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MikpokiHeTudHe MOJEJJIOBAHHSI I€T€POTre€HHOTO KATAJITUIHOTO
cuHTe3dy amiaky. Orisam pobiT

1. A T'ymemiok

Amwnoranis. Ilogamo orsam pobiT, IKi CTOCYIOTHCS TPUHIIAIIB Ta 3aCTO-
CyBaHb ITiIX0/Iy MIKPOKIHETUYIHOTO MOJIEJIIOBAHHS JIO OIUCY T'€TepPOTeH-
HOTO KaTaJjlidy aMiaKy 3 BUKODHCTaHHIM KaTaJjli3aTopa Ha OCHOBI 3aJi3a.
KopoTtko npejicTaBiieHo OCHOBHI BiJJOMOCTi IIpO TeTeporeHHi XiMivyHi pea-
KTOPH i KaTajgizaTopu. PO3rysiHyTO MeXaHi3M MiKpOpeaKIliil Ha TOBEPXHi
Ta ioro ommc B jaHomy migaxozxi. Hasemerno 6a30Bi 3acajam Ta KOPOTKi
JIaHI PO eKCIIEPUMEHTAIbHI METOIUKY JTOC/TII2KEHHS 00’ €MHUX 1 TIOBEPX-
HEBUX BJIACTUBOCTEHN KaTa/i3aTOPiB, BJIACTUBOCTEN aCOPOIIIHOTO Mapy
Ta KIHETUYIHUX 1 TEPMOJIUHAMIYHUX XaPAKTEPUCTUK MeTEPOTEHHUX PeaK-
niitaux cucrem. IIpeacrapieno crmocib po3paxyHKy (hi3nKo-XiMIYHUX Be-
JIMYUH, 32CHOBAHUHN HA CTATHUCTHKO-MEXaHIYHOMY OIIHUCI, 1 Oro 3acToCy-
BaHHS JIO0 CUHTE3y amiaky. KOpoTKO pO3T/IAHYTO Miaxis KOMIT I0OTEepHUX
MOJIE/TIOBAHDb B 3aCTOCYBAHHI JI0 JAHOI TPOOJIEMATHKH.

Microkinetic simulation of heterogeneous ammonia synthesis.
A review

Y.A.Humenyuk

Abstract. A survey of publications on principles and applications of the
microkinetic simulation approach for the description of ammonia hetero-
geneous synthesis on iron-based catalysts is given. The main information
on heterogeneous chemical reactors and catalysts is presented. The mi-
crokinetic mechanism of reactions on surface and its description in the
approach are considered. It is given main grounds forming a basis for ex-
perimental techniques in studying bulk and surface catalyst properties,
features of adsorbate, and kinetic and thermodynamic characteristics of
heterogeneous reactive systems. Calculation tools for physico-chemical
properties are presented based on the statistical mechanical description
and their applications to ammonia synthesis are cosidered. Computer
simulation approach to the problem is shortly reviewed.
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1. Beryn

Maroun Ge3mnocepeHe 3aCTOCYBaHHS B IIPOMUCIOBOCTI, TEOPisd reTepo-
TEeHHOTO KAaTaJji3y € CyJYacHUM 1 aKTyaJIbHUM HAIPIMKOM JOCJiIZKEHb,
SIKAI MICTUTB B OOl BUBUEHHSI KOMILJIEKCY PI3HUX (DI3MKO-XIMITHUX ITPO-
TIeCiB, IO BiIPI3HAIOTHCSA MizK CODOTO STK MAcIITabaMu Jacy mepediry, Tak
i XapaKTepHUMH IIPOCTOPOBUMK Maciirabamu (BiJl OKDEMHX AKTUBHHUX
IEHTPIB JI0 3epHA KaTaJi3aTopa, i Jlaji JJ0 TOPUCTOI CTPYKTYPU MATPH-
i KaTasizaropa). 3aBigku cuerudill CKIaHIX XIMIYHUX TIePETBOPEHb
Ha MOBEPXHI, aJcopOIll Ta Jaecopbiiil, B3aeMOoil YaCTHHOK ajcopbary 3
TOBEPXHEIO 1 Mi2K cO0D0I0, TeTeporeHHnil KaTasii3 06’eHye B cObI HeMaJTy
KUTBKICTh €KCIEePUMEHTAJIHLHIX METOJINK, MTOB’I3aHNX 3 TEOPI€I0 TOBEPX-
Hi, XIMIYHOIO KiHETHUKOIO Ta, iH.

ITinxim MIKpOKIHETHYHOTO MOJIETTIOBAHHST Y CBOIl OCHOBI IMTOKJINKAHUIT
CUHTE3yBaTH BCi HagBHI €KCIIEPUMEHTAIbHI, eMIIPUYIHI i TeOpeTHIHi Bi-
JIOMOCTi, BU3HAYAIOYN HANTOJOBHIIIT TEHIEHIII] B TOBEIHII Tiel UM iHIIO1
KaTaJITUIHOI CHCTEeMHU B IMHUPOKiit obsracTi peakiiitHmx ymoB. B mono-
rpadii [1] MiKpoKiHeTHYHe MOETIOBAHHS B3ATO 3a OCHOBY BUKJIAMY 1
3 €IMHUX TIO3UIIIl TIPEJICTABIEHO PE3YJIbTATH JIOC/TIIZKEHb CEMH PI3HUX
KATAJITUIHIX CHCTEM.

Peaxmis kaTamiTnaHOrO CHHTE3y aMiaKy Ha 3aJli3HOMY KaTaJli3aTopi
€ O/IHI€I0 3 HANIIMPIEe BUBYEHUX I'E€TEPOrEHHUX PEAKIIi, K 3 MOIVISILY
PO3yMiHHSA MEXaHi3My, TaK i CTOCOBHO HAsIBHOCTH 0ATraTOro eKCIIepuMeH-
TAJBHOTO MaTepiay Jis aaeKBaTHOro omucy. B oruazi [2] spobieno cu-
CTEMATUYHUN BUKJIAJT €KCIEPUMEHTAJIBHUAX BIiJIOMOCTEH PO CTPYKTYPY
[TOBEPXHI, XapaKTEPUCTUKU B3AEMO/IIl YACTUHOK aJIcOpObaTy Ha MOBEPXHI
YHCTOTO MOHOKPHUCTAJIITHOTO 3aJ1i3a 1 JIJI MMOBEPXOHb, MIOKPUTUX AKTHU-
BaTOpaMH, IO MOJEIOI0TH TPOMUCJIOBI KaTaai3aTopu. 3 €INHUX TO3H-
il CTOCOBHO MEXaHI3My CHHTE3y aMiaKy Ta OINCY MOBEPXHEBOI XiMiYHOL
KIHETUKY PO3IJVISHYTO Iporecu ajacopOiil yactuaok No ta Ho, mpoana-
JII30BAHO TOBEJIIHKY KATAJITHIHOTO PEAKTOPA, PO3PAXOBAHO IIBUIKICTH
CHHTE3y aMiaKy, PO3IJVITHYTO POOOTY PEAKTOpa IPHU YaCTKOBOMY 3aTpPy-
enni moBepxui moJtekyaamu HoO.

IIpore, cyuanuit cran JOCTITKEHDb BUABJISIE HOBI MUTAHHS 1 TpobJIe-
MU B IIbOMY HAIIPSIMKY Ta HOTPeOye MOIyKYy NUISAXIB JJIs X BUPIIIeHHs
— YU IIe CTOCYETHCS BUBYEHHS JIeTajeil MeXaHi3My peaxIlil , Ui BILIUBY
B3aeMogil B ajcopbuifinomy mapi [3,4] uu qociijpKeHHst BaacTuBocredi i
OIMCY HOBUX KATAII3aTOPiB [5, 6], U1 KOMITIOTEPHUX MOJETIOBAHD CHH-
Te3y amiaky |7].

TocnimoBHicTh BUKIaMy MaTepiaay BiToOparKeHO B aHOTAIl. 3aBep-
MIYIOTh OTJISJT 3aTraJibHi BUCHOBKHY i CIIUCOK BUKOPUCTAHUX JIZKEPEJI.
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2. BarajgpHi BimomocTi

2.1. XapakTepucTuka HETTO-peakIlil Ta MOJIEKYJI

VTBOpEHHSI MOJIEKY/IN aMiaKy OIMUCYIOTHb TaKOIO0 PEaKI€ro:
Ny + 3H, &% oONH, (1)

Ak BimoMO, MOJTEKY/IH a30Ty i BOJHIO JBOATOMHI 1 MalOTh OCHOBY CUMET-
pito. ITpore, BinpizusoTbes MizK 06010 CTPYKTYPOIO 30BHIIIHBOI (BaJIeH-
THOT) €JIEKTPOHHOI O6OJIOHKH, SIKA TIEPEBAYKHO BIIIOBIIAE 38 yTBOPEHHS 1
crifikicTp Mostekys. Mosekyia Boguaio Ho Mae o/1Hy 3B’3KOBY €JIeKTDPOH-
ny napy H-H. Aromy azory 6pakye 3 eJIleKTpOHU JIJIsl 3aII0BHEHHST 30BHi-
MIHBOI eJIEKTPOHHOT 0DOJIOHKH, TOMY MOJIEKysa a30Ty No Mae 3 3B’s13K0Bi
€JIEKTPOHHI Tlapy 1 1o ol HemomineHiit Ha KoskHOMY aromi :N=N: [§].
106 posipBaTy 1€l MOTPIHHKIE KOBAJEHTHUI 3B’ 130K, JEII0 OCIA0IeHIIA
3aJIIKN BIJIIMITOBXYBAHHIO Mi2K JIBOMa, HEITO/IJIEHUMH TapaMy Ha PI3HUX
aToMax, HOTPIOHO 3aTPATUTHU 3HATHO OIJIBINY €HEPrito, HiXK JIJIsT PO3PUBY
3B’si3ka, H-H. 3100yTi 3 eKcriepuMeHTy XapaKTepUCTUKHU JIJIsI MOJIEKYJIN
Bozmio Hy Taki [9-11]: piBHOBarKHA MIXKsIIEpHA BiICTAHb lgiH = 0.741A,
eHeprisg 3B’g43Ky aTOMIB y MOJIEKYII EEQ_H = —432.2 x/I>x/Mosb 1IpH
remueparypi 298 K. (Pospaxosane st MojleKysin y BaKyyMi 3HAUEHHS
eHepril 38’93Ky JopiBHIoe —458 KJIxK/Mouib.) [iisg MosieKyu a3oTy Bij-
TOBiTHI BEJIMYWHU DPiBHI: ZE;N = 1.098A, EEQEN = —941.6 x/Ix/Moib
mpu 298 K.

Mounekyma amiaky NHs mae dpopmy TpukyTHOT mipamian, Ha Bepiim-
Hi KOl PO3TAIIOBYETHCA aTOM a30Ty N, a TPUKYTHY OCHOBY TBOPSTH
Tpu atomu BojHio H [8]. Hosxkuna N-H-38’s13ka ZII:IE%{ = 1.012A, kyr
MixK Oymp-skumu gsoma N-H-3B’s3kamu piBHuIit ngﬁ = 107.3". Ene-
prii mocsimosHoro BimpuBy atomiB H pisni [9]: BN, — NHo, H = 438.1,
Exn, — NH, H = 383.7, Exnt — N, 1 = 351.0 x/I>x/Monn. Mosexkyna € nu-
HOJILHOIO 3 eKCIEPUMEHTATLHAM 3HAYEHHSIM JIUIOILHOTO MOMEHTA. [l
= 4.94-1073° Kim.

Peakis (1) ek3oTepmiuna 3 TermioBuM e(heKTOM B CTAHIAPTUX YMO-
Bax AHY = 50 k/I:x/moitb [11]. B pesymbraTi peakitii 3MennuTyeThCs 3a-
rajbHe YUCJIO MOJIB ra3y, OCKIIBKU 3 4-X MOJIEKYJ PEAreHTiB yTBOPIO-
€TbCs 2 MOJIeKY/IU TpoayKTy. Hampukia, ajas a30THO-BOJHEBOI CyMiTtTi
[P BiTHOCHOMY IlepeTBOPeHHI peareHTiB, pibHOMY 15%, AKe BBayKa€Th-
csl JJOCUTH BUCOKHUM, BiJIHOIIEHHSI KIJIbKOCTH MOJIB BUXIJIHOI CyMiIli 10
Bxinnol ctanoButh 0.925. Ile 3yMOBIIIOE 3HMKEHHS THCKY B CHCTeMi, i K
HACJI0K — 3HUXKEHHS TeMIepaTypu. Buii pobodi TUCKU, HAIIPUKJIAL,
300 aT™m mopiBHSAHO 3 1 aTM, MOCTADIIOITH Ieil eeKT.
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OpmH 3 MOXKJIMBUX NUIAXIB cuaTe3y MoJeKyim NHs — 1ie koo Tpe-
6a posipBatu 3B’s130K N-N 3 MOJAJILIINM TOCTIAOBHUM IIPUETHAHHIM
JI0 aToMa a30Ty TPhOX aTOMIB BOmHIO. B razosiit ¢asi Taki nporecu He
peaJli3yIoThCsl Yepe3 BeJIMKe 3HaYeHHs eHepril akrusamnil peaxmil (1), To-
My Ha MPaKTHII 3aCTOCOBYIOTH KATAJITUYHHUN CHUHTE3 aMiaky, y SKOMY
moutekyau-pearenTu No i Ho asmcopbyroThbest Ha TOBEPXHIO KaTaJi3aTopa i
JIUCOIHIOIOTH HA aTOMHU TIiJT JTIEI0 MTPUIIOBEPXHEBOTO IMOJIsI KpucTtana. Jdati
Ha TOBEPXHI KaTa/i3aTopa Bi0yBa€ThCs MOC/IIIOBHE YTBOPEHHS KOMILIE-
kciB NH, NHy ta NHj3 3 HacTymHuM gecopbyBaHHSIM KiHIIEBOTO IPOLYKTY
B 00’eMuy haly. 3arajoMm BCi MOXKJIMBI MeXaHI3MH KATAJITUIHOTO CHH-
Te3y aMiaky TMOIIAIOTHCA Ha JBa Kaach. B acormiaTMBHUX MexaHizMax
arom H mpmennyernesa mo mosekynun No mepesn po3puBoM 3B’s3ka N=N,
a B JuCOIiaTuBHUX 3B 130K N=N pO3pHUBAETHCS M€ yTBOPEHHSIM KOM-
wiekcy N-H [2].

B maxpockomitnoMmy mMacrTabi cxeMy peaxilii CHHTe3y MOXKHa 300-
pasutu Tak. Ha BXim KaTaaiTHIHOTO XiMIiTHOTO peaxTopa MOJAETHC CY-
mimr raziB No—Hs (a Takox, moxkimso, i NHg) 3 neBHoI0 Temueparyporo,
POGOYUM THCKOM i MOJISIDHUM CITiBBIIHOIIEHHSAM COPTIB (siKe He 00O0B’si3-
KOBO Mag OyTu OJim3bKe J0 CTeXIOMETPUYHOrO CIiBBimHOIIeHHS 3:1 JTst
pearentis peakiii (1)). Po6ounii 06’eM peakTopa 3all0BHEHO KATAII3aTO-
POM y BUIVISII TMOPOIITKOIIOMIOHOT 91 TPpaHy/IsIPHOI CIIPECOBAHOT MATPHIIL,
qepe3 fAKy I TUCKOM IMIPOXOJUTH BXigHa cyMim. Jleska gacTka movdaT-
KOBOI CyMiIIi 3a3Ha€ XIMiYHOTO TIEPETBOPEHHS 1 HA BUXOJI PEAKTOPA MU
OTPUMYEMO TPUCOPTHY cyMimt ra3is: No, Hy i kopucuuit npogykT NHs. B
peaKkTOopi MiITPUMYIOThCS MEBHI, B 3aJI€?KHOCTI BiJl KOHCTPYKITT Ta peXKu-
My pobOOTH, CTAIIOHAPHI UM iHIIT YMOBH IMPOTIKAHHS Te€TEPOTeHHO] peak-
il cunresy. Ile Moxke OyTu TIeBHE TeMIepaTypHe ToJie, IePEeMilTyBaHHSI,
I'PAJIIEHTU KOHIIEHTPAIIIT, IMIYJIbCHUN PEXKUM T0/Iadi CHPOBUHU Ta, iH.

2.2. PeakTopu

3a 3araJbHUM TPU3HAYEHHAM XIMIYHI peakTopu OyBalOTh JabopaTop-
Hi i mpomucoBi. Ko 3a KpuTepiit kmacudikariii Bubparu ymMoBH, AKi
MJITPUMYIOTHCH B PEAKTOPi, TO MOXKHA BHUIIJINTH TaKi TUIH iJIeaTbHIX
peakTopis [1]:

a) peakTop, mo 06pobise cuposuny nopiigmu (batch reactor, BR);

6) npoTouYHMil peakTop 3 nocTiHuM nepeMirryBauasM (continuous-flow
stirred tank reactor, CSTR);

B) IPOTOYHUIT peakTop 6e3 [0310BKHBOTO epeMinryBanis (plug-flow
reactor, PFR);

Jlas peaxmopa muny a) BBaXKAEThCsl, IO CUPOBUHA HAJIXOJUTL B
poboumnit 06’em VpR 1 3a3Ha€ TaM XIMIYHOTO IIEPETBOPEHHS ITPOTSATOM Xar-
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paxTepHOTo Yacy Tpr. OCHOBHI MIPUIIYIIEHHS: B PEAKTOPI MM ITPUMY€ETHCS
iyleasIbHE TTEpEMINTyBaHHS TaK, IO KOHIEHTPAIl OJTHOPIIHI B TPOCTOPI i
MIHSIFOTBCS 3 9acoM B mporeci po3BuTky peakiil. Orxke, peaktop BR
mpaIoe B iMimynbcHOMy pexkumi. OcHOBHI xapakTepucTuku: VBR 1 TBR-

Peaxmop 6) upamioe B HenepepBHOMY pexkuMi. CUpoBHHA HAJIXO-
JUTh B poboumit 06’em VegTr 3 00’€MHOIO MIBHAKICTIO Ha, BXOJI Qi(’}é‘iﬁR.
B peakTopi BcTaHOBIIEHO ij/leaIbHe ITepeMilTyBaHHsI, TOMY KOHIIEHTPAIII] €
OJTHOPITHI, HE3MiHHI B Yaci i piBHI cBOIM 3HaUEHHSIM Ha BUXOJIi peaKTopa.
YacoBa XapaKTepUCTHKA TcsTR = VesTR /Sy .

Peaxmop 6): cupoBHHa HAIXOAWTH HA BXiJl 3 IEBHOI 00’€MHOIO
IIBUJIKICTIO Qgﬁ% i mpoxoauTh Tepe3 06’em peakTopa Vprr. Pamianbie
TepeMilTyBaHHs MOBHE, MTO30BKHE — BifcyTHe. ToMy iCHYIOTH r'pajie-
HTHU KOHIIEHTpAIliil o moBxkwuHi pobodyoro 06’emy. B ymoBax BimcyTHOC-
Ti TPaJIIEHTa TEMIEPATYPHU TOBOPATH MPO i30TEPMIYHUIT TiITUI, & IPHU
BizicyTHOCTI TemmoobMiHy MizK pOOOYOIO CYMITIIIITIO 1 TEIJIOHOCIEM MaEMO
amiabarmanmit minrun peakropa PFR, ase 3 rpanmienTtom temmepatyp.
YacoBa XapaKTEPUCTUKA BBOAUTHCS AHAJIOLIYHO 10 IOIEPETHBOTO BU-

. _ inlet
HaaKy: TPFR — VPFR/QIFI)lFeR-

Cepes iHmux XiMIiTHIX peaKTOPiB, KATAJITHYHI OCOOIUBI THM, IO ic-
HYE€ IITe OHA YaCOBA XaPAKTEPUCTUKA, 0B 3aHA 3 BJIACTUBOCTIME CAMO-

ro Karajizaropa: Tcr = S¢/ wﬁ‘let, Je S¢ — KUIbKICTh AaKTUBHUX IIEHTPIB
KaTaJli3aTopa, 1o 1nepedyBae B peakTopi, wﬁ“et — MOJIEKYJISIPHA, TITBU]I-

KICTh [IOCTaYaHHs PEAKTOPa. ToR — TaK 3BaHUil nuromuil yac (site time)
KaTaJITUIHOTO peakTopa. [Ipu mpoBegeHHi OIMHOK, iHKOIM 3a XapaKTe-
pHUIT Yac I KATAJITHIHOIO PeaKkTopa 6epyTh caMe II0 BEeJIMIUHY.

Peanbunit peakTop MOXKHA BifHECTH 3 OLIBIINM YU MEHIIUM CTYyIIE-
HEeM HaOJIMXKEHHS JI0 OJHOTO 3 MePe/iYeHnX THUIB, abo XK BiH SBJISIE CO-
6010 ix neBHy KoMmOiHario. ToMmy jani THIN PeaKTOPIB CTAHOBJISTH OC-
HOBHI 3ac00U JIJTsT TPOBEIEHHS aHAJII3y POOOTHU SIK ITPOMUCIOBUX, TaK i
JTabOpATOPHUX YCTAHOBOK. 3 TXHBOIO JOITOMOIOI0 MOXKHA BPaxXyBaTH Ha-
SIBHI BIJIXWJIEHHSI BiJI 171€aJIbHOCTi, HEIIOBHE IePEMINTYBaHHS, JUCIEPCIT
BEJIMYUH B pobodomMy 00’eMi Ta iH.

Jljist IpoMuUCIOBUX TTOTPED TepeBary BiJal0Th MPOTOYHUM PEaKTO-
pam 6e3 nozuosxuboro nepemimysanisg (PFR), ockiibku BoHE IpoCTi-
i B MpoeKTyBaHHi i B poboTi. JIo Toro kK, 1eit peakTop MOXKe TPAITo-
BaTH IIPU BUIIUX cepeaHix KouneHaTparisx Hixk CSTR, s ogunHakoBux
BIJTHOCHUX KOHBEpPCiii HA BUXOJI — OTKe, € MpOoayKTuBHimmit. s a-
6opaTOpPHUX MOTPEd TOCTIIKEHHSA XIMIiYHOI KiHETHKHU, OJHAK, KPAIIIM
€ mporouHuii peakTop 3 nocrifinumM nepeminrysanuam (CSTR), ockiib-
KM TyT HEMa T'PAJIEHTIB KOHIIEHTPAIIiil i TeMmepaTypH, gKi 30iIbITyIOTh
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noxubKy BuMipoBanb. Ile mosermye anasi3 KiHeTUKN peaxIlil Ha OCHOBI
3100y THX €KCIIePUMEHTAIbHUX JaHuX [1].

IIpu mpoekTyBaHHI peakTopa, aHa i3l #Oro pobOTH YU TEOPETUIHO-
My MOJIEJTFOBaHHI HEOOXIHO BPAXOBYBATH OOMEXKEHHsI MaKpPOCKOIIIHOT
IPUPOAM sl KOYKHOIO THILYy peakTopa. Humu € piBHsHHS MaTepiaib-
HOTO GajlaHcy, PIBHSIHHSI TEIIOBOTO OasiaHCy Ta rpaHuvHi ymosn [1,12].
3okpema, B MoHorpadii [13] npuiieHo ysary pisHUM KOHCTPYKIGHHIM
OCODJIMBOCTSIM PEAKTOPiB, MpobjeMaM MaKpPOCKOINYHOI OITHUMI3aIli iX-
HBOI pOOOTH, BUBUYEHHIO CTIfIKOCTH CTAIllOHAPHUX DPEXMMIB pobOTH Ta
AepOMHAMIYHOMY MOJIEJIIOBAHHIO.

Hageximo TyT /i1 ipukIiay TUMIOBI XapaKTEPUCTUKH JTaDOPATOPHO-
ro KaTaJiTHIHOTO peakTopa: 06’em V = 5 cm®, Tuck p = 107 6ap, mBu-
kicTh nocravanus ) = 16000 MoJib /101, KOHIIEHTpAIlifiHe BIHOMIEHHS Ha
BXOJ Ny, : N, = 3 : 1, 06’em KarasizaTopa v = 2.5 cM®, rycTHHA Tapy
KaTasizaTopa p = 2.5 1/ cM3, TycTHHA aKTHBHIX IEHTPIB Ha MOBepXHi
zastiza 6 - 107° Mo /1.

2.3. KaraaizaTopu

IIpomuciioBi KaTasizaTopu CUHTE3Y aMiaKy BUTOTOBJISIOTH Ha OCHOBI Ta-
KUX MeTaJiiB sK 3aJ1i30 Fe, Hikess Ni, kobaabr Co. OcranHiM yacom 3’si-
BJISIIOTHCS MTyOJIiKAIl, TPUCB’IvIeHi BUBYEHHIO BJIACTUBOCTEH aMiadTHUX
KaTaJai3aTopis Ha ocHOBI pyTenioo Ru [6], oemiro Os Ta inmmx enemenTis,
[0 HAJIEXKATH J0 Ti€l 2K ciM’T B nepiogumuniii cucremi, o it Fe.

Ximiuaumii ckjana. TumoBuit MpoMHUCIOBHIT KaTaIi3aTop IJIsT CHHTE-
3y NH3 ckimamaerbes i3 3amisaux uactok posmipy 200-400A3 meskoro
gomimkoio AlaOg, sika Teperiko/zKae mporecam 3anuiakoByBants. [Ipn
MIPOEKTYBaHHI JJaOOPATOPHUX PEAKTOPIB BBAXKAETHCS, IO METAJTIIHe 3a-
JIi30 3 aJ1cOPOOBAHMME aTOMAMK KaJIiio JT0Ope MOJIEIIOE IIPOMUCIIOB] Ka-
TaJi3aTopyu CHUHTE3Y aMiaKy. BUKOPHUCTOBYIOTH IBOKPATHO aKTHBOBAHE
zasizo (Fe /Al,O3 /K20) Ta tpukparno akrusosane (Fe /Al;Os /CaO
/K50). Posb npomizkuux akrusaropis AloOs, CaO nossirae B Tomy, 11106
3pOOUTH TTOBEPXHIO 3aJ1i3a CTIHKOIO O TUX PEAKIIHHIX YMOB, IPU TKUX
MIPOXOJINTH peakIlisa cuaTe3y. To6To, 3amob6irTn OKUCIEHHIO, Py HHYBAHHIO
Ta iH. IpoIecaM Je3aKTUBAIIIT, 3HOITYBAHHS 1 CTapiHHs KaraJjizaropa. 3a-
3BUUail i akTuBaTOpu (460 IPOMOYTEpH) HABUBAIOTL “CTPYKTYPHUMH .
IIle € ximiuni (eHepreTudHi) aKTUBATOPH, HAID., OKcH I Kaio KO, saxuii
ITIBUIIY€E MIBUIKICTH MTPOTIKAHHS PEAKIIl CHHTE3Y 3aBJIsAKH TOMY, 1110, STK
MIPUIYCKAIOTh, BiH cTabimizye mosekyau No Ha mosepxHi Fe i me cipusie
HiBUINEHHIO aucordanil ux Mosekyda [1] (mus. c. 29). XapakrepucTuku
KaTaJli3aTopa: TyCTHHA Mapy KaTagisaropa p. (r/cM®), TiToMa rycTuHa
AKTUBHUX [EHTPIB HA MOBEPXHI S. (MOJb/T).




7 IIpenpunT

CrpykTrypa. Maii:ke BCi TpoMuC/IOBI KaTa i3aTOpPU MaiOTh TOPUC-
Ty CTPYKTYDY, dKa YTBOPWJIACA BHACTIJIOK CKJICIOBAHHS, 3JIUIMIAHHA YU
crikaHHs JIpIOHMX YacTUHOK. TakoyK MOXKJIMBE YTBOPEHHSI IMOPOXKHUH,
KaHaJiB i MyCTOT B CYIIBHOMY MacCHBHOMY MaTepiaJi, 3 SIKOTO BHIAJIS-
I0Th TPOMYKTH po3kiary [13]. XapakrepHi posMipu esleMeHTiB TOpUCTOl
cTpyKTypH cTaHoBIATH 10 + 10*A. Taxum unHOM BHYTPINIHA TTOBEPXHS
op Ha 5—8 MOPSIKIB IMEPEBUIITYE BEJIUUNHY 30BHIINIHLOI TOBEPXHI 3€pHA,
KaTaJjizaTopa. Ko € mopu Jimiie ofHOrO po3Mipy, TOII MAEMO MOHOIU-
CIIEPCHY CTPYKTYPY 3€pHa Kartasizaropa. MoxkjnBa TakoxK 0i- Ta moJti-
JINCIIEPCHA, CTPYKTYPA, IPUYOMY PO3MIPH TIOP MOXKYTb BiJIPI3HATHCS Ha
1-2 nmopsaku. Po3mip 3epua moxke Oytu pizamit: 0.2 + 0.8 mm, 5 <+ 15
MM. [Tapamerpn, 1m0 XapakTepusyoTh IOPUCTY CTPYKTYPY: HOPUCTICTD,
XapakTepHuii po3mip (pajiyc) mop, mapaMerp yUakOBKU IPAHYJI Ta iH.

3. MikpokiHeTuYHe MOJIEJTIOBAHHS CUHTE3y aMiaKy

IIpeamerom inTepecy B MIKpOKIHETHIHOMY MOJETIOBaHHI € (i3zumKo-Xi-
MiTHI mporiecH, AKi BiOyBAIOTHCS Ha MOBEPXHI JApIOHOTO 3epHA KaTaJli-
3aTopa 3 xapakrepuuMu po3mipamu 0.3+10 mm. Ile mpormecn ocimanns
MOJIEKYJI Ha TMOBEPXHIO, X JIMCOIallisi, TeCOopOIlis JaCTUHOK 3 MOBEPXHI,
Mirparfist aJcopOOBaHUX YACTUHOK 3 OJHOIO aKTUBHOI'O IEHTPA HA 1H-
Uil, YTBOPEHHS IMPOMIKHUX TTPOJYKTIB PEaKIlil, MOXKJIUBI MiKpOpeakItil
MiXK YaCTUHKAMU Ha TMOBEPXHI Ta iH., eHEPreTUYHI Ta KIHETUYHI Xapak-
TEPUCTUKHU IUX POIIECiB, CTAHN a/ICOPOOBAHIX TACTUHOK, i B KiHIIEBOMY
PaxyHKy JeTajJbHa KapTUHA XIMIYHUX HEPETBOPEHb, IO MPOXOJATH Ha,
MIOBEPXHi KaTaJi3aTopa.

Mera MIKpOKIHETHIHOIO MOJIETIOBAHHS — C(OPMYJIIOBATH PEaKITiii-
HY MOJIENIb, sIKa OW JOCTATHHO JETAJHHO 1 HAMIIHO MOSICHIOBAJIA HAsIBHI
eKCIIepUMEHTAIbHI aHi B MIUPOKiil 0bsacTi poboumx yMOB K jgabopa-
TOPHHUX, TaK 1 TPOMUCJOBUX KATAJITUIYHUX PEAKTOPIB, & TAKOXK JIaBaJja
OM MOXKJIMBICTH BKa3yBaTWU HAIPAMKH JJIs OJIAJIBIION0 BIOCKOHAJIEH-

Hf 9M TONIYKY ONTHUMAJIBbHHX YMOB JISl BCHOTO KATAJITHIHOTO IHKILY,
Y/IOCKOHAJIEHHsI CAMOT0O KaTasi3aTopa 1 BUHANIEHHS HOBOTO THILY Ka-
rasizaTopis [1].

3.1. KarajiTuyHuii MexaHi3M

BignpaBHuM IyHKTOM y MIKPOKIHETHYHOMY aHAaJIi3i peakIiii reTeporeH-
HOT'O CHHTE3y aMiakKy € (hOPMYJIFOBAHHS MIKPOCKOIIIYHOT'O MEXaHI3MYy ITi-
€1 peaktril. B ocHoBy mporiecy cuHTe3y aMiaky MOKJIaIeHO KATAJITHIHTIT
MexaHizMm Tuiy Jlenrmiopa-linmensByna, y sKOMy BBaXKa€ThCsl, IO Pe-
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aKIlil XiMi9HUX TIEPETBOPEHD IMPOXO/ATH TIJILKUA HA IMOBEPXHI 38 yYaCTIO
JIUIE aICOPOOBAHUX YACTUHOK (yYacThb YaCTUHOK 3 IPUIIOBEPXHEBOIO
niapy BUKJIOYAETHCHA). SIK 3a3HAYEHO BHUINE, MEXAHI3M CKJIAJAETHCH 3
KUJIBKOX PI3HUX 3a MPUPOJIOI0 IPOIECiB: aJcOpOIl MOJIEKYJI peareHTiB
3 1a30BO1 (a3u Ha MOBEpPXHEBI aJACOPOIiHI MEeHTPH, IXHBOI AUCOIHAIIT,
yTBOpeHHs Ha moBepxHi Komiuiekcis NH, i mecopbitii mosekyr amiaky
NH; [1,12,14,15]. MoxkuBi 0/JHOYACHO #f 3BOPOTHI IIPOIIECH acoIjalil Ta
JecopOITil MOJIEKYJI, SIKi He TIPOpearyBaJIu.

No +% «— N, (2)
No, +% «— 2N, (3)
N.+H, «— NH, + x, 4)

NH, +H, +«— NHa, + *, (5)
NHp. +H, <25 NHg, + 5, (6)
NHs. «— NH;j+ %, (7)

Hy +2%x «—— 2H,, (8)

Ty i gaumi mix Ho, No, NHj i mogi6uuMm po3yMitoTs BifmoBiHi MoIeKym
B ra3o0Biit ¢azi, gepe3 X, mo3HaveHO IACTUHKHU, aICOPOOBaHI Ha aKTUBHI
LIeHTPHU NOBepXHi KaTasizaTopa, ¥ nmosHadae BLILHI a/copOIiiiHi HeHTpu.
Koxkna 3 nmpoHyMepoBaHIX MIKPOPEaKIliil MOXKe MTPOXOJIUTH B OOUIBOX
HampsMKaxX. Hampukiajl, MOXKJ/INBE siK YTBOPEHHSI CKAXKIMO KOMILIEKCY
NHjs, 3 meBHOIO MIBUJKICTIO 744 TAKOT'O MPOIIECY, TaK i MPOTUIEKHE —
ioro amcomiamia Ha ckiaanosli NH, i H, 3 gesaxoro iHIOIO IIBUIKICTIO
T4—.

Jlanmit MexaHi3M OYJ10 3aIIPOIIOHOBAHO HA OCHOBI €KCIIEPUMEHTAJIBHITX
naunx Eptuis [14] mo ajgcopbuii No, Ho, NH3 Ha uncri i mokpuri Kasiem
MOHOKPHUCTAJIIYHI TOBEPXHI 3aJ1i3a, OTPUMAHUX 3 JJOIIOMOTOI0 CIEKTPO-
croriunux MeTonuk (Ayreposa i poToeIeKTPOHHA CIIEKTPOCKOLIIT, ClIeK-
TPU €HEPTETUYHUX BTPAT €JIEKTPOHIB, EKCIIEPUMEHTH XiMIYHOI KiHETUKH
3 BUMIDIOBaHb KOHCTAQHT IIBUJIKOCTHU Ta iH.).

Mikpopeakiii (2), (3) nepeabadaiors, mo aacopoitisa Moekya No Ha
[MOBEPXHIO IIPOXOJUTh y JIBAa KPOKM: crodaTky No cijjae Ha akKTHUBHUN
nenTp * (Tak 3BaHa HeJMCONIaTHBHA aJCcopOIlis), a IO0TiM BiOyBaeThCs
gucoriaris agcopooBanol Ny, Ha okpemi aromu. [nkonu ctan No, Ha3M-
BAIOTH MPEKYPCOPHUM CTAHOM, MAIOYM HA yBa3i MaJly €Hepriio 3B’S3Ky
MOJIEKYJIU JI0 OBEPXHi (MOPIBHAHO, HAIPUKIIAJ, 3 EHEPIIEI0 aTOMa a30Ty
B crani N, ). [lpunarigno 3ayBazkmo, moNel TepMiH BUKOPUCTOBYETHCS
PI3HUMHU aBTOPAMU JIJIsl MO3HAYEHHST IHKOJIM JIOBOJISI PI3HUX [TOBEPXHEBUX
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CTaHIB i, OTKe, TPAKTYeThCs mo-pizHoMy. Mostekyna Hs amcopOyernest
3riHO 3aIIPOIIOHOBAHOTO MEXaHI3MYy JIUCOIATUBHO, BiIpa3y po3IaIaro-
qnch Ha 2 aromu H, mpu Habam»KeHHI 10 MOBEpXHI KaTajizaTopa. I mjs
1poro Tif MoTPibHO ABa BIIBHI aICOPOIHITHI IIeHTPH.

B nmesxux poboTax pos3rismaioThbesa MogudiKariii mporo MexaHizmy,
KOJII, HAIIPUKJIaJ, Mikpopeakiii (2), (3) 06’e¢1Hy0Th B OnHY

N + 2% 2 9N, (9)

pobJISTIN TIPUITYIIEHHS 1IPO IUCOIHATUBHY aJICOPOINI0 1 /it MOJIEKYJIH
azory. B immux momensx mpuiyckalorsh, mo gk Neo Taxk i Hy amcopOy-
0Thes HepuconiaTusHo. Tobro Mmikpopeakiio (8) B mexanizmi (2)—(8)
3aMIHSIIOTH Ha, JIBi:
7/
H2 +*x — HQ*, (10)

Ho, +% < 2H,, (11)

Momudikaril, moB’s3aHi 3 HEIMCOIIATUBHOIO Ta IUCOIIATUBHOIO aJICo-
pOrtiero Bipi3HAIOTHCA MiK CODOIO He TiIBbKH 3 MIpKYBaHb KOHCTAHT
IIBUJIKOCTI, aJie MOXKYTh BiJlirpaBaTH CyTTEBY POJIb IIPU MiKPOCKOITIYHO-
My MOJEJFOBAHHI JTAHOIO MEXaHi3MY, OCKLIbKM MOTPEOYIOTh y BUIAIKY
JIUCOIIATUBHOI aJ1copOIIil J1Ba BijIbHI IeHTpH, po3TamoBaHi nopyd. [Ipu
BUCOKHMX MOKPHUTTSAX IMMOBEPXHI IMOBIPHICTH iICHYBAHHS TaKUX CHAPEHUX
BIJIBHUX IEHTPIB MOMITHO 3MEHITYETHCS.

Honarkosumu (i/a60 anbrepHATUBHUME) MIKPOPEAKIIISAMHU [0 3aIIPO-
IIOHOBAHOTO MexaHi3My (2)—(8) Morym 6u GyTH IIe Taki peakiii:

N, +2H, <% NH,, + 2+, (12)
NH, +2H, <% NH;, + 2+, (13)
N, +3H, <2 NHg, + 3%, (14)

OjiHak BoHU He € GIMOJIEKYJISIPHIMHY, HAIPUKIIA, IEPIIa 3 HIX BUMArae
TaKnX KOHOITypalliif Ha MOBEpXHI KaTaIi3aTopa, KOJIH Ha CYyCiaHix Oiss
N, Bysmax € npunaiivai 2 aromn H,. Taki koudiryparriil Menm iMmoBipHi,
0COOJMBO TIPYM MAaJNX 1 BEJIMKUX 3aloBHEHHAX moBepxHi. Ili mMipkyBam-
HsI MOXKYTb CJIY?KUTHU [EBHUM TEOPETUIHUM OOI'DYHTYBAHHSM, YOMY IX
He BKJIOUEHO B MexaHisMm (2-8). Xo4 cam MexaHI3M 3alpONOHOBAHO HA
OCHOBI JIETAJILHOTO aHaJIi3y €KCIIEPUMEHTAJILHUX BiJIOMOCTEN.

Iukonm peaxilisi KaTaJITUIHONO CHUHTE3Y aMiaKy JIOCTIIKYEThCS B
KOHTEKCTi BIIUBY BOJSHOI mapu TOOTO, MPW YaCTKOBOMY 3aTPYEHHI Ka-
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TaJli3aTopa aToMaMu KHCHIO. 1O 10 HAaBEIEHOTO BUINE MEXAHI3My J10-
JIyIAIOTH e MIKPOPEAKIO aICOPOIlil MOJIEKYJT BOIA:

HoO 4 3% «°» 2H, +O,. (15)

Mikpopeakiil Tuiry ajgcop6buii (2), (8) ta mecopbuil (7) onucyrorbes
TAKUMW DIBHIHHAME

1 = ki PN,Ox — Ky O, (16)
rT = k7+ szef - k77 H%I*a (17)
re = kgt ONH;, — Ko PNH,Ox- (18)

Mikpopeaxrrii XiMiTHIX TIepeTBOPEHD ITPOMIKHIX MIPOJAYKTIB Ha MMOBEPXHi
MAaIOTh HACTYITHUH BUTJIST:

ry = ko, Oxy. 00 — Ky 0%, (19)
rs = ks, Ox. 051, — ks Oxie, 0., (20)
vy = ky, Oxw. O, — ks Oxp,. Os, (21)
rs = ks, Oxi,. Ou1, — ks Oxi,. s (22)

BBazkaerbcs, Mo KOHCTAHTH IIBUJIKOCTH K, HE 3aJ€XKaTb Bif THUC-
KiB p; 1 mOKpUTTIB 0;, aje 3ajexkaTh Bij Temneparypu. Lo 3amexnicTs
3a3BUYail IOJAIOTH B apeHiyCOBOMY BUTJISI/IL

s = ke P30T, (23)
e kgi — TepeIeKCIIOHeHTHI MHOXKHUKH, a Ezcit — eHepril akTwBaIll
upsmoro (+) i 3soporaboro (—) xomy peaknil «. Citij; 0co6JIMBO HATOJIO-
CUTH, IO IPUILYIIEHHS IPO apeHiyCOBY MOBEIIHKY € (PeHOMEHOJIOTiTHe
3a CBOEIO CYTTIO 1 CIIPaBEJJINBE TIMBKHU B JICAKOMY iHTEpBaJi TeMIiepa-
Typ (B inmomy inTepsasi koncrantu kO, Ta E2 GymnyTh memo inmi).
OpHak, 1e MPUILYIIEeHHsT MITBeP/KYEThCS Jijisi DaraTboxX Peakxiiiii sK B
ra3oBiit ¢asi, B po3unHax, Tak i Ha MMOBEPXHi i Ma€ Take eBPUCTUIHE 00-
rpyHTyBaHHs (quB. Hanp. [16]). s Toro, mob nesHa peakis BinOymacs
MiXK peareHTaMmu, HeoOXiqHO, mob BOHM MaJju JesSKUil HAJJIUIIOK eHep-
il (HOpPIBHAHO 31 cepeiHiM 3HAYEHHSIM eHepril pearenTis g ganoi 7)),
AKWH HeOOXiTHWH /1 TO0/IaHHs ‘eHepTeTUIHOro 6ap’epa’” maHol peak-
mii. Biamosigmo, eKCOHEHIIHHNNT MHOXKHUK YABJISAIOTH COOl K BiTHOCHY
YaCTKY TUX PEAreHTiB, MO0 MAIOTh Ieil HJITUIIOK eHEPTil, a IepeeKCIo-
HEHTHUI KOeIIieHT Mae 3MICT MipH 9acTOTH MOTEHINITHUX eJleMeHTap-
HUX aKTiB peakiii fyis ganol T (9acTka ycix HOTeHIHHHUX peareHTis —
Ti, 0 MAIOTh HAJJIUIIOK, ILIIOC Ti, IO HE MAIOTh).
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3anpornonoBannii Habip MIKpOPEaKIliit i3 KOHCTAHTAME MIBUIKOCTH
MIPSIMOTO kg4 1 3BOPOTHBOTO ko HAIIPSIMIB 1IepebIry yTBOPIOIOTH MOJIED
KaTaJiTUIHOTO cuHTe3y amiaky. Ha manuit 4ac JIOCTyIMHUMU JJTsT €KCITe-
PUMEHTAJILHUX METO/IUK € JIUIIE IBUIAKOCTI IPOLECIB a1copoILil/ mecopb-
il Ta mucortiartii Ha moBepxHi. Bel inmi mBuakocTi MiKpopeaxkiiiit, 0cob-
JIMBO 3 YYACTIO TPOMI’KHUX MIPOIYKTIB, 3/1€01IbIIa HEMOXKINBO BUMIPATH
3 MOTPIOHO TOYHICTIO, TOMY JIJIst HUX ab0 IPUIMAIOThCsI TIEBHI OI[IHOYHI
3Ha4YeHHsI, 31100yTi HA OCHOBI HENIPSIMUX E€KCIIEPUMEHTIB, ab0 3a JI0TIOMO-
rof0 (PEHOMEHOJIOTIYHUX MIPKYBaHb UM HAIIB(OEHOMEHOJIOTIYHUX TEOpiii
THIY eJIeMEeHTApHOI Teopil 3iTKHEeHb YK Teopil IepexiHoro crany (Ius.
mamp. [1]).

PiBusnna (16—22) sanmcano B HaOJIMXKEeHHI omucy “B cepeiHboMy”
(Tax 3BaHe cepelHE MO0JIE), OCKIIBKU BOHU HE BPAXOBYIOTh MIKPOCKOII-
YHOT'O PO3TAaIlyBaHHs aICOPOOBAHUX YACTUHOK HA AKTUBHUX IEHTPAX.
Tomy 3pomiso, 110 B 3araJbHOMY BUIAIKY 1X CIPABEIUBICTD TOPYIIYE-
ThCS TP YTBOPEHHI HA ITOBEPXHI OCTPIBIIEBUX CTPYKTYP YaCTOK, IO HE
pearyiorhb MixkK co0010, B yMOBax (pa30BUX PO3IIAPYBAHb HA IOBEPXHI U1
[pY CHJILHOMY 3allOBHEHHI MOBEPXHI (KOJHU MOKPUTTS BLILHUMHU aKTHB-
HuMu teaTpaMu 6, mase). OgHaK MOXKJIMBI CUTYAIl, KO 30BCiM i
dakTopu rpaoTh roJoBHY posib (HAIPUKJIAJ, OJHA 3 MIKpOpeaKIiii 3Ha-
YHO HOBLIbHIMIA 32 BCi iHI), i HAGJIMMKEHHSI CEPEHBOIO HOJIsd HE MAgE
MOMITHOTO BILUIMBY Ha IIBUJKICTH IPOTIKAHHS IPOIECY KATAJITUIHOTO
neperBopeHHst B rnyiomy. Came Tak € Jijisi CHHTE3Y aMiaKy B TEXHOJIOI1Y-
HO 3HAYUMUX PEAKIIHHIX YMOBaX.

3.2. Po3paxyHOK HIBUIKOCTH PEAKIIiT

B ogmniit 3 nepmmx po6ir [15] npobiemy ok BemanH kot 6ys0 3Be-
JIEHO JI0 BU3HAYEHHs KOHCTAHT piBHOBarum Mikpopeakmiit (2)—(8) i xon-
CTaHTHU LIBUIKOCTU Ko 4 ucoriarii Moytekys Na. 3 eKCIepUMEHTIB 110
azcop6buil [14] Bimomo, mo aucorganist No, OPOXOJAUTH Ha MOBEPXHI 3HA-
YHO TOBLIBHIIIE 3a Bel iHmi mikpopeakuii (2), (4)—(8). Ile mae 3mory
3pOOUTH IPUILYIIEHHS, [II0 OCTAHHI HAOAraTO IIBU/IIIE JOCATal0Th PiBHO-
Baru MpsiMOTO 1 3BOPOTHBOTO X0y Peakiiil, To6To iXHi XapaKTepHi Jacu
penakcaril € 3HagHO MeHIm. OTXKe, MU MOYKEMO BBBaXKATH, II0:

ro =0, a=1,3,...,T. (24)

B mexkax 1mporo mpumyIeHHs mBUIKICTh yTBOPeHHs MoJieKya NHs mos-
HICTIO XapaKTepU3yeThCs MIBUIAKICTIO 1y MiKpopeakiii (3), B pe3yJbrari
SIKO1 YTBOPIOIOTHCA ABa acopboBani aromu N, , KOTpi Jai0Th B KiHIIEBOMY
paxyuky aBi mosekyimu NHg. Tomy a1 MIBHIKOCTH BCHOTO KATAJJITHY-
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Horo uporecy (1) maemo:

k
Tnet = 27ﬁ2 - 2k2+ (HNQ*H* - k2_ 912\1*)7 (25)
2+

Binnomtenns ky, /k,_ piBue xoncranti piBnoBaru Ky mikpopeakiii (3).

Ipunyckaodn TOBLIbHICTE KPOKY (3), CTae MOMXKJIUBO BUDPA3UTH
MBUJKICTH yTBOpeHHsT MoeKysl NHs He depe3 HeBijomi 3HaUEHH:A ITO-
KpUTTIB #;, a Yepe3 3HAUEHHs MAPIIAJbHUX TUCKIB y ra3oBiit dasi p;,
Jepe3 KOHCTaHTy IMBUIKOCTH Ko 1 KoHCcTaHTH piBHOBaru K1, ..., K7 Mmi-
Kpopeaxiiiit. Tak Bigmamae morpedba po3paxyHKy IU BUMIPIOBAHHS 1HIITHX
KOHCTAHT IMIBUAKOCTI. B pesysbrari st Thet MOKHA OTpuMaTH [2,12,15]:

2
PN, 1 PNH,POT o _2
Tnet = 2k2+K1 - ﬁ}D ’ (26)
Knet pH2
e
D=1+ Klez n PNH3P8'5 + PNH;
po  KsK4KsKeK3°pyi®  KyKs5KeKqpu,
F0-5,,0.5
T PNHj4 PNH;3 i 7 PH, (27)

ReRoRKP TR Kopo | 7

Kot — KoHCTaHTA piBHOBaru HerTo-peakiil (1). JIasg KoHCTaHTH MmBUI-
KOCTH Ko, aBTOPHU IIPUIIYCKAIOTH apeHiyCoBHil THII 3ajeKHOCTi (23).

Hani MoBa mime mpo CHocid BU3HAYMEHHST BEJMYUH, HEOOXITHUX /TS
PO3PAXYHKY 7Tnet. IKKOHCTAHTH PIBHOBAru OTPUMYIOTHCA 38 JIOIIOMOTOIO
PO3PaxXyHKY CTATHCTHYHUX CyM JIsi BCIX COPTiB 4acTHHOK [2, 12, 15],
BBaXKAIOUU KOMIIOHEHTHU ra30B0l a3 igeajbHuMu razaMu (IuB. mapar-
pad 5). st npoMizKHAX [IPOLYKTIB Iie O3HAYAE, 10 HEXTYETHCS B3AEMO-
Jis “agcopbar — ajcopbat’.

HobyTox ko, K1 ofepKyeThbcs 3 eKCIEPUMEHTIB 10 BU3HAMEHHIO KO-
edilienTa MPUINTAHHS ON, MOJIEKYIH Ny (muB. mymkr 5.3). Yucmiosi
3HAYeHHsA JIs 0y, Opasucs 3 Bumipioanb Epriis [14] o ajcop6buii. ITpn-
q0oMYy, J7Is1 eHepril xemocopoOiiil N, B3ATO Te 3HAYUEHHS, TKe OTPUMYETHCS
IpYW IMCOIiaTHBHIM agcopbrtii mosekynn No 3 razosoi ¢asu, a He 3Ha-
YeHHsI JTst 871copoI1il aToMapHOro azory [2,15]. Taknii muIsix BUSHAYEHHST
HOBHICTIO BIIIOBIIA€ IEPIIUM JIBOM KpOKaM MexaHizmy (2)—(8).

Pesynbraru pospaxyHKy Ha{IyTUBIII 10 ABOX KJIFOUOBHUX BEJTUINH
— eHeprii OCHOBHOT'O CTaHy Eﬁft' npoMikHOrO TPOAYKTYy N, Ta Koedi-
Ii€HTa NPUIMIAHHA Oy, . ﬁft' BU3HAYAE BEJIMYMHY HOKPUTTS Oy, T0-
BEpXHI aTOMaMU a30TY, siKi BBAXKAIOThHCS HANIMCIEHHIIITUM TPOMIYKHUM
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EXPERIMENTAL EXIT NH; MOLE FRACTION

Puc. 1. TlopiprsiHEA pOo3paxoBaHOTO 3a JOMOMOTOI0 MIKPOKIHETHIHOTO MOJIE-
smoBanHs [15] ta excriepumenrtanbroro suxoais NHs mis karamiTudsoro pea-
KTopa 3 Karasiizaropom Fe/K.

HPOJIyKTOM B JIy?Ke MIMPOKifl 06/1aCTi 30BHINIHIX YMOB, & 0y, TOB’A3aHe
3 kg . OCKiNTBbKE pe3ynbTaTH MalOTh MOPIBHIOBATUCH 3 €KCIEPUMEHTAJIL-
HUMUI JAHUMH [T peakTopa nporounoro tuny PFR, To 1mo6 orpumaru
MTOBHY KiJBbKICTh YTBOPEHUX MOJIEKYJ, Tpeba MpOiHTEeIpyBaTH pO3paxo-
BaHEe 3HAYECHHS I'net B3/IOBIXK JIIHII PyXy PeakIiitHol cyMimt Bijl BXOJLY 10
BUXO/Iy PEAKTOPA, MIHSIOUN HAJEXKHIM YMHOM CKJIAJ Ta30BOI (ha3u.

B po6Gori [15] orpumMano jgyxke mo6puil 36ir po3paxoBaHUX BUXOJIB
NH; 3 ekciepumenTtampanyu gaaumu [17] (puc. 1) agst peakropa mpoTo-
9HOTO THITy 3 TIpomucyioBuM KarasizaropoMm Topsge KM1R. 3iBnasginns
Mag MicIie JIJIs IMTUPOKOT 006/1aCTH 30BHIIIHIX YMOB: KOHIIEHTPAITiiiHe CITiB-
BinHoMmenHst ra3iB Ho 1 No Ha BX0/i peakTopa MiHsIOCS B Mexkax 0.5+ 6,
Temreparypa 1' = 375 =+ 500°C, Tuck p = 1,150,300 arm. Bigxunenns
MiK eKCIIepUMEHTAJILHUMHI 1 po3paxoBannmu KoHieHnTparigmu NHs ma
BHUXOJIi peaKTOpa Bi/IIOBIIAIOTH TOMY, IO PO3PAXOBAHA T'het HE OLIBIT K
BJIBiUl BinpisHsieThCs Bi cnpaB:KHBOI B TOH un immmit 6ik [15].

TakuM 4nHOM, Ha OCHOBI MexaHi3My (2)—(8) Ta eKkcrepuMeHTAILHIX
3HAYEHDb MIBUIKOCTEH azcopbii/mecopbiii mosekyn Ha, No Ha kpucra-
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JIYHO YUCTI TIOBEPXHI 3a/1i3a IpM yMOBaX HAJBUCOKOTO BakyyMmy [14] aB-
TOPU 3yMIJIK JOCUTDH YCIINITHO PO3PAXyBATU BUXOJU MPOJYKTIB CUHTEIY
aMiaky Jjis KaTaJITUIHOTO PEaKTOPa B yMOBAaX THCKY B KiJIbKa COTEHb
aTmocdep i Temmeparypi 375 = 500°C 3 BUKOPUCTAHHAM ITPOMUCTIOBUAX
KaTajizaTopiB Ha ocHOBI 3ajiza. IlocTama, orke, mpobJieMa MOSICHUTH
MIPUYMHY YCHiXy HE3BaXKAI04YM Ha HEBIJIOBIJIHICTE Yy 3HAYEHHSIX TUCKY B
11 nopsazkis (Tax 3BaHe BIKHO THUCKY) I HEBIANOBIAHICTH MiXK YuCTHMUI
MMOBEPXHAMU 3aJ1i3a, IKi BHKOPUCTOBYBAJIUCI B €KCIIEPUMEHTAX TI0 &JICO-
POl i recopbitil 3 0HOTrO OOKY Ta MOBEPHSIMU ITPOMUCJIOBAX KaTaIi3aTO-
piB 3 apyroro 60Ky (BikHO MaTepiasiB). AJKe HOBEPXHsI IIPOMECIOBOIO
KaTaJli3aTopa He € BUCOKOIEPIOJNIHOIO, MOXKE MICTHTH Pi3HI Heijleasb-
HocTl (Aucstokarii, MOMIIIKY, CXOJMHKH, Tepacu Ta iH.), a TAKOXK HE €
TOBEPXHEI0 MOHOKPHCTAJIA 1 MOXKE CKJIAQIATUACS 3 PI3HUX KPUCTAJIOL padi-
YHUX TIJIOIIUH.

B po6oti [15]| BUC/IOBIEHO NPUIYINEHHSI, MO NPU 3BAYANHAX yMO-
BaxX CHHTE3y aMiaky, 9acTuHka N, € HAWJIUCIEeHHINM cOpTOM abcopba-
Ty On, > 0.75. Ockinbku pu 3MiHI 30HIMTHIX YMOB Oy, MIHSETHCS MAJIO
(Tak 9K BU3HAYAETHCH TOJIOBHUM YUHOM BEJIMIUHOIO Eﬁft'), TO B3aEMO-
mist “aycopbar — ajicopbar”’ € MaiiKe KOHCTAHTOIO 1 TOMY HEXTYBaHHS
HEIO ¢j1a00 BIINBAE HA PE3YJIbTAT.

3.3. IlobymoBa MiKpOKiHETUYHUX MoeJieit

BigoMo Kiibka pi3HUX CXeM BU3HAYEHHSI KJIIOUYOBUX BEJUYUH (KOCTAHT
NIBUKOCTHU HANTIOBLIBLHININX IIPOIECIB) — 1, 0T2Ke, KIJIbKa PI3HUX MIKpO-
KIHETHYIHIX MO/IeJIell peakIiil CHHTe3y aMiaky.

Ilepmma 3 Hux — Mojenb, 3anpononosana rpynamu [IIToabie-Hope-
koBa [2,15,18-20] i Baykepa 3i cuiBasr. [21, 22| Ha OCHOBI eKcepuMeH-
TAJIBHUX JIAHUX JJIsT MOHOKPHUCTAJIITHIX ITOBEPXOHbD 3aJ1i3a. Humu 3ampo-
ITOHOBAHO TAKOXK HaOOPU KOHCTAHT MIBUIKOCTHU IS BCIX MIKPOPEaKIIiit,
BBOJIYN TAKUM YHHOM II€ AJHTEPHATUBHI MIKPOKIHETHUYIHI MOAei. Y
MIPOITOHOBAHOMY MeXaHi3Mi rpymna Baykepa mpumyckasa HeaucOIiaTHB-
HY aJCcOopOIlito /IJIsT BOAHIO Uepe3 mpeKypcopunii cran Ho,, Mikpopeakxrril
(10,11). Takok HuME 6yJI0 PO3IJISHYTO IHIIU MUISX BU3HAYEHHS KOHC-
TAHT MBUJIKOCTHU, TKi OTPUMYBAJIUCS 3 aHAJI3Y €KCIIEPUMEHTAJILHUX JIa-
HUX XiMI9HOI KIHETUKHU NPOMUCA06020 peaKTopa. Pe3ynmbraTn po3paxyH-
Ky Ha OCHOBI TaKUM CIHOCOOOM BHU3HAYEHUX KOHCTAHT BUABUJINCH MEHII
ycmimanmu [1] mpy mosiCHEeHH] eKCIepUMEHTATBLHAX TAHUX K KATATITH-
9HOTO CUHTEe3y aMiaKy, TaK i eKCIIEPUMEHTIB 10 TepMO1ecopOIlil a30Ty.

Tammit muistx — mozens Pacrpyna [3,23], Ky moby0BaHO Ha OCHOBI
€KCIIEPUMEHTIB II0 TepMOaIcopOIIil Ta TepMoIecopOIil i TKa MiCTUTh IPH-
[yIIEHHs IPO JIMCOIIATUBHY acopOiiio moseky No, Mikpopeaxiis (9).
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Crapryioun 3 XeMOCOPOIIIHAX €KCIIEPUMEHTIB MOYKHA OTPUMATH KJIIO-
YOBi MapaMeTpu TPETHOI MOJIEJI.

B po6orti [5] mapamerpn Mojiesi BUBOJISATHCA HA OCHOBI BUMIDIOBAaHb
mudepeHItiaIbHOl aKTUBHOCTH KaTajizaTopa mpu Truckax g0 100 6ap i mo-
HiKeHnX TeMieparypax T = 320 +440°C. Apropu craBuan cofi 3a MeTy
JIOCJIJIMTH aKTHBHICTH TPUKPATHO aKTHUBOBAHOI'O KAaTaJizaTopa 3 IPHU-
GumsanM ckiagioM Fe/Al,O3/Ko0/CaO simnosinno 94/2.5/0.60,/2.8%
IpU 3HAYEHHSX KOHIEHTPAIIfIHOTO CcHiBBifHOIIEHHS Ha BXO1 1715t Ho:No,
BimminHOrO Bin 3:1. BuropucroByBaBcsi j1ab0OpaTOPHUII MIKPOPEAKTOD
3 TaKUMU JIAHUMHU: KOPITYC 3 HEP2KaBIWHOI cTajii, BCepeanHi NOKPUTHI
CKJIOM, BHYTDIiITHil miamerp — 4 MM; Maca KaTasizaTopa — 0.2 r; po3Mip
3epua Katasizatopa — 0.3+0.8 mm. B xomi ekciepumenty B Kinbka mi0d
Y10 CLIOCTEPEIKEHO CIOBLIbHEeH S cunTe3y amiaxy mpu 300°C 3aBusku
3AI0OBHEHHIO TIOBEPXHI aToMamu H,. ABTOpM IPUITyCKAIOTh BCTAHOBJICH-
HS B CUCTEMIi piBHOBaru

N, +2H, «— NH;z+ H,.

PesynbraTtu mobymoBaHO! MO/l TIPEICTABIEHO SIK 3aJIe2KHOCTI apeHiy-
coBoro Tuity s Beqmand Kikoy Ta ko_.

3a3BrUYail KOHCTAHTH IIBHJIKOCTH MIKPOPEaKIil MPEeJICTABIAIOTh Y
BUIJISAI apeHiyCOBUX 3aJIe2KHOCTEeM, BKa3yIOUM BiJIITOBIJIHI TEpeIeKCIIo-
HenTHi MEHOKHEKE kO, Ta emeprii akrtusamii £2% npomecy a. Ii Besm-
YUHU JJTsT TIOBEPXHEBUX PEAKINi OTPUMYIOTH IIJISIXOM IITOHKH, 1106u
OIIBII-MEHIII TPABUJIBHO BIIITBOPUTHU €KCIEPUMEHTH 10 TEPMOIECOPOIIiT,
TepMoacopbIil Ta iH. BusHadeni Tak mapaMerpu MOXKYTh KOJIMBATH-
cs B JIOCUTH IMIMPOKUX MeXKaX — PI3HI aBTOPH HABOJATH JOBOJI Pi3HI
snavenns kO, ta E2% 1 moBepxHeBHX MiKpOpeakiii, 3aTeskKHo Bif
TOTO, KA CXE€Ma, MJTOHKH, STKOTO POJY €KCIEPUMEHTH 1 JIJTsd SIKUX KaTa-
Jizaropis (akTuBOBaHMX un Hi) GepyThcst 3a ocHoBy [3]. Tomy B cyua-
CHUX JIOC/IPKEHHSIX CTaBUTbCs MUATAHHS PO BUBYEHHSI €JIeMEHTAPHUX
MiKpopeaxkTIiif 3aIIporroHOBAHOTO MEXaHI3My CHHTe3y amiaky gk maasa K-
aKTHMBOBAHHNX, TaK 1 HEAKTUBOBAHNX KaJIIEM IIOBEPXOHDb 3a/II3HUX KaTa-
Ji3aTOpiB, BUBUYEHHS BIINBY AKTUBAIll KaJi€M Ha CTaH aacopOOBAHUX
YACTUHOK 1 Ha MOBEPXHEBI MIKpOpeakKIlil, a TAKOXK Ha POJIb ITPOMI2KHUX
MIPOYKTIB.

[lo6u niepesipuTu npasIENOAibHICT IeBHOTO HAGOPY BestmanH k|
E2<t B po6oTi [3] BUCIOBIEHO JyMKY IIPO JIOJIATKOBY HEPEBIPKY KOXKHOTO
nabopy (Mogesi) IHIIMMU aJbTePHATHBHUME CIIOCODAME, & He TLIbKH Y
BUIIsiI Tpadika Kopessiit “pospaxoBanuii Buxin NHs — ekcrepumen-
rasbanit Buxin NHs” (tak spanuit rpadix 45, puc. 1). To Hux aBTop [3]
BiTHOCUTH BUSIBJIEHHSI CHCTEMATUYHUX BiIXUJIEHb TEMIEPATYPHUX Ta Oa-
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PUYHUX 3aJI€2KHOCTEH KOHCTAHTH IIBUJIKOCTH BCHOT'O HETTO-IIPOIIECY, da-
KTOD YCIIITHOCTH IIPH OIUCI IMPOIECIB TEPMOIECOPOIIIT Ta TepMOa copOIil
Ha JAHOMY KaTaJI3aTOPi ¥ PI3HUX PEXKUMAaX.

Oanax, HaBiTH HAXONTUMAJILHIIING BHOIp MapaMeTpiB 3a/IuInae bara-
TO HEBPAXOBAHMX IIYHKTIB MOJIesi. 30KpeMa, HEeJIEHI MIOPIBChKa TTIOBEJIiH-
Ka — 3aJIe2KHICTh TapaMeTPiB BiJl MOKPUTTIB, sIKa 3yMOBJIEHA HEOJTHOPI/I-
HICTIO OBEPXHi, & TAKOXK B3aeMOJI€Io “amcopbar — agcopbar’. [Tpuunma
BHYTPIITHIX HEY3r0/I2KEHOCTEH KOKHOI MOJIEJ, STKi BUHUKAIOTD IIPU CIIPO-
61 onucy pi3HOTO POy EeKCIIEPUMEHTIB, MMOJISITa€ B HAMAraHHI TIOJIaTH KOH-
CTaHTH MBUAKOCTU ¥ BUTIISII apeHIyCOBUX 3asexkHOCTel (Hamp., [24]), a
e OifIbIlie B TOMY, IO TTOBEPXHEBI KATAJITUIHI PEaKIlil 3a CBOEIO MPHU-
POJIOIO € CKJIAJIHUM $IBUIIIEM JIJIsI OTIUCY, & MiJIXiT MIKPOKIHETUYHOI'O MO-
JIEJTIOBAHHS CaM IO CO01 € (DeHOMEHOJIOT i THIM.

4. KopoTKwuii oIuc eKCliepuMeHTAJIbHUX MEeTOANK

fx Bxke OyJI0 CKa3aHO, TeTEPOTeHHN KaTaJli3 y BeJukiit Mipi € ekcre-
pumenTaIbHUM HATpaMKOM. 11106 edbekTuBHO OyIyBaTH MiKpPOKiHETHIHI
MOJIE JIjI KaTAJITUYHUX PEaKIliii, B TOMYy YHCJi ¥ JiJII CUHTe3y amia-
Ky, HEOOXITHO BOJIOJITH PI3HOMAHITHUME 33 CBOEID IIPUPOIOI0 €KCIIEPH-
MEHTaJbHUMU JTaHUMU, SKi JOOYBAIOTHCS 3 Jy2Ke PI3HUX B CBOI OCHOBI
ekcrepuMeHTiB. B mpomy maparpadi KOpoTKo OMMcaHo X CyTh 1 MOXKJIU-
Bocti [1].

4.1. I'pynu eKCriepuMeHTAJIBHUX METOOUK

3a XapaKTepoM OTPHUMYBAaHUX JAHUX 1X MOXKHA YMOBHO 3IDyIyBaTH B
Tpu Kjaacu. Pi3uyHi METOUKNA BUKOPUCTOBYIOTHCS JIJIsi BUSHAUEHHST 00~
€MHOI CTPYKTYPH KaTaJjli3aTopa, IOl IOBEPXHY Ta CTPYKTYpPHU IIOP.
Cnexmpockoniuni JTOCHIJIKEeHHsT BUBYAIOTH OCHOBHOMY CHEKTPH YaCTHU-
HOK K 3 00’eMy Tak i 3 MOBEpPXHi, BU3HAYAIOUHN CKJIaJ] i MOPdOIOTrio
KaTa 1i3aTopa, 11eHTHu(MIKYITh MOXKJIMBI TPOMIXKHI MPOILYKTH MIiKpOpe-
akmiit. Croau K MOXHa BijiHecTH 1 du@dpakyiiini METOIUKHU, SKi OJHAK
BUMAaraloTh BHUCOKOI MEPIOMIHOCTH JOCJIIKYBaHUX 3pa3kKiB. Kinemu-
YHT 1 MEPMOOUHAMIMHT BUMIDIOBAHHA JAI0OTh KATAJITUYHI BJIACTUBOCTI
IIOBEPXHI Ta KIHETHYHI HapamMeTpu JJAHOI peakIiiiHOl cucTeMu, eHepril
3B’sI3Ky 3 MMOBEPXHE. B 1iif ocTaHHIN TPyl HATOJOC CTOITH HA BUBYEH-
Hi MIKpOpEaKIIiif, a B Mepimx JBOX — HA BUYEHHI B OCHOBHOMY CAMOTO
KaTaJji3aTopa B yMOBaX MOYKJIUBOI BIJICYTHOCTH PEAKITil.

Inmmit kpurepiit Kaacudixarlii — pif JOCTITKYBaHIX BJIACTHBOCTEH.
MeToanKn MOKYTh 30CepeIKyBaTHCS Ha BUBUEHHI 00’ €MHUX BJIACTUBOC-
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Teit KaTasizaTopa, XapaKTepUCTHUK TTOBEpXHi Ta ajcopbara, i TpeTs rpyra
— BUBYEHHsI PEAKINITHOI KIHETUKH JIaHOI KATAJITUIHOI CUCTEMU. 3a IUM
KPUTEPiEM METOJIUKHU 3rPYyHOBAHO B TaOJIAII, 0 HUXKIE.

Pi3ni MeTo KM BUMAraroTh Pi3HUX 30BHINTHIX YMOB: HU3bKUX TE€MIIE-
paryp, yMOB BakyyMy 4u Hajsucokoro sakyymy (HBB), armocdepn naz
KaTaJi3aTOpPOM HEeBHOIO THUIly (HAID., IHEPTHHI JI0 JIAHOIO KaraJi3aTopa
ra3z) — Tak 3BaHa yMOBa KOHTPOJbOBaHOI armocdepu. [Hii meroaukn
MPAIIOIOTh IIPY YMOBAaX MPOTIKAHHS KATAJITUIHOI PEaKIlil: AecaTKu abo
coTHi armocdep, migBuieHi Temmeparypu. s HegaBHIX UM HOBITHIX
TEXHOJIOTI 11le HEMAE JIeTAJIbHUX €KCIIEPUMEHTAJLHUX JJAHUX 1 TOMY iH-
KOJIM JIOBOJIUTHCS €KCTPATIOIIOBATH HASBHI BiJIOMOCTI Ha iHII YMOBU 4M
PEeXUMU, BUKOPUCTOBYIOUH ITPUHHATHI HAIIIBEMITIDUYHI MipKyBaHHSI.

Hmxkde HaBeieHO CKOPOUEH] HA3BU PISHUX €KCIIEPUMEHTATLHUX METO-
JIVK, TIPUCB’STIeHNX JTOCJIIIZKEHHIO TTOBEPXHI YU aKTYaJIbHUX B T€T€POreH-
nomy kKaTtauisi. [Tomaemo Takoxk ixmi iMoBipHI yKpalHChKi BiAIOBITHUKY.
Metoanku po36UTO Ha TPpU IPYIIN, BIAIOBIAHO T0 JOCTIKEHHT 00’ €MHITX
BJIACTUBOCTEM, TOBEPXHI Ta ajcopbaTy i TpeTs rpymna — peaxiiii. Koxmy
rpyIy BIOPSIIKOBAHO 3TiJIHO aHIJIWCHKOI abpeBiaTrypu. B cepemniit kKo-
JIOHIII BKa3aHO, IO caMe € 00’ €KTOM JOC/IIIZKEHHST JTAHOT METOJUKHU: a —
azcopbat, 0 — 0b’e€MHI BJIACTHUBOCTI, I — MOBEPXHsI KaTaJi3aTropa, p —
PeakIiil KaTaJiTUIHOTO IPOIECY Ta 1XHI KIHETHYHI XapaKTePUCTUKH.

IToBepxHs i aacopbaT

AES Auger electron sp-py I Cu-nisgs AyrepoBoro eJleKTpOHHOTO
edexry, CAEE
EELS | Electron energy loss | nma | Cro-misi eJIeKTPOHHHX €HepreTud-
Sp-py uux srpar, CEEB
1R Infrared sp-py map | Co-nia indpadyepBoHOTO BUIP-HS,
149 cr-mist, IHC
LEED | Low-energy electron | ma | /Iudpaxkiiis HU3bKOEHEPreTUIHUX
diffraction enektponis, JTHEE
PAM Physical adsorption | on | ®izagcopbuiiini ekci-utu, PAE
measurements
PS Photoelectron sp-py I ®DoroestekTponna cu-nist, PEC
R[L]S | Raman [laser] sp-py | map | Pamanisceka [nasepna] co-mis,
P[JT]C
STM Scanning tunneling | ma | CkaHyBajabHa TyHeJIbHa MIKPOCKO-
microscopy mist, CTM
UPS Ultraviolet  photo- | na | VYabrpadioseroBa doToeseKTpoH-
electron sp-py Ha cr-mmist, YODEC
XPS X-ray photoelectron | ma | PenrreniBchka doTOeIeKTPOHHA
Sp-py cn-niist, POEC
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Peakiis

CM Chemisorption p | Xemocopbriitai ekcn-aTi, XCE
measurements

1T Isotope tracing p | Merox mivenux aromis, MMA

RKM | Reaction kinetic | p | Exco-mtm 3 ximiumol kineruku, EXK
measurements

TPD | Temperature-prog- ap | TemmneparypHo-nporpaMoBaHa Jeco-
rammed desorption p6uisz, TII, repmonecopbuist, T/1

O6’eMHI BJIacTUBOCTI

EM Electron microscopy o | Enexrponna mikpockonis, EM
EPRJ[S| | Electron param- | oa | Ejekrponnuii napamars. peso-
agnetic  resonance wanc, Cr-mist ETTP

Sp-py
EXAFS | Extended X-ray ab- | o | Tonka cTpyKTypa CIIeKTpY IOIJIHU-
sorption fine struc- HAHHS PEHTT. BUIIP-Hs

ture

MIE]S Mossbauer  [effect] | o | Co-mim  edexry  Mbocbayepa,
Sp-py CEM

MSM Magnetic suscepti- | oa | BumiproBanug MaTHITHOI cupwuii-

bility measurements usarausoctu, MC
NMR[S] | Nuslear = magnetic | oa | fnuepuuii mars. pesonasc, Cr-mis

resonance sp-py AMP

SAXS Small-angle X-ray | o | Poscisaus peHTr. BUIIP-HS Ha Ma-
scattering Ji KyTH

XAS X-ray absorption sp- | o | Co-mist mOrIMHAHHS PEHTT. BUIP-
py us1, CITPB

XD X-ray diffraction o | Hudpaxnis pearr. sunp-us, /IPB

4.2. MeToauku JOCJIiI>KEeHHs TIOBEPXHI Ta aacopOoIiiiitHOTO HIapy

Cnexmpockoniuni memodu TPYHTYIOTHCS HA BHMIPIOBAHHI CIIEKTPIB ITe-
BHUX JACTUHOK, PO3TAIIOBAHUX B 00’€éMi UM Ha MOBEPXHI KaTai3aTopa,
abo B ajcopbmiitHoMy mrapi. YacTUHKE BUIIYCKAOTh 200 PO3CIIOIOTH BH-
MIPOMIHIOBaHHS YU €JIeKTPOHU 3aBJIsIKU 30Y/2KEHHIO, 3yMOBJIEHOMY 060-
Gap/lyBaHHSIM [TIOTOKAMU €JIEKTPOHIB, TOHIB UM BUIIPOMIHIOBaHHs. Bumi-
PIOBaHHS CIIEKTPIB €JIEKTPOHIB BUMAarae€, gk IMPaBUJIO, HU3bKUX THUCKIB
(p ~ 107* + 107° Ila), 60 mpucyTHiif Ta3 po3citoe Ti eJEKTPOHH, IO
JIETATH HA, JETEKTOP.

®PoroesnekTponHi cuekrpockorril (PEC) — penrrenisebka Ta yiib-
rpadionerosa (P 1 YO OEC) — rpyHTyOTbCH HA OUPOMiHEHH] KaTaJli-
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3aTOpa BiAMOBIIHUM €TeKTPOMATHITHUM BUIIPOMIHIOBAHHSIM 3 (hbiKCOBa-
HOIO JIOBXKWHOIO XBWJIi. BUMIPIOIOTH IHTEHCHUBHICTH MOTOKY (POTOEIEKT-
POHIB 3 HOBEpXHEBHX aTOMiB AK (YHKIN0 iXHBOI eHeprii Fpp... Pen-
Tr'eHiBChbKi (OTOHM BUOMBAIOTH €JIEKTPOHU 3 BHYTPIITHIX 0O0JIOHOK aTo-
Ma hv = |Ecore—level| + Eph.e.. 3HAIOUM €HEPriio 3B’3KYy €JIEKTPOHA
FEcore—level MOXKHA 171eHTH(]DIKYBATH aTOM, 3 STKOTO TIeil €/IEKTPOH BHOUTO.

Ockimbku rimbuna BubuBanHs (GoTOCNeKTpoHIB ~ 10 A, Meronm-
Ka TPSMO 3aCTOCOBYETHCS JI0 BUBYEHHS MMOBEPXOHb KATaJi3aTOpiB, Ja-
[OYM KUIBKICHUI aHaJsi3 cKJIay moBepxHi. [HITa cuTyarisa npuaTHOCTH
POEC — nocaikernst mporeciB 3aTpyeHHs 49U 3abpy/IHEHHST KaTaJli-
3aTopa. Imdopmariis mpo XiMivHY TPUPOAY TACTHHOK MICTHUTHCS B PO3-
TaAITyBaHHI MKiB CIIeKTPY POTOENEKTPOHIB Ta y iX dopmi. ILmormmi mikis
JIAI0TH MIOBEPXHEBI KOHIIEHTPAIIil InX YacTUHOK. MaJii BiiXujieHHsT B 3Ha-
YeHHI eHepril HecyTh BiJOMOCTI po Haiibyimkde oroueHHs. Hampukiia,
FEcore—level 3POCTAE [IJIT METAJTIUHAX ATOMIB, KOJM 3POCTAE IXHINT OKCHI-
HUH CTaH.

Vibpadionerosa PEC mocimijkye CHEKTPH 8AAEHMHUL €TIEKTPOHIB
IIOBEPXHEBUX aTOMiB. BajieHTHI piBHI HE CTOCYIOTbCSI OKPEMHUX ATOMIB, a
€ HACJIJIKOM TEePeKpUTTsi opbiTasieil 6araTbox aTOMIB, TOMY HE MOYKHA
J00yTH BiJOMOCTI TIPO CKJIa)T MTOBEPXHI, a TLIBKHU PO eHeprii moBepXHe-
Boro ximiuuoro 3B’#3Ky. Bimmosigmo, 1e mae agcopOriiiai i KaTaiTuTHi
XapaKTEPUCTUKU TTOBEPXHI.

VODOEC moxe imenTrdikyBaT MaJi METATITH] KJIACTEPH PO3MIPOM
~ 10 A, ockinpku ixHi BajenTHI piBHI BiApPI3HIIOTHCS Bif THX Ke piBHIB
JJIS XapaKTepHO Olibmux KiracrepiB. Taka pisHUIE B po3Mipax KJacTe-
PiB MOYKe CYyTTEBO MiHATH KaTaJiTHIHI BIACTUBOCTI MoBepxHi. MeTomamka
TEXK MOKe 3aCTOCOBYBATHC 10 BUBUYeHHs acopbiil sk i POEC. O6uasi
BUMAraloTh BAKYYMHUAX YMOB.

Cunekrpockonisi Ayreposoro eixekrpouHoro edekry (CAEE).
[Toepxmio 6OMOAPIYIOTH IYIKOM BHCOKOCHEPTETUIHUX €JIEKTPOHIB
(~5 eB), sIKi 3yMOBJIIOIOTH BUPUBAHHS €JIEKTPOHIB 3 BHYTPINIHIX DiB-
HiB TOBEPXHEBUX aTOMIB. EJIeKTpOHM BUIUX PiBHIB MEPEXOJdTh HA IXHE
MicIie, a 3BLIbHEHA €HEePrisl 3aTPavaeThCd Ha BUPDUBAHHS IIE iHINUX eJjie-
krpowuis. [leil ocTanHiil eJIeKTPOH 3 KacKaly HA3UBAIOTH AyrepoBUM. 3a
JIOTIOMOTOIO CIIEKTPOMETPA MIpSIIOTh CHJIy CTPYyMY AyTrepoBHX €JeKTpO-
HiB 9K (QYHKINO TXHHOT €Heprii.

Mero/iMKa 3aCTOCOBY€ETHCH /I BUBHAYEHHS XIMiYHOTO CKJIa Ty TTOBEP-
XHI KaTaJji3aTopa, OCKIIbKY TJIMONHA BUPUBAHHS €JIEKTPOHIB CTAHOBUTH
~ 10 A. Moxke BuBuaTH CTAaHN ATOMIB Ha IIOBEPXHi Ta aTOMIB a1cop6aTy.

CriopijiHeHUM HAIPSIMKOM € CKGHYSAAbHA Mikpockonia Ays'eposozo
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eaexmponnozo eexmy (CMAEE), Koy BuCOKOeHepreTHIHUi €JIeKTPOH-
HUl Iy90K (POKYCYIOTh Ha MEeBHY 00JIACTh MOBEPXHI JjIsd aHai3y. Takum
c1rocob0M MOKHA BiITBOPUTH IMOBEPXHEBY KOHIIEHTPAINIO MEBHUX ATO-
MiB K (DYHKI0 KoopauHaTu. MiKpOCKOII MOYKe BUBYATH T'OMOT€HHICTH
noBepxHi Ha MacmTabi ~ 50 A, 30kpema, MOXKHA BU3HAYUTH, IM AKTH-
Baropu KO Ta AlyO3 posramoByiorbes Ha mmiaioxii Fe ogHopiaHo, uu
KJTACTEPAMH.

HocutizreHHs TPOMIII0 KaTaIi3aTopa 624U6UHY TOJISATAE B TOMY, IO
ffonnuit my4yok (3azsuyail Agh) BUKOPHCTOBYETBCS ISl HAIIUJIGHHS TIO-
BEPXHEBUX IApiB i OJHOYACHO MiJlT YaC HAIWJIEHHS 3HIMAIOTH CIIEKTD
AyrepoBux eJIeKTPOHIB, 110 BUPUBAIOTHCS 3 PI3HUX IIapiB IOBEPXHI.

MeToauKa BEMarae BakyyMHIX yMoB p ~ 1075 Tla.

Hudpaxuis anspkoeHeprernaynaunx ejaekrpoHis (JJHEE). Enek-
TPOHHUN IYYOK CIPSIMOBYETHCS Ha IIOBEPXHIO, III0 MA€ IIE€PIOIMYIHE BIIO-
paaKyBaHHsS aToMmiB. [HTEepdepeHIlis po3cisHnX eJIeKTPOHIB CTBOPIOE Ha,
JeTeKTOpi psift MudPaKIIiHAX TJISIM. 3a IXHIM PO3TAITyBaHHSIM MOXKHA
CYIUTU PO TTOBEPXHEBY KPUCTATIYHY CTPYKTYPY, & aHAJI3 IHTEeHCUBHOC-
Telt nudpakitHol KapTUHA K (DYHKIlisS eHepril ImydYKa J1ae JAeTas bHinri
BIJIOMOCTI TIPO PO3TAITyBaHHs aTOMIB Ha TOBEPXHI.

BazksinBe nuTanHs 11 JOCTIPKEHHST — JH [TOBEPXHEBA CTPYKTYPA €
MIPOCTUM IIPOJIOBXKEHHsIM 00’€MHOT, OCKLJIBKY MTOBEPXHsT MOXKE 3a3HABATH
epebyIoBY 1, OTKe, JIyKe BIIPI3HSITUCS BiJl CKOJIB B3I0BXK KPHUCTAJIO-
rpadiunux mwronma. JJHEE mo3sosse BuBuaTu mporecu pejaaxcaril aTo-
MiB JI0 HOBUX IIOJIO’KEHBb PDIBHOBAI'M IIiCJISI TAKOTO CKOJIIOBAHHS, a TAKOXK
IIPUPOJLY 1 TeOMETPII0 MOXKJIMBUX aKTUBHUX BY3JIiB HA IIOBEPXHI KaTaJi3a-
rTopa (aroMiB Ha KpucTajorpadivHuX Tepacax, CXOIMHOK MiXK TepacaMu
Ta in.). MeToauka MoXKe JOC/IKYBATH IIPOIEC aIcopOLil, aHaAII3yI0un
U PaKIiifHl KAPTUHU JJTsi TIOBEPXOHbB, MiJIAHNX €KCIIO3UINI B aTMOChe-
pi neBHOTrO rasy (npupoja ajcopOIiiHUX IIEHTPIB MOXKE XapaKTepu3yBa-
TUCDH [T0 TOMY, HACKIJIBKHU a1cOPOAT MEPIOINTHAN BiTHOCHO MEPiOINTHO-
CTH MOBEPXHEBUX aTOMIB; MOXKHA BHBYATU YMOBH, IIPHU SIKUX aJcopbar
smarHuil 3azuasatu 2D ba30BuX nepexomiB Ta iH.). YMOBHU JJid IPOBE-
JIEHHST eKCIIEPUMEHTIB: JTOCJIIIZKYBaHUI 3pa30K Ma€ OyTH IIij] BAKYYMOM;
[OBEPXHsI MYCUTh OyTU BUCOKOIEPIOIUYHOIO (3PA30K — MOHOKPHCTAJ ),
TOMY He MOYKHA BUYATH IOPUCTHUX KATAJII3aTOPIB 3 BEJIUKOIO IIHUTOMOIO
IIJIOTIEIO TTOBEPXHI.

CuekTpockonisi enrekrponHux eHepreruunux sBrpar (CEEB).
Jlama MeTOIMKa BUBYAE KOAUGHT €HEPTETHIHI PiBHI MOBEPXHEBUX IACTH-
HOK. Ily40K HU3bKOEHEPTEeTUIHUX €JIEKTPOHIB 3 €Hepri€io K ¢ ¢, CIPsIMO-
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BYIOTh HA& IOBEPXHIO, MIPAIOYM IHTEHCUBHICTH PO3CISTHUX €JIEKTPOHIB SIK
dynkuio ixuboi eneprii Iscatt (Fscatt). EJIEKTPOHH, 10 HAJITAIOTH, BU-
KJIMKAIOThb KOJIMBHI 30Y/2KEHHsI, 10 MPU3BOJSTH 0 3MIHU IUIIOJBHOTO
MoMeHTa. EHeprig KomuBaHb Fyib.excit. = Fl.e.e. — Fscatt XapPaKTEPUIYE
CIIEKTP MOBEPXHEBUX (DOHOHIB, AKHUI 3aJ€KUTH Bil XIMITHUX 3B SA3KiB i
CTPYKTYPHU HOBEPXHEBUX UM aJCOPOOBAHUX ATOMIB.

dx i Bci enmexkrponni meromquku, CEEB 3acrocoBra Tijgbku B ymo-
Bax BakyyMmy. BoHa JIOmOBHIOE JaHi, OTpUMaHI PEHTTE€HIBCHKOIO Ta YIbT-
padionerosoio PEC, gKi BUBYAIOTH BiAIOBIIHO XiMiUHI BJIACTHBOCTI Ta,
BaJIETHI PiBHI MOBEPXHEBUX aTOMIB.

CkanyBauibHa TyHeJsbHa Mikpockoris (CTM). Ipunnun po6o-
TH CKaHYBaJILHOTO TYHEJIBHOrO MIKpOCKona [25] IPYHTYEThCsS HA TOMY,
III0 BUMIPIOIOTh TYHEJILHUI CTPYM j 3 TOJKUA MiKPOCKOTIA, PO3TAIIIOBAHOT
JtyzKe BIM3BKO JI0 JOCIIIKYBAHOI MOBEpXHI, sIK (DYHKIIO BUCOTH 2 [26].
I'padik z(x,y)|j=const Aa€ TOmOrpadito MOBEePXHi Ha ATOMHOMY MACIITA-
0i.

3aBIsIKM BHUCOKIN PO3IUILHINA 3JATHOCTI MIKPOCKOI MOXKE BHUSIBUTHU
i3obOBaHI aToMU MeTaJsiB, AuMepHu, TpuMepu. Jlo3Bosisie cnocTrepiraTu
3a MIrpalli€lo MeTaJIYHUX KJIACTEPIB, 3a IMPOIECOM PEKOHCTPYKIII TO-
Bepxui. CTM Moxke BUBUATH a/ICOPOIIIO HA TOBEPXHIO, OCKITBKU TYHEJb-
HUIT CTPYM 9yTJIMBUI JI0 HASIBHOCTH ajcopbary. Moxke 3aCTOCOBYBaTHCs
B yMOBaxX KOHTPOJIbOBaHOI armocdepu. Hemosmikom € Te, MO ImiaIoxKKa
JOCJIIXKYyBAHOI MOBEPXHI MOBUHHA OyTH mpoBiaHOMO. [l HEIpoBiTHIX
[TOBEPXOHb CIIOYATKY IPOBOJATH HAIUJIEHHS METAJIYHOrO ITOKPUBHOI'O
mapy, a MoTiM 3HIMAIOTh JIaHi.

IndpauepBona i pamaniBcbka cnekrpockomil (I9C i PC). ITi
METO/IMKHU 3 MEHINOI0 €Heprieio (POTOHIB JOCTIKYIOTh KOAUGHE CIIEKT-
pu gactuHOK Karajizaropa. B THC my9ok mpomyckaioTh depe3 3pa3ok,
BUMIPIOIOYN IHTEHCUBHICTH MPOIYIIIEHOTO BUIPOMIHIOBAHHS SIK (DYHKITIIO
enepril. IY dororn normmHaTHCS HOPMAJTHLHUMU KOJUBHUMU MOJAMM,
3MIHIOIOYH JIUTIOJIbHUI MOMEHT. ['0JIOBHE 3aCTOCYBaHHS — BUMipPIOBAHHS
kosmmBanb posrary rpynu O—H, (gaxy MicTaTh Bel okcuaHi Karamisaro-
pu). larencuBnicTs cMyT HOrIMHAHHS Ja€ Mipy KoHneHTpanil rpyn O—H,
a TIO3UIIIT XapaKTePU3yIOTh IIPUPOJLY IUX IPYI 1 B3AEMOJIIIO 3 IHITMMH Ya-
cruHKamu Ha oBepxHi. Takox [HC 3acTOCOBYIOTH /10 CITOCTEPEXKEHHST 38,
a1copOOBaHNMU YACTUHKAMU, JOCJIPKEHHS X TPUPOIU i TOBEPXHEBUX
KOHIIEHTPAIiil Ta BUBYEHHS aICOPOIIITHNX BIACTUBOCTE KATAII3aTOPIB.

B pamaHiBCHbKUX CHIEKTPOCKOMIYHUX JTOC/TII?KEHHIX TOBEPXHA KATAJTi-
3aTOPa ONPOMIHIOETHCS IIyYIKOM JIA3€PHOTO BUIIPOMIHIOBAHHS BUIUMOIO
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miamazony. Baaemoitoan 3 xoAuHUMU MOTAMEA 3pa3Ka, BUTPOMIHIOBAH-
HsI BILIMBA€ Ha HOr0 IOJISTpU3aliifo. BuMipooTh IHTEHCUBHICTD po3pis-
Ho20 cBiTna 9K QyHKOiio enepril lscatt (Fscatt). LHEPrig KOJUBHUX MOJ
Eyib.mode = Paser — Fscatt- MeToauka qyT/mBa JI0 KOJMBAHBb TPy “Ka-
TiOH — KUCEHDb’, HeCYUIN BiOMOCTI MPO 1X HASBHICTH HA MOBEPXHI.

Ob6m/IBI CHEKTPOCKOTIT TPOBOMSITH MIPU yMOBAaX KOHTPOJIBOBAHOT aT-
Mocdepu 1 MiIBUIEHNX TEMIEPATYPAX.

®dizancopbuiitni ekcnepumentu (PAE) n03Bosistors BU3HAYATH
MIUTOMY TIOBEPXHIO MPAKTUYIHO BCIiX TeTEepOTeHHUX KaTajizaTopis. Haii-
qacTime BUKOPUCTOBYIOTH MOJIEKYIH a30Ty No ab0 MOHOOKCHUIY BYTJIe-
mio CO, ase MoxkyTh OyTn #i immi. MeTojuka IpyHTYeTbCS Ha OpHUIi-
HaJsbHIN poGoti Bpynayepa, Emera, Tesiepa [27] 1 uacTto 3rajyerses sik
BET-meron.

KaramizaTop 0X0/10KyI10Th MPUOIM3HO J0 TOYKH 3PizKeHHsT poO0TI0-
rorazdy (77 K gzt Na). Tasni BuMipioroTs KIbKICTh a71copboBaHOrO ra3y B
3aJIE2KHOCTI BiJI TUCKY DN, . 3 rpadika 3a1ekKHoCcTH aIcopOIIil Ipu THCKAX
nmKunx 3a ~35% Bix THCKy Hacmuenns Biamosimpo no BET-izorepvnm
JICTAOTh MOHOIIIAPOBY MICTKICTh KaTaji3aTopa Jyis ajacopboBaHoro Na.
ILory moBepxHi pO3pPaxoBYIOTh MPUITYCKAIOYH, O 1 MOJEKyIa a30Ty
3aitmae 16.2 A2,

Amnaniz agcopOuiiiHOl MOBEIIHKN Ja€ BIIOMOCTI IIPO PO3MOJILI IOD 34,
poamipamu. [Ipn agcop0riil MaJii TOpH 3aOBHIOIOTHCS TEPITUMI 3aBITKI
SIBUIILY KaIlJIsIpHOI KOHJEHCAIIil, a 1pu J1ecopOIlil TOPOKHIIOTH OCTAHHI-
mu. Taka ricrepesucHa MOBEIIHKA JTA€ MOXKIMBITCH 3HANTH PO3TIO/ILT TIOP.

4.3. Kinern4Hi i TepmMoanHamMiuHi BUMiproBaHHSI

Cromu HaJIe’XKaTh BIIOMOCTI PO KOHCTAHTU IITBUJIKOCTH aJCOPOIII, je-
copOIil 1 MoBepXHEBUX MIKPOPEaKIIiil, eHepril aKTUBAIl IUX IIPOIECIB,
KOHCTAHTH PIBHOBAru MIKPOPEAKIIiil, eHepril 3B’I3Ky YACTHHOK &JICOP-
6aTy JI0 TIOBEpXHi, B3aeMOoIid “ajcopbat — ajgcopdbar” Ta iun. Pesyabratn
BUMIPIOBaHb IIUX BEJIUYUH € TEHTPAJLHUMH JIJTsI KIJTbKICHOTO aHAJII3Y Mi-
KPOKIHETUIHOT MOJIEi.

Hukde KOpOTKO ONMMCAHO METOJIUKY TeMIIepaTypPHO-IIPOrPaAMOBAHOT
necopbuii (TTLIT), meroz mivennx aromis (MMA) y BuBuenHi KineTuku,
MiKpPOKaAJTOPUMETPUYIHI Ta XeMOCOPOITiifHI BUMIpIOBaHHS.

TemmnieparypHo-iporpamMmoBaHa JiecopOriisi. Excrepumentu 1mo
TIL/I mpoBOAATHCA Y JIBOX PEXKUMAX:
a) TIIO-1 — nocnifpkenHs MarepiajiB 3 MaJOK IUIOMIEIO [OBEPXHI
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(memopucrux) npu ymosax Hajsucokoro Bakyymy (HBB);

6) TIIJI-2 — moC/iKEHHST NOPUCTUX KATAIi3aTOpiB Hpu OOTIYHUX
Truckax (YMOBH, HAOJIMKEH] /10 peaKIiiiHuX).

B excniepumenTax TIIJI-1 mocizkyoTs gecopOiiio copTy A 3rigHo
peaxiiii:

A, 5 A 4w (28)

Peakmist odnocmoponns, necopboBanuil 1a3 BiIBOMISITH, YHUKAIOUH Pea/Ii-
copOIIil.

Orxke, HOCTIZKYBaHY MOBEPXHIO, MOMEPEIHBLO BUTPUMAHY B aTMOC-
depi razy A, HarpiBaroTh JiHIHHO, 3MIHIOIOUN 3 9ACOM TEMIIEPATYPY

T =T°+pt, (29)

i BUMiprOI0UM KiIbKicTh necopboBaHuX MOJIEKYIL: T'q(t) = —dipa, e pa
— IIOBEPXHEBa KOHIIEHTPallisd A,-4aCTHHOK. 3a pe3yJbTaraMu OyIyloTh
rpadik 3anexuoctu Big remueparypu rq(T) — Tax 3sanuii ciekrp TTLT.
Ak nmpaBmIIO BiH Ma€ KyIIOJIONOIIOHIIT AaCUMETPUIHII BUTJIS T TIOCTYIIOBE
3pOCTaHHs g 0 00JacTh miKa OLIs Thay 1 pi3Kilie craJaHHs 3a IHE0
obsactio (puc. 2). Ilpu Hukunx T 9acTUHKHA JeCOPOYIOTHCsI IOBLILHO,
Jai mecopOriisi cTa€ BCce IHTEHCHUBHIIIOIO 1 MiCas mika cjabime, 60 Bce
MEHIIIe YaCTUHOK 3aJIAIIAETHCS Ha TOBEPXHI.

SKImo BeMYNHY MIBUIKOCTH PEAaKIll JecopOIlil cripuiiMaT B TepMi-
HaX 3ajiexkHocT TUny Apeniyca

T4 = TdipA = kg+e_E33rt/RTpA, (30)

ne R — yniBepcasibHa ra30Ba KOHCTAHTA, TO 3HAIOYM IMBUIKICTH HArpi-
BaHHSA 3 1 HO3UINIO KA T1nayx MOXKHA BUSHAYUTH €HEPTiI0 AaKTUBAIIII IIPO-
mecy J1ecoporrl Eg“f (BU3HAYMBINY 1IIe HE3AJIEIKHAM CIIOCOOOM IIepeIeKC-
NOHEeHTHUH MHOYKHUK k] +)- Bruiprosani BemamHn He 3amexKaTh BiJ mo-
JATKOBOTO 3ATIOBHEHHs MOBEPXHi p .

B nocnimxenusx TTI/-2 MipsttoTh MBUJAKICTD j1ecopOIiil 9acTHHOK A
3 MOPUCTOI TOBEPXHI KaTa/i3aTopa, MOMIIEHOro B JiabopaTopHUil pea-
krop tuiy CSTR (rpauientn konnenrpaniit masi). Karamizarop 3 az-
copboBaHuME YacTUHKaMu A, JiHifino HarpiBaiors (29), 0JHOYACHO IO~
JAal0vn Ha BXiJ peakTopa OydepHuil ras, inepTuunit 10 Karasizatopa. B
pobouomy 06’eMi peakTOpa IIPOXOIUTH Peakilist JecopOIil copry A 3 Mo-
JKJIMBOIO HIOTO PeaJICoPIErO:

A, B Ag + o (31)
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Desorption rate

500 1000
Temperature (K)

Puc. 2. Pospaxosanuii cnextp TILI masa Na, mo JecopOyeThbecs 3 MOBEPXHi
Fe, npu pisuux 3nadenHsax nodarkosoro nokpurrd 0.20 (amxkuas kpusa); 0.40;

0.60; 0.80; 1.00 (Bepxust kpusa) [2] (qus. map. 5.3).

TlosiBa wacTuHOK A B 00’eMHi (a3l BUparxKaeTbCs Yepe3 MBUIKICTb pe-
aKIl 7'qa:
Tda = kda+9A* - kda—pA[l - QA*L (32)

Jie 05, — BesimuuHA BiTHOCHOTO MMOKPUTTS MOBEPXHI KaTasizaTopa.

Bumipioroun napriaabuuii TucK pa (t) copry A B 06’emMHuiii daszi, MOK-
ua nobyaysaru rpadik Temieparyproi 3aiexuoctu pa (T). Kpusa pa (T)
TeXK Ma€ MaKCUMYM, IO BiIIOBia€ cTaHy piBHOBAru MiXK J1ecopoOIriero i
peaJicopbuieio. IIpuiyckaioun apeniycopuil THII 3aeKHOCTH I Ky,
MOXKHA 3 PO3TAIITYBaHHS KA 1y, BUSHAYUTH KOHCTAHTY PIBHOBAru pe-
akuii (31): Kga = kda+/kda_.

Merton miuennx aromis (Isotope tracing) (MMA). Ilpu mocui-
JIPKEeHHI MexaHi3My meBHOI KarajgiTudunol peakiii MMA 3acrocoByeTbcst
B Tiit Moaudikaliii, 1o 3aMicThb OIHIET 3 BXIJHUX PEAKIINHNX KOMIIOHEHT
BBOJIATH 130TOMHUN 3aMIHHUK 1 CJTIKYIOTH 33 BCiMa KOMIIOHEHTaMU B Ta-
30Biit (hasi i Ha MOBEPXHi, KOTPI MAIOTh PI3HMIT I30TOMHUNE CKIIAT.

Posragubmo kaTagiTuaamit cuaTes amiaky. B peakiiiitny cyminr moja-
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0Th JefirepieBuit Bogenb Do 3amicts He. B ekcepumentax BUKOPHCTO-
BYIOTH Oe3r'pajiieHTHuil peakrop 3 nocriiaum nepemimysannsam (CSTR)
B CTAIIOHAPDHOMY PeXXWMi. 3 pe3y/IbTaTiB BUMIDIOBaHb MOXKHA, 37100y TH
BEJIMYMHHU 9acToT nporikauHs (turnover frequencies, TOFs) koxHOT Mi-
KPOPEeaKIIil.

B 06’emi 6yayTh npucyTHI TaKi 9aCTHHKU 3 PI3HUM i30TOITHUM CKJIa-
JIOM:

H, HD Do g20 G921 922
NH; NH,D NHD; NDj3 g10 941 Ga2  G43,

Ha MOBEPXHI TaKi:

H. D. fio fu
NH, ND, foo  fa1
NH,, NHD. NDa, f30 fa1 f32

NHs, NHyD, NHDs, NDag. fao fau fa2 fas.

Besmunnu g5, fi; XapakTepu3yloThb BiJHOCHI YacTKH pi3sHuX i3oTomHMX
KOMIIOHEHT (nepinuii iHieKC BKa3ye KUIbKICTh BCIX aTOMIB y MOJIEKYJI,
a apyruit — gucio aromis D). Kourenrpariis KOXKHOT 06’ €mH0i KOMIIO-
HEHTU 33JI0BOJIbHSE DIBHSHHS MAaTEPIaJbHOTNO OAJIAHCY 3aBJISIKU TAKAM
poriecaM: MOCTAYaHHIO PEAKTOPa BXIJIHOIO CYMIIIIITIO, BUTIKAHHIO 3 Pe-
aKTOpa BUXIiIHOI cymimri, amcopOriil Ta mecopbrril. [loseprresi KOHIEHT-
pariii YacTUHOK OB’ sA3aHi PIBHAHHAMEI MaTePiaIbHOTO OAJAHCY 3aBITKI
ajcop6briii, recopOrIrii Ta moBepxHeBUX Mikpopeakiiit. 11i piBHsiHHS 3B s1-
3YIOTh MiXK CO0OIO BBEJICHI BeJIMIUHA G;j, fij.

3a J0MOMOroI0 MOHITOPUHTY O0’€MHUX 1 MOBEPXHEBUX KOHIIEHTPAITIi
pi3HEX iI30TOMHUX KOMITOHEHT MOXKHA OTPUMATH JAHI MIPO: 0COOJIUBOCTI
MeXaHi3My JTaHOTO KATAJITHIHOIO [IEPETBOPEHHS, XapPAKTEPUCTHKH CTa-
IIIOHAPHUX CTAHIB, BJIOMOCTI TPO HANYNCIIEHHIII MPOyKTH HA TOBEPXHI
i HAHTOJIOBHIIE — YAaCTOTH IPOTIKAHHS PI3HUX MIKPOPeaKIii (), .

MozkinBu#l TaKOXK IHIINI PEXKUM €KCIEPUMEHTY, KOJIU IIC/Is TOCHT-
HeHHs crarioHapHoro pexxumy peakropa CSTR 3 mocraganusm cywinri
Hs, Ny 3 dikcoBanmM KOHIEHTPAIITHAM BiTHOIEHHSIM, PEAKTOD Iepe-
KJTIOYAIOTH Ha TocTadanus cymiminio Ds, Ny 3 Tieto »k mpormopitieio Bmic-
Ty. ['0/10BHA i/1est IBOTO EKCIIEPUMEHTY — 3POOUTH TIEPEXIJT 10 130 TOITHOTO
3aMiHHUKA, TPUOJIM3HO 3aJIUIIA0YN BCI MIKPOPEAKIlil B TOMY K CTaIlio-
HapHOMY cTaHi. Taknii eKCllepUMeHT Ja€ IaHi IIpo NoKpuTTs 6; i yacTorn
MIPOTIKAHHA MiKPOpeaKIiil o .

3amina Hy ma Do Mae jieskuit BIUTMB HA KOHCTAHTH IIBUJIKOCTH 1
3HaYeHHd TOKPUTTIB 0; (KimeTwdHwil i3oTonHuit edexT; roJOBHUM Hu-
HOM 3aBJIFKHU PI3HUII B MacaX MOJICKYJ), KUl BPAXOBYIOTh IIPU AHa-
JIi31 pe3yJsIbTaTIB €KCIEPUMEHTY 3a JOIMOMOIOI0 TIOIPABOK, OOUUCIEHUX B
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paMKax Teopil nepexizHoro crany. JleranbHuii orssg 3acrocyBanb MMA
nomireHo B [28,29]

MikpokajjopuMeTpUdHi Ta XeMOCOpOIliiiHi eKclepuMeHTH.
MikpoKaJIopuMeTpUIHI METOIUKI BUKOPUCTOBYIOTHCH JIJIsI BUMIPIOBAHHS
IHTEHCHUBHOCTY XIMIiYHOTO 3B’SI3KY JI0 OBEPXHI MOJIEKYJI IIEBHOT'O COPTY.
BumiproBanHst HecyTh KiJIbKICHI BiZJOMOCTI [iJTsT TIOOYIOBY MiKPOKIHETHY-
HOI MOJIeJTi.

B ekcuepumenti mesHa KigbKicTh rady (Mikpomosi Ha 1 r Karasi-
3aTOpa) 3allyCKAEThCs HaJi [IOBEPXHEI0 KaTaji3aropa i 3a J0IOoMOroio
BUCOKOYYTJIMBOTO MiIKPOKAJIOPUMETPA BUMIPIOETHCS TEIJIOTa, 3BiIbHEHA
3aBJISIKI OCIJTAHHIO MOJIEKYJI HA IIOBEPXHIO. BUMiproioTh mudepeH iaib-
uy remwiory agacopbuil ga(7T') Bix nokpuTTa agcopboBaHUM COPTOM f4 .
ITro 3ae)kHicTh MOXKHA 3aKJIACTH B MIKPOKIHETUYIHY MOJEIb K HeJIeH-
ruopiBebkuii edpekT (T06TO, BILIMB B3aeMogil “ajcopbar — ajcobar”
IO O3HAYAE BIJIXWJIEHHS BiJl CYTO JIEHI'MIOPIBCHKOI ITOBEJIIHKUA BEJIMIUHU
qa(T)). 3 mpyroro 60Ky 1porec aacopOIil Ha ITIOBEPXHIO MOYKHA BBAYKATH
JICHI'MIOPIBCBbKUM, a 3ajiexkuicTb ga(T') Bim 04, TpakTyBaTh 9K 3aexK-
HICTH eHepril 3B’g3Ky MOJIEKYJIH JI0 TOBEPXHI BiJl cTaHy caMol HOBEepXHi
(mokpurrst). TakuM coco60M OTPUMYIOTH DO3IOJLIT €Hepriil 3B’sI3Ky B
3AJIEIKHOCTI BiJl HOKPUTTS 04, .

Marouu 101aTKOBO i30TepMu agcopbuii O, (pa) 100 BUZHAYUTH Kijib-
KiCcTh aJcOpOOBAHOTO Ta3y, MOXKHA, 3aCTOCOBYIOYN TEPMOJIMHAMIKY, BU-
3HAYNTH CTAHIAPTHY 3MiHy BiabHOI eHepril I'i6ca AF Aads. Hani ga(T) i
AFﬁdS JAI0Th MOXKJIUBICTH PO3pPaxyBaTU CTAHJIAPTHY 3MiHY €TPOTMil a/jI-
copbmii AS3%% ) sxa xapakTepusye PyXJHMBICTh YACTHHOK HA TIOBEPXHI.

XeMocopoOITiss — 0cobMMBUI BUIAIOK aICOPOIIiT, MO0 CYTTPOBOIKYETH-
Csl YTBOPEHHSIM XiMIYHOTO 3B’SI3Ky aICOPOOBAHOI YaCTUHKU 3 MTOBEPXHEIO
(3MileHHs eJIEKTPOHHUX XMAP, jJedopMallia XIMIiYHUX 3B 43KIB caMol da-
CTUHKH) I XapaKTepUu3y€eThCs IOPIBHSIHO BEJIMKOIO EHEPIi€lo 3B’ 3Ky MiXK
IIOBEPXHEIO 1 YACTUHKOIO.

XemocopOIiiitti BUpMipIOBaHHS BUKOPUCTOBYIOTD JIJTsT BUSHAYUEHHST Xa-
PaKTEPUCTUK CAMOI0 KaTaJi3aTopa 1 JJjis BU3HAYEHHsI eHepril 3B’s3Ky
ajicopbaTta 3 moBepxHen. 3okpema, razu He i CO BEUKOPHUCTOBYIOTHCSH
JIJISE TATPYBAHHS aKTUBHUX KATAJITUYHUX [EHTPIB IUIATUHA HA ITiIT0%K-
i AlbO3 rasu CO i Ny 3acTOCOBYIOTH JjIsi TUTPYBaHHS IIOBEPXOHb 3a-
JI3HUX KaTaJi3aTopiB, [0 BUKOPUCTOBYIOThHCS [IPU CUHTE3] amiaky (/uB.
BET-metox, c. 22).

Marouu uabip i3orepm agcopbuii Oa, (pa) y AedroMy iHTEpBaJi TEM-
mepaTyp, MOXKHA BU3HAYUTH TEILUIOTY aJcopOril BimkmaBmu Inpa sk
dyukuio Big 1/T upu 05, = const. 11 nani naioTh MOXKIMBICTH OTPUMA-
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TH, K 1 y BHTAJKY MIKpOKaJopuMmerpii, Bemmamam AF§hems A Gghems
SKi JJAIOTh €Heprifo 3B’si3Ky Ta PYXJUBICTH HA MOBEPXHI.

XeMOocopOIIiitHi eKCIIepUMEHTH MEHIIT TOYHI HiK MiKPOKAJIOPUMETPH-
YHi, 3aTe MEHIII TPOMI3/JIKI 1 JIerTni B peaJizariii.

5. CrarucTuko-MexaHidHUi miaxig

HesKi BeTMIuHT, TPUCYTHI B PIBHAHHAX MiKPOKIHETUTHOTO MO/IETIOBAH-
HsI MOYKHA, PO3PaXyBaTU HA OCHOBI METOJIIB CTATUCTUIHOI MexaHiku. [le
CTOCYEThCS TAKUX KIHETUYHHUX 1 TEPMOIUHAMITHIX XapPaKTEPUCTUK IPO-
meciB ajcop6bIril, mecopdbiril, MOBEPXHEBUX UM Ta30(a3HUX peaxIlii, sK
KOHCTAHTH piBHOBArH, XiMiuHI TOTEHITIAIN, TePMOAMHAMIYIHI DYHKIII CH-
CTeMU, CTAHIAPTHI 3MIHU €HTAJIBIIT, eHTPOIIT /JTst peakiiiit Ta ir. OcKiab-
KU 3 METOIO CIIPOIEHHSI BUKOPUCTOBYETHCS PSIJ JIOCUTH CUJIBHUAX ITPUITY-
IE€HBb, TO TaKi PO3PAXyHKU HE € aDCOJIIOTHO HAIHHUMH 1 9aCOM MAalOTh
JINIIIE SIKICHUI XapaKTep, CIYKadu JJIsi TPOBEJIEHHS OIiHOK.

[IpunyckaeTbes, M0 MOJIEKYIN PYyXalOThCs HE3AJIE’KHO OJHA Bill O/I-
HOI, eHeprisi KO2KHO1 MOJIEKYJIN He 3aJIEXKUTh BiJ CKJIA/ly CUCTEMH, TOMY
eHeprisg CUCTeMH piBHA MPOCTO CyMi eHepriit mosekysa. Temmepatypa T'
CUCTEMU JaJIeKa BiJl aDCOJIIOTHOIO HYJIst, 011 SKOro OLIBIICTh MOJIEKYJT
epedbyBaTh B OCHOBHOMY CTaHl. PyX MOJIEKYJT PO3IVISIA€ThCS 38 JOTO0-
MOT'0I0 KBAHTOBO-MEXaHITHOT'O OIIUCY, aJIe JJIs CTATUCTUKH 3aCTOCOBYETh-
cs TaK 3BaHA KJIACHYHA T'DAHUIA, KOJIM €HEPTil CTaHIB PO3TAIIIOBYIOTHCS
JTy?Ke OJIM3BKO 1 CyMyBaHHs IO CTaHAX 3aMiHSIETHCA Ha inTerpyBanus. Le
O3HAYAE, MO JJIs YaCTUHOK y ra3oBiil ¢a3zi temmeperypa T > 1 K, Ha
nosepxHi st yactuHok H,, N, O, T > 250 K i gsa pemnrru 4acTUHOK
T > 100 K. Cranu mMoJtekyJ1, Mo BIilTOBIIAIOTH MOCTYAJIbHIM, 00€PTOBUM
1 KOJIMBHUM CTYII€HSIM BLIBHOCTH, & TAKOXK OCHOBHUII CTAH BBAXKAIOThCH
He3aeKHUMU. EHepril eIeKTpOHHNX 1 MEXaHI9HUX CTYIIEHIB BiTbHOCTH
OTPUMYIOTHCS B PAMKAaX KBAHTOBO-MEXAHIIHOI'O OIUCY.

Ot2ke, OCHOBHI IpunyIneHHs Taki [2,12]:
a) TepMiyHa piBHOBara, XiMivHOI MOXKe 1 HE OyTH;
6) BisCyTHICTD eHepriii NapHUX B3aEMOJIN MiXK MOJIEKYJIAMU;
B) HEPO3PI3HEHHICTH MOJIEKYJI OJIHOTO 1 TOrO K XIMIYHOI'O COPTY;
') TeMiieparypa cucreMu OLIbIIA 33 BCi 3rajiani OOMeXKeHHsI TeMIlepaTy-

pu.
5.1. T'azoBa ¢a3za

V 1uX OpUNYIEHHSX CTATUCTUYHA CyMa KAHOHIYHOrO aHcamOJIio CHCTe-
MH, 10 CKJIAJIAE€ThCA 3 N1 MOJIEKYJ COPTY 1, no MOJIEKyJ copTy 2, i T.1I.,
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-n; = n, GaKTOPUIYETHCS BiITHOCHO COPTiB:
> daxropuzy: p
1 , e
Q= H F(Qz’)n”, q; = Ze peim, (33)
i [m)

Jle y BUDa3i JJI CTATHCTHYIHOI CyMHU ¢; OJHI€El MOJIEKJIM COPTY i CyMy-
BaHHS MPOBOJWUTHCS O BCIX CTAHAX |mM) MOJIEKYJH, TPUYOMY JIsd -
KPaTHO BHPOJZKEHOTO CTaHy BIINOBIIHUI IOJAHOK BPaxXyBYETbCA ¢ pa-
3iB; B = 1/kgT, €im = (m|H;|m) — MaTpudHnMii eleMeHT TaMiJIbTOHIAHA.
Jtst 1e 3B’s13aHUX MiK CODOIO CTYIIEHIB BiTbHOCTH

Hi = HE™S L HP® L HE e = e el ot 48

trans trans vib rot g.st.

% =9 4G 49 4 4
3i cTaTUCTUYHOI CyMU MOXKHA OTPUMATH TE€PMOAMHAMIUHI (DyHKINI:
eneprito U, entasbmito H, TepMOIUHAMIYHUAN TOTEHITIAT Ti6ca G , BUIbHY
eneprito I'epmrosbiia F', enrpomio S Ta nuromi remmoemuocti Cp, Cy.
BHecoK Bif OCTYNAJBHUX CTYTIEHIB BIIBHOCTH 3aluINeThest Tak [2]:

3/2

2mm;kpT
trans — 7Tm,]€B ‘/, (34)

7 h2

Je m; — Maca MOJIEKY/IH i-1o copTy, h — KomcramnTa Il1anka, V — 06’em
ra3oBoi (da3m.
106 obumcauTu )P, MomeKymy HabIMKeHO PO3IIAIaloTh SK rap-
MOHIYHHI OCHUISITOP: 11T aToMU 3iCHIOIOTH MapMOHIYHI KOJIMBAHHS B
. . e b _ _
cucreMi nenTpa mac. Toxi enepril kosmsaub €'° = hy;(1+1/2), 1 =

0;1;2;..., 1e v; — XapaKTEePUCTUIHA, IaCTOTA KOJUBAHb MOJIEKYJIH COPTY
7.
> 1
vib _ —1 hu,;/kBT .
9 - Ze - 1 _’_efhui/kBT’ (35)
=1

BHECOK BiJl HAfHMYKYIOTO CTAHY BKJIIOYEHO y BHECOK BiJl OCHOBHOI'O CTAHY
(g.st.).

IIpu anmcopbmii 3 mocrymanbhi crymeni BigbHOCTH ra3oBoi das3u
TPaHChOPMYIOThCSA Y 2 CTYIEH] BIIBHOCTH, TapaJje/ibHi JI0 MOBEPXHI aJl-
copbeHTa, 1 OJUH CTYIiHb, HEPIeHIUKYIApHnii 10 noBepxHi. OcranHii
Ma€ KOJUBHY MPUPOTy. KO 3B’ 130K MOJIEKY/IN JI0 TIOBEPXHI € CIabKmit
(eJleKTpOHHA CTPYKTYpa IOBEPXHI He BIUIMBA€E ab0 CJIabKO BIUIMBAE HA
PYX MOJIEKYJIN), TO IapaJiesibHi CTyleHi BIIbHOCTH TeK GyIayTh MOCTY-
nasbHi (MOJIEKYJIM BOJIOJIIOTH BUCOKOIO PYXJIUBICTIO, 2D MOJIEKyIspHUii
ras). SIKmo eneprist 38’s13Ky BeJIUKA, TO TOJ] € CEHC PO3IJISIATH IapaJie-
JIbHI CTyIIE€HI BIIBHOCTHA KOJUBHUMY, OCOOJIMBO TpU HuzKInxX 1.
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PozryisinbMo 06epToBi cTymeHi BUIbHOCTH. 3aJI€XKHO BiJl IPOCTOPOBOT
koHdirypari, obeprants MOJIEKYIU MOJEIIOETLCA ab0 poTopoM (JiiHiitHa
MOJIEKYJIa), abo Azuroo (Heiniiina mMosekysa). Binbauit poTop 3 gBoMa
ocsMu obepTaHHS MOXKe GyTH B cTaHax 3 eHeprisMu €;; = B;j(j + 1).
Biamosinaa crarnernana cyma pisnaa [2,12]:

1 o
int = U_ Z(Qj + 1)6—31‘, ](]+1)/kBT’ (36)
v

B; — crana, moB’si3aHa 3 MOMEHTOM 1HEPII MOJIEKYJIU COPTY i, 0 — Hh-
CJI0 cuMeTpiit MosteKyu (KiIbKICTh TOTOXKHIX CTAHIB, siKi HOBTOPIOIOTH
OJIVH OJIHOT'O IIpu 06epTanHi MoJieKysn). [ljist cuMeTpUYHOl A3Ur'U 3 TPHO-
Ma ocsiMu oGepTaHHs eHepris pisHa ;5 = B;j(j + 1) + (4; — B;)k?, ne
A;, B; — craji, nos’s3ani 3 MOMeHTaMu iHepIil MOJeKy/au. B obumasox
BUITQ IKaX 1X MOYXKHA JICTATHU 31 CIIEKTPOCKOINYHUX JaHUX. YHUCTIO cuMeT-
piit o; = 1 gzt cumerpiii Cy, C;, Cs, 0; = 2 nua Cy, Coy, Cop 1 0; = 3 fay1st
Cs,Csy, C3p. Monekynmu Ha, No posrisimarorsest sik poropu 3 0; = 2, a
NHj3 — sk cumerpuina j3ura 3 oyy, = 3.

st 6imbImocTy ra3iB MOMEHTH iHepIlil MaloTh BEJIUKI 3HAYEHHS 1 11e
J03BOJIsIE HADMXKeHO BBaxkarw, mo B; < k7. B mpomy HabmkeHH]
MOXKHA, OTPUMATH JJIsi CTATUCTUIHAX CYM JIHIITHOT MOJIEKYJ/IU 1 CHMEeTPH-
qHOl J3urn [2,12] signosigHo:

e _ ksT qt _ (kT2 (37)
4, lin.mol. 0:B; ’ i, sym.top O_iA}/2BZ‘ :

(2

lazodrasumit BOjeHb — BUHSATOK, OCKLIBKU Ma€ MaJIiil MOMEHT iHepIl, 1
TOMY HABITHb IIPU BUCOKUX TEMIIEPATYPAX CJIiJI 3aCTOCOBYBATH (DOPMYILY
(36). IIpu posrusizii BHECKY Bij obepTaHb Jisi YACTHHOK aJcopbaTy, Ta-
KOXK BIIAIOTHCS JI0 TTeBHOT Moaudikariii obeproBoro pyxy. Takomy pyxoBi
MIEPEITKO/KAE ITIOBEPXHSI, TOMY BBOAATH (ppycTpoBani obepraHHs MOJie-
KyJ acopbaTy, OMUCYIOUN 1X K KOJIMBAHHSI.

V migcymKy 3ayBasKMo, IO B MeXKaxX NPUHHATHX IPUIIYMICHL glra™s

i
noTpebye Il CBOrO PO3PAaXyHKY JIUIIE MACH YaCTHHOK Mm;; ¢i°" morpe-

Oye 3HaYeHb I'OJOBHUX MOMEHTIB iHepmil abo koHcTaunT A;, Bj; q;’ib —
XapaKTEPUCTUIHNX FaCTOT KOJMBAHDL Vj; qf'St' — 3HaYeHb eHepril oc-
HOBHOI'O CTaHY Ef'St' BiMTOBITHUX YACTUHOK B 00’€Mi UM Ha IOBEp-
xui. [Ii BewmYuHN BU3HAYAIOTH 3€01/IbINa €KCIePUMEHTATLHIM IIIIs-
xoM. B poGori [2] HaBeneHo Taki 3HAYEHHs: I HeaKTHBOBaHOIO Fe
EI%IZ = —38 k/Ix/MOJIb, Eﬁ'*st' = —91 x/I:x /moub; miia K-akrusosanoro
Fe Eﬁ;t = —51 ]/l /Mob, Eﬁ'jt' = —91 /I /mosb. Heamiumicrs
€Hepril OCHOBHOTO CTaHy JIsi N, aBTOD MOSICHIOE TUM, IO Iisl YaCTHHKA
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JIOCUTH CHJIBHO aJICOPOYETHCA HA YHCTE 3aJ1i30, PO3TAIIOBYIOUUCH [IyKe
6JIM3BKO JI0 TEPINOro Imapy aTroMmiB Fe, TOMy NpUCYTHICTH KaJiio cjaad-
KO BILINBA€ HA E€HEPTiio Eﬁ'ft', 3aTe MOMITHO MiHSIE Eﬁ:f, crabuTizyo-
qn N9 Ha TOBEPXHI aKTUBOBAHOTO 3aJti3a. EHepril ocHOBHOTO cTaHy st
immux wacrunox |14, 15]: Elg{'ft' = —47.5 x/Ix/MoiIb, EI%TIS{Z* = —106
kK /Moutb. 3HaueHHs Eﬁ;ﬁ Ta EI%I;I; 6epyTh MixK Eﬁ'ft' i Eﬁ';ts'*, oc-
KUJIbKY BOHU He BIUIMBAIOTH HA 3HAYEHHS KOHCTAHTHU IIBUJIKOCTH BUPOO-
JIEHHSI aMiaKy.

Posragubmo Tenep TepMoguHAMITHI BeTMYIUHA. XiMITHUI TOTEHTIIAT
copry @ razosoi dasu [30]:

(U (2R _(2G\ _(o 8)
Hi = 8714 V,S_ 8714 V,T_ 8714 p,T_ 8ni p,S.

3 Bupasy (33) i craTucTUUHOI cymMu (8 MOXKHA, HIJICTABJIAYU Bi-

JbHY eHeprito F& = —kpT ln Q%*° y (38), 3naiiTu BUpa3 mjis XiMi9HOTO
IIOTEHITiaIa ra30B0OI KOMIIOHEHTH COPTY %:
85 — _jpTln | L 39
A U (39)
(3

L1t mpuKJIa Ty, CTATUCTUYIHA CyMa ra30Bol (asu azory Na, 110 mepe-
6yBae B 00’emi V mipu Temmepatypi T, piBHa:

3/2 NNy
Qe = —— [ (2T Ty g o hory BT
2 TLNz! h2 2BN2
(40)
X efEﬁ";t'/kBT.

XimivHuit TOTEHIaT MOYKHA 3alUCATH Y TAKOMY BUTJISIIL, KOJN 3aJI€K-
HICTBb BiJl TeMIIEpaTypH i TUCKY PO3JILIEHO:

pie = pe, (T) + ks T In(px, /po), (41)

ne
0 2mmn, kg T 2 kT rot vib g-st.
1, (T) = —kgT'n s o) kT In(q\y ax,) + EX

Po — THUCK Y CTAHJAPTHUX YMOBAX, BITHOCHO SIKMX JIOMOBJIEHO Bipaxo-
BYBaTH €HEPreTUIHI XapaKTEPUCTUKHN YTBOPEHHS MOJIEKYI.

Bubip crammapTHux yMOB MOB’sI3aHUI 3 TUM, IO MOTPIOHO BUOpATH
AKHICh CTaH CUCTEMU, BIJTHOCHO SKOT'O BiJIpaXOBYBaTH €HEpPrii, TepMO-
JUHAMIYHI MOTEHITAIN Ta iHI eHepreTHYHI XapaKTePUCTUKU. 3a CTaH-
JapTHI YMOBH NPUIAMAIOTH CTaH CUCTEMHU 31 3HAYEHHSIMU IHTEHCUBHUX
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mapamerpiB Ty = 298 K, pg = 101 klla 3 momosienicrio, mo B Takomy
CTaHi eHTAJIBIINI BCIX €JIEMEHTIB MOKJIAIAIOTHCS PIBHUME HYJIIO.

5.2. CraTucTuvHuii ornuc amcoporii

ITocranoska 3amaui Taka. KarasizaTop nepedbysae B armocdepi razy Ao,
MOJIEKYJTH STKOTO aJICOPOYIOTHCS Ha aKTUBHI aCOPOITiiiHi By3/11 TOBEPXHi.
PosrngabMo ciovaTky AucoriaTHBHY aJICOPOIIIo:

Ay 2% I o (42)

[TouaBrmmch HaJ YHUCTOIO MOBEPXHEIO, IMPOIEC aacopOIll pO3BUBAETHCS,
HOKpUTTA dacTuHkamu A, spocrae. Heski wacrtunku A, Ha mosepxHi
OyayTh crosrydaTtucs i mecopOyBartucs. Bpemrri, mporecu ajicopOriii Ta
Jecopbirii 3piBHOBaXKaThHCA. [IOKH-TIT0 MIKABUTUMEMOCST KOHCTAHTOIO PiB-
HoBaru Kgis.a. Ta i3orepMoro azgcopbiii O, (pa,)-

YmoBa piBHOBaru ximMiurOro Mpornecy « mMae surisi [30]:

JIe Vo; — Binnosigni crexiomerpuyni koedimienTu (Jjid sSKUX TPUAHITO
JIOMOBJIEHICTD, MO Vo < 0 jgjs1 peareHtiB i v,; > 0 jj1s IPOJYyKTIB
peakiii « ). BignosijHy KOHCTAHTY piBHOBAIU O3HAYYEMO 3T1HO TAKOIO
CHiBBIIHOIITEHHSI:

| (p_) T ). (44)

1€ gases po jead—t
st npouecy (42) ymoBa piBHOBaru HpuiiMae BUIVISLIL:
=20 = 0 (45)

Ximiuauit morenmiaa abcopbary ,uaAd*_t OyIeMO TITyKaTH, BUXO/AYIN 31 CTa-
TUCTUIHUX MipKYBaHbB.

[Tozuaumo yepes s KiTbKIiCTh By3JIiB Ha ITOBEPXHI, Yepe3 na, — Kijlb-
kicrb azcopbosanux yacrunok. Crarucrudna cyma ajacopbary (3 npu-
IYIIEHHSIMU TOTOXKHOCTU YACTUHOK, TOTOXKHOCTH aKTHUBHHUX BY3JIiB Ta
CTATUCTUIHOI HE3AJICXKHOCTU CTYIIEHIB BUILHOCTH PI3HOL IPUPOJIN) 3alld-
MIEeThCS TaK:

ad—t s!

A, = (A,

nA*e—nA*Ei:t'/kBT 46
(s —na,)!na,! ) ’ (46)
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e qa, = ¢S qitqxP — craTucrmana cyma okpenmol sactikn A, E§*

— eHeprig i1 ocHOBHOTO cTaHy. 31 CTATUCTUIHOI CYMHU MOYKEMO BU3HAMM-

TH BIJIbHY eHepriio ajcopbary sk ng_t = —kgTIn QaAd_t, a XiMivHui
[IOTEHIIAJ aJIcOPOATY OTPUMYETHCS K
ad—t
Madft — 8FA* (47)
A 8TLA* ’

s, T

S5

Je S — BBeJIeHa KiJTbKICTh aKTUBHUX BY3JIiB, sIK& €KBiBaJIEHTHA ILIOIIT
MIOBEPXHi KaTajizaTopa. B pe3ynbprari mpuiiieMo /10 HACTYITHOTO BUPA3Y:

1-0 :
W = kT TA — kgTlngs. + ES™, (48)

*

ze 0, =na, /s — BIIHOCHE HOKPUTTS aKTUBHUX BY3JIB.

BuKOPUCTOBYI0YM Pe3yJIbTATU PO3PaxXyHKy crarucTuanol cymu (40)
B TIOTIEPETHBOMY MiAPO3/Iii, XiMiTHII TOTeHIa I Ta30B01 (ha3u Mae BU-
TUTSLIL: uia; = —kpT In(ga,/nA,), JIe CTATUCTUYHA CyMa, OJIHIE] MOJIEKYJIN
A5 y razosiit ¢pasi piHa:

3/2 rot vib . —E&5%
4a, = (2mma,ksT/h2)*? (na, kT /pa,) giaqsbe™ " /4T (49)
ad—t

IlizcTaBasioun BUPA3H I XiMiTHUX MOTeHIATIB ugAa; ipi " B ymo-
By piBHOBaru (45) MOKHA OTpUMATH PIBHSHH Jisi PIBHOBayKHOI i30Tep-

MH aICOPOIIIT:
1/2
O — K42 \/pas/po (50)
’ I+ Kil/fa V pAz/pO

Ile Tak 3Bana izorepma Jlenrmiopa mjst aucoriaTuHOI agcopbiiii. Bupas
JIJIst KOHCTAHTHU PIBHOBATU IIPOIIECY AUCOIATUBHOI a1COPOIIil Ma€ BUTJISI:

2
po qA* _ 2Eg.st.7Eg.st. k}BT
Kdis.a. = ¢ ( Ax A2 )/ .

= 51
kBT qa, (51)

s mHepucomiaTuBHOI agcopbuil mosekysn AB, mio onmcyerbest pie-
HIHHSAM

AB+x "2 aB, (52)

MOMIOHUI PO3TJIA, JAa€ PIBHAHHS JJIs i30TepMu JIeHI'MIOpa HeIuCoIiaTh-
BHOT acopoHil 0, (PAp) ¥ BUTIAAL:

_ Kndis.a. (pAB /pO)
1+ Kudis.a.(paB/po)’

OaB. (53)
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3 KOHCTAHTOIO PIBHOBAru

PO_GAB. —(E3.~E%5)/koT (54)

Kndis.a. = ]ﬂBT 4AB

dAximo B ra3osiit dasi € KijbKa COPTIB YACTUHOK, siKi aJIcOPOyIOThCS
Ha BY3JIM OJHOT'O COPTY, TO BiIOYBAETHCS TaK 3BaHa KOHKYPEHTHA aJICOP-
OITisl: YaCTUHKN 3MaraioThCs MixK co00T0 3a akTuUBHI By3iu. J s mporecy
cunTe3y amiaky (2-8) B azcopbari e 3’ABJISIOThCS JOJATKOBI YACTHHKY
3aBJKN IOBEPXHEBUM MiKpopeakiiissM. CTaTHCTHYIHA CyMa B IIbOMY pa3i
Ma€ BUTJISIIT:

adft: S! i 7Zin¢E§'St'/kBT 55
T L -

XimMivnuit TOTEHIiaI COPTY ¢ Ha MOBEPXHI KaTasizaTopa 3HaAXOIUTLCI 3
BUPA3Yy:

oFad—t 0

ad—t ad—t

2 = = = —kgT— (In . (o6
& ( oni )1 {ni}i 7 on, ( @ )S7T7{n.7}#i (56)
B pesynbrari npuxomuMo [0 TAKoro BUpaly IS COPTIB ajcopbary Ha
MMOBEPXHI KaTaJji3aTopa:

,u?dft = —kBTlnz—* — kgTIng; + Eig'St', (57)
1

e 6, = 1-> y ;. Jus ximMivHnx noTeHiasiB KOMIIOHEHTIB y Tra3o-
Biil dasi BukopucTOBYI0TH Bupasu tuny (41), siki pazom 3 Bupasom (57)
migcraBiasgioTs y (43) mob oTpuMaT yMOBY DIBHOBArM i BUPa3 JJist KOH-
CTAHTU PIBHOBAIU.

PosriissubMo yMOBY piBHOBaru jijisi IOBEpXHEBOI PEaKIlil THUILY yTBO-
penHs KoMmiutekca (surface complex formation):

s.c.f.
—

A, +B, C + *. (58)

IlincraBasaroun B yMOBY piBHOBaru —pa, — 4B, + pc, = 0 Bupas maid xi-
MiuHEX norenmjaais (56) abcopboBanux copriB A, By, C., B pesyibrati
OTPUMAEMO:

Oc_ 0.
2 Koot 59
OA. 0B, o (59)
e
Kyop = —JC  —(BE L —BE") /knT (60)

qA.4B.
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st ocobimBoro Bunajiky peaxiiil moBepxHuesoi acoujarii (surface as-
sociation reaction):

A, +A, 5 A, 4+ (61)

yMoBa piBHOBaru —2pia, + fta,, = 0 JacTh:

Oa., 0.
% = Ks.a.r.a (62)
A
ne
Kooy = qgi e_(Ei;*“—QEé; )/ksT (63)
qx,

st piBHOBaru mporecy KaTaJiTUYIHOTO CHHTEe3y aMiaKy HeoOXiIHO,
mo6 KoXKHA MIKpopeakilisi 3 Mexanizmy (2-8) Oyna y pisaosasi. Toxi
3aCTOCOBYIOUN CIiBBigHONIEHHs (43) /10 HAIIOIO BUNAJKY, OTPUMAEMO 7
piBHOCTEl /I XIMIYHHX TOTEHIAIB Pi3HUX 00’€MHUX 1 MMOBEPXHEBUX
COpTiB.

Ny, = BN, (64)
HUN,, = 2NN*7 (65)
BN, T HAH, = HNH,» (66)
PN, T HH, = ANH..o (67)
HNH,, T HH, = HANHg.: (68)
HNH;, =  HNH3» (69)
pu, = 20, (70)
3 HUX MOXKHa OJEpPzKaTH:

K1 (pn,/po)0s« = On,,, (71)
Ko On,. 00 = 0%, (72)
K30n.0u, = Onn,0s, (73)
K40nn,0n, = Onn,, 0, (74)
K5 0nn,,0n, = Onmg, O, (75)
K¢ Onms. = pNHs /Do, (76)

K7 (pu,/po)07 = Of, (77)

3 IBHUMU BUPA3aMHU JjIsi KOHCTAHT PIBHOBAIHU, MOIIOHIME JI0 HABEIEHUX
Buie. 3ayBazkMo, IO Il PIBHOCTI OTPUMAaHO, BUXOISIYN 3 BUPA3IB JIst
XIMIYHIX TMOTEHIHAJIB — TOOTO CTATUCTUKO-MEXAHIYHUM IIIJISIXOM, 0Oe3
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POBIIs/ly KiHETHKM HpOIeCy CHHTE3y aMiaky. IX TakoxK MOKHA Ofep-
JKaTu 3 piBHAHB XiMigHOI KiHeTnkn (16-18), (19-22), npumyckarmodu, 1o
MIBUJIKOCTH MIiKpOpeakxIiiit 7, = 0.

SHAMAIIOBINNT 3 IUX CIIBBIIHOINEHb BUPA3MU JIJIs HaPIaJbHIX TUCKIB 1
LiJICTABUBIIN B O3HAYEHHsI KOHCTAHTU PiBHOBAaru HerTo-peakiil (1) mix
iTeaJJbHUMHI ra3aMu

3
df PnoPH,
Knet = 5

PNu,

(78)

MU pHiiemMo 110 GhopMyIIH, 0 BUPAZKAE 10 BEJINIUHY Yepe3 KOHCTAHTH
pisnoBaru K, Mikpopeakiiii Mexinismy (2)—(8) [2]:

Knet:KleKgKZKgKgK’? (79)

5.3. Mogenap ajcop6rii azory

Ty mozamo onuc mpoIecy aIcopoIlil MOJIEKYJT a30Ty 1 BCTAHOBJIEHO 3B 5I-
30K Mi2K KOedIli€eHTOM NPHIUNAHHS Oy, 1 BeJMIHHOIO kot K i3 3aiy-
YeHHsIM apr'yMeHTIB KiHETUYHOI Teopil ras3is.

B ekcmepumenTax BiIbHY MOBEPXHIO MiarTh armocdepi razy No
npu noctittaux py, i 7. 3rizao mexanizmy (2)-(8), mpoxoaaTh TimbKEH
peakuil (2), (3):

Ny +*x <5 No,,
No, +% <> 9N,.

[Ieprma mBuUaKO MOCSATAE PiBHOBATH, & APYTa MPOXOAUTD MOBIIBLHO i Xapa-
KTEpU3Yy€E MBUJIKICTH BChOTO mporiecy. KoncranTta pisHoBaru K i mBui-
KicTb r9 BU3HAUaKOTHCs 3rifgHo (71) 1 (19):

K1 (pN,/po)0s = Ox,., (80)
ry = ko 0N, 0 — iy 0%, (81)

YTBOpeHHS YACTHHOK N, OIUCYETHCHA MIBUIKICTIO 2175.
[MokpurTst 0; 38710BOTBHSIIOTH YMOBY

0N2* + QN* + 60, =1. (82)

3 mel i 3 piBaanng pisaosaru (80) MOXKHA BUPa3UTU HOKPATTA O, 1 0N,
qepes O, :

0. = [1+ Kipy,/po)~' (1—0x,), (83)
On,. = (K1px,/po) [1 + Kipy,/po) (1 —0y.). (84)
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Koedinienr npumnannsg oy, 3a O3HaAIEHHIM XapaKTePHU3y€ IMOBip-
HICTB TOTO, IO MoJieKyIa No, fKa CTYKAETbCS J0 J068iAbH020 AKTUBHOT'O
BY3JIa, Ha MMOBEPXHi, Oyie xemocopboBaHa. BifmosinHo, BemanHa

ot = o, (0. = 1) (85)

BU3HAYAE IMOBIPHICTBH, IO MOJIEKYJA, KA MAJIa€ HA 6iAbHULT aKTUBHII
By30J1, Oyze xemocopboBana. [Ipn ymMoBi HexXTyBaHHsS B3aeMOJIil “aacop-
6aT — agcopbar”’ i B MexKax HaOJIMKEHHS “OINC B CEPETHHOMY Ma€ MicIie
TaKe CITiBBiIHOIIIEHHST:
_ _freep2
o, = ONy Os- (86)

[Tosraumo wepes A (M2) mronry JoCcTyIHOT TTOBEpXHi KaTaJizaTopa,
a TYCTHHY aKTHBHHX By3JiB wepes d (Mosn/m?). KigbKicTh yTBOpeHmX
gacTUHOK N, (B MOJISIX) 32 OJMHMIO YaCy 3UiJHO IEPIIUX JABOX PIBHIHD
MeXaHi3My piBHA

ANN* = 27"2Ad. (87)

3 apyroro 60Ky 15 KiIbKicTh ajicopbary N, XapaKTepu3yeTbesi 9acTo-
TOIO yJapiB y, MoJstekys1 Ny i xoedimientom npuinnanns oy, :

3 MOJIEKY/ISIPHO-KIHETHYHOI TeOpii rasiB 4acToTa yapis vy, MOJIEKyYJ
raszy IpH TUCKY py, 1 Temueparypi T’ 10 OJMHUI IO JOPIBHIOE:

UNy = DNy /o) 2mmy, BT (89)

TakumM criocoboM MOKHa 3B ’g3aTH ON, 31 TBUJIKICTIO T2 IPYTOI MiK-
popeaxIiii:

d
oN, = T2—/2mmy, RT. (90)

SaBusku MaJiiil enepril 38’43Ky 110 noBepxHi yacTuHky No, (OpiBHS-
HO, HAIIPUK/IA/T, 3 Ti€to 3K enepriero i N ), TOKpUTTs Oy, € K TPaBHUIO0
MaJie i 3 9aCoM BCTAHOBJIOEThCA CTaH MOBepXHi, Ko Oy, < Oy . IIpo-
Te, OYATKOBUII 1IepioJt IpoIiecy acopOIiil, KoM Ha IOBEPXHI 11e HEMAE
qacTUHOK N, ayse Bxke € Ng,, MBUJIKICTH MOBIIBHOI MIKpOpeaKIlii BU-
BHAYAETHCS BUPA30M To = koy ON,, 0., orpumanum 3 (81) upu Oy, = 0.
Hincrasnsoun cionu Bupasu (83), (84) ms 6., On,, , ogepxumo dbopmy-
Jy, sIKa TI0B’si3y€ KOoedillieHT TpUINNants 3 BeananHoio kot K:

kot K1d
ON, \/ 7TmN2R po[l + KleZ/pO]Q (9 )
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3BiJIKH OTPUMYEMO 32 I0IOMOro (86) TakoK BUPaA3 JJis Jlf\?‘;e:

kot Kid
ole :,/27rmN2RT+pio (92)

— He 3aJIeXKUTh BiJ| py,, K I IOBHHHO OyTH, OCKUIbKH SABJIAE COOOIO
IMOBIPHICTDH NPUJIUIIAHHS JIO YUCTOI TOBEPXHI.

5.4. BucHoBknu

Orxe, B npomy naparpadi (B Mexkax 00yMOBJICHUX HAOJIMMKEHD) MPE-
CTaBJIEHO CTATHUCTHKO-MEXAHIYHUM TiJIXiJ JI0 PO3PaXyHKY PiBHOBa*KHHUX
XapaKTEePUCTUK O6AraTOCOPTHOI CUCTEMH YaCTUHOK, 10 MOXKYTH Iepedy-
BaTHU B Ta30Biit ¢a3i i B ajcopboBaHoMy CTaHi Ha MTOBEPXHI, 1 MiK IKUMU
MOXKYTb BiIOyBaTuCd XiMiduHI HepeTBOpeHH:. JHaWeHO XiMiyHI MOTeH-
miaJm JijIsi KOMIIOHEHT Ta30Bo1 (ha3u i KOMIIOHEHT a/1copbaTy, OTPUMAHO
YMOBH DIBHOBAIW [JIsl IIPOIECIB OJHO- 1 6araTocopTHOI (KOHKYPEHTHOT)
ajcopOrItii Ha TOTOXKHI aKTUBHI By3/Ii Ta YMOBU PiBHOBATM JJIsT MiKpope-
aKI[ifl MexXaHi3My CUHTe3y aMiaKy 3 sIBHUMU BHpa3aMHU JIjIs BiJITOBITHIX
KOHCTaHT PIBHOBATH.

PosriisinyTo Tako:k HEpIBHOBaXKHY 3aJlady PO 3B’SI30K MixK Koedirri-
€HTOM NPHJINIIAHHS MOJIEKYJIN a30Ty i KOHCTAHTOIO IMIBHJIKOCTH HaWIO-
BIJIBHINIOI MiKpOpeakIlil MiKpOKIHETUYHOIO MEXaHI3My CHUHTE3Y aMiaky.
3uaiifenuit BUpa3 BUKOPUCTOBYETHCS B AHAJI31 €KCIIEPUMEHTY 3 BUMipIO-
BaHH: KoedilieHTa IPUINIAHHS 1 Ja€ B Pe3yJsbTaTi Beauduny koy K.

6. Komm’rorepHi Moze/ifoBaHHSI T€TEPOTreHHOro KaTa-
Jaizy

Ax Bxke Oy/10 3a3HAUEHO, B MIKPOKIHETHYIHOMY ITi/IXOJIi BILJIUB IIOKPUT-
TiB Ha IMBUIKICTH MMOBEPXHEBUX PEAKIIN OMMCYETHCSI B HAOIMKEHHI ce-
pemaboro nosist. Hamp., mBuakicTs peaxtil mixk NH, i H, mpomoprriiina
J10 MOOYTKY BiIoOBiAHUX TOKPUTTIB O, 011, . MOBYA3HO TPUITYCKAETH-
s, IO peareHTH PO3IO/IJICH] OHOPITHO IO TTOBEPXHI 1 IXHE pearyBaHHs
ONUCYETHCS OHIEI0 KOHCTAHTOO MBUAKOCTH peakiil. Onuc HeomHOPiTHOT
MMOBEPXHI T€XK BUKOPUCTOBYE HAOJIMAKEHHSI CEPETHBOTO TTOJIS JIJTsT JIJISTHOK
[TOBEPXHi, IO CKJIAIAI0ThCS 3 aKTUBHUX IEHTPIB (ikcoBaHOI XiMmigHOT
CIIOPiTHEHOCTH.

B zaragpHOMY BUNAJIKY HEOOXiTHO BPAXOBYBATH OE3IIOCEPEITHE OTO-
YeHHsI MOJIEKYJI, [0 pearyoTh, TOOTO B3aeMomil Tumy ‘ajgcopbar — aj-
copbar”’, siKi MOXKYTb CIPUIHHSITH:
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e 2D dazosi nepexou (nepexis “BHOPsAKOBAHA / HEBIIODSTKOBAHA 10~
BepxHeBa (Gaza’ Ipu 3POCTAHHI TEMIIEPATYPH);

® PO3IIApYBaHHs PEAKIIHHUX KOMIIOHEHT Ha IOBEpXHi (yTBOpEHHSI
OCTPIBIIEBUX CTPYKTYP OJIHIET KOMIIOHEHTH 1 PO3IOJILI IHINOI y MiXKOCTPi-
BIIEBOMY IIPOCTOPI); B I[bOMY BHUIIQJIKY PEAKIlis MOXKe [IPOXOAUTH T1IbKH
Ha MeXKi OCTPIBIIEBUX CTPYKTYP.-

ITigxia MiIKpOKiHETUIHOTO MOJIEJTFOBaHHsI, BUKJIQJIEHUI B ITOMEPEJIHIX
maparpadax, MiCTUTh H6araTo eKCIlepUMEHTAJIbHAX XaPaKTEePUCTUK, I10-
B’sI3aHUX MiXK COOOIO CKJIAJHUM UMHOM, a TAKOXK PsiJl CyTTEBUX HADJIHU-
JKeHb (cepell HUX — HEXTYBaHHs: B3aeMOJil B azcopbriiiHomy 1mapi), i
TOMY CTa€ BaykKKO BiJICJIIIKYBaTH siK KOKeH (haKTOp 30KpeMa BILINBAE HA
Kinmesuit pe3yabrar. Ha mpoTuBary mpoMy, mmiaxis KOMIT IOTEPHOTO MOJIe-
JIFOBAHHSI MIJICTYIAE IO TPOOJIEMU JTOCIIIIZKEHHST KATAJITHIHOIO CUHTE3Y
TPOXU 3 iHIIOro HOKY, BBOAAYN KIJIbKA MPOCTUX 1 I0Ope IHTEPIPEeTOBAHIX
mapamMeTpiB, siKi OMUCYIOTH MOBEIIHKY 1 B3aEMOJIII0 TaCTUHOK. SKIMO Ou
B Hac Oy/n AeTaIbHi BiTOMOCTI PO MOJIEKYJIAPHI B3a€MO/Ii1 Ha MIOBEPXHI,
TO MOYXKHA OYJI0 O TIPSIMO TPOBOIUTH MOJIETIOBAHHS TTOBEPXHEBOT XiMid-
Hol Kinetuku. [Ipore, neTajapHUil OMUC MOBETIHKY 1 B3a€MOJIINT YACTUHOK
Ha [OBEPXHI sIBJI€ CODOIO CKJIAJHY 1 Cepilo3Hy KBAHTOBO-CTATUCTUYHY
3a/1a9y, TOMY JOBOJUTHCS JIUIIE POOUTH MPUITYIEHHS CTOCOBHO HEBIIIO-
MUX BEJUYUH | BAKOPUCTOBYBATH MOJIEIbHI IIapAMETPH.

SarajbHa cxema KOMIT FOTEPHUX MOJIEJTIOBAHD TOJISITAE B HACTYITHOMY.
Sasaerbes eBHa KOHMbIryparisi. /J{03BOJISIOTBCsT Taki peakIiiiiii mpore-
CH SIK aJICOpOIIist IEBHUX COPTIB, 1ecopOIlisi IEBHUX COPTIB, MIKPOPEAKITist
MiXK JacTHHKaMu ajcopbary, nudysis mo nosepxui. KoncranTu peakiriit
€ JIOKQJIbHUMU 1 3aJIe2KaTh Bij HAMOJMKYIOTO OTOYEHHS, TAKHUM YUHOM
BKJIIOYAIOYHN B ONMKC B3aeMosil “ajcopbar — ajcopbar’. Ilicis meskoro
“po3rony” cucTemu, JaJi CJIKYIOTh 38 KOHMIryparieo moBepxHi. 3 Mo-
JeTIOBAHb MOXKHA, JII3HABATHUCS MTPO 3arajJbHy MIBUIKICTH TPOTIKAHHS Ka-
TAJITUIHOI peakIlil npu pizuux 1’ i p;, 3a71a109N K MOJIEJIbHI ITapaMeTpu
eneprii akTusanii Mikpornporecis E2.

Onniero 3 mepmmx pobiT B MbOMY HAIPSAMKY € pobora [31], v sxiit 3a
JIOIIOMOTOI0 KOMIT IOTEPHUX MOJIEJIOBAHD JOCIIKyBaacs KaTaJiTHIHa
peakiisst CO + Os. ABropamu oTpuMaHO (Ha30By JiarpaMmy peakiiitHoOl
CHCTEMH B 3AJIEKHOCTI BiJT BIZITHOCHOT'O TIAPIIaIbHOTO TUCKY Yco- B pobo-
Ti [4] posrysiHyTO JesiKe y3araJbHeHHsI IONepeHbOrO MiJXoy, 1 Bpaxo-
BAHO BILTUB 0E3M0CEPETHHOTO OTOUEHHST aKTUBHOTO By3J1a Ha iMOBIpPHICTH
aJcopOItii Ha HHOTO YaCTUHOK 3 “Ta30Boi (azu’.

®Pa3zoBi giarpamu Aad TOAIOHUX MOJEeit CHHTEe3y aMiaKy IpecTaB-
JIIOTH B 3aJI€2KHOCTI BiJ BiTHOCHOTO MapIiaJibHOTO THCKY YH,, BKa3ylo4un
cran nosepxui (3arpyeno aromamu N, NH,, NH,,, 3arpyeno aromamu
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H., cranjionapuuii peakuiiiHuii craH) micjs TPUBAJIUX MOJIEIIOBAHD IO~
BEpXHEBUX peakmiit ~ 5 - 10* kpoxis. ®azopa miarpaMa sBisge cOBOI0
JIiHII0, Ha {Kifl BKa3aHO CTaH IOBEPXHI Ha KiHENb MOJEIIOBAHb JJIs Jia-
HOIO 3HAYECHHS Yy, . Pizni (asu (KiHiesl cTaHu MOBEPXHI IiC/Isl TPUBAIUX
MOJIEJIIOBAHb ) PO3/IIeH] ToUKaMu (ha30BUX IEPEXO/IB, sIKi MOXKYTb Oy TH
PO3PUBHOTO THITY a00 HEMEepepBHOIO, 3aJ€KHO BiJl MOBEIIHKNA B Hill 1MO-
KPUTTIB KOMIIOHEHT f; Ta IIBUIKOCTH BUPOOJIEHHS "N, MOJIEKYJI aMiaKy.

Daz0Bi giarpamu, sik pe3yabTAT KOMITIOTEPHUX MOJETIOBAHbL TeTe-
POTEHHOTO CHUHTE3Y aMiaKy, pO3PaXOBYBAJIHMCI B PAMKAX KiJTbKOX CXEM:
MOJIESTb TPATKOBOTO aBTOMATa [32], CTOXACTHIHA MOJEIb 3 JTOJATKOBUM
BpaxyBaHHsIM noBepxHeBol mudysil [33] Ta momemosanus Monrte-Kapito
Ha OCHOBI TepMmasizoBanoro mexanismy Jlenrmopa-linmenssyma [34], ne
TaKOXK PO3IJVISHYTO BHUIAI0K jecopbiil Hs. B nux poborax dhaszosa mia-
rpamMa CKJIaJA€ThCS 3 JBOX 00JIACTell 3aTPpYEHHS MOBEPXHI, PO3JIiIeHUX

ph.tr. ph.tr.
TOYKOIO (ha30BOTO LIEPEXOJY Yyy, , IPUIOMY IIPU Y, < Yy, HOBEPXHSI

h.tr.
sarpyena asorrimu Komrtekcamu N, NH,, NHa., a npu yu, > v,

— aromamu H,. O6macti cramioHapHUX CTaHIB 3 BiJMIHHOIO BiIl HyJIst
MIBUIKICTIO BUPOOJIEHHST aMiaKy BHUSIBJIEHO He OYJI0.

Tyt Mu pozriasgHeMo HeTepMaJTi3oBanuilt MexaHizum Jlenrmiopa-Iinmre-
JBBYJIA, IPEJICTaBIeHnit B poborax [7,35]. Peakmiiina cucrema momesioe-
ThCS HACTYIHUM 9MHOM. ['a30Ba daza ysaBIISETbCS K HECKIHYeHHUN pe-
3epByap, 3amnopHeHuit Mmosiekynamu Ho Ta No, 3 BiHOCHUMEI TapIiaib-
HUMY TUCKAMU Y, = DH, /P, YNs = PN, /Ps Y, + YN, = 1. Bin nepeGysae
B KOHTAKTi 3 TIOBEPXHEIO KATAJI3aTOPA, sIKa MOJE/IOETHCS KBAIPATHOKO
rparkoio L X L By3niB, L = 128, 3 nepioAuIHIMI I'PAHUYIHAMEA YMOBAMU
(06 He po3rigaaTu rpaHudHi ePEeKTH).

MoxkuBi Taki mporecu:

Ny +2%x — 2N,, (
Hy) +* — Hp+Hp + %, (
N.,+H, — NH,, (

NH, +H, — NHa,, (96

NHa. +H, — NHsg) + %, (
H, +x — H,, (

N, +H, — NH, + x, (
NH, + H, — NHa. +x, (1
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NHs. + H. —5 NHyg) + 2+, (101)
H, +H, —% Ha(g), (102)

IIpencraBienuit MexaHi3M Ma€ KiJIbKa CyTTEBUX BiAMiHHOCTEH BiJT TOTO,
0 BUKOPHUCTOBYETHCS B IMIXO1 MiKPDOKIHETUYIHOTO MOJIEJTIOBAHHSI:

1) arom H moxe nepebyBaTu Ha IIOBEPXHI y JBOX PI3HUX CTaHAX — Ipe-
KypcoproMmy i xemocopbuiitnomy H, (H, + H, — nerepmasizoBanuii mo-
BEPXHEBUIi CTAH MOJIEKYJIH BOJHIO);

2) MexaHI3M € CyTTeBO HeOoOOpPOTHIH, ocKiabKu nponecu azncopbiii No
Ta mecopbuil NH3 omgrocroponHi, a mecop6biiisi Ho MoxkmBa TinbKH J1j1s1
[IPEKYPCOPHOTO CTaHy (JMB. TEKCT HUXKYE); BCI MOBEPXHEBI peakmil He-
060pOTHI;

3) sIK IyHKT JOCIII[KEHHsT MEXaHI3My, aBTopaMu pobotn 7] mocsimKysa-
BCS BUIIQJIOK, KOJIU TAKOXK Ma€ Miciie JecopOrliss 3aBAIKN MiKPOPEaKITil
HeTepMaJli30BaHoTo aJicopboBaHoro aroma H,, 3 TepmastizoBanrM ac0p-
6OBaHUM 3 HACTYITHOIO JIeCOPOITIE0:

IIsa peaxiiist IpU3BOAUTH MO MiACHUIEHHS 3arajbHOI 1ecopOIlil, 0 3BLIb-
HEHHs JIOJIATKOBUX AKTUBHUX BY3JIIB, 1 K HACJIIJIOK, /IO 1HIIIOTO BUTJISTY
das3oBol giarpamu.

Omuc kpoky. Ha xkBajiparHiii rpaTiii BUIIaKOBO BUOUPAETHCS BY30JI:
SKITO BiH 3affHATHI — KiHEIb KPOKY, BITbHHN — 3 IMOBIpHOCTSAMHU Y,
Ta YN,, BIITOBIIHO, BHOMPAETHCS, sIKa MOJIEKYJIa cifae Ha Hboro, Hy un
Ns. Monekyita No, 3riHO MexaHi3My, BUMarae jIBa BiJIbHI MicIlsg, pO3Ta-
moBami mopy4. Tomy mepeBipsiioThbest 4 cycimHi By3/m: KO BCi 3aitHaTi
— KiHeIpb, AKINO € X049 OJNH BIMbHUN — BUKOHYETHCS MPOTIEC aICOPOIIil
(93) 1 yrBOpIOIOTHCH 2 XeMmocopboBani aromu N,.. Bonu niepesipsaiors cBoe
HaHOJIMIKI€e OTOYEHHS JIJIsT MOYKJIUBUX PEAKITIH.

Mousekymna Hy morpebye suie 1-ro BibHOTO By3J1a 1 yTBOPIOE 3TijI-
HO IPOIIOHOBAHOI'0 MeXaHi3My 2 HeTepMaJli3oBani aroMmu Ha nosepxHi Hy,
(cran upekypcopa), uporuec (94). Bouu “pyxatorbesa” B obiacti pasuiy-
ca R, nepesipstioun cran BysJiB. SHadenns R = 1 3amae 4 Halibamk«di
cycimn, R = /2 3amae 4 maiibmmkai + 4 gapyrux cyciam, R = 2 3aae
4 maitbmk4ai + 4 npyrux + 4 Tpertix cycimu. Baykamns aToma Hp mo
oburacti R inTepuperyioTh K iioro pyxiausictb. Moxkna g0CiizKyBaTH
TIOBEIHKY CHCTEMHU 3aJIeXKHO Bi 3HavUeHnsa R.

Skmo rakuit arom Hj, 3ycrpivae B obnacti R wacrmuku N,, NH,,
NH,. — BigoyBaorbea peakiii (95,96,97) sigmosinuo. B ocranuiii yrso-
proerbest MoJtekyiia NHs,, sika Bifpa3y mecopOyerTbest 3 MOBEpXHi, 3Bi-
JIHIOIOYYW aKTUBHUI BY30J. AKImo 3ycTpinyTo pisui pearentu N,, NH,,
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NHs,, To iMOBipHiCTH BHOOPY OZHOTO 3 HUX BBAXKAETHCS OJINHAKOBOIO
nas Beix. fxmo H, we 3Haiine komHoro, BUOMpaeThCs Oynb-aKUil By-
3071 3 obsactu R i Hy, mepexomnts B xemocopbosanwmit cran H,.. B mpomy
cTaHl BiH mepeBipsi€ CBOE HANOJ/IMKYe OTOYEHHsS UM HEMa MOXKJIUBUX Pe-
arerntiB N,, NH,, NHs, i pearye, akmmo € xod oaun. B mpoTuiekHOMY
pasi — zasmumaeTbed B ctani H,.. Komm obuasa H;, He npopearysasmu i e
ajicopbyBaJIncst, BOHU J1eCOPOYIOThCsI B “ra3oBy dasy’.

10 —
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Partial Pressure of H,

Puc. 3. Pesyabrarn momemosanb meronom Mounre-Kapio [7]. Ilokpurrs gac-
tuakavu H, (mopoxkui kpyzxkkn), N, (wopni kpyxku), NH, (mopoxui kBagpa-
™), NHs. (wopni kBagparn), NHs. (90opHi TpUKyTHUKM) 118 APYTUX CYCiIiB
R=+V1

B po6ori 7] mposoaman 10 HE3a/I€KHAX TPOTOHIB, TIOTMHAIOYH 3 THC-
Tol moBepxHi, KokeH 3 sikux MicTuTb H0 000 kpokis. Axmro Bci 10 mporo-
HIB 3aKiHYINIMCS Oe3 3aTPYEHHSI [TOBEPXHI — JlaHa TOYKA Yp, HEJEKHUTDH
10 00JIACTH CTAIIOHAPHOTO PEAKINITHOro craHy. ZIKIMO X04Y OJIMH MpOTiH
IPUBIB JI0 3aTPyEHHS — MU € B 00JIACTi 3aTpye€HHs MOBepxHi. B Tako-
My pO3mIsifii € /1Bl 3MiHHI, Yy, Ta R, jaIs pi3HUX 3HAUEHb SIKUX MOYKHA
IPOBOJINTHU MOJieToBaHHs. [IuTannus i mpobyemu, ki MOXKHa BUPIITyBa-
TH: BULJIAA (HA30BUX JiarpaM, JOCJIKEHHsT TOYOK (ha30BUX IEPEXO/IiB,
TepeBipKa TilloTe3 CTOCOBHO MeXaHi3MiB KaTaJiTUIHOTO MPOIECY Ta iH.

Ha BigMminy Bim 3rajganumx poOiT 3 JIOCJIKEHHSI CHHTE3y aMiaky
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[32-34|, siki He BUsBMIM OOJIACTH CTAIIOHADHOTO PEAKINIHOTO CTaHy, B
po6oti [7] daszosa miarpama mae Taky obaacts (Bikao CPC). Iupu-
Ha 1 po3TalllyBaHHsI IILOTO BiKHA 3ajieXKaTh Bii 3HadeHHss R i1 dakro-
pa Bpaxysauus peakiii (103). Orpumano Taki pe3yjabTaTh: y BUIIAJI-
Ky HeBpaxyBaHHs peakiil (103) mana Mosesb Mae JBl TOYKH HEOGOPO-
THIX ($a30BUX MEPEXOiB, BiAMOBIIHO, HEIEPEPBHOTO ygg (xpyruit pin)
Ta PO3PUBHOTO yhz (meprumit pix) uny. Jdnsa R = 1 — nepwi cyciau —
yit, = 0.445 + 0.005, yi;, = 0.585 £ 0.005, mupuna sikna [7,35]:

w = y%b — y%{l ~ 0.14.

V BiKHI CTaIiOHAPHOTO PEAKIIIHHOTO CTaHy Bi/I0YBAECTHCS BUPOOJIEHHS MO-
sekyn NHj3 3 BiIMiHHOTO BiJT HYJIST IBUJIKICTIO.
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Puc. 4. Te came, mpo i# na puc. 3, ane qus Tpetix cycigip R = 2.

Bpaxysannusa B3aeMozii mpekypcoproro Hy, 3 dpyeumu cycimamm R =
V2 mae yif, = 0.390 & 0.005, yf;, = 0.620 + 0.005 i posmupenns BikHa
mo w =~ 0.23 (puc. 3). Bpaxysauusa mpemiz cycigis R = 2 me 6iib-
IIe MiJBUILY€E peaKIiiiny 3naTHicTb H,, 3yMOBIIOI0OYN 3HUKHEHHA TOYKA
$a30BOTO MEPEXOY HENEPEPBHOTO TUILY ygz (puc. 4), ockinbKu mosBa
HaBITH He3HAYHOI KiTbKocTH MoJiekya Hy y “razoBdit daszi” Bukinkae ix
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Iepexi/i B MpeKypCOpHUil CTaH 1 aKTUBHY PeakIliio Ha MOBEPXHi 3 yTBO-
pennsim komiutekciB NH,, NHox, NHs. Touka 3/11{2 3MIINYETHCS BIPABO
no 3uavenHs 0.65 (puc. 4).

Tammii Mexanism, akuii BpaxoBye peakiio (103) npusBogurs 10 TO-
ro, III0 HaBITH BXKe IPH PO3IJISI IIEPIIUX CYCi/IiB 3HUKAE PO3PUBHA TOY-
Ka HeOOOPOTHHOTO (DA30BOIO IEPEXO/TY y%{z (puc. 5).. Tobro, HaBiTH 110-
siBa HE3HAUHOI KiabKocTH MosteKya No y “rasosiit dasi” (yp, < 1), npu-
3BOJIUTD JIO MIITPUMKH peakiil neckinvwenno doszo. HemepepBHa ToUKa,
yti, = 0.445 51k i y Bunaaky Mexanismy Ges peaxuii (103).
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Partial Pressure of H,

Puc. 5. Te came, mo it ma puc. 3, ame ans mepmux cycimie R = 1 i npm
BpaxyBanui peakmii (103).

[Ipo manuit Tun MOJETIOBAHb MOYXKHA 3pO0OUTH Taki BucHOBKU. [lo3u-
tuBHi: 17) MexaHi3sM € MIKpOCKOMiUHMil (He MiCTUTh HAOJMKEHHS TUITY
“ommc B cepesuboMy”); 21) Hema HPHUIYIEHb PO HOBILIBHICTH AKOTOCH
nporecy (nanp., ajgcop6buii Ng), nmpore, qus. mynkt 27 ; 37) meros jo-
3BOJISIE BiJICIIIKOBYBATH JIMHAMIKY MOJIEJII i OTPUMYBATH PE3YJIbTATH JIJIs
CKJIAHINNNAX BEJIMIUH, HAIP., TUITY KOPEJAIHHNX (DyHKITIf.

Herarusni: 17) B cxemi Hemae Temueparypu [36]; 27) Hemae posii-
JIEHHSI XapaKTEepHUX dYaciB aJcopobiril, mecopOriil Ta MOBEPXHEBUX MIKpO-
peaxiiiii; 37 ) B cXeMy MOJIEJIIOBAHb [IOKK-III0 He 3aKJIaJIeHO €HePreTHIHIX
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XapaKTEePUCTUK eTeMEHTApPHUX IPOIIECiB 1 B3araJji He OepeThes 0 yBa-
ru Gananc eHepril; 47) MexaHi3M € MIKPOCKOIIYHO HEOOOPOTHIH, TOMY
BUHUKAKOTH POOJIEMI TEOPETUYHOIO XapaKTepy BIIHOCHO NMUTAaHb Ha-
OJIM>KEHHsT IO pIBHOBAru 1 MoibHe.

B nopiBusiHHI 3 METOIOM KOMIT IOTEPHIX MOJIETIOBAHD, MiKPOKIHE T~
HUH MIX11 B HaOIHMKEeHHI cepeIHHOTO TTOJIsT He 3aBK/IH a1eKBATHO OIICYE
JeTaIbHi ITPOIeCH XiMiYHOI KIHETHKH, 1 He BIATBOPIOE peaIbHOI KapTUHU
y BY3bKOMY iHTEpBaJli PeakIiiiHUX yMOB, ajie MiCTUTH B CODI HANIOJIOB-
HIiNM TEHJEHTIT 1 CXOTIOE KaPTUHY MOBEIHKN B IILIIOMY.

7. Ilincymknm

Orke, HAMHU TIPEJICTABJICHO OIJIST IIPO 3aCTOCYBAHHS IMiIX0/Ty MiKPOKi-
HETUYHOTO MOJIEJIOBAHHS JIO OMHUCY KATAJITHIHOTO CHHTE3Y aMmiaky. Y
JIAHOMY HaIpsiMi JOCJIPKeHb el miaxin Bigirpae ob’eqHaBay i Koopiu-
HAITHY POJib, OCKLJIbKY 30Upae pa3oM, Y3ro/zKy€e i BUKOPUCTOBYE ILIAI
KOMILJIEKC HASBHUX E€KCIIEPUMEHTAJIbLHUX, TEOPETUIHUX Ta E€MIIiPUTHIX
BitoMOCTEH, AKI CTOCYIOTHCS KaTaJiTUIHOrO cuHTe3dy. [linxin BusBise
6a30Bi 3aKOHOMIPHOCT] i BU3HAYAE 3araabHi TeM/IEHITI] TOBEIiHKNA TeTepo-
TeHHUX KaTaJiTHYHUX CHCTEM Y ITHPOKOMY IHTepBaJi PEaKIiiHUX YMOB.

Meros KOMIT'IOTEpHUX MOJEIIOBAaHb JIOMOBHIOE 3/100yTi BiOMOCTI,
PO3IJIAIAI0YN MeXaHi3M IMOBEPXHEBUX PEAKITi Ha MIKPOCKOIIIYHOMY PiB-
ui. [Ipore, Ha mamuit 9ac, po3riia XiMITHIX MPOIECiB aIcopobiIii, mecop-
O11i1 i TOBEpPXHEBO1 peakIlil € HaATO CIIPOICHUIA.

B cyvacHux mocaiizkeHHIX 3 MIKPOKIHETUHOTO MOJIC/TIOBAHHS aKTH-
BHO BUBYAIOTHCsI IIUTAHHST OITUMAJILHOTO BUOOPY KJIFOYOBUX ITapaMeTpiB
JI MIKPDOKIHETHYIHUX MOJIEJIeH, TONIYKY MIISXiB TECTYBAHHS HA OCHO-
Bl KUIBKOX CXeM IIOPIBHSHHS 3 €KCIIEPUMEHTAJIbHUMU JaHUME (BUBYEH-
He MOHOKPUCTAJITHUX TTOBEPXOHDb V¥ HAJIBUCOKOMY BaKyyMi, BIITBOPEHHsT
TeMITepaTyPHUX 1 OAPpUIHUX 3aJEKHOCTEH KOHCTAHTH MTBUIKOCTH BCHOTO
nporiecy Ta iH).

TakoxK 3HaYHA yBara MPUJIIAETHCS JETAJTLHOMY BUBUYEHHIO KiHETH-
KW IIOBEPXHEBUX PEAKIIiil, POJIi MPOMIXKHUX TPO/YKTIB, KPAIIOMY PO3y-
MIHHIO MiKPOCKOIIYHOTO MeXaHi3My CHUHTEe3y amiaky 1 IOIIyKY MIISXiB
Oro BIOCKOHAJIEHHSI, BPAXyBAHHIO HEJIEHI MIOPIBCHKIUX €(DEKTIB HEOTHO-
PiIHOCTH TIOBEPXHI 1 BILTUBY B3aeMOil “ajicopbar — ajcopbar”’. B nesikux
poboTax BUBYAETHCS MOBEIHKA PEAKINITHOI CUCTEMHU HAJI KATaJi3aTopa-
MM Ha OCHOBI iHINIUX, HiXK 3aJ1i30, MeTaJiB. lle oB’sg3aHO 3 BUSBJIEHHSIM
HOBHUX 3aKOHOMIpHOCTEH i 3 mpobsieMaMyu OKHUC/IEHHS, Je3aKTUBAIll Ta
CTapiHHSA KaTaJli3aTopiB.
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Ilonsaknu

Ines poboru HANEKUTH A.¢.-M.H. [.M.Mpuriosay, sikomy aBTOp BUCTIOB-
JIIOE BJISTIHICTD TAKOXK 34 3arajbHe OKPECJCHHS CXeMHU MMOJIadi MaTepiaJry,
KOHCYJIBTAINT 1 JIONOMOI'Y CTOCOBHO J1OOODY ITyOJIiKAIIiil It OTJIsILY.
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