223-3_14
https://doi.org/10.1007/s13399-019-00445-x
https://doi.org/10.1007/s00253-019-10158-w
https://doi.org/10.1007/s00253-019-10158-w
https://doi.org/10.1016/j.biortech.2009.11.093
https://doi.org/10.1016/j.procbio.2019.10.001
https://doi.org/10.1515/gps-2016-0017
https://doi.org/10.1007/s00449-020-02297-6
https://doi.org/10.1016/j.biortech.2015.06.114
https://doi.org/10.1016/j.carbpol.2004.11.012
https://doi.org/10.1016/j.carbpol.2004.11.012
https://doi.org/10.1007/978-3-319-56457-9_12
https://doi.org/10.1016/j.biortech.2017.05.061
https://doi.org/10.1016/j.biombioe.2010.10.004
https://doi.org/10.1016/j.biombioe.2010.10.004

Iaabiwesa E.K. lpeaBapuTeAbHas ruaporepmuyeckas 06paboTka U napoBok B3pbIB LLEAAFOAO30COAEPIKALLETO. .
Gladysheva E.K. Preliminary hydrothermal treatment and steam explosion of cellulosic feedstock for the subsequent...

54. Capolupo L., Faraco V. Green methods of
lignocellulose pretreatment for biorefinery development.
Applied Microbiology and Biotechnology. 2016;100:9451-
9467. DOI: 10.1007/s00253-016-7884-y.

55. Negro M.J., Alvarez C., Doménech P,, Iglesias R.,
Ballesteros I. Sugars production from municipal forestry
and greening wastes pretreated by an integrated steam
explosion-based process. Energies. 2020;13(17):4432.
DOI: 10.3390/en13174432.

56. Marques F.P,, Silva L.M.A., Lomonaco D., de Freitas
Rosa M., Leitao R.C. Steam explosion pretreatment to
obtain eco-friendly building blocks from oil palm mesocarp
fiber. Industrial Crops and Products. 2020;143:111907.
DOI: 10.1016/j.indcrop.2019.111907.

57. Cantarella M., Cantarella L., Gallifuoco A.,
Spera A., Alfani F. Effect of inhibitors released during
steam-explosion treatment of poplar wood on subsequent
enzymatic hydrolysis and SSF. Biotechnology Progress.
2004;20(1):200-206. DOI: 10.1021/bp0257978.

58. Morales P., Gentina J.C., Aroca G., Mussatto S.I.
Development of an acetic acid tolerant Spathaspora
passalidarum strain through evolutionary engineering
with resistance to inhibitors compounds of
autohydrolysate of Eucalyptus globulus. Industrial
crops and Products. 2017;106:5-11. DOI: 10.1016/j.
indcrop.2016.12.023.

59. Sarker T.R., Pattnaik F., Nanda S., Dalai A.K.,
Meda V., Naik S. Hydrothermal pretreatment technologies
for lignocellulosic biomass: a review of steam explosion and
subcritical water hydrolysis. Chemosphere. 2021;284:131372.
DOI: 10.1016/j.chemosphere.2021.131372.

60. Jacquet N., Maniet G., Vanderghem C., Delvigne F.,
Richel A. Application of steam explosion as pretreatment
on lignocellulosic material: a review. Industrial &
Engineering Chemistry Research. 2015;54(10):2593-
2598. DOI: 10.1021/ie503151¢.

61. Alvira P.,, Negro M.J., Ballesteros I., Gonzalez A.,
Ballesteros M. Steam explosion for wheat straw pretreatment
for sugars production. Bioethanol. 2016;2(1):66-75.
DOI: 10.1515/bioeth-2016-0003.

62. Horn S.J., Nguyen Q.D., Westereng B., Nilsen P.J.,
Eijsink V.G.H. Screening of steam explosion conditions
for glucose production from non-impregnated wheat

MHOOPMALMUA Ob ABTOPE

faabiwweBa EBreHuAs KOHCTaHTUHOBHA,
K.T.H., HAy4YHbIN COTPYAHUK,

MHCTUTYT NPOBAEM XUMWUKO-IHEPTETUUECKUX
TexHonornn CO PAH,

659322, 1. buiick, ya. Coumanmctnueckas, 1,
Poccuiickan ®epepaums,
evg-gladysheva@yandex.ru
https://orcid.org/0000-0002-6567-9662

Bknap aBTOpa
ABTOp BbIMOAHUA UCCAEAOBATEABCKYIO PaboTYy,
Ha OCHOBaHWW NOAYYEHHbIX PE3YALTATOB

nposeA 0606LLEeHNE, MOATOTOBUA PYKOMMUCH
K neyaTtu.

https://vuzbiochemi.elpub.ru/jour

straw. Biomass and Bioenergy. 2011;35(12):4879-4886.
DOI: 10.1016/j.biombioe.2011.10.013.

63. Baral N.R., Shah A. Comparative techno-economic
analysis of steam explosion, dilute sulfuric acid, ammonia
fiber explosion and biological pretreatments of corn stover.
Bioresource Technology. 2017;232:331-343. DOI: 10.1016/j.
biortech.2017.02.068.

64. Singh J., Suhag M., Dhaka A. Augmented digestion
of lignocellulose by steam explosion, acid and alkaline
pretreatment methods: a review. Carbohydrate Polymers.
2015;117:624-631. DOI: 10.1016/j.carbpol.2014.10.012.

65. Kumar A., Anushree, Kumar J., Bhaskar T. Utilization
of lignin: a sustainable and eco-friendly approach. Journal of
the Energy Institute. 2020;93(1):235-271. DOI: 10.1016/j.
j0ei.2019.03.005.

66. Vidal Jr. B.C. Dien B.S., Ting K.C., Singh V. Influence
of feedstock particle size on lignocellulose conversion -
a review. Applied Biochemistry and Biotechnology.
2011;164:1405-1421. DOI: 10.1007/s12010-011-9221-3.

67. Hoang A.T., Nguyen, X.P., Duong X.Q., Agbulut u.,
Len C., Nguyen P.Q.P., et al. Steam explosion as sustainable
biomass pretreatment technique for biofuel production:
characteristics and challenges. Bioresource Technology.
2023;385:129398. DOI: 10.1016/j.biortech.2023.129398.

68. DeMartini J.D., Foston M., Meng X., Jung S.,
Kumar R., Ragauskas A.J., et al. How chip size impacts
steam pretreatment effectiveness for biological conversion
of poplar wood into fermentable sugars. Biotechnology for
Biofuels. 2015;8:209. DOI: 10.1186/s13068-015-0373-1.

69. Liu Z.-H., Qin L., Pang F., Jin M.-J,, Li B.-Z., Kang Y.,
et al. Effects of biomass particle size on steam explosion
pretreatment performance for improving the enzyme
digestibility of corn stover. Industrial Crops and Products.
2013;44:176-184. DOI: 10.1016/j.indcrop.2012.11.009.

70. Pitarelo A.P., da Silva T.A., Peralta-Zamora P.G.,
Ramos L.P. Effect of moisture content in the steam
treatment and enzymatic hydrolysis of sugarcane bagasse.
Quimica Nova. 2012;35(8):1502-1509. DOI: 10.1590/
S0100-40422012000800003.

71. Yu Z., Zhang B., Yu F, Xu G., Song A. A real
explosion: the requirement of steam explosion
pretreatment. Bioresource Technology. 2012;121:335-
341. DOI: 10.1016/j.biortech.2012.06.055.

INFORMATION ABOUT THE AUTHOR

Evgenia K. Gladysheva,

Cand. Sci. (Engineering), Researcher,
Institute for Problems of Chemical

and Energetic Technologies SB RAS,

1, Sotsialisticheskaya St., Biysk, 659322,
Russian Federation,
evg-gladysheva@yandex.ru
https://orcid.org/0000-0002-6567-9662

Contribution of the author
The author performed the research, made
a generalization on the basis of the results

obtained and prepared the manuscript
for publication.

193


https://vuzbiochemi.elpub.ru/jour
https://doi.org/10.1007/s00253-016-7884-y
https://doi.org/10.3390/en13174432
https://doi.org/10.1016/j.indcrop.2019.111907
https://doi.org/10.1021/bp0257978
https://doi.org/10.1016/j.indcrop.2016.12.023
https://doi.org/10.1016/j.indcrop.2016.12.023
https://doi.org/10.1016/j.chemosphere.2021.131372
https://doi.org/10.1021/ie503151g
https://doi.org/10.1515/bioeth-2016-0003
https://doi.org/10.1016/j.biombioe.2011.10.013
https://doi.org/10.1016/j.biortech.2017.02.068
https://doi.org/10.1016/j.biortech.2017.02.068
https://doi.org/10.1016/j.carbpol.2014.10.012
https://doi.org/10.1016/j.joei.2019.03.005
https://doi.org/10.1016/j.joei.2019.03.005
https://doi.org/10.1007/s12010-011-9221-3
https://doi.org/10.1016/j.biortech.2023.129398
https://doi.org/10.1186/s13068-015-0373-1
https://doi.org/10.1016/j.indcrop.2012.11.009
https://doi.org/10.1590/S0100-40422012000800003
https://doi.org/10.1590/S0100-40422012000800003
https://doi.org/10.1016/j.biortech.2012.06.055
mailto:evg-gladysheva@yandex.ru
https://orcid.org/0000-0002-6567-9662
mailto:evg-gladysheva@yandex.ru
https://orcid.org/0000-0002-6567-9662

U3BECTHA BY30B. NIPUKNAAAHAA XUMWA U BUOTEXHOAOINA 2024 Tom 14 N 2
PROCEEDINGS OF UNIVERSITIES. APPLIED CHEMISTRY AND BIOTECHNOLOGY 2024 Vol. 14 No. 2

KOHPAUKT uHTEepecoB Conflict interests
ABTOp 3as1BAAET 06 OTCYTCTBUU KOHPAUKTA Author declares no conflict of interests regarding
WHTEPECOB. the publication of this article.
ABTOpP NPOYeA U 0A0BPHA OKOHUATEABHbIM The final manuscript has been read and approved
BapUaHT PYKOIUCH. by the author.

Undpopmaums o ctatbe Information about the article
Moctynuna B peaakumnro 08.05.2024. The article was submitted 08.05.2024.
0OnobpeHa nocae peleHanpoBaHus 05.06.2024. Approved after reviewing 05.06.2024.
MpuHsiTa K nybankaumm 15.06.2024. Accepted for publication 15.06.2024.

194 ——  https://vuzbiochemi.elpub.ru/jour


https://vuzbiochemi.elpub.ru/jour

