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Aunnomayus. OKHCIIEHUE OpPraHUYECKHMX CyOCTparoB € TOJIYYEHHEM BOCTPEOOBAHHBIX
MIPOAYKTOB SBJISIETCS Ba)KHOM YacTblO COBPEMEHHOW XHMMHUH M XHUMHUYECKOM TexHosoruu. 1,4-
OEH30XMHOH IIHMPOKO MPUMEHSETCS Ul MOJIy4eHHUs! KpacuTelsleH, JIeKapCTBEHHBIX IpernaparoB, a
TaK)k€ B KaueCTBE IIPOMEXKYTOYHOI'O NMPOAYKTa B OCHOBHOM XMMHYECKOM CHHTEe3€. TpaiulMOHHO
1,4-0€H30XMHOH CHHTE3UPYETCS] OKHCIEHUEM aHWIMHA CUJIBHBIMU OKHCIUTENSIMU, YTO SBISETCS
MaJO3KOJOTUYHBIM M TpeOyeT MCIOJIb30BAHUS JOMOJHUTEIBHON OUYMCTKA KOHEYHOIO IMPOJYKTaA.
[IpumeHenne  (GepMEHTOCOAEPKAIIUX  KaTalM3aTOPOB  MOXKET  CYLIECTBEHHO  IOBBICHTH
HKOJIOTUYECKHE MOKa3aTeNy JaHHOTO mpolecca. B kauecTBe GpepMeHTa, BOBMOXKHO HCIIOIB30BaHNE
OKCHJIOPEAYKTa3 Pa3iIu4HOIO CTPOCHHMs, B TOM YHCIE MEPOKCHIA3, KaTAIU3UPYIOUIMX OKHCIICHUE
OpraHMYecKHX CcyOCTpaToB TMEpOKCHUAOM Bopopoga. B Hacrosmee Bpems mnpoOieme
(epMEHTAaTUBHOTO OKUCIICHHSI OPTaHUYECKHUX CyOCTPaToB MOCBAILICHO OOMBIIOE KOIUYECTBO PAdOT,
OZHAKO BOMNPOC HX TNPUMEHEHHUS B PpEaKTopax OOJBIIOr0 00beMa PAaCCMOTPEH HEIOCTATOYHO
MOAPOOHO, B CBSA3M C YE€M MOJAEIUPOBAaHUE MOJOOHBIX CHCTEM SIBISETCA aKTyaJbHOW 3ajadeit
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COBpPEMEHHOM XUMHM M XUMHYECKOHl TexHojoruu. B cratbe mnpuBENeHBI PE3YIbTaThI
MOJICIUPOBAHMSI TPOTOUHOTO PEAKTOPA OKHCIEHUs (PeHosa MEepOKCHIOM BOAOPOJA C MOIyYEHUEM
1,4-6en3zoxunona. MogenupoBanue npoBogmiock B cpenre COMSOL Multiphysics 5.3 ¢ yderom
KHHETUYCCKUX 3aKOHOMEPHOCTEH OKHMCIeHHs ()eHOJa, MPOIECCOB IEepeHOCa BEHIECTBA, a TaKKe
TEIUIOBBIX MPOLIECCOB, MPOUCXOASIIUX BHYTPH peakropa. [loka3aHa BO3MOXKHOCTBH JIOCTHIKEHUS
Bbixoga 1,4-OenzoxuHona B 94% mpu JuiMHE peaklMOHHOW 30HBI peakropa B 4 M, yBelIHUYEHHUE
auamerpa peakuMoHHOM 30HBI ¢ 0,05 mo 0,15 M IpUBOOUT K yMEHBIIEHUIO BBIXOAA LIEJIEBOTO
npoaykra A0 50%, a yBenuuenue temmeparypsl rpetomieit crenku ¢ 30°C go 40°C npuBoAuT K
yYBEIUYCHUIO BbIxoaa Ha 15%. YBenuuenune HauanbHON KOHIIeHTparuu ¢genona ¢ 0,1 mons/n go 0,8
MOJIB/JT TIPUBOUT K YMEHBIICHHUIO BBIXOJa MpOAyKTa peakiuu 1,4-6enzoxuHoHa ¢ 94% mo 50%.
Uro moka3pIBaeT HEOOXOAMMOCThH JOOABIICHUS JOIMOJHUTEIBHBIX PEAKIMOHHBIX 30H B CIIydae
HE0OXOMMOCTH UCIIOIB30BAaHUS KOHIIEHTPUPOBAHHBIX PACTBOPOB.

Abstract. The oxidation of organic substrates to obtain popular products is an important part
of modern chemistry and chemical technology. 1,4-benzoquinone is widely used for the preparation
of dyes, pharmaceutical substances, and also as an intermediate product in basic chemical synthesis.
Traditionally, 1,4-benzoquinone is synthesized by the oxidation of aniline with strong oxidizing
agents, which is not very environmentally friendly and requires additional purification of the final
product. The use of enzyme-containing catalysts can significantly improve the environmental
performance of this process. As an enzyme, it is possible to use oxidoreductases of various
structures, including peroxidases that catalyze the oxidation of organic substrates with hydrogen
peroxide. Currently, a large number of works are devoted to the problem of enzymatic oxidation of
organic substrates, but the issue of their use in large-volume reactors has not been considered in
sufficient detail, and therefore modeling of such systems is an actuarial task of modern chemistry
and chemical technology. The article presents the results of modeling a flow reactor for
the oxidation of phenol with hydrogen peroxide to produce 1,4-benzoquinone. The simulation was
carried out in the COMSOL Multiphysics 5.3 environment, taking into account the kinetic patterns
of phenol oxidation, substance transfer processes, as well as thermal processes occurring inside
the reactor. The possibility of achieving a yield of 1,4-benzoquinone of 94% with a reactor reaction
zone length of 4 m has been shown; an increase in the diameter of the reaction zone from 0.05 to
0.15 m leads to a decrease in the yield of the target product to 50%, and an increase in
the temperature of the heating wall from 30°C to 40°C leads to a 15% increase in yield. An increase
in the initial concentration of phenol from 0.1 mol/L to 0.8 mol/L leads to a decrease in the yield of
the reaction product 1,4-benzoquinone from 94% to 50%. This shows the need to add additional
reaction zones if it is necessary to use concentrated solutions.

Kniouesvie cnosa: MopmenupoBaHue, TPOTOUHBIA peakTtop, (eHos, okucieHue, 1,4-
OEH30XHHOH.

Keywords: modelling, tubular flow reactor, phenol, oxidation, 1,4-benzoquinone.

1,4-0eH30XMHOH SBJIIETCSI BAXHBIM MOJYIPOILYKTOM OCHOBHOTO OpPTaHWYECKOTO CHHTE3a,
LIUPOKO UCIIOJIB3YEMBIM IIPU IOJIyYEHUU KPACUTEIIEH, JIEKAPCTBEHHBIX IIPENAapaToB, IOJIUMEPOB, OH
TaK)Ke IMPOKO MPUMEHsETCs B KauecTBe qyOmibHOro Bemiectsa [1]. Ilpu Tom ero npomsliieHHOE
IIOJIy4YEHUE OCHOBBIBAECTCSI HA OKHUCIECHUM AaHWIMHA B CpPEINE CEPHOM KHCIOTHI JIByOKHCBIO
Maprasua [2], 4rto compoBOXXgaeTcs OOpa30BaHMEM OOJIBLIOrO KOJUYECTBA OTXOAOB, a BBIXOJ
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1[eJeBOro Mpoaykra He mnpeBbimaeT 83%. [Ipumenenue QepMmMeHT coaepxk aliux KaTalu3aTopoB
MOXXET CYIIECTBEHHO IIOBBICUTh DSKOJIOTMYECKHE II0KA3aTeId IOJYyYEHHsS] OPraHHUYECKUX
coenunenuii [3—5]. B kauecTBe depmeHTa, BO3MOXKHO HCIIOIB30BAHNE OKCUIOPENYKTA3 Pa3IMYHOIO
CTpPOEHHUS, B TOM 4YHCII€ IEPOKCHIa3, KaTaIU3UPYIOIIUX OKHCIIEHHE OpPraHMYeCKUX CyOCTparoB
MepoKCHAOM Bojaopona [6, 7]. B Hacrosimee Bpemsi mpoOieMe (GepMEHTaTMBHOTO OKHCICHHS
OpraHUYECKHX CyOCTPATOB MOCBSIICHO OOJIBIIIOE KOJUYECTBO PadoT [3, 4, 6, 7], omHaKo Bompoca ux
INPUMEHEHHS B PEaKTopax OoJbIIOro 00beMa pacCMOTPEH HEIOCTATOYHO MOAPOOHO, B CBSA3M C YEM
MOJICTTUPOBAaHUE TIOJOOHBIX CHCTEM SABJSETCA aKTyapHOW 3agadeil COBPEMEHHOH XUMHH U
XUMHUYECKON TEXHOJIOTHH.

Memoowi uccreoosanus
Jlis  MonenupoBaHHUS TIOTOKA KHUAKOCTH B TPyO4aToM peakTope OBLIO HCIOIh30BAHO
MonuduimpoBanHoe ypaBHenue HaBbe-CTokca.

p(uV)u =V [—pl +u(Vu + (Vu)7)) — g,u(Vu)I] (D
V(pu) =0 ()
rae p — IUIOTHOCTh PacTBOpa, KI/M’, U — BEKTOP CKOPOCTH 3JIEMEHTapHBIX OOLEMOB

xuakoctu (M/c), p — nasnenue B cucteme (Ila), | — nuHamuueckas Bs3kocTh pactBopa (Ila c), I
— MaTpulla UJICHTHYHOCTH CBOUCTB cucteMbl, T — temneparypa (°C), V— omeparop Habna amis
TPEXMEPHOTO MPOCTPAHCTBA HCCIEYEMON CHCTEMBI.

MarepuasnbHblii 0ajaHC Ui pacCMaTpUBACMOM PEaKIMd MOXET OBITh BBIPAXKEH CHCTEMOMU
ypaBHeHui (3-5)

0 (3)
%(,D(qul{) + an)EH = W(beH
0 (4)
& (pwnepOKc) + vnnepoxc = M/nepOKC
—( )+ 7 =W, )
ot PWeenzoxun Ngenzoxun — YWeensoxun
9 (6)
% (pwsoam) + VnBO/I[bI = M/BO/‘.'Lbl
i€ n — BCKTOp IMEPEHOCA MACChl COOTBCTCTBYIOHLICIO BCHICCTBA, ® — CKOPOCTH ITOTOKa

AKHUJKOCTH (M/C).

C yuerom ypaBHeHUs TpaHchopMmaiun @eHona (7), KUHETHMYECKH YpaBHEHUS JUis
Pacxo/I0BaHUs UCXOAHBIX BEHIECTB U 00pa30BaHUs MPOAYKTOB PEAKIIMM MOTYT OBbITh MpEICTaBIECHbI
B Buje (7-10).

OH O

[Cat]
+ 2H202 —_—> + 3H20 (7)

denon IIepokcun O
1,4 - 6EH30XHUHOH

BOJIOpOJIA
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Wc])eH = _kcgeHMcbeH (8)
VVl'leOKCI/ILL = _kCI:rlleI)OKMHepOKCI/I/I (9)
Weensoxun = kCgleHSOXI/IHM6eH30XI/IH (10)
M/BO/ILI:I = kC}?o,anBo/:La (1 1)

I7e K — KOHCTAaHTa CKOPOCTH PEaKIu TpaHchopMamuu peHona B 6eH30XuHOH (M>/(MOTIb ¢),
C — KOHIEHTpaLHs COOTBETCTBYIOIIErO BellecTBA MOIb/M’, M — MonekynsipHas Macca
COOTBETCTBYIOIIIETO BemIecTBa (KI/MOJIb).

CoBmentast ypaBHeHus (3—6) mnoiayynM oOObEAMHEHHOE YpaBHEHHE 12 MarepuanbHOTO
Oananca.

d
a (p(w¢6H + wnepox t Weensoxun T wBO/ILbl)) + v(nd)el-l + nl‘[epOKC *t Ngenzoxun + (12)
nBOLLbI) = Wd)el—[ + M/l'lepOKC+W66H30XHH+M/BOAbI

B cocrosHuu paBHOBecHs cymMMa CKOPOCTEM MOTOKOB paBHA HYJIO, TaK K€ KaK U CyMMa
MacCOBBIX CKOpOCTEW 00pa3oBaHMs M PACXOJOBAaHUSI COOTBETCTBYIOIIMX BEIIECTB, B CBSI3U C YEM
ypaBHeHue 12 MoxeT ObITh TpeoOpa3oBaHo K Oonee mpocTomMy By 13.

(13)

0
ap + V(n¢eﬂ + nnepch + Ngensoxun + nBoAbl) =0

Jl1st yueTa BIMSHUS TEMIIEpaTyphl TakKe ObLIO UCIIOJIB30BAHO ypaBHEHUE Appenuyca 14.

—E,4
k = koe BT (14)

rme ko — mnpemdkcrnoHenuanbHbll  (pakTop akTUBHOCTH; Ea — dJHeprusi axkTUBaluu
(xIx/(monp), R — ra3zoBas mocrostHHas 8,314 (x/[x/(monp K). B kauecTtBe reomeTpudeckoit
COCTaBIISAOIIEH MOZIeNn ObliIa MCIIONIb30BaHa IByMepHasi ocecuMMeTprudHas moaens (Pucynok 1).

Brixod npodykmob

=0 r

Bxad peazexmob
Pucynok 1. 'eomerpuueckas cxema UCIOIb3yeMON MOJIETH

I'pannuHbIe yCIOBUS BKJIIOYAJIM BBIXOJHOE JABJICHHE DPAaBHOE aTMOC(EPHOMY J[aBJICHUIO
(pP=parm), TPUCTEHOUYHBIH CIIOM XapaKTEpU3yeTcs OTCYTCTBUEM IIEPEXOAHOIO CJIOs, CKOPOCTh
KHUJKOCTH y CTEHKH paBHa (), BEKTOp CKOPOCTEH Mo cooTBeTCTBYIOMUM ocsiM u=0. Jlns pemieHus
ypaBHeHuss HaBbe-CTokca Oblla CreHepupoBaHa CTPYKTypUpOBaHHAsh CeTKa AJIEMEHTapHbIX
IUIOIIAZie TOBEPXHOCTH peakropa. PelieHue mnpencTaBieHHOM MoJend ObUIO MOy4YeHO ¢
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HCIIOJIh30BaHUEM TIPUKJIIAAHOTO MakeTa nmporpaMMmuoro obecneuenuss COMSOL Multiphysics 5.3.

Pesynomamot u obcyscoenue
[Tpu npoTexkaHuy UCXOAHOTO MOTOKA PEareHTOB B TPyOuaroil peakuuonHoi 30He (Pucynok 2)
HaOMoaeTcss 3aKOHOMEpHOE yBelndeHue Bbixona 1,4-6eH3oxmHoHa. [Ipu 3TOM MakcUMallbHBIN
BBIXO/l MpPOAYKTa HAONIONAeTCs B IPUCTEHOUYHBIX OOJACTAX PEAKIMOHHON 30HBI. YMEHbLIEHHE
nuamMerpa peakiioHHo# 30HbI ¢ 0,15 M 10 0,05 M pUBOAUT K YBETUYEHHUIO BBIXOAA MpoAykTa ¢ 14
1o 40%. Takum oOpazom, AUaMETp PEAKIMOHHOW 30HBI, HAPSIY C BBHICOTOW PEAKIMOHHOW 30HBI
ABJIIETCS. OCHOBOIIOJIATralOIUM IIapaMeTPOM, OIIPEEIISIOIIMM BBICOKHM BBIXOJ LICJIEBOTO MPOLYKTA.

m m m 0.2 m
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3 b{[T 3 0.2 0:14 3
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0.25 \L) 0.12
i l 0.15 0.08
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0.2 - I 2 m T2 m
l_ I 908 0.06
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LY ] K 0.06
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Pucynok 2. 3aBucumocTb Beixofa 1,4-06H30XWHOHA OT JJIMHHBI PEaKIIMOHHOW 30HBI MPU Pa3IHYHOM
HaYaJIbHOM JUaMETpe peakimoHHo 3o0Hbl a) 0,05 M, 0) 0,07 M, B) 0,10 m, 1) 0,15 M (Temmeparypa
PEaKIMOHHOTO MOTOKA Ha BXOJIE B PEaKIMOHHYI0 30Hy 20°C, TeMiepaTypa CTeHKH peakinoHHO# 30HbI 30°C)

VYBenuueHue HavajabHON KoHIEeHTpauuu ¢enona (Pucynok 3) ¢ 0,1 mons/n no 0,8 mMonw/n
NPUBOIUT K YMEHBLIEHHIO BbIXO/a NpoAykTa peakuuu 1,4-6enzoxuHoHa ¢ 94% no 50%. Uro
MOKa3bIBa€T HEOOXOAMMOCTh JOOABJICHUS JIOMOJHUTENbHBIX PEaKIMOHHBIX 30H B Cclydyae
HE0O0XOMMOCTH UCIOJIb30BaHUS KOHIIEHTPUPOBAHHBIX PACTBOPOB.

VYBenuueHue Temreparypbl TpEroLled CTeHKH peakiMoHHOW 30HBI ¢ 30°C mo 35°C u 40°C
(Pucynok 4) crnocoOCTByeT CyIIECTBEHHOMY YBEIHMYEHHUIO BbIXOoAa 1,4-0EH30XMHOHA, W3 YEro
clielyeT HEeOOXOAMMOCTh TIPOBEACHUS pEaKUUH OKHUCICHUS TMpu HauOoNbLIeH BO3MOXKHOMN
temrneparype. HeBO3MOXKHOCTh JanpHEHIIEro yBenuuyeHus temneparypsl Bbime 40°C cBs3aHa ¢
Je3aKTHBanuei pepmMenTa.
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Pucynok 3. 3aBucumocTb Beixofa 1,4-0€H30XWHOHA OT JJIMHHBI PEaKIIMOHHOW 30HBI MPU Pa3IHYHOM
HavyampHOM conaepkaHuu ¢eHona a) 0,1 moms/n, 6) 0,2 momne/n, B) 0,4 mone/n, 1) 0,8 Mone/n (auametp
peakimonHoi 3oub1 0,05 M, Temmeparypa peakIMOHHOTO IOTOKAa Ha BXOJIe B PEakIMOHHYI 30HY 20°C,
TeMIiepaTypa CTeHKH peakiroHHoi 30Hb1 30°C)

m m m
0.8
. a 0.7 ~ o 0.75 ~ 0
a 1 M Aa 1 4
0.68
0.75
0.66 0.7
il 3 L 14
0.64 3 3
0.7
0.62 0. 65
n I 0.6 1 0.65
i 2 m 1 2 m
0.58
l= 0.6
| ‘ 0.6
| 0.56
1 | |
gl N 1 1
0.54 |
| 0.55 0.55
0.52 |
0
e | A a
o 0.5 ]
= = 0.5
o] 0.5 Qo
a 0 B

Pucynok 4. 3aBucumocTb Beixoza 1,4-06H30XWHOHA OT JUIMHHBI PEaKIIMOHHOW 30HBI MPU Pa3IHYHOM
temneparype creaku a) 30°C, 0) 35°C, B) 40°C (mmamerp peakumoHHOW 30HBI 0,05 M, TemmepaTypa
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PCaKIMOHHOTO MMOTOKA Ha BXOJI€ B peakIMOHHYI0 30Hy 20°C, HayajibHas KOHIEHTpalus GpeHoia 0,5 Mojb/I.

3axnouenue
[IpoBeneHo MopenupoBaHuE OMOKATATUTHUYECKOTO OKHCIeHUs (eHona ¢ moyudeHuem 1,4-
OEH30XMHOHA C UCHOJIb30BaHUeM nporpammuoro komruiekca COMSOL Multiphysics 5.3. Ilokazana
BO3MOYKHOCTb JOCTHKEHUS BbIXona 1,4-0eH30xuHOHA 10 94% Ipu JUIMHE PEaKLUOHHOMN 30HBI 4 M,
MPY ATOM YyBEIUMYEHUE TUaMeTpa peakimoHHoH 30HbI ¢ 0,05 1o 0,15 M NpUBOAUT K YMEHBIICHUIO
BbIXO/1a LiesieBoro npoaykra a0 50%, a ysennueHnue temreparypsl rpetouieii crenku ¢ 30°C go 40°C
IIPUBOJMT K YBEIMUEHUIO BbIXoAa Ha 15%.

Hccnedosanue svinonnero 6 pamxax npoekma PH® 21-19-00192.
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