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MATEMATUYHA MOJEJIb HEI3OTEPMIYHOI'O
AACOPBIIMHOI'O MACONTEPEHOCY B HAHOITIOPUCTHUX
KATAJIIBATOPAX

Pe3tome. Poszensnymo mamemMamuyHy MoOeilb Hei30mepMiuHoe0 adcopOyiliHo20 MAcOnepeHocy 6
niacmi MIKpONoOpucmo2o KaHanizamopa 3 YPAaxyeawHsM 6NAugy memnepamypHoi ckiadogoi. Ilobydosaro
AHANTMUYHUL PO38 30K 3ANPONOHOSAHOI MOOeNi 3 GUKOPUCIMAHHAM IHmMezpanvHux nepemeoperv Pyp’e ma
Jlannaca. I[lposedeno uucnose MoOent08aHHs 3MIHU KOHYeHmpayii adcopomugy 8 niacmi MIKpOnoOpucmozo
cepedosguya Ha Pi3HUX CMAadisIx NPoyecy Npu PisHUX 3HAYEHHAX MeMnepamypu .

Knwuosi croea: mamemamuyne mMoOento8ants, MAaconepesoc, Heizomepmiuni npoyecu, aocopoyis,
KamanimuuHi cepedoguuya.

M. Petryk

MATHEMATICAL MODELING OF NON-ISOTHERMAL
ADSORPTION MASS TRANSFER IN NANOPOROUS CATALYSTS

Summary. The mathematical model of non-isothermal adsorption mass transfer in micro- and
nanopores of intraparticle and interparticle spaces catalytic media, which considers effect of temperature during
adsorption process, has been considered. The paper is based on the results of previously proposed bi-porous
model and takes into account dependence of diffusion and flow temperature changes of environment on
concentration profiles of adsorbed components in interparticle space of micro- and nano poreus of crystallites,
which is a limiting factor of adsorption process. Mathematical model consists of a system of three partial
differential equations, the first equation describing material balance in the interparticle space (gas phase), the
second equation describing diffusion heat balance in the media and the third equation is a internal kinetic
equation, which establishes connection between gas and solid phases based on the Langmuir-Hinshelwood
balance equation. Solution of non-isothermal mass transfer adsorption model is built with the Laplace’s and
Fourier’s integral transformations. Obtained analytical solution of model has the advantage over numerical
solution due to a significant reduction in the number of iterations that is crucial for use gradients methods of
identification to solve problems of kinetic parameters determination from experimental distributions. Numerical
model of concentration profiles in micropores particles at different values of temperature as a function of layer
thickness coordinate for different moments from the beginning of the adsorption process has been presented.
Having analyzed the graphs we see that the concentrations of benzene in the middle of nanopore particles of
adsorbent increases from the middle to the edge, and the value depends on the temperature. Thus for different
temperatures, characteristics of concentration profiles are the same.

Key words: mathematical modeling, mass transfer, non-isothermal processes, adsorption, catalytic
media.

IToctanoBka mnpobaemu. Jludysis Ta ancopOuis NPOMUCIOBUX rasziB, IO €
MPOyKTaMK 0araThOX XiMiKO-TEXHOJIOTIYHHX MPOIECiB HEMTEPePBHOTO MUKy HAPTOXIMIYHOI
iHaycTpii, HaQTO-ra30BOi MEPepoOKU, CHEPTeTUUHOI Ta IHIINX raly3el MPOMHUCIOBOCTI YacTo
CYHPOBO/IKYETHCS 1 TPOILECOM TEIJIONEePeHOCY, MPUYMHOIO SIKOTO € HarpiBaHHS OKPEMHX
MOTOKIB Ta3iB, IO BUCTYHNAIOTh SIK PEAareHTH OKPEeMUX XIMIYHUX peakliii Ta XiMmiko-
TEXHOJIOTIYHHX omepartiii. BuxigHi ra3oBi MOTOKHU, HATPITI 10 BUCOKOT TeMIiepaTypH (OJI1U3hKO
100°C i Gisblie), MO HAIXOAATH JIO aICOPOIIIHHOrO KaTari3aropa, BIUIMBAIOTH HA 3MEHIIECHHS
a7ICOpOIIIHHOT aKTUBHOCTI MIKPOIIOpP, IO MOTpedye yTOUYHEHO! OIIHKK W aHali3y KapTHHH
Tudy3ii mpu BIUIMBI IUX (AKTOPIB.



AHaJi3 OCTaHHIX JocaipkeHb i myOuaikamii. [lpm jociimkeHHSX MporeciB
MacoIIepPEeHOCY 3/1eOUIBIIOr0 PO3TIIAIOTh MOJEKYJISIPHUN TPAHCHIOPT OKPEMHX PEUOBHH Y
MOPUCTOMY CEPEIOBHII, 3yMOBJICHHWH MacoNepeHOCOM Ha MaKpOpiBHI 0e3 ypaxXyBaHHS
icTOTHOTO BIUIMBY €()eKTiB 1 0cOOMUBOCTEN MIKpO- 1 HaHOTEepeHocy B yacTuHkax [1-3], ski,
SK BIJIOMO, € JIIMITYFOUHM 1 BH3HAYaJIbHUM (pakTopoM 3araiibHoi KiHetukw [2]. Ilpu mpomy
TOJIOBHI MPOOJIEMH MiKMOJIEKYJISIPHOI B3a€MOJIil, IO MArOTh MICI[e B peajbHUX CHUCTEMax
0araToKOMITOHEHTHOI JTU(y3ii pedoBHH, 3BaXkatoun Ha npuHIUN JIeHrMiopa-Xinmensyaa [2],
371e0LTBIIIOT0 3aTMINAIOTHCS 11032 YBaroko.

B mormepenHix mpargx aBTOpiB 3aIIPOIIOHOBAHO PSIT IIIXO/IIB 0 BpaxyBaHHS SBHINA
MacoIepeHocy IpH IMpoiecax MacooOMiHy, 30KpeMa ajcopOIlii, He JIUIe Ha MaKpOpiBHi, 3a
paxyHOK IPOCTOPIB MiX YaCTHHKaMH ajcopOeHTa, ajie i Ha MiKpOpiBHI 3a paXyHOK HaHOIIOP
YacTUHOK [4-7].

Mera poboTu. 3anmponoOHYBaTH MOJEIh  HEI30TEPMIYHOTO  aJICOpOIiHHOrO
MacollepeHocy, 0 Ha psay 3 paHille pO3TJSIHYTUMH YWHHUKAMH, BPAaxOBY€ BIUIAB
TEMIIEPATypHOI CKIIaJI0BOi, JOMOBHIOIOYN MOJIENb, PO3IJISIHYTY B [6,7], 1 B Takwii crmociO
JI03BOJISIE  YTOYHHMTH 3arajbHy KapTUHY BHYTPIIIHBOI KIHETHKH JUQY3ii B MiKpomopax
YaCTHHOK Ta METOJUKY 1IeHTU(IKAIT BHYTPIITHHOKIHETHYHHUX TTapaMeTPiB.

IIportoHoBaHa poOOTa IPYHTYEThCS HaA pe3yibTarax, orpuMaHux B [8-10] 3
ypaxyBaHHSIM B3a€MOBILTMBY 3MiHH TEMIIEPaTypHOTO TOTOKY Ha XapakTep 3MiH MpogdiiiB
KOHIIEHTpalil a7copOOBaHMX KOMIIOHEHTIB Y MIKYaCTUHKOBOMY IpPOCTOpI Ta B MIKpO- i
HAHOIIOpaX — y BHYTPIITHROYACTUHKOBOMY IIPOCTOPI CEPENOBHINA, IO € JIMITYIOUUMH
YHHHUKAMU TIPOIIECy aacopOii.

ITocTanoBka 3amxa4i. Po3risiaeTbes Hei30TepMIiYHMN acOPOMIMHAN MACOIIePeHOC Y
nopax  BHYTPIIIHBOYAaCTUHKOBOTO  TPOCTOPY Ta B  MDKYaCTHHKOBOMY  IPOCTODI
HAHOTIOPHCTOTO cepepoBHINa. MaTeMaTHYHa MOJICIb, 1[0 OIUCYE KIHETUKY HEi30TepMidHOTO
a/IcOpOIIMHOTO TMEpPEeHOCy, OCHOBOIO SIKOro € Au(dy3is ra3iB y MOPUCTOMY CEpeIOBHUINI B
OJIHOPIJIHIM TOCTAHOBIN 3 ypaxyBaHHSM BKa3aHUX BHINE (Di3UIHHX (PaKTOpiB MoOxe OyTH
omucaHa K HaCTyIIHA II0YaTKOBO-KpaidoBa 3ajava: mobynysard B obmacti Q =(0,7)x€Q,

Q=(0,L), xonuenrpauiitui posmoximn C(r,z), a(f,z)mis cucteMu audepeHIianbHAX

PIBHSIHb B YaCTUHHUX MMOX1THUX

2 2
da(t,2) , OC(1,z) _ )0 C(zz‘,z)+D'58 T(z;,z), W
ot ot Oz 0z
or(t,z) . éa(t,z) O’T(t,z)
H - + T =A—22 2
a CTa o @)
Oa
—=pC—mnm), 3
~ = AC-m) 3)
3 IOYaTKOBUMHU YMOBaAMHU
C(t.2)|_,=0.T(t.2)|_, =0a(t2)_ =1 4)
Ta KpaﬁOBHMH YMOBaMHU
O att =0; =0, 7T “1.%7¢ =0 5
P )., =0z at2)| =0, T.2)_, =1, Pl D,=0. ()
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Tyr (1) — piBHAHHS, IO ONHUCYE MaTrepialbHUN OallaHC y MIKYaCTHHKOBOMY
npocTopi (ra3zoBiit (asi); (2) — piBHAHHS, IO ONHUCYE TEIUIOBHH OanaHc y audysiiiHOMY
cepenowini; (3) — piBHIHHS BHYTPIITHBOI KIHETHKH, IO BCTAHOBJIIOE 3B’ SI30K MiXK Ta30BOIO
(hazoro (MiXYaCTUHKOBUH MpocTip) 1 TBepaoro (azoro (MOrMUHYTHH agcopdar y Mikporopax
YaCTHHOK aJICOPOCHTY) Ha OCHOBI 3aJIe)KHOCTI piBHOBaru Jlenrmropa-Xinmensyza [2]

¢ (t,2) a,,(t,z)
Cloo (t) aZoo (t) . .o
C(t,z)= , a(t,z)= — BeKTOpH O€3pO3MIpHHX KOHIICHTpAIIii
o, (t,z) a,,(1,2)
C2°° (r) a2oo (r)
TU(YHIOBAaHMX KOMIIOHEHTIB aJICOPOTHBY B MAKpOIIOPax Ta MiKpO- i HAHOIIOpax aJICOPOCHTY;
c(t,z),c(t), a(t,z),a(t), — MOTOYHI Ta PIBHOBaKHI KOHIEHTpamii JU(YHIOBAHUX
KOMITOHEHTIB aJICOPOTHBY B TPOCTOpPaX MaKpoO- 1 MIKpOIIOp;
tp (tb Z) .
Tt z)= —t) — Oe3po3MipHa TemrepaTtypa Au(pyHIOBAHOTO CEPEIOBHIIA;

Po

t,(t,z),t, (1) —OTOYHA Ta BXiJIHA TeMIepaTypu Au(YyHIOBAHOTO CEPEIOBUIIIA;

D — ebexruBHmi KoedimienT audysii B MiKIaCTHHKOBOMY mpocTopi, m/c; A—
KoeiIlieHT TemmoBoro audys3iifHOro IepeMillyBaHHS Ta3y B CEpelOBHMINi, M/ Ipam.c; & —
TepMorpanieHTHHI KoedimieHTt, 1/rpax; Q — mpuxoBaHa 0Oe3po3MipHa TeIIoTa aacoporii;
H— nupuBeleHa cyMapHa TeIUIOEMHICTh rasy i ajcopOenTy, l/rpam; y°— KoedilieHT
TEIUIOBUX BTpaT B HAaBKOJMIIHE cepelnoBuine, 1/rpag.c; f — 3araibHUEl KoedilieHT

MacoIepeHocy; ¥ = 9o _ xomcranta ajicoporii.
o
Metoaosoria modyaoBu po3B’si3Ky Mojedi. Po3B’s30k Mojeni HecTarlioHapHOTO
agcopOiaoro meperocy (1)—(5) moOyaoBaHO IMMOCIIIOBHUM BHKOPUCTAHHSIM iHTETPABHUX
nepetBoperb @yp’e i Jlamnaca. BusnaunBmm i3 mudepeHiiaibHoro piBHSHHES (2) QyHKIIIO a

yepe3 ¢yHkiio C: (%+ ,Byja = C Ta 3actocyBaBH 110 piBHSHHS (1) mudepeHITiaTpHIHA

orepaTop (%+ ,B}/) , OTPUMAEMO HOBY CHCTEMY PiBHSHb

%+ﬂ(7+1)% = D(%+ﬂyj%€(r,z)+D5(%+ﬂyj%T(az) ,  (6)
H%%Hﬂywz)%wﬂwm 5-0-2C.2) A(gwyj% )
3 MOYaTKOBHMH YMOBaMH i
C(t,2)|_,=0;T(tz2)_, =0 (8)
Ta KpaﬁOBHMH YMOBaMHU
Ct.2)|_, = o;ﬁca,z)L:O =0, T(t,2)|_, =1; ﬁT(r,z)Lzo =0. 9)
0z 0z
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Jlo 3amadi B (6)—(9) 3acTocyeMo ckiHueHHE iHTeTpaibHe nepetBopeHHs @yp’e (Cos-
®Oyp’e), BU3HAUECHE TAKUMHU IHTETpaJIbHUMHU oreparopamu [11]:

- mpsMoi il
F[C(rz2)]= jC(t, 2)-9(z.m, )dz = JI-C(t,z) -cosn,zdz=C, (1) (10)
0 ]
- 3BOPOTHOT i
FC, (1)]=YC (e ;77’")=22Cm(t)cosnmzEC(I,Z); 11
m=0 HS z 77,,7 m=0

- OCHOBHOIO TOTOXKHICTIO iHTETPaIbHOTO TIEPETBOPEHHS AU EPEHITIaTHHOTO
orepaTopa

f2~ 1 L
|55 I s =) Cosn,zam,sivm . | +fe S A
==1,C,+1, sinnm'C(f 1)=-7,-C, . (12)
Gl .
F; 822 _J T(t Z)lg(z 77”1)6k 77111]:1 +77m Smﬂm T(f 1) - 77177T (f)+( ) ﬂm
2m+1

Tyr 9(x.7,)=cosn,x, 1, = TR 0,00 — crekTpanbHa (BIacHa) QyHKITis
Ta cneKTpaani qucia IHTETPATBLHOTO MIEPETBOPECHHSI;

71') -1)", m=0,0.

sin(ny,, -1) = sm(

3aCTocyBaBLHI/I inTerpanpHi omeparopu (10), (12) mo xpaitoBoi 3amaui (6)-(9),
orpumaemo 3aaaqy Komri [11]

&C dc dr (1
a;’z(t)+[,B(7+1)+D77ﬂ%+D,B;/;7iCm(r)+D577m Z}f)wﬁm T,(t)=DBy(-1)"n,,
2 (13)
#ED s (rpy7 en 2 (A ) T 0-0SCLO=M 1),

3 HYJIbOBHMH TIOYaTKOBUMH YMOBaMHU.
Y npunymenni, mo InykaHi Ta 3amaHi  ¢ymkmii  C(4,z), a(t,z), T(t,z) €

opurinaiamu 3a JlammacoMm, 3actocyBaBmm 3aaadi (13) iHTerpanpHe nmepeTBopeHHs Jlamiaca
CTOCOBHO 4acoBoi 3MiHHO] 7 [11], oTpuMaemo cucteMy piBHSIHb

[+ Aly+1]+ D)5+ DBy-17, |-G, (s)+ Do, s+ DaBy-17, |- 7 (5) = Dy(-1) "' .
(14)
i

OGO H- +(Hpy 2 A )5+ (2 [ )= A0

PO3B’SI3KOM SIKOT € (PyHKIIii
Co(9) =By (=1)" 0, W (1,,.5),

\ (15)
T;:(S) =ﬂ7(_1) M W;(nn%’s)

Tyt
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DS Hs’ +(Hpy+2* +Any)s+ By (Am, + 2°) |- A Dons + DBy -]
S'A(ﬂ,i,S)

Wv(:(njz’s) =

b

A[Sz+(,B[)/+1]+D77n27)S+D/37/77,ﬂ+D5Q'S

W (.5) = s- A2, S)

m?

; (16)

A(T.,S) :[s2 +(,B[)/+1]+D1751)S+Dﬁmi}[}lsz +(H/3y+;/ +A7751)s+/3y(A7751 +;/)}+
+0s| Dor,s+DBy, |.

[Ipu mepexoni go opurinamiB 3a Jlammacom B (16) 3rimHo 3 [11] iHTerpamu mo
KOHTYpYy bpoMBiua MOXHa 3aMiHUTH IHTETPAJIOM I10 YSIBHIH BiCi, OTpHMAaBIIN BUPA3U

Wo(t.2)= L W (2.9) ] = % T W (. iv)e™ ds = %TRG[W{? (- 1v)e™ Jdv.
—0 0

i 17)
W.(t,z)=L" [WT (nfq,s)] = %IRe [WT (17,,:1v)e" ] dv,
0

Jle § — KOMIUIEKCHO 3Ha4HMI mapameTp neperBopeHHs Jlammaca, v >0, Re[...] — omepartis

B3ATTA MifICHOT YaCTUHU BiJl YMCIA.
V pe3ynbTati po3B’s30K BUXiJIHOT KpaiioBoi 3asaui (1)—(6) MaTume BUIIISL:

C(t.2) =2y (-1)"n,, - W, (1,.1)-cosn, 2> (18)
m=0
T(t.2) =28y Y. (-1)"n, W, (n,.1)-cos 1,z » (19)
m=0
o t
a(t,z)= 2ﬂ272(—1)'"77mfe‘ﬂ 7D W (g, T)dT - cosn,z . (20)
m=0 0

Jlo mepeBar oTpuMaHoro aHamiTHYHOrO pPo3B’s3Ky (18)—(20) momeni (1)-(6) y
MOPIBHSIHHI 3 YMCEJIbHUM MOXKHA BIJHECTH CYTTEBE CKOPOUCHHS 4YHCIa iTepamiii, mo €
BH3HAYAJIHLHUM Yy BUKOPHCTAHHI Y BHpa3ax IPaJli€HTIB IS 3a7a49 iIeHTH(dIKaIlii BH3HAYCHHS
KiHeTHYHHX MTApaMEeTPiB 3a eKCIIEPUMEHTATEHUMHI PO3IIOIIaMHU.

PesyabTraTn pociaimkenn. I'padpikm Ha puc.2 Ta 3  JEMOHCTPYIOTH 3MiHY
KOHIIEHTpalii TOTJIMHYTUX KOMIIOHEHTIB y TOpax BHYTPIITHHOYACTHHKOBOTO IPOCTOPY
HaHOTIOPHCTOTO CEPEIOBHINA IO KOOPIUHATI Z (Y3/I0BXK KPHCTATITY).

Ha pucyHkax mnpoaeMOHCTpoBaHO rpadiku 3MiHHM KOHIEHTpallii B MiIKpOIOpax
gacTHHOK mpu Ttemrepatrypi 0°C, 75°C, 150°C, 250°C sk ¢yHKmii Bi KOOpIUHATH Z
TOBIIMHU TJIACTY CepEeIOBHINA JUIsi MOMEHTIB vacy piBHEX 500 xB (puc.2) ta 1500 xB (puc.3)
BiJI MOYATKY IpOIieCy a1copO1ii BiIIOBITHO.
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17 a(t,z)

0,8

0,6 ——0C

——130°C
== 250°C

0,4

Pucynok 2. Posnonin konnenTpauii angy3ii y BHyTpilIHBOYaCTHHKOBOMY MTPOCTOPI y3/10BK KOOPAMHATH Z IS
MoMeHTy "acy t=500 xB npu Temmiepatypax a — T= 0°C, b — T=75°C, ¢ — T= 150°C, d — T=250°C

Figure 2. Distribution of diffusion concentration in intraparticle space along z coordinate at time t = 500 min at
temperatures a — T= 0°C, b — T=75°C, ¢ — T= 150°C, d — T=250°C
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Pucynok 3. Poznonin konuenTpauii angy3ii y BHyTpilIHBOYaCTHHKOBOMY MTPOCTOPI y3/10BK KOOPAMHATH Z IS
MoMeHTy vacy t=1500 xB mpu Temrieparypax a — T= 0°C, b — T= 75°C, ¢ — T= 150°C, d — T=250°C

Figure 3. Distribution of diffusion concentration in intraparticle space along coordinate z at time t = 1500 min at
temperatures a— T= 0°C, b — T=75°C, ¢ — T= 150°C, d — T= 250°C

AHanizyloun HaBeleHI rpadiku, 6auumo, IO 3HAYEHHS CyMapHOi KOHIIEHTparil
ancopOTUBY (OEH30JTy) BCEpeIrHI YaCTHHOK aJICOPOCHTY 301IBINYETHCS Y30BXK JIOBXKHHHU
[EOTITHOTO CEePEJOBUINA, a 3arajlbHUil pIBEeHb 3aJIC)KUTh BiJ 3HaueHHs Temneparypu. [lpm
IOMY JUIS Pi3HUX TeMIIepaTyp, XapaKTePHCTHKH KOHIICHTPAIliHHUX MPodiTiB € abCOTFOTHO
OJTHAKOBUMH.

BucHoBku. PO3rIsiHyTO MaTteMaTHYHY MOJENb HEI30TEPMIdHOTO aJICOPOIiHHOTO
MacoIllepeHocy B TIOpax BHYTPIIHBOYACTHHKOBOTO MPOCTOPY Ta B MIXKYaCTHHKOBOMY
MIPOCTOPiI HAHOTIOPHUCTOTO KATATITUYHOTO CEPEIOBUINA, IO BPAXOBYE BILTUB TEMIIEPATypHOL
CKJIaJIOBO1 B Tporieci aacopOirii, moOynoBaHo 11 aHATITHYHI PO3B’SI3KH Ta MPOBEJICHO YMCIOBE
MOJICITIOBAHHS PO3IMOAUTY KOHICHTparii audy3ii y BHYTPIIIHBOYACTHHKOBOMY IIPOCTOPI
Y3IOBX TOBIIMHU Iapy aJCcOpOeHTY TUIY LEOJIT Ui Pi3HHX MOMEHTIB 4acy. OTpumani
pe3yJIbTaTH JI03BOJIATH YTOYHUTH 3arajbHy KapTUHY BHYTPINIHBOI KIHETHKH TUQY3ii B
MIKpOIIOpax YaCTUHOK Ta METOJIUKY 1IeHTH(DiKallil BHYTPIIIHFOKIHETUYHUX ITapaMeTpiB.

Conclusions. The mathematical model of non-isothermal adsorption mass transfer in
micro- and nanopores of intraparticle and interparticle spaces of nanoporous catalytic media
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has been proposed. This model considers the effect of temperature during adsorption process.
The obtained results allow to clarify the overall picture of the inner diffusion kinetics of
crystalaties with micropores particles and can be proper basis for internal kinetic parameters
identification improvements.
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