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PeonornuecknM MeToJ0M M3ydeHBI 0COOCHHOCTH CTPYKTYPBHI AUCIEpPCH THAPO(HOOU3UPOBAHHOTO THAPOINZHOTO
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ONTUMAJIbHBIX YCIOBHUM MOJYYCHUS M3 THAPOIM3HOTO JINTHUHA ME30TIOPUCTHIX aKTHBUPOBAHHBIX YITIeH. DKCIIEpUMEH-
TANEHO TIOTyYEeHHBIE TI0 PACCYHTAHHON METONKE YIVTH XapaKTepHU3yI0TCs CyMMapHBIM 06beMoM mop (0,95 + 0,05) em’/r
¥ Iomasio mosepxuocT mo BAT (1700 + 85) M/T, 4TO COOTBETCTBYET IIPOTHO3HEIM MAPAMETPAM.

Knrouegvie cnosa: TMIPOIM3HBIA TUTHUH; HE(TENIPOAYKTHI; CTPYKTYpa; MAllIMHHOE 00OYYCHHE; aKTHBUPOBAHHBIH YTOJb;
peoJIorHsL.

STRUCTURE FORMATION IN BINARY SYSTEMS
HYDROLYSIS LIGNIN — OIL PRODUCT AND THERMOCHEMICAL
TRANSFORMATIONS OF COMPOSITES ON THEIR BASIS

L V. REZNIKOV", T. A. SAVITSKAYA®, D. D. GRINSHPAN"®

*Belarusian State University, 4 Niezalieznasci Avenue, Minsk 220030, Belarus
°Research Institute for Physical Chemical Problems, Belarusian State University,
14 Lieninhradskaja Street, Minsk 220006, Belarus

Corresponding author: T. A. Savitskaya (savitskayata@bsu.by)

Rheological properties of hydrophobized hydrolysis lignin dispersions in tank oil, diesel fuel, and industrial oil were
under study. It was found that at the hydrolysis lignin content of more than 20 wt. %, a coagulation-thixotropic structure
with a pseudoplastic flow pattern is formed. The parameters of structure formation calculated within the theory of elastic
flocks made it possible to characterize dispersions in diesel fuel as least structured. In accordance with the theory of
diffusion-limited aggregation, a computer model of the aggregate of hydrolytic lignin particles in diesel fuel was calculated
and its internal structure was established using the proposed method of computer analysis of digital photographs. Machine
learning was used to predict the optimal conditions for the production of mesoporous activated carbons from hydrolysis
lignin. Experimentally obtained carbons are characterized by total pore volume of (0.95 + 0.05) cm’/g and BET surface
area of (1700 + 85) m?/g, that corresponds to the predicted parameters.

Keywords: hydrolysis lignin; oil products; structure; machine learning; activated carbon; rheology.

BBenenue

I'upponussenii urauH (171) — mOOOYHBIH IPOIYKT OMHOMMEHHBIX MMPOU3BOACTB. Tonbko B benapycu ero cko-
TIHJIOCH 10 PA3IMYHBEIM JaHHBIM 0T 3 - 10° 10 5 - 10° 1 [1]. CeroaHs eMHCTBEHHBIM BAPUAHTOM POMBIIILIEHHOTO
ucnonb3oBanus [JI siBsieTcst cxuranue, 4To SKOHOMHUYECKH HEONPABAAHHO, IOCKOJIBKY M3 BJIaXKHOTO JIMTHHU-
Ha, HaXOSLIETOCs B OTBaJlaX, HEOOXOAMMO NPEIBAPUTENBHO YAAIUTh BoAdy. [Ipennoxenus no npumenenuto [J1
B KayecTBe J00aBKU B OypOBbIE PACTBOPHI, IIOJIMMEPHOTO HAIIOJHUTENSI HE HAIIX IIUPOKOrO IIPOMBIIUICHHOTO
MPUMEHEHHUS B IPOU3BOICTBE IIACTMACC U KEPaMUKH, HUTPOJIUTHUHA, YIOOPEHHH, ChIPbsI U1l MUPOJIU3a U MO-
JyYeHHS J)KUJIKOTO TOTUIMBa U 1p. [2]. Pazpaborannas B HayuHo-nccneoBarenbckoM HHCTHTYTE (DH3HKO-XUMH-
gyeckux npotiem BI'Y texHonorus rugpodobusanun 171 mo3BossieT HCHonb30BaTh €ro B KauecTBe copOeHTa
He(PTH U HEPTENPOAYKTOB, KOTOPBIA B TeUEHHE HECKOJIbKUX CEKYHJ MPEBpAIIaeT 3TH )KUAKOCTH B TBEP/bIE
BBICOKOKAJIOPUHHBIC KOMITO3UITHOHHBIC TOINTHBA. JTa 001acTh TpeOyeT 3HAHUS (PU3NKO-XUMHUUIECKIX CBOHCTB
muctiepcuit [J1 B HedTenponykrax u yclioBuid MX NpeBpalleHus B TBepAylo ruapododnyro maccy. K Ha-
CTOAIIEMY MOMEHTY TI0 JaHHOW TEXHOJIOTHH Ha boOpyiickoM 3aBojme OMOTEXHOJOTHH MPOW3BEIACHO Oojee
3 - 10° T copbenTa, IpeIHA3HAYEHHOTO /TS JTUKBU/IAIMH ABAPUHHBIX PA3IMBOB HeTH U yTHIM3AIUI 0Tpabo-
TaHHBIX HEPTENPOIYKTOB.

Jlo cux mop ocraeTcs Hepeaau30BaHHBIM B IIPOMBIIIICHHOM MaciuTalde npouecc nomydenus us 11 akru-
BUPOBaHHOTO yIiisl (AY). MHOTOYHCICHHBIC MPEJIOKEHUS 110 ero M3TOTOBJIECHHUIO He Tosibko u3 [J1, HO u u3
JPYTOro JIMTHUHCOAEPKAILETO PACTUTEIILHOTO ChIPbsI [3] TakKe He HAllUIM NPAKTUYECKOro IPUMEHEHHS U3-3a
peanbHbBIX TPYAHOCTEH BOCIIPON3BEIEHHSI TEXHOJIOTUH B CIIy4Yae N3MEHEHHs] HCTOYHHMKA JTUTHUHCOAEPKAIIETO
CBIPBSl U XUMUYECKHUX PEareHTOB, UCTIOIb3YEMBIX JUIS €r0 aKTHBALIMH.

Lesnp paboThl — YCTAaHOBUTH MEXaHHU3M CTPYKTYPOOOpPa30BaHUS B HE()TEIMTHUHOBBIX IUCIEPCUSX C IO-
MOIIBIO PEOJIOTHYECKUX HCCIeOBAaHUNA M CO3/1aHUSI KOMITBIOTEPHBIX MOjeJieil, OlleHUTh BO3MOYKHOCTH HC-
M0J1b30BaHMS HCKYCCTBEHHOTO MHTEIICKTA, B YACTHOCTH METOAOB MALIMHHOTO O0y4EHUsI, Ul ONTUMH3ALUN
mpolecca TepMoxuMudeckoro npespauenus [J1 B AY.
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PeareHThbl 1 METOAMKH HCCJI€IOBAHUA

B xauectBe ncxomuoro ucnons3oBanu [J1 u3 oranoB OAO «bobpyiickuii 3aBon Onorexuomoruit» (bemna-
pych). [TonroroBka o6pasnos [JI s uccnenoBanus BKIIOYaia OTCEHBAHME MEXaHUYECKUX IpuMecel (mecka
Y UEJUIOJINTHUHA) C TIOMOIIBIO CUTAa C TUAMETPOM sUeUKH 1 MM, OTMBIBKY W HEHUTpaIM3aIUio 10 3HAYCHUS
pH 6,5-7,5, cymiky nipu 105 °C B TeueHue 4 4 U JOMOJHUTEIbHOE (PPAKIIMOHUPOBAHUE HA CUTE C IMAMETPOM
staeiiku 0,8 mm. Coneprkanue Biaru B oOpasiax BeicymeHsoro [J1 cocrasisino (5,5 £+ 0,5) %, HackIHAS TUIOT-
HOCTh — (250 + 10) kr/™°, 30mBpHOCTS — (3,0 % 0,5) %. IToaroToBNeHHNI TakuM 06pa3oM IJ1 paccMaTpuBaIn
Kak TAapo(hoOM3NPOBAHHBIM.

B kauecTBe TUCTIEPCUOHHOM Cpeibl UCIOB30BaIN ToBapHY HedTh (TH) Peunikoro HedTsiHOrO MecTo-
POXKICHHST | MPOMBIIIICHHBIE HeTENPOAYKTHI: An3enabHoe ToruBo (A T) u ungyctpuansHoe macio (UM),
XapaKTEPUCTUKU KOTOPBIX MPECTABICHBI B TA0M. 1.

Ta6unuma 1
XapakTepucTHKH He)TH U He(PTENPOIYKTOB
Table 1

Characteristics of oil and oil products

Cpena IIn0THOCTS, r/eM’ HOBerI??Tll({)?? l;I/al\:ﬂ)KeHHe’ Bszkocts, mITa - ¢
ES%TTBS%BFI $58-2002 0.81 28.6 134,9
?8?%5;0056. g(z)rmmao (AT-JI-KS), 0.80 308 5.9
Locr oo ge. ere (H30A) 0,83 27,8 230,1

Jucnepcun [J] roTOBHIINM HENMOCPECTBEHHO MEPeJT MPOBEICHHUEM H3MEPEHHI Ty TeM MepEeMEITUBAHUS KOM-
TTIOHEHTOB JIOMaCTHON Mernankoit /KA Werke (I'epmanmst) B Tederne 10 muH co ckopocThio 500 06/MUH.

Peonornyeckue u3MepeHus OCYIIECTBISUIN Ha poTaiinoHHOM peomerpe Brookfield R/S (Brookfield, CILIA)
B JMana3oHe ckopocteii casura 50—1200 ¢!, KoTOpBbIe ¢ TOMOIIBIO CTIEIUANEHOI TTPOrPAMMBI MOYKHO YBEITH-
4yuBaTh CTyneH4aro. [locne qocTukeHHs MakCHMMalbHOTO 3aJaHHOTO 3HAYE€HUS] CKOPOCTH CABHMIa BpalleHUE
HU3MEPUTEIHHOTO IUIMH/PA CTYMEHYATO YMEHBIIAIHN JI0 HadyanbHOTro. J[JIs pacuera peolorHuecKuX mapaMe-
TPOB OblIIa BEIOpaHa MOJIENb 3IACTHYHOTO (IIOKa, HCTIONB3YyIolnas o0o0eHHoe ypaBaenue Kaccona [4; 5]:

A€ T — HaIIPSDKCHUC CABUTA; T~ — KPUTHYCCKOC HAIIPSDKECHUE CABUT'A 110 K:)CCOHy, HUMCEIOUICEC CMBICI ITPEACIIb-
HOTO HAIPsOHKEHHS CIIBUTa U XapaKTepU3YIOIlee CTPYKTYPUPOBAHHOCTh CUCTEMBI; ¥ — ITapaMeTp, SIKBUBAJICHT-
HBIN pasMepy (bHOKOB IIpU HU3KUX 3HAYCHUAX CKOpOCTCI?'I caBHra, '}"— CKOPOCTbL CABHUIA; T — BA3KOCTbL IIO
Kaccony, onpenensemast Kak

1 1 4

2 _m2
Mc =M
1-k® )’
31€Ch M, — BA3KOCTb Cpensl; k,, A, — THIApOoIuHAMUYECKHE KO3()(PUIIMEHTH!, OIMCHIBAOIINE IT0OBEJCHHUE YaCTHUL]
TIPH Pa3IUYHBIX HApsHKEHUsIX capura; ® — o0bemMHas 10511 TUCTiepcHON (asbl.
Cuity B3aMMOJICHCTBUSI YacTHIl BO (pi1oKe paccunThIBaIN Kak B [6]:
— A?
F,=36T,.| ——|,
24,+1

1
e T — Ko GUIMEHT, SBIAIONIUIACST XapaKTePHCTUKON MPOYHOCTH CTPYKTYPBI CHCTEMEI:
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k,, A, — runponnHamMudeckue k03((HUIMEHTBHI, ONMUCHIBAIOLIIE TI0BEICHUE arperaroB MpHu pa3IuyHbIX CKOPO-
CTAX CABUTIA. _
HCHOJ’IBL’.}’H 3HA4YCHUC FA’ HaXOJWJIN KOJHUYCCTBO 4YaCTHI BO (l)J'IOKC
N=—Ta
- . 2 2
NyY X Wr

rae w — copepkanue [J1; » — pasmep droka.

B BBIOpanHO# MoJesn B KadecTBe (UIoKa paccMaTpuBaiy arperar yactuil [J1 ¢ MHKITIOMUPOBAHHOW KU I-
KOCTBIO. J{JIs1 M3ydeHHsl CTpOEHHs Takoro arperara Obuia pa3pa0oTaHa METOAMKA KOMIIBIOTEPHOIO aHaju3a
LBETHBIX MUKpO(oTorpaduii, KOTOphIE MOTydaad ¢ MOMOIbI0 nrudposoi kamepsl Canon Power Shot A540
(Snonus) u ontuueckoro Mmukpockona Amplival (Carl Zeiss, 'epmanus) npu o0iieM yBenudeHun 25,2 pasza
(x4 — yBenmuenue xkamepsl, X 6,3 — yBennueHrne MUKpocKona). B padore MCronb30Bai IBETOBBIE MOAETH
RGB, CIE, XYZ, YIQ, B KOTOpBIX IaHHBIC UMEIOT YHCIOBOM Bua. Hampumep, B Momenn RGB kakmbrit miset
MIPECTaBIISIET CO00 cMech KpacHOTO (red ), 3eneHoro (green) u cunero (blue).

[Tytem TepMoxuMHIUYECKOTO MpeBpaieHus komno3uTtoB [J1 — Hedrenponykrt momydanu AY. O6pasipl Harpe-
BQJIM B THTEJILHOM M€Y IPOTOYHOTO THNa B nHTEpBae Temreparyp 500—1000 °C co ckopoctsio 12-90 °C/Mun
B TOKE a30Ta.

TepMuueckuii aHaIn3 BO3AYIIHO-CYXUX 00Pa3LoB NPOBOAMIN METOAOM Au(depeHInanbHON TepMOrpaBu-
metpun ([TT') na cuaxponnom Tepmoananuszarope STA 449 C (Netzsch, ['epmaHust) cO CKOPOCTBIO HarpeBa
10 °C/mun B atMoc(epe a3oTa B unTepajie tremmneparyp 300-900 °C.

YrnensHyT0 MMOBEPXHOCTh, CPEAHHUNA pa3Mep TOP U YASTbHBIN 00beM TIop 00pasmoB AY u3Mepsiiu Ha abcopo-
tomerpe ASAP 2010N (Micrometrics, CIIIA) mo naHHBIM HU3KOTEMIIEPaTYPHOH acopOnny a3ora.

s ontumuzannu Metoguku noydenus AY u3 [J1 npumensiiucs Metoasl MamuHHOr0 o0yueHust (MO).
[MocnenHee mpezncrasiseT cOO0H GOPMY HCKYCCTBEHHOTO MHTEIUIEKTA, MTO3BOJISIFONYI0 00y4aThCsl Ha OCHOBE
JAaHHBIX, a HE PACCUUTHIBATH IIApaMeTpPhl NPOLECCA ANTOPUTMHUUECKUM ITyTeM. OCHOBHON IPUHLMII 3aKIIO-
9aeTcsl B TOM, YTO MalllnHa (KOMIIBIOTEp) IOJIyyaeT JAaHHble U oOydaercs: Ha HUX. B kauectBe metonoB MO
B paboTe UCMONIB30BaIM JICPEBbsl PELICHUH, CIy4allHBIN Jiec, TPaJMeHTHBIA OyCTUHI, METOA A-OimKalmx
cocefiel, TOTUCTHUECKYIO perpeccuio u ucKkyccteHubie Heiiponusie cetu (MHC) [7; 8]. st onieHKu BAUSHUS
JIAaHHBIX Ha KOPPEISAIMOHHOE TT0JIe BEIOOPKH MPUMEHSITH paccrostaue Kyxka [9].

Pe3y.111,TaT1,1 H UX oﬁcyme}me

Kak moxaszanu pe3yasTaThl peojoTHUYEeCcKOro MccienoBaHus, npu cojaepkanuu IJI B qucnepcusx meHee
20 % BSI3KOCTH BCEX MCCIIEAOBAHHBIX OMHAPHBIX crucTeM [J] — HeTenpoIyKT MPaKTUYECKN HE 3aBUCHT OT Ha-
NPSDKCHUS CIBUTA, T. €. IMEET MECTO HbIOTOHOBCKMI Xapakrep TeueHus (puc. 1, kpussle /, 2). Ilepexon k He-
HBIOTOHOBCKOMY TEYEHHIO HacTynaeT npu coaepkanuu [J1 20 % u Gonee, Korna cucreMa HaYWHAET MPOSIBIISTH
TICEBAOIUIACTHYECKHE CBOMCTBA: BA3KOCTh YMEHBIIIAETCS C POCTOM CKOPOCTH caBura. Panee Hamu Obl1o 1O-
Ka3aHo, 4TO B TAKHUX JUCTIEPCUSIX HAPAIY C OTAEIHHBIMHU YacTuiaMu [ JI mMpUCyTCTBYIOT MX arperaTsl ¢ HHKITIO-
JUPOBAHHOH B HUX KUAKOCTHIO. C TOUKM 3peHust Teopun (Ha30BOH PEOIOTHH yKa3aHHbIE HE(DTEHAIOTHEHHbIE
arperarsl ClieflyeT pacCMaTpUBAaTh KaK 4yacTUIbI HOBOH (asbl [10].

Kax Buano u3 puc. 1, 1t KOHIIEHTPUPOBAHHBIX CHUCTEM Ha 3aBHCHMOCTSAX HANpsKEHUS CIBUTa U Bs3-
KOCTH OT CKOPOCTH CABHUTA (CM. pHC. 1, KpHBbIE 4—6 ) MOABIAIOTCS TETIU THCTEepe3nca (HECOBIaIeHNE Peo-
JIOTUYECKHX KPUBBIX, CHATHIX B PEXKUME «YBEIMUCHHE — YMEHBIIEHNE CKOPOCTH CABUIa»), YTO CBUIETEIIb-
CTBYET O ()OPMHUPOBAHUH KOATYIISIIMOHHO-TUKCOTPOITHOM CTPYKTYPBI 32 CUET pean3allii KOHTAKTOB MEXTY
OTJEJIbHBIMU arperaTaMy 4epes MpoCciIoiky xkuakocTeid. IlceBaomiacTuuHblil XapakTep TEUEHUsI IIPU 3TOM
COXpaHsieTcs.

I'ucTepe3ucHbIe SBIEHUS — 3TO CIEACTBHE THKCOTPOITHOTO BOCCTAHOBIICHUSI CTPYKTYPBI AUCIIEPCHH, KOT-
Jla TIOCJIe MEXaHWYECKOTO Pa3pyLIEHHs KOAaryJIAIHOHHbIE KOHTAKThl MEK/Y arperaraMyd BOCCTAHAaBJIMBAIOTCS
Tonpko yacTu4HO [11]. C noBbimenuem conepxanus I'J1 crenens TUKCOTPOIMHOCTH PACTET, O YEM CBUAETEIb-
CTBYET yBEJMUEHHUE TUIOIIAIN THCTEPEe3UCHON neTiau. Kak BUIHO U3 pHC. 2, HA KOTOPOM IMPEACTaBIEHBI KPU-
BBI€ TEUCHHS BBHICOKOHAIIOIHEHHBIX cHCcTeM, comepkammux oT 40 mo 44 mac. % [JI, Hanbonpmiee pazmudane
IJIOLIAH HETeb MpU noBbieHun coaepxanus I JI umeer mecto mist cucremsl 1J1 — JIT.
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Paccunrannoe oTHOmeHue wiomanei neremns S,,/S,, (S,, — wiomans npu 40-npoueHTHOM coxepkanuu [J1,
Sy, — npu 44-npouentHom) cocrasister 0,07; 0,47 u 0,98 i AT, TH u UM coorsercrBeHHO. B To e Bpems
BenuuuHa Sy, Wi cucreMsl 1J1 — JIT oka3anach HaMMEHBILEH, YTO yKa3blBaeT HAa BO3MOMKHOE IIPOJIOJDKEHUE
CTPYKTypo0Opa3oBaHus B JAHHOM CHCTEME U TIpH 00J1ee BLICOKHUX KOHIICHTPAIIMAX, TOT/Ia Kak st qucnepenii B TH
u M niponiece popmupoBanust ctpykTypbl ipu 40 % coneprxanuu [J1 yxke npakTidecku 3aBeplieH (CM. prc. 2).

Craanu mporiecca CTpyKTypoOoOpa3oBaHus yAaIOCh YETKO MPOCIENNTh Ha 3aBUCHMOCTSX BSI3KOCTH OT CO-
nepxxanust [J1. Ha Hux Ju1st Bcex McciieIoBaHHBIX OMHAPHBIX CHCTEM €CTh TpH ydacTka (puc. 3). Touku nepernoda
W, ¥ W, JOMaHOH! JIMHUM ObUIN ONpENeNeHbl rpadMuecKy, a TpaHUYHAs TOYKa W,, COOTBETCTBYIOIIAs IOTEpe
CHCTEMOH TeKy4eCTH, — SKCIIEPIMEHTAIILHO. 3HAYeHNSI KOHIIEHTPAIMOHHBIX TPEIENIOB CTPYKTYPOOOpa30BaHUS
MIPEe/ICTaBIICHBI B TAOIMI. 2.
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Puc. 1. Kpussle Teuenns (a) u peorpamMmsl Bs3kocTH (0) uist mucnepenit [J1 B UM. Conepsxanne I, %:
1-0;2-10;3-20;4-30;5-35;6-45
Fig. 1. Flow curves (a) and viscosity theograms (b) for hydrolysis
lignin dispersions in the IO. Hydrolysis lignin content, %:
1-0;2-10;3-20;4-30;5-35;6-45
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Puc. 2. Tukcorponust aucnepcuii [JI B IT(a), TH (6) u UM (s).
Conepxanne [J1, %: 1 —40; 2 -42; 3 - 44
Fig. 2. Thixotropy of hydrolysis lignin dispersions in diesel fuel (a),
tank oil (b), and industrial oil (¢).
Hydrolysis lignin content, %: 1 —40; 2 —42; 3 —44
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10 20 30
Copneprxanue JUrauHa, %

Puc. 3. 3aBucumocts Bsazkoctu gucnepeuii IJ1 B UM ot conepaxanust IJ1
1 CXeMaTUYHOE N300pakKeHHe MPOoIecca CTPyKTypooOpa3oBaHms
Fig. 3. The dependence of the viscosity of the dispersions of the hydrolysis lignin
in industrial oil from the content of hydrolysis lignin and schematic representation of the structure formation process

Tabnuma 2
PaccunTanHble NapaMeTpbl MUKPOPEOJIOrH4ecKOH MOAEJIH 31aCTUYHOrO ¢uioka
B BBICOKOHAMO/IHEHHBIX CHCTEMAX H IKCHePUMEHTAILHO onpe/eJIeHHbIe
KOHIIEHTPAIlMOHHbIe Npe/eibl CTPYKTYPHBIX Nepexo1oB (w,, w,, w, COOTBETCTBYIOT puc. 3)
Table 2
The calculated parameters of the micro-rheological model of an elastic flock
in highly filled systems and experimentally determined concentration limits
of structural transitions (w,, w,, w, correspond to fig. 3)
[Tapamerpst
paccuuTaHHbIE 9KCHEepPUMEHTAIbHbIE, Y0
Cpena
1 —
k, 4, Tgc F, N Wy W, Wy
AT 2,95 | 1,03 0,23 4,46 £ 0,22 13 30,0 £2,0 41,0+ 1,0 45,0+£0,5
Hedts 2,73 | 0,38 0,99 109,5+54 44 13,5+1,5 250£2,5 44,0 £0,5
UM 2,36 | 0,67 7,65 312,6 £ 15,7 40 20,5+1,5 33,0£2,5 44,5+0,5

MOJKHO NPEIoIOKHUTh, YTO HAa Yy4acTKe W, — W, IPOUCXOOUT (popmupoBanue arperatoB yactui 171, yuda-
CTOK W, — W, COOTBETCTBYET YBEINUCHHIO UX KOJIMYECTBA C MOCIECTYIOMIM (POPMHUPOBAHHEM KOHTaKTOB MEXTY
HUMH ¢ 00pa30BaHHEM MIPOCTPAHCTBEHHOH ceTku. IIpn TakoMm cocTaBe LEI0CTHOCTh CHCTEMbI 00YCIIOBIICHA,
HauboJee BepOATHO, IEWCTBUEM KAMMIUIIPHON CTATHBatoIel cuibl. [locieanss 3aBUCUT OT KOJIMYECTBA KHUJI-
KOCTH B TIPOCTPAHCTBE MEKAY YaCTULIAMU U CKJIQJBIBACTCS U3 IByX COCTABIIAIONINX: KAIMUIIPHOTO AaBICHUS
U TIOBEPXHOCTHOTO HaTspKeHUs. CTArMBaroIas cujla BO3HUKAET, KOTa MEXy YaCTHULIAMU MEHHCK CMauHlBalo-
1ie )KUIKOCTH MPUHUMAET BOTHYTYIO Gopmy [12]. Ilpu pocTe WM CHUKEHUHU KOTUYECTBA KHUJIKOCTH CTSATHU-
BAIOIIasl CHJIa YMEHbIIAETCSl MM Mcde3aeT BoBce. Tak, Hanpumep, npu coxepxanuu [JI menee 40 % oOpa-
3yeTCs BS3Kasl, HO TeKy4ast cycneHsus, a mpu 60—70 % — Jierko pacChImaromuics MOPOIIOK.

CornacHo naHHBIM TaOn. 2, mapamerTpsl k, U A,, pacCUUTaHHbIC B PaMKaX MHUKPOPEOJIOTHYECKOH Mojie-
1 AmactTudHoro ¢uioka [13] W OmMUCHIBAIOMINE THAPOAMHAMHUYICCKOE B3aWMOMICUCTBHE OTACIBHBIX YaCTHIL
B IIPOLIECCE CJIBUTOBOTO TEUEHHUs, MMEIOT Haubombiee 3HadeHne s cuctemsl IJ1 — JIT. IIpu sToM napamerp
F,, XapakTepu3yoLui CHUITy, IPEISTCTBYIOUIYIO Pa3pyLIEHUIO (JI0Ka 1 HOPMUPOBAHHYIO HA €IMHMILY I1J10111a-
JI¥ €0 CEUYCHUsI, MUHUMAJICH, YTO COOTBETCTBYET HAaMMEHBIIIEMY YHCITy YacTul BO ioke N U, CIIEI0BATEILHO,

GosbiieMy urciy (IIOKOB TIpH JaHHO# KoHleHTparmu [JI. CTOUT OTMETUTH, YTO Mapamerp Tg., XapaKTepH-
3YIOIIHI MPOYHOCTH CTPYKTYPHI, IIPH 3TOM TaKKe HauMeHbIIUH. [loydeHHbIe JaHHbBIe YKa3bIBAIOT Ha OOJIb-
1Iy1o crernenb cpojictBa komnoHeHToB T o otHomenuto k I'JI no cpaBuenuto ¢ TH u UM, nockomnbky B 3TOU
cucreMe pasmep arperatoB yactuil ['JI ¢ UHKIFOMUPOBAHHBIM B HUX HE(TEIPOAYKTOM MEHBIIIE, TI0-BUIUMOMY,
n3-3a Oosee cnaboro B3aMMOICHCTBHUS MEXKIY YaCTHUIIAMH BO (DIIOKE, 1 MOYKHO TPEITOI0KHUTH, 9YTO MHTEHCHB-
HOCTh Mex(a3HbIX B3auMojieiicTBuil Ha rpanuie ['J1 — HedTenpoayKT B TaHHOM cliydae OOJIbIIIe.
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Panee skcrieprMeHTaNbHO OBUIO YCTAHOBJICHO, YTO HE(DTh M HEeTENPOMYKTHI, moriomeHHsie [J1, cTomb
NPOYHO YICPKUBAIOTCS B €T0 CTPYKTYPE, YTO HE MOTYT OBITh OT HETrO OTJEJICHBI B BHJIE YKUIKOH (a3bl Jaxe
NPY TPUIOKEHUU 3HAYUTEIBHOTO 1o BeimurHe fAapnenus (1o 10 MIa) [10]. DToT uHTEpecHBIN hakT TakKe
noTpeOOBaIT BBISICHEHHUSI CTPOEHHUsI arperaroB 4acTull [JI ¢ MHKITIOAMPOBAaHHBIMU B HUX HEPTEIPOIYKTaMHU.

Jis BU3yanuzaimu CTpoeHus Ha mpuMepe oHoro arperara yactull [J1 ¢ nakmonuposannsiM B HeM [T Gputa
MOCTPOCHA €r0 KOMITBIOTEpHAsE MOJIETb B COOTBETCTBHU C Teopuer ¢ py3HOHHO-TMMUTHPOBAHHON arpera-
uu [ 14], commacHo KOoTopoit ykazanHble arperatsbl B JIT MoryT uMets opMy KOMITAakTHBIX cep. Pacuer emkoct-
HOI pa3MepHOCTH (pakTaia — HOMUHAIBLHOW TUIOTHOCTH arperaroB, OMpeAeNsieMOl Kak OTHOIICHUE Jiorapudma
KOJITYECTBA YACTHII B arperare K Jjorapumy pajiyca arperara npu pa3JimuHbIX 3HaUeHUIX K0P QUIMeHTa ciurma-
HUsI, — [OKa3aJ1, uto [yt arperatoB yactuil [J1 B JIT 3Hauenue koagdunuenta ciunanus cocrasisier 0,01 + 0,002,
a eMKkocTHas pasmepHocTb — 2,00 £ 0,01. Mcxons u3 3THX JaHHBIX, OBLIO CAENAHO MPEATIOIOKEHHE, YTO arperarsl
MOTYT 00Pa30BBIBATHCSI M0 TIPHHIIUITY CO3/IAHHUS TOBEPXHOCTHBIX (PPAKTAIIOB MyTEM IIPUITUIIAHHMS) YaCTHI] K T10-
BepxHocTH arperara [15; 16]. OOpa3zyromuiica Takum 006pa3oM arperar J0DKeH UMETh TUIOTHOE PO M CIerka
Pa3MBITBIE BHEIITHUE CIIOH, YTO U CIIEYET U3 peasibHOi MuKpodoTorpadun (puc. 4, a).

Ja nccnenoBanusi CTPOSHHS arperaroB yacTuil, hopmupytommxcs B nucnepeusx 1J1 B Hedrempomykrax,
HaMH pa3paboTaHa METOANKA KOMIIBIOTEPHOIO aHaju3a HU(POBbIX MUKpOGhoTorpaduil, MpeacTaBIsIONIUX CO-
0ol mocieI0BaTeIbHOCTh IIU(PPOBBIX AAHHBIX, TJI€ KaXbli MUKceab B cTanmaprHoM RGB-dopmare nmeer
TPH TpaJaIiy [IBETHOCTH: KPaCHBIN, 3eJIeHBIA U cuHmiA. [{[ndpoBas kamepa B JAaHHOM CITydae UCIIOIE30BaIach
B Ka4eCTBE CBOCOOPA3HOTO «CIeKTpodoTomMeTpay [17]. AHaIN3 MPOBOAMIA B COOTBETCTBUU CO CXEMOM, TIPEI-
CTaBJIEHHOW Ha pHC. 5 (TMOCaeqHel cTaueil ABIAI0CH MONMyYeHNEe THCTOTPAMM paclpeieleHns HHTEHCHUBHO-
CTH OTAEJBHBIX IIBETOB 10 quaroHanu 4B). [Ipumep mukpodororpadun arperaroB u hparMeHTa oTJeIbHOTro
arperara nmpuBe/icH Ha puc. 4. Bcero Obu10 uccnenoBano 25 mukpodororpaduii pparMeHTOB pa3InvHbIX arpe-
raToB.

Ha puc. 6 n300pakeHo pacmupeneicHine HHTEHCUBHOCTH KPaCcHOTO IIBETA BIOJb quaroHanu 4B dhparmMen-
Ta arperara (CM. puc. 5), Ha KOTOPOM MOXHO BBIJISIUTH HECKOJBKO yYaCTKOB, 3aMETHO OTIMYAIOLIUXCS TI0
cpenHeMy 3Ha4eHHMI0. I paHHII TOTOGHBIX y4acTKOB oTMedeHs Kak P', ..., P* (puc. 6).

Pacrnipenenenue Ha puc. 6 MoKa3aHo Kak J0 TPACCHPOBKH, TaK U MOCIE HEE, T. €. 110 3aBEPIICHUH epeBo/ia
M300pakeHUs U3 PACTPOBOTO MPEACTABICHHS B BEKTOpHOE. TpaccupoBKa B JaHHOM clly4yae MO3BOJIMIIA CHU-
3UTh JUCIICPCUIO 3HAYCHHUH Pa3IMUHBIX MOJIeNel U Oojiee TOYHO YCTAaHOBHUTS MOJIOKEHHUE TPaHuIl clioeB. Beero
B arperare ObIJIO BBIIEJICHO YEThIPE CJI0S, YTO OTUETIIMBO BUAHO HA PHC. 7.

[Ipumenenne METOIMKH KO BCEH BEIOOPKE arperaTtoB MO3BOJIIMIIO YCTAHOBUTH KOJIMYECTBO CIIOEB B arpera-
tax. Ha puc. 8, @, mpencraBieHo cyMMapHOe KOTU4IecTBO ciioeB B arperarax [JI B IT.

Ecnu npenmnonoxuTh, YT0 MHTEHCUBHOCTH I[BETa MOXKET KOp-
penupoBarth ¢ coaepxanuem [JI B ciiosix arperara, TO €€ MOXHO
paccumTarh 1o ypaBHeHuo byrepa — JlamOepra, onuceiBaronemMy
9KCMOHEHITHAIBHBIA XapaKTep O0CIabIeHIs] MOHOXPOMAaTHYECKO-
T'O IyYKa CBETa MPHU PACIPOCTPAHEHNH €TO B TOMIOMNIAIONIEM Be-
LIECTBE B HAIIPABJICHUH YBEIMUEHHS KOHIIEHTPAIIUH MTOCIIEAHETO.

Pacuet comepxanus I'J1 B cimosx mokazan (puc. 8, 6), 9T0 BO
BHEIITHUX OOJIACTSX OHO Pa3HOE, B TO BPEMs KaK B EHTPAILHON
gacTH Bceraa cocrasisiet (40,9 + 1,9) % ans Bcex arperaros.

Panee 6p1710 mokazano [18], 4TO HACHIIIEHHBIN HEeTEIPO-

Puc. 4. Muxpodotorpadun arperaroB gactur [J1
B AT mpu 20 % conepsxanuu [J1 (a)

aykramu I'JI moxer ObITh 3)(heKTHBHO HCIIONB30BaH B Kaue- u (pparment arperara (6)

CTB€ BBICOKOKAJIOPUHWHOTO TOIIMBA: HAIPpUMEP, BbICIOAsA TC- Fig. 4. Microphotographs ofaggregates of
mwiota cropanus kommnosuta [JI ¢ AT pasHa (32,3 + 0,2) MJx/kT, hydrolysis lignin particles in diesel fuel
ac TH - (38,8 £ 0,2) MJIx/kr (s cpaBHEHHsSI: ITOT Ke at 20 % hydrolysis lignin content (a)
nokasarens s [J1 cocrasnser (22,7 + 0,2) MJDx/kr, s and an aggregate fragment (b)

Puc. 5. Cxema anannza MuUKpogoTorpaduit

Fig. 5. Microphotograph analysis scheme
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Puc. 6. Pactipenenenre nuTeHCUBHOCTH (/) KpaCHOTO LIBETa BOJb AUAroHain AB
Ha Mukpogororpadun 110 (/) 1 mociue (2) TpacCHPOBKH

Fig. 6. Distribution of red color intensity (/) along
the diagonal 4B in micrographs before (/) and after (2) tracing

Puc. 7. Pesynsrar TpaccUpoBKH U300paxkeHus (a) U eJeHus Ha ciou (6)
Fig. 7. The result of image tracing («) and dividing the unit into layers ()
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Puc. 8. 'ncrorpamma komuecTsa clioeB
B arperarax [JI B IT u conepxanus IJI B Hux

Fig. 8. A histogram of the number of layers
in hydrolysis lignin — diesel fuel aggregates and hydrolysis lignin content in them
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oyporo yrist — ot 10,5 mo 15,7 MJIx/kr, mis kamennoro yoist — ot 20,0 1o 30,1 M/Ix/kr). [Tosromy Ham
MIPEACTaBIIIOCH LIEJIECO00Pa3HBIM OLEHUTh BOBMOXKHOCTD MONy4eHHUsI AY U3 TaKUX KOMIIO3UTOB.

B cooTBeTCTBUY € pe3ynpTaTaMu TEPMHUECKOTO aHAIIN3a, MPEACTaBICHHBIMHU Ha puc. 9, kpusast JITI" kom-
nosuta [JI — 1T, cogepskamero 40 % IJI (cMm. puc. 9, kpusas 4), 61u3Ka K pacCUUTaHHOW aIMTUBHOM KpH-
BOH (cM. puc. 9, kpuBas 3), HO IMeeT 0oJiee HU3KYIO TeMIIeparypy MaKCHUMaIbHON CKOpOCTH pasnoxenus [J]
(cootBercTBenHO 325 u 305 °C).

AncopOUMOHHAS aKTUBHOCTH MOJTYYEHHBIX AY 10 M3BECTHOMY MapKepy MeTHIeHOBoMY romyoomy (MI')
cocraBmia ot (27,0 £ 1,5) no (84,0 £ 3,4) mr/t mis komroszuta [JI — JIT u ot (34,0 £ 1,8) mo (65,0 £ 3,2) mr/r
st kommnosurta [J1 — UM. Mopdonorust moBepxHOCTH Mody4eHHBIX AY mpeacraieHa Ha puc. 10. Hecmotpst
Ha BBICOKOPA3BUTYIO MaKpOTIOPUCTYIO TIOBEPXHOCTD yTIIeH, HU3KKE 3HAYE€HUSI COPOIIMOHHON aKTUBHOCTH yKa-
3BIBAIOT Ha HEOOXOJMMOCTH ONTUMH3ALIUN METOIUKU UX MTOTYUYCHUSI.

B mpomecce onTuMu3anuyu BO3HUKIIA MpoOiieMa MaJloTO KOJUYECTBA MCXOIHBIX JaHHBIX U OTCYTCTBUS
B LIEJIOM psiJie ONMMCAHHBIX B JIUTEPAType METOIMK MapaMeTPOB, BaXKHBIX JUIsI ONTUMH3AINN MIPOIECca TEPMO-
xumuueckoro npespamienus [J1 B AY [3; 19-26]. [TosTomy B Lieisix cokpamieHusi 00beMa 3KCIIEPUMEHTAb-
HBIX MCCIIEZIOBAaHMI BMECTO METO/Ia MaTeMaTHYeCKOTo IUIaHHUPOBAHMSA DKCIIEPUMEHTA Ui pEeIleHus 3aJaqu
NPOTHO3UPOBAHMS ONITHMAJIBHBIX YCIOBUH MOTy4YeHUs: AY HaMH BIIEpBbIe ObUIH MPUMEHEHBI MeTobl MO Kak
OJTHOTO W3 HAlpaBJICHHH MCKYCCTBEHHOT'O MHTEJUIEKTAa, KOTOPOE TO3BOJIsieT paboTarh ¢ OONBIINM 00BEMOM
naHHbIX [7; 17]. JluteparypHbie JaHHbIC ObLIM UCIIOIB30BaHbI B KAYECTBE PEIIPE3CHTATUBHOM BRIOOPKH, a COO-
CTBEHHBIC IKCTIEPUMEHTANILHBIC — B KaY€CTBE BAMHIAIMOHHOM (puc. 11).
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Z 10}
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Temmeparypa, °C

Puc. 9. Kpussie JITT mpu cropoctn Harpesa 10 °C/mun s IJ1 (1), UM (2), xpussie ATT o IJ1,
akTuBHpOBaHHOTO MIM: paccunTtannas (3) u sKkcriepuMeHTanbHast (4)

Fig. 9. Differential thermogravimetry (DTG) curves at a heating rate of 10 °C/min for hydrolysis lignin (7),
industrial oil (2), calculated (3) and experimental (4) DTG curve for hydrolysis lignin,
activated industrial oil, DTG curve for hydrolysis lignin, activated industrial oil

Puc. 10. COM-¢ororpadun AY, nomyderHoro Ha ocHoBe [J]
¢ ucnonb3oBanueM T (@) u UM (6) B kauecTBe akTuBaTopa

Fig. 10. SEM photographs of activated carbon obtained on the basis
of hydrolysis lignin using diesel fuel (a) and industrial oil () as an activator
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TTonroToBKa JIMTEPAaTyPHBIX JAHHBIX [Monyuenne AY
(6onee 750 HKCTIIEPHMEHTOB) C 3a/IJaHHBIMH CBOMCTBaMU
ITocTpoeHne NTPU3HAKOB > loctpoenne u obyuerme |, voren ool merton ?
p p MozeIeit PENpPE3EHTATHBHOMN BBHIOOPKE?
[Iporno3upoBanue Tomyacnue M
cBOMCTE AY | OKCIEePUMCHTAIbHbIX OReIb COOTIECTCT;WT 0
BaJIy, MOHHOU BbI KE/
JAHHBIX AT IALMOHHO OpKe

Puc. 11. Cxema IpoBeeHHs MAIIUHHOTO 00yYeHHS
Fig. 11. Machine learning scheme

Jusa popmupoBanus Habopa JaHHBIX OBLIH MCIIONB30BaHbI JIUTEPATypPHBIC U TATEHTHBIE UCTOYHUKH, B KO-
TOphIX omucaHo nomydeHue AY (6omee 200 mctouHMKOB). BxomHble mapamMeTpsl ObUIM pasziefieHbl Ha JIBE
KaTeropuH: CHIPhEBBIE MTApPaMETPhI, XapaKTePU3YIOIINe IPeKypcop (MCXOAHBIN Marepuan) s AY, U HHCTpY-
MEHTaJbHbIE, CBA3aHHBIE C YCIOBUSAMH, IPU KOTOPHIX nomydann AY (tabm. 3 u 4).

BocronHenre HeOCTaOMUX JaHHBIX 10 CHIPHIO MTPOBOIMIIM TIOCIIENOBATENEHO: CHAa4Yajla OyTCTPINIOM
(bootstrap), 3arem 6arrunTOM (bagging). Hannyummii pe3ynsraT galu perpecCHOHHBIA aHalu3, CIyJailHbIi
Jiec, METoq k-ONmKalImmx cocenell M «Memok cioB» (bag of words). Hike mpencraBieH mporecc padoTs
C TaHHBIMHU Ha MIPUMEpPE TaKMX MapaMeTPOB, KaK MacCOBBIE COEPIKaHMUS YIIIEPO/ia ¥ KHCIOPOa B PACTUTEINb-
HOM Tipekypcope (puc. 12). OTMedeHHbIe Ha TUarpamme 1eMeHTs BeIoopku 180 1 2 B HanOomnbIIeld CTerneHn
OTHAJIEHBI OT OCTAJNBHBIX AIIEMEHTOB KOPPEJSAIIMOHHOTO TOJIs, BCIEACTBAE YeTO WX OTHECIH K CTaTHCTHYe-
CKHM BBIOpOCAM.

Jyig Toro 9TOOBI OIEHUTh, HACKOIBKO BEIIMK Pa30pOC JaHHBIX B BHIOOpPKE, MCIIONB30BaJIOCh PACCTOSIHUE
Kyka, oTpaxaroriee BIUsSHHAE KaK0TO dJeMeHTa Ha KodhdunmenT xoppensiun. Kak BUIHO U3 TuarpaMmmbl
BhustHES (puc. 13, a), cuinbHee APYTUX BIUSIOT Ha PETPECCHIO MEXK/TY CTHIOICHTOBCKUMH OCTAaTKaMH U PhIYa-
TOM OTKJIOHEHHS 3JIeMEHTHI BRIOOPKH 180 1 2: 1Mo Tomaay 1 paciolioKeHHIO OHU OTIIMYHBI OT BCEX OCTallb-
HBIX 3JIEMEHTOB. YKa3aHHOE BIUSHHE OTYETIMBO BUIHO M HAa CKPUIKOOOpa3HO# nuarpamme (puc. 13, 6).

Tabnuna 3
BXOHHbIe nmapaMeTpsbl AJid pa3sii4YHbIX KOMIIOHEHTOB
PACTHTEJIBHOIO ChIPbSI
Table 3
Input parameters for various components
of plant materials
[TapameTpsl Ob6o03Ha4yeHmne 3navenus, %
DIIEMEHTHBIN COCTaB C,0,H,N, S 0-100
CopepxaHue JUTHUHA wLig 1-85
CopepxaHue LETI0I03bl wCel 10-92
CogepxaHue rojaouesIioI03bl wHol 1-56
CozepxaHue reMHULEeIITI0I03b wHem 38-84
30JILHOCTh wA 0,241
Braaxunocts wM 0,140
CBs3aHHBIN yIIepoa fC 0,2-87
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Tabonuma 4

BxoaHble HHCTPYMEHTAJIbHbIE TapaMeTpsl MO

Input ML instrumental parameters

Table 4

ITapametpsl O06o3HaYcHNE 3HaueHHs
Atmocdepa Atm N,, CO,, Ar, Bo3nyx
AxTHBaTOp - NaOH, KOH, K,CO;, ZnCl,, H,PO,
Craaun Act, Carb/Act 1,2
CooTtHonieHne Mexay aktuBaropom u IJ1 Ratio 0-8
Temmnepatypa aktusauu, °C T, 400-1000
CkopocTb Harpesa, °C/MuH dT/dt 2-30
Bpems akruanuu, 4 Tyar 0-24
Bpewms kapbonnzanuu, 4 Teap 0-24
A
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Puc. 12. KoppeIsLIMOHHOE I0JIEe COACPKAHUs yIIepoaa
M KHCIIOPOJa B PACTUTEIBHOM TIPEKypcope
Fig. 12. The correlation field of content of carbon
and oxygen in plant precursor
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Puc. 13. I'padugeckoe oTobpakeHne BEIOOpKH «conepxkanue O — conepkanue C» mocpeacTBoM paccrossHuid Kyka
Ha JinarpamMMe BIUSIHUS (@) U CTENIeHb BIIMSHHUS dJIeMeHTa BEIOOPKU Ha CKpUIKO0oOpa3Hoii auarpamme (6)

Fig. 13. Graphic display of the sample «content O — content C» by means of Cook distances on the influence plot (@)
and the degree of influence of a sample element on the violin plot (b)

13



Kypnaa Besopycckoro rocyiapcTBeHHOro yaupepcurera. Xumus. 2020;1:3-18
Journal of the Belarusian State University. Chemistry. 2020;1:3-18

Jlyis pacdera perpeccuy 3amuch C HAaHOONBIIMM paccTosHueM Kyka uckiodanach, a ko3(duimeHTs
NEPECUUTHIBAJINCD. AJ]FOpI/ITM BBITTIOJIHAJICA 10 TEX IIOpP, IHMOKa HEC JOCTUTAJIOCH 3a/laBa€MOC OMITMPUYCCKU
3HaueHue koddduimenta xkoppessiuuu 0,85 U He oTOpackBaock 15 % MaHHBIX. YaaleHHe TOCIeAYIONnX 3a-
MHUCeN MPaKTUYECKN HE CKa3bIBAJIOCH HA YIIYUIIEHUN KOPPEISAIIUHU.

3areM Ompenemsioch YpaBHEHHUE PETPECCHU U PACCUUTHIBAIMCH 3HAYCHUS OTCYTCTBYIOIIUX JaHHBIX. Ha
puc. 14 nokazano 0OHOBJIEHHOE KOPPEISIIMOHHOE T0JIe, Ha KOTOPOM KPAaCHBIM IIBETOM OTMEUEHBI CIIPOTHO3H-
POBAaHHBIC JTAHHBIC.

Hmxe MMPUBEACHDBI IPUMCEPLI, I KOTOPBLIX BBIITOJIHAIUCH MPEACKA3aHus aJilfTOpUTMaA pETPpeCCrU. Kax BHUIHO
u3 puc. 15, s oboux BeIOOPOK MpUcyTcTBYET 3HaUeHue 100 (10 OCH «IMTHUHY), BU3YaJIbHO OINpe/elsieMoe
KaK CTaTUCTUYECKH HepesieBaHTHoe. [lociie ero ynaieHus: u3 BEIOOPKH KOIPQHUIIMEHT KOPPEISIIIHA BO3pACcTall
Y BBITIOJIHEHHUE AJITOPUTMA PErPECCHOHHOTO aHaJk3a MIPOU3BOAMIOCH CHOBA.

OTCYTCTBYIOHII/IC JAaHHBIC O PACTUTCIBHOM ChIPHC OBIIIM TAK)KE BOCITOJHEHEI IIpy MOMOIIHU JIMHIBUCTHUYEC-
CKOM MOJIETTH «MEIIOK CIIOBY. Bo m30ekanne moTepyu TaHHBIX UCITOIB30BAJICS SI3BIK OpUTHHANA (QHTITHICKHUT).
[TpuMeHeHne yKa3aHHOW MOJIENN TTO3BOJIHIIO BEPOSTHOCTHO JIOTIOJHUTH JJaHHBIC. Tak, st 00pa3ioB, B Ha3Ba-
HUSAX KOMIIOHEHTOB ChIPbsi KOTOPBIX COACPKHUTCS CIIOBO wood (IpeBecrHa), Ha CKPUIIKOOOPA3HbBIX THarpaMmmax
(puc. 16) pacnpenenenue copep kanus yriepoaa UMEeT JBa IKCTPEMYMa, YTO MOKHO OOBSICHATH Pa3iIHiueM
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Fig. 14. Updated correlation field with predicted data (/) and regression line (2)
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Fig. 15. Correlation fields of total carbon content C on lignin content (a)
and lignin content on non-volatile carbon content (fixed carbon) (b)
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Puc. 16. CxpunkooOpa3sHast AuarpamMMa cofep KaHus yriaepoaa

B Pa3JINYHbIX BH/JAX PACTUTEIIBHOTO ChIPhS
Fig. 16. Violin plot of carbon content in various types of plant materials

B COCTaBe MATKHX W TBEPBIX MOPOJ JipeBecuHbl. Dopma rpadukoB no3possieT aropurMam MO BoccTaHas-
JIMBaTh OTCYTCTBYIOIINEC TAHHBIC.

C moMoIIbI0 PEerpecCHOHHOr0 aHanu3a U MeToioB MO pa3nuyHoe chipbe JUist onydeHus AY ObLIO OIu-
CaHO €IMHOM MOJIEeIbI0. BBIXO/IHBIC TaHHBIC, IPEIICTABICHHBIC B BUJIC PE3Y/IbTATOB KCIICPUMEHTOB U I1apame-
TPOB MPOTHO3UPOBAHUS, UMEITU CIICAYIONINE 0003HAYCHUS:

IInomane noBepxnoctu nmo bOT Sper
[Tnomanbs MUKPOTIOp Shmicro
VYnenbHas MOBEPXHOCTh YACTHII S
[Tnomans Me30mop Shneso
CyMMapHbIii 00beM op Vet
O0beM MHUKpPOTIOP V micro
O06bem Me3o1op Vineso
O06beM MakpoIop V inacro
AKTHUBHOCTB 110 MI” Mmr
AKTHBHOCTH TI0 HOIY I
AKTHBHOCTB 110 (heHOITY phen
CpenHuii quaMeTp nop d

B pesynbrare nposeneHHOro MO ObUl yCTAHOBIEH Psifi CIEAYIOLIMX 3aBUCUMOCTEH, XapaKTepHbIX IS
IpoLecca TEPMOXUMHYECKOTO IPEBPAILEHNs] PACTUTENBLHOIO ChIPhs B AY:

1) ¢ yMeHbIIEHHEM pa3Mepa Y4acTULl HIPOTOJIUTHUHA yIy4lIaIuCh XapaKTEPUCTHKU, OT KOTOPBIX 3aBUCHT
copOuuoHHas akTuBHOCTh AY. Haubosbiast koppessanust Habaroganach A Syer U Vo

2) u3menenue (axropa Ratio, XapakTepu3yrolero MaccoBOoe OTHOIIEHNE aKTHBATOpa K MPOTOYIIIIO, MPHU-
BOAWJIO K OKCTPEMYMaM B BbIXOAHBIX JaHHBIX. HpI/I 9TOM BBIXOJHBIC MOKA3aTCJIu NPOXOANIIN NN YE€PE3 MUHU-
myM (V,,), Win yepe3 MakCUMyM (Sgrr, Vo) B Y3KUX HHTEpBaax u3MeHeHus Ratio;

3) moBbIlIEHUE TeMIEpaTyp KapOOHM3allMKM M aKTHBAllUU BBI3BIBAJIO yBeNWdeHHe 3HaueHud d, V..., V.,
1 Sy Uepes MakcuMyM NPOXOANIA KpUBas M3MEHEHHA V. MakCuMyM JOCTHUTraCsl B MHTEPBAJIE TEMIIEPa-
Typ 200-250 °C;

4) poct ckopocty Harpesa cBbine 20 °C/MUH NPUBOANI K yMEHbIIEHUO V. V. .1 Sy

5) moBeIIEHHE CKOPOCTH II0/1a4M ra30BOT0 NOTOKA Atm NPaKTHYECKU HE 0KA3ajl0 BIMSAHMS HAa OTH napa-
METPBI;

6) c yBenM4YeHHEM BPEMEHN aKTUBALIMU POCIIM CPEIHHMI pazMep 1op d U CoiepKaHuE OCTATOYHOIO YIIIEpO-
na B AY 1pu 0JHOBPEMEHHOM CHMKEHHH COJIEPKAHMUS KUCIOPO/IA.

B nenrom ocHoBHO# pesynsrar MO — ontiManbHO MOA00paHHbIE TApAMETPBI IIPOLECCa TEPMOXUMHUYECKOTO
npespamenus [J1. Otu napameTpsl B 1anbHENIIEM ObUIH IOABEPTHYTHI aHCAMOIMPOBAHUIO, & UMEHHO CTAKHHTY.
CyTb mocyeHero 3akjaro4anach B CO31aHMU MHOXKECTBA MOJIENIEH M3 HEMOJHBIX JaHHBIX C MCIOIb30BAHHEM
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OCTaBIINUXCS BHGOpOK UIA BalMOanuu. B urore HamMu ObBLIN pa3pa60TaHLI MCTOOUKH, ONTHUMAJIbHON U3
KOTOPBIX OKa3aach METOIUKA CO CICAYIOIIMMHE rmapamerpamu noiayueHus AY usz [JI:

Atmocdepa N,
AKTHBaTOp KOH
Cragun Act
CooTHoleHnne Mexy akrTuatopom u IJ1 5
Koneunas temneparypa akTHBaluu 850 °C
CKopoCTh HarpeBa 12 °C/mun
Bpewms aktuBanuu 1,54

[To aT0¥ pazpaboTaHHOI PacUETHBIM ITyTeM METOJMKE ObUT MoTydeH AY U 3KCIIEpUMEHTAIBHO OTpejiere-
HBI €0 XapaKTePUCTUKHU: TUIONIA b YACIHHOH MOBEPXHOCTH, CYMMAapHBIi 00beM 1op (CM. H30TepMy HHU3KO-
TEeMIIEPaTypPHOH ajcopOuuu — necopOimu a3zora (puc. 17, a)), a Takke aacopOIMOHHAs aKTUBHOCTD 110 MI,

KOTOpast TAK)KE COOTBETCTBOBAJIA MPOTHO3HBIM JaHHBIM (Ta0IMI. 5).

Tabnuma 5

XapaKkTepucTHKH AY, NOJIY4eHHOT0 CII0COO0M, ONITUMHU3HPOBAHHBIM MeTogoM MO

Table 5

Characteristics of the activated carbons obtained by the optimized method

XapaKTepI/ICTI/IKI/I HpOFHOS BKCHepI/IMeHTaHBHBIe 3Ha4YCHUA
CyMMapHEIii 06beM TI0p (OTHOTOUEUHbII METOJ), CM /T Bornee 1 0,95 £0,05
O6wem mop (1 < d < 3 um) (o Jlyburuny — AcTaxosy), cM’/T - 0,90 £ 0,04
Ilnomans moBepXHOCTH MEKpomop (1o Jlybununy — AcTaxoBy), M°/r - 2090 £ 90
Inomas yaensHoit mosepxuoctu (Metox BAT), M°/r Bonee 2000 1700 + 85
Tnomae yaensHoit mosepxHocTH (1o JIeHrMiopy), M/T - 2280 £+ 100
. 1,95+0,2
Cpennunii pazmep nop (merog BJH), am 2-4 (puc. 17, 6)
AncopOuunonHast aktuBHOCTH 110 MI, Mr/r Bonee 500 570 £ 40
AZCOpOLMOHHAs aKTUBHOCTb 110 /,, MI/T — 1480 + 80
ala o/b
A
560 ¢
« 540! . s 014}
ME L] : u " I.I
S 520t [ 0.12F ¢
= . " ’ "
r [ ]
‘g 500 - n 0,10 |
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O [ ]
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Puc. 17. Xapaxrepuctuku AY, TOIy4EeHHOTO 110 ONITHMH3HPOBAHHOW METOIHKE:
n30TepMbl HU3KoTemiieparypHoit (77 K) agcopOiun u gecopbuunn a3ota (a) 1 KpUBasi pacnpe/eeHus mop mno pasmepam (6) amst AY

Fig. 17. Characteristics of the activated carbons obtained by the optimized method:
isotherms of low-temperature (7 = 77 K) nitrogen adsorption and desorption (@) and the pore size distribution curve ()
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3akjaueHmne

TTokazaHo, 4TO CTPYKTypa BBICOKOHAIOJHEHHBIX TUCIIEPCUM 3aBUCUT OT cozep:kaHusi B Hux [JI, Bs3ko-
CTU JUCIIEPCUOHHOM cpenbl U ee cpojcTBa K [JI. PaccuntanHble napaMeTpbl MUKPOPEOJIOTHYECKON MOJIeNn
AMACTHYHOTO (hJIOKA TIO3BOJISIOT 3aKIIIOYNTh, UTO HanOombInee cpoacto K [JI umeet AT. [l Toi cucTemsl
oTIpe/ieIeHbl HAaNMEHBINN pa3Mep (II0Ka Kak OTAEIbHON eIUHHIIBI TEICHUS 1 HAUMEHbIIAs SHEPTUs B3aUMO-
JeficTBUs YacTHIl BHYTpH (II0OKa, MOCKONBKY Hapamerp F,, xlapaKTepmonmnﬁ ycunme, HeoOXoquMoe s

paspbiBa (IoKa, OKa3aucs MUHUMAIbHBIM, KaK U [apaMeTp Tg., OTBETCTBEHHbIN 3a IPOYHOCTH CTPYKTYPHI
JIUCIIEPCHH.

[Ipennoxena MeToAMKa KOMIBIOTEPHOTO HCCIENOBAaHHS CTpoeHMs1 arperaroB yactul [JI B Hedremnpo-
OyKTax ImyTeM oOpaboTKu MU(PPOBBIX MUKpOGhoTOrpaduii, MO3BOJISIONIAs ONPEACTIATh HATMYUE CIIOEB C pas-
nnuHbIM copepkanueM [J1 B cTpykrype arperaroB ero yactuil B JT. IIponecc dopmupoBanust arperatoB
onucan (paxkranbHOi Monenbio AU} Y3HOHHO-TUMATHPOBAHHON arperalu. YCTaHOBJICHBI 3aBHCHMOCTH
BA3KOCTHBIX xapakrepuctuk gucnepcuii I'JI 8 TH, UM u [T ot conepxanus IJI B pexxume CIBUTOBOTO Jie-
(hopMHpOBaHHMS, C TOMOIIBIO KOTOPBIX MO’KHO OTPE/ICIUTh KOHIICHTPAIIMOHHBIE MTPEAEIIbI IEPEX0a CUCTEM OT
HBIOTOHOBCKHUX K KOAryJIsIIUOHHO-TUKCOTPOIHBIM U HETEKYYUM CBSA3HOJUCIIEPCHBIM M CO3/1aTh MOZEIb IIPO-
recca CTpyKTypooOpasoBanus aucrepcuii. [IpeanokeHsl HOBBIHM MOIX0A K MPOTHO3UPOBAHUIO ONTHMAIBHBIX
ycloBUH mosydeHuss AY ¢ Me30mopucToil CTpyKTypoit Ha ocHoBe [JI myTem ucrons3oBanus MmetooB MO
¥ HOBasi MOJIEJIb 00O0O0IIIEHHS JAHHBIX 110 PACTUTEIILHOMY CBHIPBIO M MOJTYYCHUIO 13 HEro AY METO/IOM TepMO-
XUMHUYECKOM aKTUBALUU. YCTAHOBJIEH s/l 3aBUCUMOCTEH, XapaKTEPHBIX Ul MPOLECCAa TEPMOXUMHUYECKOIO
MIPEBpAIIEHUs PACTUTENIBHOTO ChIpbs B AY. COOTBETCTBUE XapaKTePUCTUK AY MPOrHO3HBIM MapaMeTpam Io-
3BOJISIET PEKOMEHI0BATh COBOKYITHOCTH MeT0Z10B MO /17151 pa3paboTKi METOIUK NOoTydeHus AY ¢ 3alaHHbIMU
CBOMCTBaMU He TONIbKO U3 I'JI, HO M U3 IPYroro JMrHUHCOAEPKALEr0 PACTUTEIBLHOTO ChIPbSI.
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