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PosraistHyTo 3acTocyBaHHsI TePMOAMHAMIYHOIO aHAJi3y /sl BHBYEHHsl PiBHOBArum XiMiuHHX
peakuii Mi’k KOMIOHEHTAMH NMaM’SITOK ApPXiTEKTYpPH, BUTOTOBJICHUX 3 KAMEHI0 Ta KOMIIOHCHTAMH
noBiTpss BeJukux MicT. /s ouiHIOBaHHSI MOKJIMBOCTI mepeliry XximiuHoi peakuii HeoOXigHO
po3paxyBaTH 3MiHYy eHTaJIbIil, eHTpomii Ta eHeprii ['i60ca. TennoBuii edexT peakuii (3MiHa eHTaNBMIT)
Ta 3MiHa eHTpoMnii MalOTh BTOPHMHHE 3HAYeHHS AJ1s nepebiry Takux peakuiii. EHeprist I'i66ca 3a ctajoro
THCKY Ta TeMIepaTypH € KpUTepieM CKepOBAHOCTI Mpouecy CK/IaJ0BUMH SIKOI € TeluioBHUii edeKT Ta
3miHa eHTpomnii peakuii. Bix’emHe 3HauenHs1 eHeprii I'i60ca, 3rigHO 3 po3paxyHKamu Ajs XiMidHOT
peakuii., cBiITYMTH MpPo MOXKJIUBICTH ii caMOYMHHOro mepeliry, a JoAaTHe 3HauYeHHsl BKa3ye Ha
HEMOXK/IUBICTh CaMOYHMHHOTO mepediry Takoi peakuii. Po3paxyHok 3aificHIOIOTH y ABa eTanmu. Y
MEepLIOMY PO3PaXOBYHOTh Tel10BHii edeKT peakuii Ta 3MiHy eHTponii npu 298 K y apyromy 3miHy nux
napaMeTpiB Ta eHeprii ['i06ca B TemnepaTypHoMy iHTepBaJli ekcnyyaTauii nam’iTku apxitektypu. Ha
npukjiagi B3aemonii okcuay cipku (YI) 3 BanmHfIKOM MOKAa3aHO 3aCTOCYBaHHS LLOI0 MeTOdy B
TemmnepaTtypHomy iHTepBaJi-30 °C ... +50 °C. Y pe3yabTaTi 00paxyHKiB BCTAHOBJICHO, 110 32 LIUX YMOB
usl peakuisi MO:ke CAMOYHMHHO BiAOyBaTHCsl, a 3i 30i/IbIIEHHSIM TeMIepaTypu TepMOANHAMIYHHUI Hamip
Jelno 3MeHIyeTbes. [lepedir wiei peakuii npu3BoAUTH 10 NepeTBOPEHHS BaMHAKY Ha cy/b(aT KajbLilo,
110 iMOBipHO 00YMOBJIIO€E MOSIBY 30H 3 NMOC/a0/JJeHUMU MeXaHIYHUMH BJIACTHBOCTAMHU. 3alIpONOHOBAHO
MeToAN 3amoliraHHsa mepediry uwiei peakuii, siki mepeadavaloTh ONTHMI3aWil0 pyXy TpaHCHOPTY,
peryJ/iloBaHHsl ABUTYHIB BHYTPIlIHbOr0 3ropaHHsl, 3aMiHy aBTOMOOi/iB 3 IBUTYHAMHU BHYTPIlIHHOIO
3ropaHHsl Ha eJeKTPOMOOiJIi, 3acTOCyBaHHSl IUIIBKOTBIPHUX KOMMNO3UWLi 3 MeTow ¢opMyBaHHS
i30/19LiiHOTO APy Mi’Kk BAalIHAKOM Ta arpeCHBHHMH KOMIIOHEHTaMH MOBITPSl BeJTUKHX MiCT.

KuroyoBi cioBa: TepMoanHaMika, piBHOBara, peakuisi, BanmHusk, okcua cipku (YI).

ITocTanoBka npodJeMu

VYV BeNMKMX MicTaX MOBITPS MIiCTUTh creuudidyHi KOMMOHEHTH, SIKi MOXYTb B3aEMOIIATH 3
marepiajJoM nam’sSTOK apXiTeKTypH, BUIOTOBJeHHX 3 KameHio (Skosuyk, I1., Jlo36in, B., lamyk, II.,
Mansip, B., Jlo3uncekuii, A. Ta BonowmHenp, B.). TakuMu KOMIOHEHTaMU € OKCHIM CipKH, a30Ty Ta
KHCJIOTH, NPOAYKTH IXHBOT B3aEMOii 3 BOAOIO, HASIBHICTD SIKUX Y MOBITPi MOB’A3YIOTH i3 pOOOTOIO IBUTYHIB
BHYTPILIHBOTO 3ropanHs aBToMo0iiB (Kupacupos, O. M., Hectepenko, ['. A. Ta Crapuukos B. 1., 2015).
V JlbBoBi Garato mam’sTok BUrotosiieHo 3 BamHsKy (CaCOs) (Byiiumk, 1991), Tomy akTyanbHUM €
MUTaHHsS OL[IHKM MOXJIMBOCTI mepebiry peakuUiid MK BKa3aHUMHM PEUOBMHAMU Ta LM Martepiajiom.
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TepmoarHamiuHmii niaxina g03Boisie 0e3 MPOBEACHHS eKCIIEPUMEHTAILHUX JOCITIPKEHb OLIIHUTH MOXKITHUBICTh
CaMOYMHHOTO repebiry XiMiuHux peaxuiid. Llei minxin peasnizyerbest 6arato pokiB y HAYKOBUX JOCHIPKEHHSIX
Ta BUKOPUCTOBYEThLCS B HaB4YabHOMY Mipotieci (['epacumos, Jlpesunr, Epemun, Kucenes, Jlebener, [laHuenkos
ta Hnbirun, 1964; Crpombepr ta Cemuenko, 2009; BonomHenp, ta Peternsik, 2016).

Metow pobdoTH € TepMOAMHAMIUHMIA aHali3 mepediry peakiiii MK nam’siTKaMyd apXiTeKTypH,
BUTOTOBJICHUMH 3 KAMEHIO Ta KOMIIOHEHTAMH MOBITPsl, 10 MPUCYTHI Y BeIMKHUX MicTax. Ha mpuknani
B3aemozii okcuay cipku (YI) 3 BamHAKOM MOKa3aTH 3acTOCYBaHHs TEPMOJAMHAMIUHOIO aHasizy Jjis
OLIIHIOBaHHSI MOMKJIMBOCTI CaMOUMHHOro mepediry uiei peakuii 3a Temmneparyp —30°C — +50 °C.
3anponoHyBaTH METOIM 3aN00iraHHs NoAIOHUX peaKiiil.

OcHoBHHII BUKJIaJ MaTepiany
3a temrieparypu 25 °C i1 po3paxyHKiB BUKOPUCTOBYBAJIM HACIIJIOK 3aKOHY |'ecca Ta HaJleKHICTh
eHTpOITii 10 QyHKLIH CTaHy CUCTEMH.
Teroty peakiii 3a Temnepatypu 25 °C po3paxoByBayiu 3a (HOpMYJIOH

A.Hr _zviAf HT(npodmeu) ZV/Af HT(euxidHi) ’ (1)
3MiHy eHTpoIIii i1 yac nepediry peakiiii po3paxoByBaiu 3a GOpMyJIO0
0 _ o o o
A’"S298 - ZV [ST(WPO()meLI) ZV ./ST(ez4xi()Hi) : (2)

OckinbKkM MaM’ITKH apXiTeKTypH, 10 TiepeOyBaloTh Ha BIAKPUTOMY TMOBITPi, €KCIUTYaTYIOThCS TMPH
temreparypax -30 °C ... +50 °C came B 1pbOMY TeMIlepaTypHOMY IHTEpBaJli PO3PAXOBYBAIH TEIJIOTY
peaxiiii Ta 3MiHy eHTpOITii.

g nepepaxyHky TeruioBoro edekTy peakiii 3 emmnepatypu 25 °C 1o 50 °C a6o -30 °C BUKOPUCTOBYBAIU
Tpete HabmkeHHs piBHAHHS Kipxroda

A A 1 1
AFHO = ArHY,, + Aa(T —298) + 22 (12 —208%)+ 2% (1° Z298%) + Ac (—— — 1. 3)
2 3 298 T
3MiHy eHTporii i1 Yac nepediry XiMiqHOT peakilii 3a [UX TeMIepaTyp po3paxoByBaiy 3a GOopMyJIOr:
T Ac Ac 1 1
ASY=ArSe. +Aaln——+Ab(T —298)+ — (T* —=298°) — — (——— ——). 4
r=T 298 298 ( ) 2 ( ) 2 (2982 Tz) ( )
3MiHy TETMJIOEMHOCTI MiJ1 Yac nepediry XiMiuHoT peakilii po3paXxoBYIOTh 3a PIBHSIHHAM:
AC, =Aa+AbT+AcT? +25 (5)
72

Pospaxosani 3nauenns AC, 1ar0Th 3MOTY MepeBipuTH NpaBMiIbHICTEL pospaxynkiB AH’r ta AS°r.
Skuio 31 30iTbIIEHHSIM TeMIEpaTypH 1 TeryioBuil edekt peakiii i 3MiHa eHTporii 3poctaioTh To AC,
MOBUHHO OyTH Oinbliie HyJs. | HaBMaku, KO 31 30ibIICHHAM TEMIIEPATYPH 1 TETUTOBUIN edeKT peakiiT i
3MiHa eHTporii crnagatoTh To AC, TOBUHHO OyTH MEHIIIE HYJIS.

3a cTanoro TUCKY Ta TeMIepaTrypu KpUTEepieM CKepoBaHOCTI mpoliecy € eHepris ['i66ca (i300apHo-
i3orepmiunmii notenuian) (Epemun, Kapros, Yenenckas, Kyspmenko ta Jlynun, pen., 2005, c. 53), sxa
HaOyBae MiHIMaJIbHOTO 3HAYCHHS B CTaHi PIBHOBArH, a MpH MPOXOKEHHI MPOLIECY 3 BUXIHOTO CTaHy JI0
PIBHOBXXHOIO MOJYKE MaTW pi3HMH 3HaK. Y BUMAAKY BiJ’eMHOro 3HaueHHs eHeprii ['i60ca mporec
BiZAOYBa€ThCs Y MPSIMOMY HANpsIMKY, Y BUIMAJKY JOAATHOTO — Y 3BOPOTHOMY.

Bignosigno ana xiMiunoi peakuii ctammaptHy 3miny eneprii ['i66ca (AG®) pospaxoByBanu 3a
hopmyoro

AG) = AH, —TAS} . (6)

Bukopucranns crangaptHoi 3mMiHu eHeprii ['i00ca nae 3Mory 3amyuuTH 10 po3paxyHKiB TaOIMUHI

JIaHi 10 TEeIUIOTi YTBOPEHHS PEHYOBHMH Ta 3HAYEHHS IXHBOT €HTPOITIl.

Skwo B peakuii OepyTh y4acTb ra3onofiOHi MPOAYKTH, TO KOHCTaHTy piBHOBard K, MoxKHa
BHPAa3HUTH, BHUKOPUCTOBYIOUM IXHi MapuLianbHi TUCKM 3riAHO 31 3aKOHOM JiI0UMX Mac Ta po3paxyBaTH iXHE
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3Ha4YeHHs y piBHOBa)KHOMY cTaHi. KoHcraHTa piBHOBaru Kj, CBOEIO uepror Moxke OyTH po3paxoBaHa 3
BU3HAuUEHOro 3HaueHHs eHeprii ['i60ca (Kopanbuyk, Ta Peutetnsk, 2007) 3a ¢popmyiioro
AG” =-RTlIn (Kp/(P°)™". (7)
PosrnsiHemo Ha npukiani XiMidHOT peakiuii Mixk BamHsikom Ta okcuaom cipku (Y1) 3acrocyBanHs
LbOI0 METOY
SO; + CaCOsz;<«» CaSO4+ CO,

Taonuys 1
TepmoguHaMiuHi BJACTHBOCTI peYOBHH, YYACHHKIB XiMiuHOT peakmil
(PaagBeas Ta Ilonomapesa, pex., 1998)
AHozgg SO298, a, c’.
Petoniia kJlx/mMonb Jox/(monb - K) | /(Mo K) b, i/ (mote- K) Jhx/(moib - K)
Kap6onar
KabLLir0(KaJIbLIAT) -1206,83 91,71 104,52 0,02192 -2,59-10°
Okcun cipku -395,85 256,69 64,98 1,18-107 1,64 10°
Cynbdar kanbLito
(aHrizpuT) -1436,28 106,69 70,21 0,09874 -
OKCHJ] BYTJIELIEO -393,51 213,66 44,14 9,04-1073 -8,54-10°

3 BukopucTaHHsaM Tabnuup Excell Ta TepmMoauHamiuHMX MapameTpiB iHAMBiAyaJbHUX PEYOBWUH
YHacHHMKIB XiMiuHOT peakuii (TabJ1.1) po3paxoBaHi TepMOAMHAMIYHI TapaMeTpH AaHOT XiMiuHOI peakuii 3a
Temneparypu 25°C (tabn. 2) 3rigHo ¢opmyn 1 ta 2 i B inTepBani temnepatyp -30°C - +50°C (tabn. 3)
3rigHo opmyd 3-5.

Tabnuys 2
Po3paxoBani TepmoanHaMiuni napaMeTpu XimMiuHol peakuii 3a Temnepatypu 25°C
AH%05 kJTx AS%0g, JTx/K Aa, Tx/K Ab, JTx/K Ac’, JIx/K
-227,11 -28,05 -55,15 0,07411 5014920
Tabnuys 3

TepmoaunamiuHi mapamMeTpH Ta KOHCTaHTa piBHOBaru B3aemofii okenay cipku (YI)
3 BANHAKOM 32 Pi3HHX TeMIepaTyp

T AH xJTx AS%r, JIx/K ACp, JIx/K AGr, k]JIx K(p)
243 -227,75 -30,46 20,06 -220,34 2,32-10%
253 -227,56 -29,72 16,37 -220,04 2,70-10%
263 -227,42 -29,15 13,18 -219,75 4,43-10%
273 -227,30 -28,71 10,41 -219,46 9,82-104
283 -227,21 -28,38 8,00 -219,17 2,85-10%
293 -227,14 -28,12 5,91 -218.,89 1,06-10%
303 -227,09 -27,97 4,10 -218.61 4,88-10%7
313 -227,05 -27,87 2,53 -218,33 2,74-10%
323 -227,04 -27,81 1,17 -218,05 1,84-10%

VYV BchoMy iHTepBaji Temmeparyp peakuis BigOyBaeTbCs 3 BHIIIGHHSIM TEIJIOTH, MPUYOMY
3pOCTaHHs TeMMepaTypu 3MEHIIye eK30TepMiuHicTh peakuii (tabn. 3). Edrpomis mim wac
MPOXOJUKEHHS i€l peakilii Mae Bijl’eMHe 3Ha4eHHs (TalJ1. 3), 10 CBIIUUTH MPO 3MEHIIEHHs Oe3nany
B cuctemi. JlonatHe 3HaueHHs ACp cBimunts npo spoctanus AH’r ta AS%r 3i 36inbumennsm remneparypwu,
1[0 Y3rOKYETHCS 3 po3paxyHkamu (Tabu. 3) Binx’emHe 3HaueHHs eHeprii ['i06ca (Tabin. 3) cBig4uTh TIpO
MOXKJIMBICTE CaMOYMHHOro mepediry uiei peakuii y po3riasHyTOMY TeMIlepaTypHOMY iHTepBalli.
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3HavyeHHs1 KOHCTaHTH piBHOBaru (Kp) (tabia. 3) po3paxoByBaiiu 3a piBHAHHIM (6) i BOHM CBig4aTh
Mpo 3HAUYHE 3MilIeHHsS piBHOBAaru B OiK MPOAYKTIB peakuii.
Koucranty piBHoBaru (Kp) wi€i peaxiii 3 BUKOPUCTAHHSAM MaplialiIbHUX TUCKIB ra3omno/ioHux
MPOJIYKTIB 3aIUCYIOTh TaK
P
K, = Pi
10y

BinnoigHo piBHOBakHUIT THck okcuay Byrieuro (IY) 3HauHO mepeBuulye PiBHOBaXKHMH THCK
okcuny cipku (YI) y BcbOMy TeMIiepaTypHOMY iHTepBajli i piBHOBara peakuii 3MillleHa BIPaBo.
[linBUILEHHS TEMIEPAaTypU 3MeHIIye Bia emHe 3HauyeHHs AG” Ta BenMuMHYy KOHCTaHTU piBHOBard wiei
peakuii (tabn. 3), TOOTO MiJBUIIEHHS TeMmrepaTypH 3MEHINYe TEPMOJWHAMIYHUN HaMip pO3rIsHyTOT
peakuii Ta 3meHmye Bmict CO; y piBHOBaKHiH ra3oBiil cyMilni. 3arajgom piBHOBara peakuii 3mileHa 1o
MEePETBOPEHHS BAIHSIKY B CYNb(hAT KaJbIlito.

OCKIiNTbKH Y BEJIMKMX MICTaX Y 3B’A3KYy 3 BEJIMKUM CKYMUEHHSIM TPAHCTIOPTY y TMOBITPi NPUCYTHii
okenp cipku (Y1), To mepepokeHHs BamHAKY B cyJib(daT KaJbllilo € IIIKOM MOXIIMBOIO peakiliero. [1pu
bOMY MOXITUBO PYHHYBaHHS BAITHIKY Ta YTBOPEHHS 30H 3 TIOCIa0IeHUMHU MEXaHIYHHUMH BIIaCTHBOCTSIMH.
Jlnst 3ano6iranHs bOT0 MOYKHA 3aIMPOTIOHYBATH TaKi METOIH:

e  OOpobneHHs TMOBEPXHI BaMHAKY TJIiBKOTBIPHUMH KOMITIO3MLISIMH 3 METOIO PO3’€aHaHHS
MOBEPXHI BAITHAKY Ta arPECMBHUX KOMITOHEHTIB MOBITPS BETUKUX MICT TUTIBKAMMU;

e  Onrumizarlis pyxy TpaHCHIOPTY:

e  HanamTyBaHHS IBUT'YHIB BHYTPIIIHBOTO 3rOpaHHS JUTS 3MEHIICHHS IIKIIJIMBUX BUKHIIB,

e  3amiHa aBTOMOO1JIIB 3 ABUTYHAMH BHYTPIiLIHBOTO 3TOPaHHS Ha eeKTPOMOODii:

e  3amiHa OpHUTiHAIIIB KOMiSMH (32 MOMITUBOCT).

BucHoBok

[TokazaHo 3acTocyBaHHS TEPMOJMHAMIYHOTO aHaji3y /Ui BHUBYCHHS XIMIYHHMX peakiiii Mix
nam’sITKaM# apXiTeKTYpH 3 KAMEHIO Ta KOMIIOHEHTaMH MOBITPsI BEJIMKUX MicT. Po3risHyTO 3acToCyBaHHS
TEPMOJIMHAMIYHOTO aHANI3Y JIJIsl BABUEHHS PIBHOBArM XiMiUHOI peakilii MiXk BarmHsIKOM Ta OKCHIIOM CipKH
(YD) B temnieparypuomy inTepBaii —30°C — +50 °C. 3rigHo 3 po3paxyHKaMH IIsl XiMidHa peakilisi MOXe
CaMOYMHHO BifOyBaTHCS 32 PO3MIISHYTHX YMOB. [liIBUIIIEHHS TemmepaTypy 3MeHIIye i1 TepMOJMHAMIYHUI
Hamip. 3anpornoHoBaHO MeToAM 3anoliraHHs nepebiry Takoi i MOAIOHMX A0 Hel XiMIYHMX peakuiid, sKi
nepea0avaroTh 3acTOCYBaHHS TUTIBKOTBIPHUX KOMITO3WIIIM, HANAIITYBAHHS JIBUTYHIB BHYTPIlTHBOTO
3ropaHHs, ONTUMI3aLI0 PyXY TPAHCTIOPTY, 3aMiHy aBTOMOOIJIIB 3 JIBUTYHAMU BHYTPILTHBOTO 3rOpaHHS Ha
esIeKTpoMo0isTi a0o 3aMiHy OpUTiHAJIIB KOMisSIMHU.
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APPLICATION OF THERMODYNAMIC ANALYSIS FOR EVALUATION
OF POSSIBILITY OF COURSE OF CHEMICAL REACTIONS IN MEMORIES
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The application of thermodynamic analysis for studying the equilibrium of chemical reactions between
components of architectural monuments made of stone and air components of large cities is considered. In order to
evaluate the possibility of a chemical reaction, it is necessary to calculate the change in enthalpy, entropy, and Gibbs
energy. The heat effect of the reaction (change of the en-thalpea) and the change of entropy have a secondary value
for the course of such reactions. The proven values of AC, allow us to verify the correctness of the calculations AH’
and AS’r. Gibbs energy at constant pressure and temperature is a criterion for the direction of the process, which is
the thermal ethete and the change in the entropy of the reaction. The negative value of the Gibbs energy, according
to the calculations for the chemical reaction, indicates the possibility of its self-propagation, and a positive value
indicates the impossibility of self-propelled flow of such a reaction. The account count is carried out in two stages.
In the first, the thermal effect of the reaction and the change of entropy at 298 K, in the second change of these
parameters and Gibbs energy in the temperature range of operation of the architectural monument are calculated.
The use of the standard Gibbs energy change allows us to draw tabular data on the heat of the formation of rechovins
and the significance of their entropy to the calculations.

Using the example of the interaction of sulfur oxide (YI) with limestone, the Using the example of the
interaction of sulfur oxide (YI) with limestone, the application of this method in the temperature range of -30 ° C to
+ 50 °C is shown using the Excell tables and the thermodynamic parameters of the individual substances of the
participants in the chemical reaction. Throughout the temperature interval, the reaction takes place with the release
of heat, and the increase in temperature reduces the exothermic reaction. Entropy during the course of this reaction
has a negative meaning, which indicates a decrease in disorder in the system. An additional value of ACp indicates
an increase in AH’r and ASr with an increase in temperature, which is consistent with the disaggregation. It is
established that Gibbs energy in these conditions is negative and this reaction can occur independently, and with
increasing temperature the thermodynamic pressure decreases somewhat. The values of the constants of equilibrium
(K») indicate a significant shift in the reciprocity in the direction of reaction products. The course of this reaction
leads to the conversion of limestone to calcium sulfate, which probably causes the appearance of zones with
weakened mechanical properties. The methods of preventing the flow of this reaction, which include optimization
of transport, regulation of internal combustion engines, replacement of cars with internal combustion engines on
electric vehicles, application of film-forming compositions with the purpose of forming an insulating layer between
limestone and aggressive components of air of large cities, are proposed.

Key words: thermodynamics, equilibrium, reaction, limestone, sulfur oxide (YI).



