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Abstract. The problem of the gradual transformation of the modern economy towards greater
production and consumption of ‘green’ energy requires a significant revision of existing
technologies. One of the possible ways to develop green energy is the use of hydrogen as the most
environmentally friendly fuel. Hydrogen can be obtained both by electrolysis, using solar energy,
and using biorenewable raw materials, which can be used as ethanol, biogas, peat, agricultural
waste. At the same time, for regions with a low level of illumination, the production of hydrogen by
electrolysis of water using electricity generated by solar panels is inaccessible, and therefore
the processing of biorenewable raw materials can take a leading position. Bioethanol is a large-
capacity product with a proven production technology that widely uses waste from agriculture and
wood processing. Ethanol can be used as a feedstock for hydrogen generation by means of catalytic
pyrolysis or catalytic steam reforming. Membrane-catalytic steam reforming of ethanol with
the production of hydrogen makes it possible to obtain hydrogen without the use of an additional
purification step, however, the efficiency and stability of the membrane becomes the determining
parameter that ensures the efficiency of the entire process. The degradation of inorganic membranes
during catalytic steam reforming is closely related to the change in porosity as a result of hydrolysis
of the membrane surface. In this connection, the study of the physicochemical properties of
membranes during operation can make a significant contribution to the development of stable
catalytic membranes for hydrogen production. The article presents the results of studying
the physicochemical properties of an inorganic membrane for ethanol steam reforming by
the method of low-temperature nitrogen adsorption. The Langmuir, Brunauer-Emmett-Taylor, t-plot
and Barrett-Joyner-Halenda models were used to estimate the surface change. An increase in
the surface area of mesopores during the operation of the membrane was determined.
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Annomayus. TlpobGnema mocTeneHHol TpanchopMaliu COBpEMEHHOM SKOHOMHUKH B CTOPOHY
00JIbILIET0 TPOU3BOICTBA U MOTPEOSICHUS «3EIEHON» dHEPTUU TpeOyeT CyIECTBEHHOTo MepecMoTpa
CYLIECTBYIOLIUX TEXHOJOTUHA. OIHUM M3 BO3MOXKHBIX IyTE€H pa3BUTHUs 3€JIEHOM HSHEPreTHKU
SBJIIETCS UCII0JIb30BaHUE BOJOPO/ KaK HauboJiee S3KOJOTMYECKU YUCTOro ToluuBa. Bogopon moxer
ObITh TONYyYEeH KaK METOJOM OJJIEKTPOJIM3a, C HCHOJIB30BAaHHUEM OJHEPIMM COJIHIA, TaK U C
HCIIOJIb30BaHUEM OHOBO300OHOBIISIEMOIO CHIPbs, B Ka4€CTBE KOTOPOTO BO3MOXHO HCIIOJIb30BAHUE
sTaHona, Omorasza, Topda, OTXOIOB CEIBCKOTO X03aWcTBa. IIpu 3TOM Ui PErHOHOB € HU3KUM
YPOBHEM OCBEUICHHOCTH IIOJIy4EHHME BOXOPOAA DIEKTPOJIM30M BOJABI C MCIOJIb30BAHUEM
AIIEKTPOIHEPTUHU, BhIPAOATHIBAEMOI COJIHEUHBIMU OaTapesMu, SIBISETCS HEAOCTYIHBIM, B CBSI3U C
yeM nepepaboTka OMOBO30OHOBIISIEMOTO CBHIPhS MOXKET 3aHATh JUAUPYIOLIUE Mo3ulinu.bruosranon
SBJISICTCS KPYMHOTOHHA)XHBIM IMPOAYKTOM C OTPAaOOTaHHOW TEXHOJOTHEW MPOU3BOJCTBA, IIUPOKO
MCTIOJB3YIOIIEH OTXOIbI CENIbCKOTO XO3sICTBE M MepepaboTKH JIPeBECHHBI. JTAHOI MOXET OBITh
UCIIONIb30BaH B KauecTBE ChIpbs MJI1 BBIPAOOTKHU BOJOpOAA MO CPEIACTBAM KaTaJIUTUYECKOTO
MUPOJIM3a WM KaTaIUTUYECKOW NapoBOMl KoHBepcuu. MemOpaHHO-KaTaJuTHUecKas MapoBas
KOHBEpCHUS 3TAHOJIA C TOJYyYEHUEM BOAOPOAA IMO3BOJIAET MOJYYUTh BOAOPOA O€3 MCIOJIb30BaHUS
JOTIOJTHUTEIBHOM CTauy OYMCTKH, OJHAKO, d((EKTUBHOCTh M CTAOMIBHOCTH PabOTHl MEMOpaHBI
CTAaHOBUTCSA OMNPEIENSIONIUM MapamMeTpoM, obecrneuynBaromuM 3()(eKTUBHOCTE paboThl BCEro
mpouecca. Jlerpaganus HeopraHMYeckMXx MeMmOpaH B TMpolecce KaTaTuTHYeCKOM IMapoBoi
KOHBEPCUU TECHBIM OOpa30oM CBsi3aHa C M3MEHEHHEM IIOPUCTOCTH B pE3ylbTaTe TUAPOJIU3a
MIOBEPXHOCTHOCTH MeMOpaHbl. B CBsI3u ¢ ueM m3ydeHus: PU3MKO-XMMHUYECKHX CBONCTB MeMOpaH B
npouecce paboThl MOXKET JaTh CYIIECTBEHHBIN BKJIaa B pa3pabOTKy CTAOMIIBHBIX KaTATUTUYECKUX
MeMOpaH MoJIy4eHHs BOJIoposa. B craTtbe MpUBOIUTCS pe3yinbTaThl U3y4eHUsT (HU3UKO-XUMUYECKUX
CBOMCTB HEOPTaHMYECKOW MEMOpaHBI MMapOBO KOHBEPCUH ATAHOJIA METOIOM HHU3KOTEMIIEPaTYPHOM
azcopOuuu a3zora./ljig OLleHKU U3MEHEHMsI IOBEPXHOCTH OBLIM MCIIOJIBb30BaHbl Mojieiau JleHrMiopa,
bpynayspa-DOmmera-Teiinopa, t-rpadux u monens bappera-Jlxoitnepa-Xanenasl. OmnpeneneHo
yBEJIMYCHHE IO TOBEPXHOCTH ME30I0p B Iporecce GyHKIIMOHUPOBAHUS MEMOPAHBI.

Keywords: membranes, adsorption, bioenergy.
Kniouesvie cnosa: memOpansl, aficopOuus, Ono3Heprus.

Introduction

Green and sustainable economy determine essential demand for green energy production [1,
2]. One possible way to solve this problem is to develop method for hydrogen production from
renewable resources [3, 4]. Green hydrogen can be produced using water electrolysis and bio
renewable resources catalytic pyrolysis, gasification and transformation [5]. Bioethanol can be
considered as bio renewable resource easily produce from agriculture and wood processing wastes
and applicable for hydrogen production [6, 7]. Bioethanol can be converted into hydrogen using
ethanol water gas shift reaction. Efficiency of the process is determined catalysts activity and
selectivity [8]. Typically, Pt, Pd, Ni, Fe, Cu, Zn, Al containing catalysts are used to provide this
process [9]. Catalytic process of bioethanol to hydrogen transformation can be combined with
membrane proses of hydrogen separation [10]. The main problem of such systems is catalyst
deactivation due to surface carbonization and active metals degradation [11]. Therefor insight in
surface change during catalytic membrane operation is essential for understanding ways to decrease
membranes deactivation.

Nitrogen physisorption can be considered as effective method for obtaining membranes
surface characteristics and determination of surface change during membrane work. Typically,
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nitrogen physisorption measurements are provided using static volumetric method, were nitrogen
adsorption determined by mass balance equations and pressure drop in sample sell. For evaluation
of obtained data several models can be used including Langmuir, BET, BJH [12] and t-plot methods
can be used. Langmuir model includes adsorption of one molecular layer on solid surface (1).

P 1 P (1

J— _— + N
V. Vub Vp
Where p — system pressure, Pa; V, — volume of adsorbed gas; V,, — volume of adsorbed
gas forms monomolecular layer; b — correlation coefficient.
Most frequently used Brunauer, Emmett, and Teller model includes possibility of gas
multilayer condensation (2).

P 1 +C—1<P) )
V,(P,—P) V,C V,C \P,

Where Py — saturation pressure of gas; C — gas adsorption constant;
Barrett-Joyner-Halenda (BJH) method is based on Kalvin equation (3).

RT
—In (ﬁ) =oC )
v Po

Where v — molar volume; ¢ — liquid surface tension; C — is mean curvature defined on

formula 4.

1 1 “4)

Where r — interfacial curvature;
The equation 4 can be converted into equation 5.
| P 2yvcos6 ®))
n—=———
P, 1. RT
Where y — interfacial tension, 6 — contact angle of condensed liquid with wall.
t-plot model uses equation (6) to evaluate micropores volume, external surface area and
micropore surface area.

2 13.99 (6)

loglo(%))+0.034

wheret — film thickness;
Application of discussed models for surface characterization gives possibility for evaluation
of membranes surface degradation during its work.

Materials and Methods
Specific surface area and porosity were determined using the following instruments: Becman
coulter SA3100 surface area and pore size distribution analyzer (Coulter corporation, Miami,
Florida), sample preparation device: Becman coulter SA-prep (Coulter corporation, Miami,
Florida). For analysis, the sample is placed in a pre-weighed quartz cuvette, which is installed in the
SA-PREP™ sample preparation instrument. Sample preparation parameters: temperature — 12007;
gas — nitrogen; preparation time — 60 min. After completion of sample preparation, the cuvette is
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cooled and weighed, and then transferred to the analytical port of the BECMAN COULTER SA
3100™ instrument. Gas was sequentially supplied to the analytical cell and the equilibrium pressure
in the system was determined.

Results and Discussions
Initial membrane characterized by Langmuir surface area 1.3 m?®/g, BET surface area 2.9
m?/g, t-plot surface area 25.3 m*/g. BIJH-pore volume distribution (Figure 1) shows that most part of
mesopores have diameter less than 6 nm.
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Figure 1. Pore volume distribution for initial inorganic membrane

Membrane operation for 50 h on stream results in increase of Langmuir surface area 4.7 m?/g,
BET surface area up to 12.3 m?/ g, t-plot surface area 78.4 m?%/ g. BJH-pore volume distribution
(Figure 2) shows shift of average pore diameter to 20 nm.
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Figure 2. Pore volume distribution for membrane from ethanol to hydrogen reaction operation for 50 h
on stream

Membrane operation for 100 h on stream results in increase of Langmuir surface area 7.4
m?/g, BET surface area up to 24.9 m*/g, t-plot surface area 53.9 m*/g. BJH-pore volume distribution
(Figure 3) shows small shift of average pore diameter to region less than 15 nm.
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Figure 3. Pore volume distribution for membrane from ethanol to hydrogen reaction operation for 100
h on stream

Membrane surface degradation during methanol to hydrogen reaction process shows partial
increase of membrane mesoporosity and microporosity that can be explained by partial hydrolysis
of membrane surface with water steam forming during ethanol to hydrogen transformation process.

Conclusions

Membrane surface degradation is a complex problem for inorganic catalytic membranes.
Ethanol to hydrogen catalytic transformation process provided on inorganic membranes strongly
suffers from membrane degradation because of high exothermic effect and high amount of water
forming during the process. After 50 hours on stream Langmuir surface area increase from 1.3 m*/g
to 4.7 m*/g, BET surface area increase form 2.9 m?*/g to 12.3 m*/g and t-plot surface area increase
from 25.3 m*/g to 78.4m*/g. After 100 hours on stream Langmuir surface area increase to 7.4 m*/g,
BET surface area increase to 24.9 m*/g and t-plot surface area decrease to 53.9m*/g.

The reported study was funded by Russian Foundation for Basic Research (RFBR), project
number 20-08-00433 A.
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