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HYSTERESISIN CATALYTIC PROCESS FROM THE PERSPECTIVE OF
NON-EQUILIBRIUM THERMODYNAMICS
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Abstract. In this paper, the processes of concentrated feg¢eoccurring as a result of methane
oxidation on platinum nanoparticles are investigafeom the perspective of non-equilibrium
thermodynamics. It was revealed that the hysterssidetermined by a thermodynamic system
transferring under certain conditions from a gusiationary state with lower entropy generation to
another state with higher entropy generation andceirerse. It is demonstrated that the processes
accompanying this hysteresis, similar to the prees®f hysteresis in fluid dynamics, heat and mass
transfer, aerodynamics, magnetism and other pHijsiti@erse systems investigated before, comply
with the same validated laws of evolution of nomiélgrium macroscopic thermodynamic systems.

I'HCTEPE3UC B KATAIMTHYECKOM NPOHECCE C ITIO3UIIUHN
HEPABHOBECHOU TEPMO/IUHAMUKHNU
Hezenvckuii B.T'.

KiroueBble cioBa: Kataius, THCTEPE3UC, MIETIIS TUCTEPE3UCa, HEPAaBHOBECHAS TEPMOINHAMHUKA.
AHHoOTanus. B craTtpe mpomeccs, MpoTeKaromue Mpyu KOHIIEHTPAIIMOHHOM THCTEPE3UCE B PEAKITHH
OKHCIICHWSI METaHa Ha HaHOpPa3MEpHBIX YaCTHIAX IUIATHHBI, PACCMOTPEHBI C IO3UIHMH
TePMOAWHAMHUKH HEOOPAaTHUMBIX TIPOIECCOB. BBIABICHO, YTO 3TOT THUCTEpe3UC O0OyCIOBICH
MEPEeX0OM TIPH  ONPEACICHHBIX YCIOBHAX TEPMOJMHAMHUYECKOM CHCTEMBI W3  OJHOTO
KBa3HCTAI[IOHAPHOTO COCTOSHHS C MEHBIINM IPOW3BOACTBOM JHTPONHH B JIPyroe COCTOSIHHE C
60nBIIMM TTPOM3BOJCTBOM SHTPONHM MW OOpaTHBIM TepexooM. [1oka3aHo, 94TO MPOTEKAOIIHE TIPH
paccMaTpUBaeMOM THCTEPE3HMCE IMPOIECChl, TaK JKE KaK M IPOLECCHl B HCCICIOBAHHBIX paHEe
THCTCPE3UCHBIX SBJICHUAX B TUAPOTra30MHAMUKE, TCILIOMACCOOOMEHE, a3pPOJHHAMUKE, MATHECTH3ME
U IPYTHX QU3MYECKU OTVIMYAFONIUXCS CHCTEMAaX, MOTYHHSIOTCS OJHUM U TEM )K€ IKCIIEPUMEHTAIBHO
MOJTBEPKICHHBIM OOIIMM 3aKOHOMEPHOCTSM 3BOJIIOLIMU HEPABHOBECHBIX MAaKpPOCKOMHUYECKUX
TEPMOJAUHAMHYCCKUX CHCTEM.

Hysteresis can be observed in various physicalaedical processes. It was
theoretically and experimentally validated in [, that the hysteresis in fluid
dynamics and heat-mass transfer is determinedéwdlitlect and reverse transitions
between two quasi-stationary states of a non-dyjiuin thermodynamic system,
these states being characterized by a differendbarentropy generation. These
transitions lead to changes both in state-relatedctsres (for example, flow
patterns and heat transfer character) as well her gharameters. During the
transitions, the structure and parameters of artbdynamic system fluctuate quite
sharply, often intermittently. The same investigas formulated some general laws
of changes in quasi-stationary states of non-daiilin thermodynamic systems.

Hysteresis also occurs in catalytic processes.usestudy these processes
from the perspective of non-equilibrium thermodymzsn The thermodynamic
method is especially valuable here, since the sgeneral laws can be applied to
macroscopic thermodynamic systems characterizeddivgrse physical and
chemical processes.
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Before we conduct thermodynamic analysis, let yontethe results of the
experimental investigation of concentrated hystereslow-temperature oxidation
of methane over disperse catalysy+/,03 provided in [3].

The catalytic experiment was conducted at atmosppeessure and constant
temperature at zero-pressure and zero-concentrgtatient across the catalyst
layer. The schematic of the flow circulating fagiliused in the experiment is
presented in Fig. 1, the design characteristics specified in [4]. The initial
reaction mixture fed into the reactor containedvbl® methane, which remained
the same, while oxygen concentration varied froé th 2.5 vol%, the rest
comprised M. For each given composition of the initial reasctimixture, the
stationary value was achieved (the circulation cdtéhe reaction mixture through
the catalyste 70), after that the final reaction mixture compiosi was analyzed.
Chromatography was used to determine the conted,d£O, CH,, O, and CQ in
the final reaction mixture, the water vapor concatidn was calculated using the
mass balance.
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Fig. 1. Reaction facility schematic
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Fig. 2 presents the methane conversfonurve for the successive increase
and decrease in the oxygen concentration in thialinieaction mixture. The
conversion is plotted for a reaction temperaflire 703 K, that was sustained by
means of a thermostat. The degree of conversiondeBsmined as a ratio of the
converted reactant (GHto the amount fed initially.

The graph in Fig. 2 is obviously characterized hygtbresis. As the O
concentration decreases from 2.5 vol%:tb.47 vol%, the Ckiconversion remains
stable equaling 28% (the lower branch of the hgsisr loop). As the ©
concentration continues to decrease, the methaneersion increases abruptly,
reachingX = 0.67 at a certain concentration ratig@H, (= 1.1) by the effect of the
transition to the upper branch of the hysteresip.laVith the further increase in the
oxygen concentration, the methane conversion iseseamoothly to the maximum
valueX = 0.99, followed by a sharp drop and a transitmthe lower branch of the
hysteresis loop.

Here and in Fig. 3, concentration of €ih IRM is 1.1 vol%, reaction
temperature 703 K.
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Fig. 2. Change in methane conversion during cornsecuncrease and decrease in

oxygen concentration in initial reaction mixtur&¥)
1.0F

>
- \

My =2
- -0 - % —0

o
W

o
wn O

Product concentration in FRM, vol%

(e} o

W S

//

?7‘

I

Q
A

of

|

&

7%

| Q

5P

0.6 1.0 1.4 1.8 22 2.6
O, concentration in IRM, vol%

Fig. 3. Change in concentration of reaction proslirctfinal reaction mixture
(FRM) for consecutive decrease (white symbols,adbline) or increase (dark
symbols and full line) in oxygen concentrationnitial reaction mixture (IRM)

Analysis of the final reaction mixture compositi@fig. 3) revealed that the
transitions are characterized by a cardinal chaimgehe composition of the
oxidation products, accompanied by the changedrcétalyst activity. At the lower
branch of the hysteresis loop, with the low catalgttivity, only the full oxidation
products of CQand HO are formed, in accordance with the reaction

CH; + 20, — CO, + 2H,0. Q)

At the upper branch of the hysteresis loop, with tatalyst activated, the
final reaction mixture apart from the full oxidatigproducts comprises the partial
oxidation products in accordance with the reaction

2CH; + 2.5Q — CO; + 2H,0 + 2H, + CO. (2)

Let us view the above processes from the persmeofithe non-equilibrium

thermodynamics with regard to its aspects specifidd, 2].
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Let us take a thermodynamic system comprising eticeamixture, a catalyst
and a thermostat (Fig. 1). The composition of #mction mixture varies from the
initial to the final state during the reaction timé Let us find specific entropy
generation in this system inat for its different states. The specific entropy
generation//S is the amount of entropy generated in a thermaaynaystem in a
unit of time as a result of processes inside tlstesy relative to one mole of the
initial reaction mixture.

Catalytic reactions (1) and (2) in the thermodymansystem under
consideration occur at the atmospheric pressurecandtant temperaturé. The
temperature is kept constant by means of a theanaghich can be considered as a
large-capacity thermal reservoir. The thermodynarsystem under study is
assumed to be isolated, as the test conditionsimeshat there no transfer energy
by work with other systems and the feed mixtureheated to the reaction
temperaturél. This means that any spontaneous change in thensysider study
must be accompanied by an increase in the toted@nti.e. the sum of entropies of
the gas mixture, the gas reservoir (thermostat)thadtatalyst must increase, even
though individual entropies of each subsystem neayeahse.

Since the reactions (1) and (2) occur at pressgualimg 1 atm, the reaction
heatQg corresponds to the change in enthalipi, Qr = AH. The standard enthalpy
changeAH® per 1 mole of Chifor the reactions (1) and (2) can be determinéugus
data from [5, 6]:

AH? =-802.8€ k/mole CH; AH? =-419.2¢ kd/mole CH.

Cumulative heatQy from the total reaction gas mixture, with methane
conversion accounted for (Fig. 2) for every feectore composition and catalyst
activity shall be written as

Qu :MMGCH4XAH°, (3)
whereMy is the number of moles in the feed mixtu@;,, is mole fraction of

methane in the feed mixture.

As per the conditions of the experiment, the voldraetion of methane in all
feed mixture compositions remained constant, eqgdlil vol%. With the gases in
the mixture assumed idedh,, = 0.011.

Since the reaction mixture temperature was keplesduring the experiment,
and the catalyst properties remain unchanged &abefmning and at the end of the
reaction, all the heat generated, accurate withan difference in heat capacity
between the initial reaction mixture and the firegction mixture, must transfer from
the reaction mixture to the heat reservoir (thetathsHeat of the reaction mixture
Qv and of the heat reservd: will be equal in absolute magnitude and opposite i
sign. Since the heat transfer occurs at constanpeeature, the process can be
considered equilibrial. The entropy change of thathieservoir and consequently of
the whole thermodynamic system can be determinied tise formula

_Q __MMG(M)(AH0

AS—? = T (4)
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It was taken into account that the catalyst remei@snically unchanged after
the reaction finishes, the quantity and temperattithe catalyst remain stable, which
means that the entropy of the catalyst is uncharfjeel entropy of the reaction gas
mixture is also practically unchanged due to éblst heat capacity and temperature.

Using (4) and taking into account that the totathe the reaction mixture is
generated at the time periad, let us present the specific entropy generatian pe
mole of the feed mixture as
_MMGCH4XAH° :_GCHAXAHOI 5)

M,, TAt TAt

When calculating the entropy generatid@®; in a thermodynamic system at
the final stage of reaction (LpH° =AH, and theX value corresponding to the

lower branch of the hysteresis loop (Fig. 2) wél $ubstituted into (5). To calculate
the entropy generatiafiS; in a thermodynamic system at the final stage atien

(2), AH® = AHJ and theX value from to the upper branch of the hysteresgp i

Fig. 2 will be substituted into (5). For calculatipurposes, it was assumed that
At =100 s. The valuat determines the absolute magnitude/f8, but does not
affect the fluctuation pattern iiiS; and//S, and the conclusions.

It should be noted that during the transition froine initial to the final
reaction mixture in the time periotit, the thermodynamic system is in the non-
equilibrium state, as this time period is charazest by the change in the quantity
of reactants, heat transferred to the thermostatture composition and catalyst
state. As soon as the reaction is completed, themtbdynamic system assumes a
guasi-stationary state, since there are both dmadt reverse chemical reactions
occurring in this system in a chemical equilibriubhe specific entropy generations
11S, and/IS; belong to the two possible states realized in entbdynamic system
depending on the type of the reaction: (1) or (& the composition of the final
mixture (thermodynamic system structure). Eachhef tivo possible states of the
thermodynamic system can be realized for the saomeentration of @ in the
initial reaction mixture depending on the way tiigte was achieved.

Fig. 4 presentélS, and/IS; calculated as functions of,@oncentration in the
initial reaction mixture. It is evident from theagh that, as the concentration of
oxygen decreases, it reaches such values wheniwbe thermodynamic system
transfers from a quasi-stationary state with a lowetropy generatiod/S; to
another quasi-stationary state with a higher emtrgeneration/IS,. As the
concentration of @ continues to increase, it reaches such valuesahable a
reverse transition from the state with a higheragyt generatiord/S; to a state with
a lower entropy generatidas,.

According to the axiom concerning the perfectiontlod natural processes
formulated in [7] and experimentally confirmed fearious physical processes in
nature [1, 2, 8-10]of the all possible stationary states of a thermodynamic system
complying with the laws of nature, irreversible thermodynamics, boundary and
other physical conditions, the state with the minimally possible entropy generation
isthe most likely.

11S=
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Fig. 4.11S, and/IS; as function of @concentration in IRM

In this case, the physical condition enabling ttegeswith minimal entropy
generation/IS; is the state that enables reaction (1) in the tbdgmamic system
under consideration. As the experiment results daestnated (Fig. 2), this state
becomes possible for the reaction temperature 70@€n the initial reaction
mixture composition @CH,> 1.3. When the ratio £CH, is lower, the catalyst
activity increases and the thermodynamic systengrpeses to the state with a
higher entropy generation, which terminates aC8l, ~ 1.1.

Previous works [1, 2] demonstrated that the ranfy¢he key parameter,
which determines the lower entropy states, canhb@g@ed when certain conditions
are created. For example, as the perturbationtseircylindrical pipe flow decrease,
the transition from laminar (lower entropy) to tukbnt (higher entropy) flow takes
longer and may occur at such values of the Reynalaisber which are orders of
magnitude higher than its critical value at reversasition. However, during the
reverse transition from the higher to lower entragte, the critical value of the
Reynolds number remains approximately the same.

In the case under consideration, the change inrghetion temperature can
result in change of the concentration ratigGQ@M, in the initial reaction mixture,
below which the reaction (1) can occur and at whiehcatalyst is activated. As the
experiments demonstrated, the reverse transitmm the higher to lower entropy
state (Fig. 5) occurs at approximately the same@amnation ratio @CH; ~ 1.9 in
a wider range of temperatures. The catalyst is tolkeded and the reaction (2)
converts to reaction (1).

In accordance with the general laws of changes am-equilibrium
thermodynamic states given in [1, 2], the transitmf a system from a higher
entropy (quasi-)stationary state to a lower entrsfayionary state can occur only if
in the process of its evolution, the differenceéha entropy generation of these two
states reaches a certain positive value. The transsf a thermodynamic system
from a lower to a higher entropy state can be aelienly if in the process of its
evolution, a physical condition is not fulfilledrgventing the existence of the initial
state. Direct and inverse transitions between twadiohary states of a non-
equilibrium thermodynamic system are characterizegl hysteresis. These
transitions cause changes in the structures, aogptd these states (in the case
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under consideration, compositions and concentratafnthe reaction mixture), in
the thermodynamic and other parameters.
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Fig. 5. Effect of methane oxidation temperatur&eomposition of the initial
reaction mixture, at which Pt-catalyst transitioonfi low-active to high-active state
(activation) terminates or reverse transition (tigation) commences

All of the above is in full compliance with the ees in Fig. 4 and results of
experiments in Fig. 2, 3.

Also, as was shown in [1, 2, 8-10], while a thergrmic system is
transferring from one stationary state to anotheon-stationary (unstable)
structures are formed. For a gas flowing in a ptpe,transition from the laminar
regime to the stable turbulent regime passes throwg-stationary flow structures
in a certain narrow range of the Reynolds numbece®mapanied by a continuous
temporal and spatial fluctuation of the turbulentldaminar gas areas. For water
boiling in a container, the transition from the lmate (lower entropy) boiling
regime to the film (higher entropy) boiling regini® accompanied by various
combinations of film and nucleate boiling regimestied in different areas of the
heat-dissipating surface, randomly replacing onetler. In the case of the
Rayleigh-Benard convection, the transition from th®tionary state with a
honeycomb fluid motion pattern (Benard cells) itite stationary state with the roll
current structure is achieved through some nowstarty flow structures. A detailed
description of these nonstationary flow structusegiven, for example, in [11].

It follows from all of the above that the nonstatwy structures formed
during transition can manifest themselves as cbalbtifluctuating combinations of
the initial and resulting stationary structures.wdger, nonstationary structures
differing from the stationary structures can alsddrmed.

We do not believe that [3] can be used to deterntive nature of the
nonstationary structures formed in a narrow rang®,0CH,; concentration ratios,
exhibiting both the increase and decrease of thelysh activity for the
thermodynamic system under study. An assumptionocdéy be made with regard
to the spatial and temporal chaotic fluctuations time composition and
concentration of the reaction mixture productsisitlso quite possible that new
products, such as ions of some substances, bedadjacent to the catalytic areas.
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It would be natural to assume that the above pseses the heterogeneous

catalysis occur in the homogeneous catalysis. kamele, it is noted in [12, 13]
that during the Belousov-Zhabotinsky reaction inc@ntinuously stirred tank
reactor, apart from stable stationary states, cexplonstationary structures are
formed fluctuating both in time and space.

to

In conclusion, we would like to note that the cartcation hysteresis, similar
the hysteresis processes in fluid dynamics, haatl mass exchange,

aerodynamics and magnetism and other processediesmyth the same laws of
the non-equilibrium macroscopic thermodynamic syséeolution.

NOo

11.
12.

13.

References
Tsegelskiy V.G. On application of non-equilibriuhetmodynamics for solving
of hydrodynamic problems and definition of humatiaty influence on Earth
climate //Journal of Advanced Research in Technical ScieR8&7. Issue 6.
P.23-47.
Tsegelskiy V.G. Thermodynamic analysis of the intpafcworld energy and
other aspects of human activity on the approachhefice age on Earth //
Journal of Advanced Research in Technical Scie2@®8. Issue 9-1. P. 5-20.
Pakharukov I.YU., Bekk I.E., Matrosova M.M., Bukjarov V.I., Parmon V.N.
Concentration hysteresis in the oxidation of me¢han nanoscale platinum
particles // Reports of the Academy. 2011. V.438,2\NP. 211-214.
Pakharukov 1.YU., Bobrov N.N., Parmon V.N. Investign of the kinetics of
methane deep oxidation using an improved flow-¢atoon method // Catalysis
in industry. 2008. No 6. P. 11-16.
Yeremin, E.N. The fundamentals of chemical thernmaahyics. M.: Vysshaya
shkola, 1974. 341 p.
Chemist’s reference book, Vol. 1. M.-L.: Khimiy&9@6. 1071 p.
Tsegelskiy V.G. On the application of irreversitbhermodynamics processes
for the calculation of a supersonic ejector opatathodes // News universities.
Engineering, 2015. No 6. P. 26-45.
Tsegelskiy V.G. Hysteresis in magnetics from a fomsiof non-equilibrium
thermodynamics // Journal of Advanced Researcheichiiical Science. 2018.
Issue 10-1. P. 28-38.
Tsegelskiy V.G. Jet devices. M.: MGTU im. N.E. Baama, 2017. 576 p.

. Tsegelskiy V.G., Krylovskiy A.E. Aerodynamic hystsrs from the perspective

of non-equilibrium thermodynamics // Journal of Adeed Research in
Technical Science. 2019. Issue 14-1. P. 45-57.

Getling A.V. Rayleigh-Benard convection. M.: EdidilURSS, 1999. 248 p.
Field R.J., Burger M. Oscillations and Traveling Wa in Chemical Systems.
Wiley-Interscience, 1985. 681 p.

Kepper P., Boissonade J. Theoretical and experahesmalysis of phase
diagrams and related dynamical properties in tHeuB®v-Zhabotinskii system
/I J. Chem. Phys., Vol.7%.1. July 1981. P. 189-195.

75



Cnucok Jureparypbl

1. Ierensckuii B.I'. O npumeHeHNN HEPABHOBECHON TEPMOANHAMUKY B PELICHUH
TUAPOIMHAMUYECKHIX 3a1aqy u B orpezesIeHun BO3/ICICTBUS
JKU3HENEATEIbHOCTH 4esioBeka Ha ximMmar 3ewmumt // Journal of Advanced
Research in Technical Science. 2017. Issue 6.-B723

2. Tsegelskiy V.G. Thermodynamic analysis of the intpzfcworld energy and
other aspects of human activity on the approachhefice age on Earth //
Journal of Advanced Research in Technical Scie2@#8. Issue 9-1. P. 5 20.

3. TlaxapykoB W.1O., bekk N.D., Marpocora M.M., byxtusapos B.U., [lapmon
B.H. KonneHTpallMOHHBIA THCTEPE3UC B pPEAKLUUU OKHUCICHUS METaHa Ha
HaHOPa3MepHBIX yacThiiax miatuisl // Jloknaaer Akagemun Hayk. 2011.T.439,
Ne 2.C.211-214.

4. TlaxapykoB WN.FO., boopor H.H., Ilapmon B.H. HccrnemoBanue KWHETHKH
I‘JIy6OKOI‘O OKHCJICHHUSI MCTaHa C HUCIOJIb30BAaHUCM YCOBCPHICHCTBOBAHHOI'O
POTOYHO-IUPKYJIsIoHHOro Merona // Karanmus B mpomsbinutenHoctu. 2008.
Ne6. C. 11-16.

5. Epémun E.H. OcHOBBl xuMuueckod TepmMoauHamuku. M.. Beicmias mkorna,

1974. 34%.

CnpaBounuk xumuka, T.1. M.-JI.: Xumus, 1966. 107k.

Herensckuit B.I'. O npuMeHeHNH TepMOJUHAMUKHA HEOOPATUMBIX MPOIIECCOB B

pacdyerax peXHMOB pabOThl CBepX3ByKOoBoro kekropa // W3B. Bys3os,

MammHoctpoenue. 2015.Ne 6. C. 26-45.

8. Uerensckuit B.I'. I'mctepe3suc B MarHeTusme ¢ IO3UIIMHM HEPABHOBECHOM
tepmoaunamuku // Journal of Advanced Research in Technical SEe2018.
Issue 10-1. P. 28-38.

9. Uerensckuit B.I'. Crpyitasle anmaparel. M.: MI'TY um. H.3. baymana, 2017.
576c¢.

10. Tsegelskiy V.G., Krylovskiy A.E. Aerodynamic hystsis from the perspective
of non-equilibrium thermodynamics // Journal of Adeed Research in
Technical Science. 2019. Issue 14-1. P. 45-57.

11. I'etnunr A.B. Konseknust Panes-benapa. M.: Dauropuan YPCC, 1999. 248.

12. ®ung P., byprep M. KonebGanus u Oerymye BOJHBI B XHMHYECKHUX CHUCTEMAaX.
M.: Mup, 1988. 72C.

13. Kepper P., Boissonade J. Theoretical and experahesmalysis of phase
diagrams and related dynamical properties in tHeuB®v-Zhabotinskii system
/Il J. Chem. Phys., Vol.73.1. July 1981. P 189-195.

No

Hereaxsckuii Banepuii I'puropbreBny — Tsegelskiy Valery Grigorievich — doctor of
JIOKTOp TeXHUYECKUX HAYK, [NIaBHbIM HayuHblit | technical sciences, chief scientist of Baumat
COTPYIHHUK, MOCKOBCKHH roCy1apcTBEHHBIN Moscow State Technical University, Moscow,

TexHuueckuil yauepcuret uM. H.D. baymana, | Russian Federation, user46@post.ru
r. Mocksa, P®, user46@post.ru

Received 06.06.2019

76



