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Abstract. Introduction. Furfural is a five-membered heterocyclic aldehyde of the furan series,
which is an important biomass-derived compound. Its hydrogenation product, furfuryl alcohol, has
numerous industrial applications. The selective hydrogenation of furfural has attracted interest for the
development of efficient catalytic processes. In this study, attention is given to alloyed copper catalysts
modified by ferroalloys for the hydrogenation process. The purpose of this work is to develop a process
for the selective hydrogenation of furfural to furfuryl alcohol. The researchers developed highly active
suspended alloyed alumina-copper catalysts, incorporating ferroalloys as promoters. Specifically, skeletal
copper catalysts with 70% aluminum content were prepared, and ferroalloy additives such as FMo
(ferromolybdenum) and FMn (ferromanganese) were introduced. The catalytic activity was studied under
different technological conditions by monitoring the hydrogenation of furfural. Results and Discussion. It
was found that the promoting effect of FMo and FMn is associated with the formation of new MeAls
compounds, inclusions, and eutectoids in the alloys, which remain in the non-alkaline state of the leached
catalysts. Among the tested multicomponent copper catalysts, the activity order increased as follows: Cu-
70% Al < Cu-FMn < Cu-3% FMo < Cu-FMo + FMn. Conclusion. The study demonstrates that alloyed
copper catalysts promoted with ferroalloys, particularly a combination of FMo and FMn, exhibit enhanced
catalytic activity and selectivity in the hydrogenation of furfural to furfuryl alcohol. These findings
contribute to the development of more efficient catalytic systems for biomass-derived chemical
transformations.
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1. Introduction

Carbohydrate-containing plant raw materials and its waste are quite
promising alternative resource for the production of valuable chemical
compounds. Their advantages are in renewability, or even practical
inexhaustibility [1-5].

It is well known that climate change, the prospects for the development of oil
resources and the rise in prices for them forced the world to look for alternative
ways to acquire valuable chemical substances and fuels. In recent years,
technologies for the production of the most important chemicals for the chemical
and automotive industries from biomass are actively developed [6-8].

For example, furan derivatives are obtained by catalysis from sugars
contained in biomass [6]. The furans are in the latest "technological roadmap™ of
biofuels for transport, compiled by the International Energy Agency [9].

The five-membered heterocyclic aldehyde of the furan series - furfural and
products of its processing have long attracted the attention of researchers as an
initial object for the synthesis of new compounds. [10].

Furfural is obtained by the catalytic dehydration of hexoses or pentoses [7].

Furfural is also present in bio-oil obtained as a result of rapid pyrolysis of
biomass [11,12]. This brown viscous liquid contains many oxygen-containing
compounds that give the oil undesirable properties, which makes it unsuitable as a
fuel for transportation [13]. Hydrogenation of bio-oil eliminates the most reactive
oxygen-containing groups, which, in turn, are the least desirable for all
components [14-15].

Another of the most promising areas of chemical processing of furfural is its
catalytic hydrogenation to furfuryl alcohol. This compound is in great demand in
the chemical, textile, construction, engineering and aviation industries.

On the basis of furfuryl alcohol get anticorrosive materials, resistant to acids
and alkalis. In a mixture with polyvinylbutinol, furyl resin is used as varnishes,
mastics and adhesives. A mixture of furfuryl alcohol with nitric acid is used as a
fuel for jet engines. Furfuryl alcohol based resins have a number of very valuable
properties, including mechanical and thermal stability. In addition, furfuryl
alcohol is the starting material for the synthesis of various furan and aliphatic
products [16].

The authors [17] studied the hydrogenation of furfural, on a Cu / SiO;
catalyst at 230-290 °C. Detailed kinetics, density function calculations (DFT) and
spectroscopic studies were combined to research this reaction. It was established
that the Langmuir-Hinshelwood model fits well with kinetic data and provides
parameters of physical significance.

In this regard, the development of optimal catalysts for furfuryl is a
significant problem. This is due to the fact that there is practically absent data of
systematic research on the process hydrogenation of furfural on multicomponent
copper catalysts. In particular, the influence of the nature of the metal of the
catalyst, modifying additives, and technological parameters has not been studied.
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2. Experimental part

The following multicomponent catalysts were the objects of the study:
skeletal aluminum-copper (70% Al) catalysts with modifying additives of
ferromolybdenum - FMO and ferrmanganese - FMn and simultaneously
ferromolybdenum and ferromanganese;

The original alloys were prepared in a high-frequency melting furnace
according to the previously developed technology. In the quartz crucible, the
calculated amount of aluminum was loaded in the form of pieces of 3-5 mm in
size and heated to a temperature of 2000-1100 °C.

Melt mixing was carried out with an induction field for 3-5 minutes. Then
the melt was poured into graphite molds and cooled in air. In the future, the alloys
were crushed by hand and sieved through a sieve with a cell diameter of 0.25 mm.
The catalysts were prepared by leaching the alloys with a 20% aqueous solution
of caustic soda in a boiling water bath for 1 hour. The main hydrogenated
compound is the five-membered cyclic aldehyde of furan series — furfural.

Experiments on the hydrogenation of furfural on suspended catalysts were
carried out in a special autoclave with a capacity of 250 cm?® with vigorous stirring
of the reaction medium. The washed catalyst together with an agueous solution of
furfural was loaded into the reactor.

Then the reactor was purged with hydrogen and sealed. The process of
hydrogenation of furfural was controlled by sampling after 10 minutes. The
duration of most experiments was 60 minutes. Reaction conditions varied over
wide limits: temperature 40-120 °C, hydrogen pressure 4-12 MPa.

200 cm® of a 10% aqueous solution of freshly distilled furfural were used for
hydrogenation. The amount of catalyst is 0.45 g. The catalyst activity was
evaluated by the reaction rate (W) of hydrogenation, expressed in g of furfuryl
alcohol (PS) per 1 g of catalyst per 1 hour (W, g / g'hour).

Analysis of the products of furfural hydrogenation was performed by gas-
liquid chromatography on a Chromo-4 chromatograph with a flame ionization
detector. Polyethylene glycol-6000 was used as the stationary phase, and the inert
solid carrier was a chromatone with granule size of 0.10-0.25 mm.

The quantitative composition of the products was determined by peak area
using correction factors.

3. Results and Discussion

In this section, was studied the catalytic activity of skeletal copper (70% Al)
catalysts with the additives of FMo, FMn, FMo, and FMn in the reaction of
furfural hydrogenation under conditions of a wide variations of technological
parameters. The results of the experiments are presented in table 1 and figure 1.

From the data table 1 it can be seen that hydrogenation of furfural on skeletal
copper (70% Al) catalysts with the additives of ferroalloys is carried out
selectively to ferroalloys, the rate of formation of which essentially depends on
both the nature and the content of modifying ferroalloys.
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Table 1 — The results of hydrogenation of furfural on skeletal copper (70% Al) catalysts with the additives
of ferroalloys. Conditions: 200 cm? of a 10% aqueous solution of furfural; 6 MPa, 0.45 g of catalyst

W,
. . K Ea
0, 0, 1 )
Additive, weight % t,°C 9 bl KDJ/ mole
g-h
1 2 3 4 5
% 5.4 0.904
Cu(70%Al) 120 257 4.2751 58.9
60 273294 | 11.2534-121310 140
1,0-10%FMo % 341-353 | 16.6468-17.2530 o
120 42.0-446 | 24.4395-25.9346 :
60 21.4-27.7 3.5878-4.6126 258
1,0-10%FMn 9 28.3-33.8 47084-5.6311 o
120 38.4-45.0 6.4034-6.8411 :
60 348313 | 16.9775-17.5288
0,
SRR % 402-39.0 | 23.3882-22.6660 12
120 49.0-481 | 34.7815-34.0602 :

So, the addition of 1+10% FMo or FMn, simultaneously 3% FMo and
1+10% FMn in Cu-70% Al the alloy increase the rate of hydrogenation of furfural
at 90 °C and 6 MPa, respectively, 6.3-8.1; 5.2-6.8 and 7.4-8.1 times. Cu-5% FMo,
Cu-7% FMn, Cu-3% FMo-5% FMn catalysts are most active. The magnitude of
the apparent (Eseming) Activation energy of the hydrogenation process on
promoted catalysts in the range of 60-900C ranges from 11.3-12.7 kJ / mol (on
Cu-FMo catalysts), 20.9-22.8 kJ / mol (on Cu-FMn contacts) and 8.8-13.3 kJ /
mol (on Cu-FMo-FMn catalysts), and in the range of 90-1200C - 13.4-16.0 kJ /
mol (on Cu-FMo and Cu-3% FMo-FMn contacts), 25.0-26.0 kJ / mol (on Cu-
FMn catalysts), and it mainly decreases with increasing activity of the catalysts.
In general, modifying ferroalloys lower the activation energy of hydrogenation. In
terms of Eseming it Can be judged that the reaction is mainly limited by the
activation of furfural on the surface. In fig. 1 graphic dependences of the rate of
hydrogenation of furfural at 90 °C and 6 MPa on skeletal copper (70% Al)
catalysts on the nature and content of ferroalloys in Cu-70% Al alloys are
presented. From fig.1 it is seen that the curves of the rate of hydrogenation of
furfural pass through the maxima corresponding to 5% FMo or 7% FMn, 3%
FMo and 5% FMn.
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Figure 1 — Dependence of the rate of hydrogenation of furfural at 900 °C and 6 MPa on the
content of FMo (*), FMn (x), FMo and FMn (A) in copper alloys.

The promoting effect of FMo and FMn is due to the formation in alloys of
new MeAl; compounds, inclusions and eutectoids, which non-alkaline states are
part of leached catalysts. Modifying ferroalloys crush crystals of skeletal copper
(70% Al), increase the specific surface, the concentration of the fraction of
particles with rmax = 1 pm, the pore volume and effective radii, the sorption
capacity of catalysts for hydrogen.

They reduce the energy of the K°—H°" energy bond, which has a positive
effect on the activity of skeletal copper (70% Al) in the reaction of selective
hydrogenation of furfural to furfuryl alcohol.

The increase in the rate of hydrogenation from the content of alloying
ferroalloys in the alloys is apparently due to the presence of their components in
the alloy of the intermetallic compound CuAly, eutectic (Al + CuAly), non-
leached compounds, inclusions.

The decrease in the activity of catalysts after maximum is associated with the
formation of new compounds, inclusions, eutectoids, which are included in
catalysts in undiluted states, increasing the particle size and thereby reducing the
specific surface and the total number of active centers on the surface. The studied
multicomponent copper (70% Al) catalysts with the addition of ferroalloys,
according to their increasing activity, are arranged in a row: Cu-70% Al <Cu-
FMn <Cu-3% FMo <Cu-FMo + FMn. This series approximately corresponds to
an increase in the sorption capacity for hydrogen and the specific surface of the
studied catalysts.
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4. Conclusion

Thus, we have identified a certain dependence of the activity of the catalysts
developed by us on their physicochemical properties. Comparison of the
selectivity with data of granulometric composition and parameters of the porous
structure shows that catalysts with an average particle diameter of 0.3-0.4 pm and
a pore volume of 0.04-0.05 cm® / g with an effective radius of 28-31A turned up
most favorable for saturation > C = O — bond conjugated with a furan ring.

It was determined that the selectivity and stability of the catalysts depend on
the binding energy of the adsorbed hydrogen. A significant weakening of the
strengths and an increase in the volume of weakly adsorbed H; in promoted
catalysts causes a violation of their (PS) selectivity. Modifying additives, which
are included in the catalysts in the form of oxides, undiluted intermetallides,
enrich the leaching products of relatively strongly adsorbed forms of H, which
ensures high stability of contacts during long-term operation.

The activity and stability of the catalysts increase in the following sequence:
Cu-70% Al <Cu-FMn <Cu-3% FMo <Cu-FMo + FMn. The selectivity of the
process in this series increases in the reverse order.

Conflict of interests: The authors declare that there is no conflict of interest between the
authors that requires disclosure in this article.
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Tyiiingeme: Kipicne. ®ypdypon — ¢ypaH KarapslHbIH Oec MymIeldi TeTepOLUKIAlI albAeTuai, Ol
OuomaccaziaH aJIbIHaTBIH MaHBI3bl KOCBUIBIC 00BN TaObu1aabl. OHBIH IHApIEHY oHiMI — Gypbypun
CHHMPTI — KONTEreH OHEpKACINTIK cananapia KOJIaHbeic Tabanbl. Oypdyponipl CENeKTHBTI THUApICY
THIMJI KaTaIUTHKAIBIK IIPOLECTEp/i jKacayFa YIKEH KbI3BIFYIIBUIBIK TYIBIPBIN OTHIP. byn 3eprreyme
bypdyponael  Tuapiaey mpoueciHAe (eppoKocnanapMeH MOAW(HKALMIIAHFAH KOPBITHAJIBI  MBIC
KaTaJlM3aTopJIapblHa epeKIle Hasap aygapbulnbl. JKymsicmuiy maxcamel Gyphyponnsl  Gypdyprr
CIHUPTiHE CENeKTUBTI Typle THApJIey IpoleciH skacay. FampMmap deppokocmamapMeH KYIIEHTINITeH,
OeJiceHaTiri JKOFaphl, AIIOMHHHI MEH MbIC KOPBITIIACHIHAH JKAaCallFaH, CYyCIIEH3HWs TYpiHIer]
KaTalm3atopyiapipl o3ipiemi. ATan aiiTkaHnma, KypambiHma 70% amroMUHHR 0ap KaHKAJIBIK MBIC
KaTaJlM3aTopiIapsl JadsrHaasI, onapra Geppomonubaer (FMo) sxone deppomapraner; (FMn) KochIHIEL
TYpinzae enrisinnmi. Karanurukanslk OelIceHIUTIK opTYpJli TEXHOJOTHSIIBIK JKarnaitapaa GpypdyponasH
THIpJICHYiH OaKpUIay apKbUIbl 3epTrenmi. Homuowcenep men mankoiiay. FMo men FMn-HbIH KyIIeWTKiII
ocepi KopbITnanapaa »kaHa MeAls KOCBUIBICTAPBIHBIH, KOCBIHABUIAPIBIH JKOHE OBTEKTOMITAPIIbIH
TY3UTyiMeH OailIaHBICTBI €KeHI aHbIKTaIAbl. Onap CInTici3 KyHiHAe MIafbUIFaH KaTalu3aTopiapblH
KypaMbIHIIa CaKTanajpl. 3epTTEIreH KOm KOMIIOHEHTTI MBIC KaTalu3aTopiaphl apachiHaa OeICeHALTIKTIH
ecy Tapribi kenecigeit 6omapr: Cu-70% Al < Cu-FMn < Cu-3% FMo < Cu-FMo + FMn. Kopuimwinoei.
3eprrey HoTHXKeciHIE (eppokocnamapmeH, ocipece FMo mMen FMn koMOMHanmsCHIMEH KYIICHTiNIeH
KOPBITIIANIBI MBIC KaTanu3atopiapbl Gypobypoinst ¢ypdypun cnupTiHe CEIeKTHBTI TYpAe THIpISY
MPOIIECIHE KOFAphl KaTATUTHKAJBIK OCNCEHAUTIK MEeH CEIeKTUBTUIIK KOpPCEeTeTiHI manmenaeHai. by
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HOTHIKelep OnoMaccaaH allbIHATBIH XUMUSIIBIK KOCBUIBICTAPABIH THIMAI TYpJICHYIH KaMTaMachl3 €TETiH
KaTaJIN3aTOPIIBIK XKyHeJep/i JaMbITyFa 63 YJIECiH KOCa/Ibl.

Tyiiinai ce3mep: cyrekteHzmipy, ¢ypdyporn, dypdypmnni crnupr, mpomecc, Kyiima, KaTaiauzaTop,
MIPOMOTHPIIEY.

Keoenvoaes baxvimowcan Illunmup3aesuu Texnura ebiiblMOapbIHbIY OOKMOPbL
Typmabaee Capcenoex Koumaoaesuu Texnura ebiiblMOapbIHbIY OOKMOPbL

Jlaxanoea Kynzaoa Mepzenbaeena AybLn wapyautbLiblk, 2bL16IMOAPbIHbIY 0OKMOPbL
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Pe3tome. Bseoenue. Oypdypos1 — 3TO NATHWICHHBIH TeTEPOLMKIMYECKUI anbaeru] GpypaHOBOTO psija,
MPE/ICTABISIONINI cO00H Ba)KHOE COEAMHEHHME, MONIydaeMoe U3 Ouomacchl. [IpolyKT ero ruapupoBaHus
— (GypdypHIOBbIi CIUPT — IIHUPOKO MCIOIB3YETCS B MPOMBINUICHHOCTH. CeleKTHBHOE THAPUPOBAHUEC
Gbypdypona BbI3bIBaCT UHTEPEC B KOHTEKCTE Pa3pabOTKH 3((PEKTUBHBIX KaTaJUTHYECKHUX MPOLecCOoB. B
HACTOSIIIEM  WCCJICAOBAaHMM  BHMMAHHE  YACJICHO  JICTUPOBAHHBIM  MEAHBIM  KaTalU3aTopaM,
MoauduipoBaHHbIM (eppociuiaBamu. [fens u 3a0auu. OCHOBHAS Lielib JAHHON PabOThI — pa3paboTarsh
MPOLIECC CEJEKTUBHOrO ruapupoBanus ¢ypbdypona 1m0 bypdypunosoro coupra. Memodorozusi.
HccnenoBatenu pa3paboTajii BHICOKOAKTHUBHBIC CYCIICH3UPOBAHHBIC JIETMPOBAHHBIC KAaTallM3aTOPhl HA
OCHOBE OKCHJIa AIIOMUHHS M MeAu ¢ jgobaBieHHeM (eppoCIUIaBOB B KauyecTBE MPOMOTOPOB. beumn
MIPUTOTOBJICHBl KAapKACHBIC MEIHbIE KaTajlM3aToOpbl ¢ coiepikaHueM amoMuHus 70% u mobGaBkamMu
tdeppomonudaena (FMo) u deppomaprania (FMn). Karanmutudeckass akTHBHOCTh HCCIIEAOBAIach MPH
Pa3IMYHBIX TEXHOJIOTHYECKUX YCIOBHSAX IyTEM MOHHTOPUHra peakuud ruapupoBanus (ypdypora.
Pesynomamer u obcyscoenue. YcTaHOBIEHO, 4TO ycwimBatomee neiicteBue FMo m FMn cBszano ¢
o0pa3oBaHHEM HOBBIX coeqUHEHHH MeAls, BKITIOYEHHUIT 1 9BTEKTOHIOB B CIUIABaX, KOTOPBIE COXPAHSIOTCS
B HEKaJMHON (opMe B BBILIEIOYEHHBIX KaTanu3aropax. Cpeau UCClieOBAaHHBIX MHOTOKOMITOHEHTHBIX
MEHBIX KaTaJIn3aTOPOB aKTHBHOCTH BO3pacTaia B ciexyromeM mnopsake: Cu-70% Al < Cu-FMn < Cu-3%
FMo < Cu-FMo + FMn. 3axmouenue. ViccnemoBaHue IOKa3aio, 4YTO JICTHUPOBAHHBICE MEIHbBIC
KaTalM3aTopbl, AaKTUBHPOBaHHBIE (QeppociiaBamMu, ocobeHHO komOuHaimeii FMo wu  FMn,
JIEMOHCTPHUPYIOT TOBBILIEHHYIO KATATUTHIECKYIO AKTHBHOCTD M CEJIEKTHBHOCTD B PEAKIMU THIPUPOBAHHUS
bypbypona 1o dypdypunoBoro crnupra. OTH pe3yibTaThl CIIOCOOCTBYIOT pa3paboTke Ooljee
9 PEKTUBHBIX KaTATUTHIECKUX CUCTEM JUIS TPEBPALICHHS COSANHEHHU, TTOJy4aeMbIX U3 OHOMACCHI.

KioueBsle cioBa: ruaporeHusanus, Gypdypon, dypdypuiioBsiii ciupt, nporece, CluiaB, KaTalu3aTop,
MIPOMOTHPOBAHHE.

Keoenvoaes baxvimoican Illunmup3aesuu  JJoxmop mexHuueckux Hayk

Typmabaes Capcenoek Koumaoaeguu Jlokmop mexnuueckux Hayx
Jlaxanosa Kynzada Mepzenbaesna Jlokmop cenbckoxo3satcmeeHHbIX HAYK
Hlumvibaes Cepukoex Anmuinoexosuy Kanouoam xumuueckux Hayk
Amupoex Apaiiioim bayvipycanosna Mazucmp nedazozuueckux Hayx
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