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Po3riisinyTo 3acTocyBaHHsSI TePMOJAMHAMIYHOIO aHAJi3y AJsi BUBYEHHs PiBHOBarm XiMiuHHX
peakuiii Mizk KOMIIOHEHTAMM NaM’SITOK apXiTeKTypH, BUTOTOBJIEHHX 3 KaMEHI0 Ta KOMIIOHEHTaMH
noBiTpst Beaukux Mict. s ouiHoOBaHHSI MOMJIMBOCTI mepediry ximiuHoi peakuii HeoOXiaHo
po3paxyBaTH 3MiHYy eHTaJIbIIil, eHTpomii Ta eHeprii ['i006ca. TermuioBuii edpexT peakuii (3MiHa eHTaJIBITIT)
Ta 3MiHA eHTPOIii MalOTh BTOPUHHE 3HAYeHHs AJ1s1 nepediry Takux peaxkuiii. Enepris I'i60ca 3a cranoro
THCKY Ta TeMIlepaTypH € KpPUTepieM CKepOBAaHOCTI Mpouecy CKJIAJOBHMMH KO € TelioBHil edekT Ta
3MiHa eHTpomii peakuii. Bir’emHe 3HauenHs edeprii I'i60ca, 3rizHo 3 po3paxyHkamu JJs XiMiuHOI
peakuii., CBiAYUTh NP0 MOMJIUBiCTH il CAMOYMHHOIrO mepediry, a JojaTHe 3HAYeHHsl BKAa3y€ Ha
HEMOKJIMBICTh CaMOYMHHOIO mepeliry Takoi peakuii. Po3paxyHok 3ailicHIOIOTH y aBa eranu. Y
NMepIIoMY PO3pPaxoBYIOTh TelJIOBHii edekT peakuii Ta 3MiHy enTponii npu 298 K y apyromy 3miny nux
napaMetpiB Ta eHeprii I'i00ca B TemnepaTypHoMy iHTepBaJi ekcniyaTanii nam’aaTku apxitektypu. Ha
npukiaagi B3aemonii okcuay cipku (YI) 3  BanHsSKOM NOKa3aHO 3aCTOCYBAHHS LbLOr0 MeTOAY B
TemmneparypHoMmy iHTepBai -30 °C ... +50 °C. Y pe3yabTaTi 00paxXyHKiB BCTAHOBJIEHO, 1110 32 IIUX YMOB
Il peakuisi MoJke CAMOYMHHO Big0yBaTHcs, a 3i 30l/IbIIEHHAM TeMIlepaTypH TepMOJAMHAMIYHUI Hamip
nemo 3MeHmyerbes. [lepedir wiei peakuii npu3BoAUTH 10 NepeTBOPEHHS BANTHIKY Ha cy/Jab(aTt kanabuilo,
110 HMOBIPHO 00YMOBJIIO€ NOSIBY 30H 3 MOC/JA0JJeHUMHU MeXaHIYHUMU BJACTHBOCTAMMU. 3aNIPONIOHOBAHO
MeToAN 3amoliraHHs mnepediry uniei peakmii, siki mepeadayalTh ONTHMIi3anilo pyxy TpaHCHOPTY,
pery/JioBaHHsl ABUI'YHIB BHYTPIIUIHbOIO 3rOpPaHHs, 3aMiHy aBTOMOOIIiB 3 IBUI'YHAMH BHYTPilIHBOIO
3rOpaHHsl Ha eJeKTPOMOOiIi, 3acTOCYBAHHS IJIIBKOTBIPpHMX KOMIO3MUIi 3 MeTOoH (opmyBaHHS
i3oasiniiiHOr0 Mapy Mik BATHAKOM Ta arpeCHBHUMH KOMIIOHEHTAMH NMOBITPSA BEJHKHX MICT.

Kuro4doBi ciioBa: TepMoanHaMika, piBHOBara, peakuisi, Banusk, okcuj cipku (YI).

IMocTanoBka npodiaeMu

VY BenuKHX MicTaxX TMOBITPS MiICTUTh crenu(ivyHi KOMIOHEHTH, SKi MOXYTh B3aEMOJIATH 3
MaTepiajoM IaM’sITOK apXiTeKTypH, BUTOTOBJICHHMX 3 KameHro (SkoBuyk, I1., Jlo36in, B., amyk, I,
Mausip, B., Jlo3uncekuii, A. Ta Bonommnenp, B.). TakumMu KOMIIOHEHTaMH € OKCHIIU CipKH, a30Ty Ta
KHCJIOTH, IPOJTYKTH IXHBOT B3aEMO/Iii 3 BOJIOIO, HASIBHICTb SIKUX Y TIOBITPI OB’ I3YIOTH 13 pOOOTOO IBUTYHIB
BHYTPILTHBOTO 3ropanHs aBromo0iniB (Kupacupos, O. M., Hectepenko, I'. A. Ta Crapuukos B. U., 2015).
VY JlbBoBi OaraTo mam’sTok BUrotoBiieHO 3 BamHAKy (CaCOs) (Byimmk, 1991), Tomy akTyanbHUM €
MUTaHHS OI[IHKM MOXJIMBOCTI Iepediry peakiiii MK BKa3aHUMH PEUOBHHAMH Ta IIMM MaTepialioM.
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TepMoauHaMIYHMIA TT1IXi/] T03BOJISIE O€3 TPOBEACHHS CKCIICPUMEHTAIBHUX JIOCITI/PKSHD OLIIHUTH MOKIIMBICTh
CaMOYMHHOTO Tepeldiry xiMiuaux peaxmiid. Llel minxin peanizyerbest 6araTo poKiB y HAYKOBHX JOCIIKEHHSX
Ta BUKOPUCTOBYEThCS B HaBuasibHOMY ripoiieci (['epacumos, Jpesunr, Epemun, Kucenes, Jlebeses, [TanueHkoB
ta [1lmeirun, 1964; Ctpombepr Ta Cemuenko, 2009; Bomommaers, Ta Pemerwsxk, 2016).

MeToio podoTH € TepMOAWHAMIYHMI aHami3 mepediry peakiiidi MK maM’sITKaMu apXiTeKTYpH,
BUTOTOBJICHUMH 3 KaMEHIO Ta KOMIIOHEHTaMH TOBITPS, 110 TPUCYTHI Y BeIMKHX MicTax. Ha mpuxmani
B3aemoii okcuay cipku (YI) 3 BamHAKOM MMOKa3aTH 3acTOCYBaHHS TEPMOJMHAMIYHOTO aHANIZY ISt
OILIIHIOBaHHsS MOJKJIMBOCTI CaMOYMHHOrO rMepeliry miei peakuii 3a Temmneparyp —30°C — +50 °C.
3anponoHyBaTH METO/IH 3aM00IraHHsI MOJIOHUX PeakIliil.

OcHoBHMII BUKJIa MaTepiaay
3a Temmneparypu 25 °C i po3paxyHKiB BUKOPHUCTOBYBAIM HACIIOK 3aKOHY ['ecca Ta HaJIe)KHICTh
eHTpomii 10 QYHKIIIN CTaHy CHCTEMH.
Temtoty peakiii 3a Temnepatypu 25 °C po3paxoByBayiu 3a (HOpPMYJIOH0

0_N\, A IO _ A g0
A Hr _ZV’Af HT(npoOylcmu) szAf HT(suxidHl) ’ (1)
3MiHy eHTpoImii MiJ] Yac nepediry peakiii po3paxoByBajiu 3a GopMyor
0 _ [ i o
ArSZ% - ZV iST(npodmeu) ZV jST(suxidni) ’ (2)

OcCKiNbKM TaM’ATKH apXiTeKTypH, 10 TepeOyBaloTh Ha BIAKPUTOMY IMOBITPi, E€KCILIyaTyIOThbCS IPH
temneparypax -30 °C ... +50 °C came B 1[bOMY TeMIlepaTypHOMY iHTEpBali pPO3PaxOBYBAIN TEIUIOTY
peaxiii Ta 3MiHy €HTpOITii.

Jliia mepepaxyHKy TerioBoro edexty peaxiiii 3 remmnepatypu 25 °C qo 50 °C a6o -30 °C BUKOPHCTOBYBaJIN
Tpere HabmKeHHs piBHAHHS Kipxroga

A A 1 1
ArH? = ArH Js + Aa(T —298) + Ab (T? —298%)+ 25(T° —298°) + Ac' (—— — —). 3)
2 3 298 T
3MiHy eHTpomii i1 Yac nepediry XimMiuHoi peaxiii 3a 11X TeMIIepaTyp po3paxoByBaiy 3a (popMyIioro:
T Ac Ac , 1 1
A, Sy =ArSy +Aaln—— + AB(T —298)+— (T —298°) == (=5 — ). 4
r=T 298 298 ( ) 2 ( ) 2 (2982 T2) ( )
3MiHYy TETJIOEMHOCTI MiA Yac nepediry XiMiuHoi peakiii po3paxoByIOTh 3a PiBHIHHSAM:
AC, =Aa+ABT+AcT2 +25 (5)
72

Pospaxosani 3nauenHst AC, Jal0Th 3MOTY NMEPEBIpUTH TpaBUIbHICTH pospaxynkis AHr ta AS‘r.
Sxmio 31 30UIbIICHHSAM TEeMIIEpaTypu 1 TerioBUi edekT peakmii 1 3MiHa eHTpomii 3poctaioTh To0 AC,
MOBHHHO OyTH Oijble Hylsl. | HAaBNaKH, SKIO 31 30UIBIICHHSIM TEMIIEPATYPH 1 TEIUIOBHH e(eKT peakii i
3MiHa eHTpomii cnagaroTh To AC, TOBUHHO OyTH MEHIIIE HYJIS.

3a cTajoro TUCKY Ta TEMIIEPAaTypu KPUTEPIEM CKEPOBAHOCTI Ipoliecy € eHepris ['i00ca (i300apHo-
i3otepmiunmii norenmian) (Epemun, Kapros, Ycnenckas, Ky3smenko ta Jlynun, pen., 2005, c. 53), sxa
Ha0yBa€e MiHIMAJILHOTO 3HAYCHHS B CTaHI PIBHOBAru, a MpH MPOXOKEHHI MPOIIECY 3 BUXIAHOIO CTaHy 0
PIBHOB2)XHOTO MOXXE€ MaTH PI3HHIA 3HAK. Y BHNAJKy BiJI’€MHOro 3Ha4YeHHs eHeprii [100ca mporec
BiIOYBA€THCSI y MPSIMOMY HAIPSIMKY, Y BUMIAJIKY JIOJJATHOTO — Y 3BOPOTHOMY.

Bixnosigno mis XimigHOi peakiii crammapTHy 3MiHy emeprii ['i66ca (AG®) pospaxoByBamu 3a
dhopmyioro

AG) = AH, —TAS} . (6)

Buxopucranns crangaptHoi 3Miau eHeprii ['100ca nae 3MoTy 3alyduTH 10 PO3paxyHKIiB TaOIM4IHI

JaHi 10 TEeIUIOTi YTBOPEHHS PEYOBHH Ta 3HAUYEHHS IXHBOT €HTPOMIT.

Sxmo B peakmii OepyTh ydacTh Ta30IMOMAIOHI MPOAYKTH, TO KOHCTAaHTY piBHOBaru K, MOKHa
BHUPa3UTH, BUKOPUCTOBYIOUM iXHI MapIlialibHi TUCKH 3T1THO 31 3aKOHOM JIIFOYUX Mac Ta pO3paxyBaTH iXHE



3acmocysanus mepmMoOuHamiuHo20 ananizy OJid OYiHKU MOJICTUBOCMI nepebiey XIMIMHUX peaKkyil... 125

3Ha4YCHHSl y piBHOBakHOMY cTaHi. KoHcraHTa piBHOBaru Kj, CBO€I0 4eproro Moxe OyTH po3paxoBaHa 3
BU3HA4YEHOI0 3Ha4YeHHs eHeprii ['100ca (Kopanbuyk, Ta Pemernsk, 2007) 3a ¢popmynoro
AG” =-RTIn (Kp/(P°)*". (7
PosrnsiHemo Ha mpukiaai XiMigHOT peakiiii Mixk BamHskoM Ta okcujoM cipku (Y1) 3acrocyBanHs
[LOT'O METOTY
SO; + CaCO; CaSO4+ CO,

Tabnuys 1
TepmoauHaMiyHi BJaCTUBOCTI pe4OBHMH, YYACHUKIB XiMiuHOT peakuii
(Papseas Ta Ilonomapesa, pen., 1998)
AHozgg 80298, a, c’.
Petopiita k/Ix/mMonb Jhx/(monb - K) | [hx/(monb - K) b, Joxc/(mome - K) Jlx/(moib - K)
Kapbonar
KaJbLi10(KaJabIIUT) -1206,83 91,71 104,52 0,02192 -2,59-10°
Oxcup cipku -395,85 256,69 64,98 1,18-10 -1,64-10°
Cynbdat Kanpuito
(amrimpur) -1436,28 106,69 70,21 0,09874 -
OKCHJI BYTJIELIIO -393,51 213,66 44,14 9,04-1073 -8,54-10°

3 BuKopucTaHHsM Tabmuip Excell Ta TepMojauHaMiuHUX MapaMeTpiB iHAWBIAyalbHUX PEYOBUH
YUaCHHKIB XiMiuHOI peakiiii (Ta0i.1) po3paxoBaHi TepMOIMHAMIYHI TApaMeTpH JaHoI XiMIUHOT peakiii 3a
temneparypu 25 °C (tabdu. 2) 3rigHo ¢popmyi 1 ta 2 1 B inTepBaii temnepatyp -30 °C - +50 °C (tabu. 3)
3rijgHOo hopmy 3-5.

Tabauys 2
Po3paxoBaHi TepmogunaMiyHi napamMeTpu XiMiuHoi peakuii 3a Temnepatypu 25°C
AH%o5 kJ1x AS s, /K Aa, /K Ab, JTx/K Ac’, JIx/K
-227,11 -28,05 -55,15 0,07411 5014920
Tabauys 3

TepmoaunaMivyHi mapamMeTpH Ta KOHCTaHTa piBHOBaru B3aemoii okcuny cipku (YI)
3 BAHAKOM 32 Pi3HUX TeMIepaTyp

T AHt xJTx AS%r, JIx/K ACp, Ix/K AG°r, xJIx 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 9,82-10%
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%
313 -227,05 -27,87 2,53 -218,33 2,74-10%
323 -227,04 -27,81 1,17 -218,05 1,84-10%

Y BchOMy iHTEpBalli TeMIEepaTyp peakiis BiJOYBa€ThCs 3 BUJAUICHHSIM TEIJIOTH, TPUYOMY
3pOCTaHHS TeMIepaTypu B3MEHIIY€e eK30TepMivHicTh peakmii (tadbn. 3). Extpomis mim dac
MPOXOJKEHHS 1i€l peakilii Mae Bijx eMHe 3Ha4YeHHs (Talu1. 3), 0 CBIAUKUTH PO 3MEHIICHHS 0e3/1a1y
B cuctemi. JlonatHe 3HadeHHss ACp cBimuuth npo 3poctanus AHr ta AS%r 3i 36insmennsam temnepatypu,
10 Y3TOJKYEThCS 3 po3paxynkamu (tabm. 3) Bing’emHe 3HaueHHs eHeprii [100ca (Tabi. 3) cBiAYUTh PO
MOXJIMBICTh CaMOYMHHOIO Mepediry Iiei peakuii y po3mISHyTOMY TEMIIEpaTypHOMY I1HTEpBalIi.
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3HavyeHHs KOHCTaHTH piBHOBaru (Kp) (tabn. 3) po3paxoByBasiu 3a piBHAHHAM (6) i BOHH CBig4aTh
Mpo 3HAaYHE 3MINICHHS PIBHOBAru B O1K MPOAYKTIB peakilii.

Koncranty piBHOBarm (Kp) 1i€l peakxiiii 3 BHKOPUCTAHHSM MapIlialIbHUX THCKIB Ta30MOiOHUX
MPOJIYKTIB 3aMCYIOTh TaK

P
K = Pco2

BignosinHo piBHOBaxkHU# THCK okcuay Byriemto (1Y) 3HauHO mepeBHINye PIBHOBaXKHHW THCK
okcuny cipku (YI) y BchoMy TeMmepaTypHOMY iHTEpBajii i1 piBHOBara peakiiii 3MillleHa BIIPaBo.
[TizBUILEHHS TEMIIEPAaTypu 3MEHIIye Bia eMHe 3HaueHHs AG® Ta BENMYMHY KOHCTAHTH PiBHOBArd Il
peakuii (tabn. 3), TOOTO MiABHIICHHS TEMIIEPATypd 3MEHIIYE TEPMOJWHAMIYHHMN HAIip pPO3TISHYTOT
peakuii Ta 3menye BMicT CO; y piBHOBaXkHil ra3oBiil cymini. 3arajoM piBHOBara peakuii 3MilleHa 10
MIEPETBOPCHHS BAITHSKY B CYJb(aT KaIBIIIFO.

OCKiIBKH Y BEJIMKHMX MICTaX Yy 3B 513Ky 3 BEJIMKUM CKYIUYEHHSIM TPAaHCIIOPTY Y MOBITPi MPUCYTHIH
okcuy cipku (Y1), To mepepoKeHHs BaITHAKY B Cylb(daT Kalblilo € IITKOM MOXKIUBOIO peakiicto. [Ipu
IIbOMY MOXJIBO PYHHYBaHHS BAaITHSAKY Ta yTBOPEHHS 30H 3 OCIa0JICHIMHI MEXaHIYHUMH BJIACTHBOCTSIMH.
JUost 3an00iranHs bOT0 MOKHA 3aIPOIIOHYBATH TaKi METOIH:

e  OOpoOneHHS TIOBEPXHI BANHAKY IDTIBKOTBIPHUMH KOMIIO3HINISIME 3 METOI0 pO3’€THAHHA
MOBEPXHI BAITHSKY Ta arPECHBHUX KOMIIOHCHTIB MOBITPSI BEIMKUX MICT IUTiBKaMHU;

10,

e  Onrumizanis pyxy TpaHCHOPTY:

e  HamamyBaHHS JBUTYHIB BHYTPIIIHBOTO 3TOPAHHS /I 3MEHIICHHS IIKiUTHIBUX BUKHIIB;
e  3amiHa aBTOMOOLTIB 3 IBUTYHAMH BHYTPIITHHOTO 3rOPaHHs Ha EIeKTPOMOO1TI:

e  3aMiHa OpUTIHAIIB KOMisIMH (32 MOXITUBOCT).

BucnoBok

[lokazaHo 3acTocyBaHHS TEPMOJMHAMIYHOTO aHai3y /Ui BHUBYCHHS XIMIYHHMX PpEaKIiil Mix
naM’sITKaMH apXiTeKTypH 3 KAMEHIO Ta KOMIIOHEHTaMH TIOBITPSI BEJIMKUX MicT. PO3riisiHyTO 3acTOCYBaHHS
TEPMOJIMHAMIYHOTO aHali3y AJIsl BABUCHHsI PIBHOBArW XiMiuHOI peakiii MiX BamHsIKOM Ta OKCHJIOM CIpKU
(YD) B remmieparypromy inTepBani —30°C — +50 °C. 3rigHo 3 po3paxyHKaMu I XiMidHA PEaKIlisi MOXKe
CaMOYMHHO BiOYBaTHCS 32 PO3TIISTHYTHX YMOB. [1iIBUIIIEHHS TeMIIepaTypH 3MEHIIYE 11 TepMOAMHAMIUHUHA
Harmip. 3amponoHOBaHO METOMHW 3armo0iraHHs mepediry Takoi i momiOHWX A0 Hei XIMIYHHMX peakiii, sKi
nepeadayvaloTh 3aCTOCYBaHHS IUTIBKOTBIPHMX KOMITO3MIIH, HANAIITYBAaHHS JABUTYHIB BHYTPILIHBOTO
3rOopaHHs, ONTHMI3allil0 PyXy TPAaHCIIOPTY, 3aMiHy aBTOMOO1JIIB 3 ABUTYHAMH BHYTPIIIHHOTO 3rOPaHHS Ha
eJIeKTpoMOoO1ITi 260 3aMiHy OPUTIHATIIB KOTISIMH.
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APPLICATION OF THERMODYNAMIC ANALYSIS FOR EVALUATION
OF POSSIBILITY OF COURSE OF CHEMICAL REACTIONS IN MEMORIES
OF THE ARCHITECTURE OF STONE MANUFACTURERS

Lviv Polytechnic National University
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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 AHr
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 (Y1) 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 AS%r 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).



