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Abstract. The process of catalytic hydrogenation of furfural diethyl acetal to ethyl furfuryl ether on the
different catalysts (palladium, palladium-rhenium and copper-ruthenium on Sibunit in reduced forms)
was studied. It was found that hydrogenation of the furan ring with the formation of THF diethyl acetal
occurs on all the catalysts. Ethyl furfuryl ether becomes the main product while carrying on the second

hydrogenation cycle on spent palladium catalyst (yield and selectivity up to 55 % and 85 %, respectively).
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Karanurnyeckoe rugpupoBanue JudTuiaaneraas pypdypoaa

B 3Ty pPypu10BbIi dPup
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AnHoTanus. M3yden npoiecc KaraIuTHYECKOro TUAPUPOBAHUs AudTHIaLeTans Gpypdypoiia
B 3Ty py pHIOBEIH (P HA Pa3INYHBIX KaTann3aropax (Mamuiaanii, naua ui-peHnii 1 MeIb-py TeHUI
Ha CuOyHHUTE B BOCCTAHOBICHHBIX (pOpMax). YCTAHOBIICHO, YTO HA BCEX KaTajlu3aTopax MpPOTEeKaeT
Tporece ruApupoBaHus (pypaHoOBOTro Kojblia ¢ obpazoBanueM austmianerais TI'D. [Tokazano, 4To
OCHOBHBIM ITPOJIYKTOM BTOPOTO LIUKJIa TUAPOreHU3aIH HAa OTPA0OTAHHOM I1aJ1JIa/INEBOM KaTalln3aTope

cTaHoBHUTCS STUI(PY PPy prIoBbIi 3¢hUp (BBIXOA M CEIEKTUBHOCTH 110 55 1 85 % COOTBETCTBEHHO).

Karouesbie ciaoBa: 3Ty pdypritoBsiil a¢up, tudtunanetars Qypdypona, KaTaIUTHIESCKOE

TUAPUPOBAHUE, TATIJIATUCBBIC KaTaJIU3aTOPLI.

Iutuposanue: Tapabansko, B. E. Karanutnueckoe ruapuposanue qudtunaneraits Gypdypona B oty pdypriioBeii a3Gpup
/ B.E. Tapa6ansko, 1. JI. Cumakosa, M. A. Cmupnosa, K.JI. Kaiiroponos / Xypu. Cu6. ¢penep. yu-ta. Xumus, 2021, 14(3).
C. 281-289. DOI: 10.17516/1998-2836-0237

Introduction

The processing of renewable plant materials into biofuels is an intensively developing field of chemical
and biotechnological research, the basis of future chemical technologies. Products of this type are obtained
either by biochemical methods (ethanol, butanol, etc.), or by chemical methods (products of pyrolysis,
hydrolysis, etc.). Acid-catalyzed conversion of hexose carbohydrates are characterized by relatively
high rates compared to enzymatic and limited product assortment(mainly 5-hydroxymethylfurfural,
5-HMF and levulinic (4-ketopentanoic) acid (LA) and their ethers and esters [1, 2]. A limited product
assortment distinguishes hydrolysis processes from pyrolitic technologies. Promising additives to gasoline
(2,5-di-methylfuran, DMF, research octane number (RON)= 119) [3,4] and diesel fuels (butyllevulinate,
butylvaleroate) are obtained by catalytic hydrogenation of these products and their esters.

Methods for synthesis of biofuels based on furfural (FAL), an available product of pentose acid-
catalyzed conversion, are being developed in Russia and abroad [3,6—8]. It should be noted that agricultural
waste from herb plants, from which the FAL production is most effective, can be cheaper than wood waste,
from which 5-HMF can be obtained [5]. One of the most promising products of furfural hydrogenation,
2-methylfuran (MF, RON = 131), passed road tests (90,000 km) in a mixture with gasoline successfully
[3]. Furfuryl alcohol (FA) has a high RON = 134 [6].
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The possibility of synthesis of 2-ethoxymethylfuran (ethyl furfuryl ether, EFE) with a yield of
30-50 % by direct FA alkylation over zeolite and sulfuric acid catalysts was shown and its octane
number (RON = 110) was determined [7]. The octane numbers of butyl furfuryl and propyl furfuryl
ethers were estimated (98 and 113, respectively) [9, 10]. It should be noted one advantage of alkyl
furfuryl ethers in comparison with methyl furans — a half of the stoichiometric hydrogen consumption
while they are obtained from FAL. Traditional methods of obtaining alkyl furfuryl ethers, however, are
extremely expensive and complicated [11, 12], or low selective: the FA acid-catalyzed alkylation by the
ethanol gives 30 %—50 % product yield [7]. It can be explained by the side acid- catalyzed processes
of FA resinification and its conversion to levulinic acid. These specific limitations of the FA alkylation
require the search for other methods for the preparation of alkyl furfuryl ethers. Recently ethyl furfuryl
ether was obtained by direct alkylation of FA by the ethanol on a zirconium-modified SBA-15 catalyst
with a yield up to 87 % [13].

More promising process for the production of alkyl furfuryl ethers is the hydrogenation of
FAL (or 5-HMF) in alcoholic media [14—17]. Propylfurfuryl ether with a yield of 10-19 % was
obtained by FAL hydrogenation in propanol on copper-ruthenium and platinum catalysts. It has been
shown that propylfurfuryl ether under these conditions is formed mainly not from FAL, but from
its acetal [10]. It has been shown that 5-HMF hydrogenation in propyl alcohol on a Pd/C catalyst
gives 5-hydroxymethyl-2-propyloxymethylfuran with a selectivity of more than 80 % [14]. Furfural
in 2-butanol on a tin-containing zeolite is hydrogenated to form 2-(2'-butyl-oxymethyl)furan (58 %
selectivity and 86 % FAL conversion) [15]. EFE was obtained by FAL hydrogenation in ethanol on a
Pd/C catalyst with 83 % selectivity and 98 % FAL conversion [16]. Propyl and butyl furfuryl ethers
were obtained on a CuRu/C catalyst with selectivity of 62 and 41 %, respectively [17].

The papers [10, 14-17] assume that the formation of alkyl furfuryl ethers proceeds through
the stages of formation and hydrogenolysis of acetals of furfural or 5-HMF. Consequently, the
hydrogenolysis of FAL acetals into the corresponding ethers may gives alkyl furfuryl esters with better
yields and selectivity (Fig. 1) compared to the processes of hydrogenation of FAL alcoholic solution.

The acetal hydrogenation to ethers is rarely considered in the literature for two reasons. First,
the acetal group is quiet inert and is used to protect the carbonyl group in the hydrogenation of other
molecule parts. Second, in most cases except furfuryl alcohol, ethers are easily synthesized by direct
alkylation. It is known that 5-chloromethylfurfural acetal is easily hydrogenated into DMF on Pd/C
catalyst [18].Hydrogenation of 5-butoxymethylfurfural in butanol is accompanied by the formation of
an acetal, and 2,5-dibutoxymethylfurfuran and 2,5-dibutoxymethyltetrahydrofuran, products of the
hydrogenolysis of 5-butoxymethylfurfural dibutylacetalwere registered as the products of the process
[19, 20].

OR
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(FAL) dialkyl acetal

Fig. 1. Scheme of alkyl furfuryl ether synthesis
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The goal of this work is to study the possibilities of EFE synthesis by catalytic hydrogenation of
furfural diethyl acetal (2-(diethoxymetyl)furan, FDEA).

Experimental part

Starting materials and reagents. FAL (98 % of the basic substance, Acros Organics) was
used without additional purification. Technical calcium oxide was calcined; ethanol was distilled
over calcium oxide at atmospheric pressure. FDEA was obtained by direct interaction of FAL with
ethanol [21]. To shift the equilibrium, a solution of furfural in ethanol (1:3 mol/mol) was kept at room
temperature for 30—60 days in a desiccator with calcium oxide at the bottom as a dehydrating agent.
The obtained FDEA was washed by water to remove unreacted furfural and ethanol. The organic
phase was dried with calcined potassium carbonate and distillated at 18—20 torr and b. p. 83—85 °C.

Synthesis of hydrogenation catalysts.The catalysts were prepared by the deposition of
active components on a mesoporous Sibunit (SSA = 355 m?/g) [22] and TiO, (SSA = 110 m?/g)
fraction 40—70mkm. The 6 % Pd/C catalyst was synthesized by impregnating the Sibunit by
PdCl, solution followed by reduction to metallic palladium in a hydrogen stream when heated to
250 °C with a heating rate of 1.5 °C/min [23]. The 2 % Pd/TiO, catalyst was prepared by incipient
wetness impregnation. This catalyst was reduced in a temperature programmed regime till 400 °C
(temperature ramp 2 °C /min) [24].

The synthesis of a bimetallic catalyst 8 % CuRu (atomic ratio of metals copper/ruthenium = 3:1)
was carried out by the joint impregnation of 0.2 M RuCl; and 0.5 M Cu (NO3), aqueous solutions
by according to the moisture capacity of the carbon support. The dried catalysts were reduced by
hydrogen for 6 hours, raising the temperature to 360 °C at a rate of 2K/min. Before being unloaded
from the reactor, the catalyst was passivated with gaseous nitrogen containing ~ 0.002 wt.% of oxygen.

Characterization of catalysts. The metal content on a carbon support was determined by X-ray
spectral method on a VRA-30 fluorescence analyzer with a chromic anode of X-ray tube. The specific
surface areas of the samples were determined by thermal nitrogen desorption using a Sorptomatic
1900 specific surface area analyzer.

The HRTEM analysis was carried out on a JEM-2010 high-resolution transmission electron
microscope (Japan) with a grating resolution of 0.14 nm and an accelerating voltage 200 kV. The

average particle diameter (at least 250 particles) was calculated using the following formula:
> (xd,)

Elemental analysis of samplesurface (EDX) was carried out with an EDAX DX-4 energy dispersive

d , X; —number of particles with diameter d; )

X-ray detector (Ametek Inc., USA). The analyzed surface area was 150-300 nm?.

FDEA hydrogenation. Hydrogenation was carried out in a glass reactor with a reflux condenser
at 60 °C. A catalyst (standard weight 0.2 g) was loaded into the reactor, followed by pretreatment for
1 hin a stream of hydrogen at 200 °C. The initial reaction mixture was a FDEA solution (0.24 ml) and
a solvent (20 ml). Hydrogen from the balloon was preliminarily passed through a column with a Ni-Cr
catalyst for purification from oxygen impurities and through a column with a sorbent for purification
from water impurities, and then fed into reactor. The reaction products were sampled and analyzed by
GC/MSand GLC.
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Analysis of the reaction mixture. The condensed products were identified by VG-7070 GC/MS
(30 mx 0.2 mm Silicone SE-30 column) and Agilent 5973N EI / PCI (30 mm x 0.25 mm HP-5ms
column). Quantitative analysis of the reaction mixtures was carried out GLC on an LKhM-80 (NPO
Agropribor) with a flame ionization detector and quartz packed column 2.0 m x 2.0 mm filled with
Chromosorb 101 sorbent modified with 5 % FFAP and nitrogen as carrier gas.The chromatograms

were processed using the Gepard software package.

Results and discussion

Influence of the catalyst nature on FDEA hydrogenation. Table 1 presents effect of the
catalyst nature on the hydrogenation process. The FDEA hydrogenation gives tetrahydrofuran diethyl
acetal (THFDEA, single product stable for 5—10 hours) fast and selectively on a palladium catalyst in
hexadecane at 100 °C (Table 1). The palladium-rhenium catalyst is inactive in the process of FDEA
hydrogenation: the substrate conversion in 10 hours does not exceed 50 %, and the yields of EFE
and THFDEA do not exceed 5 %. Copper-ruthenium catalysts in oxidized and reduced forms are
practically inactive at atmospheric pressure — the FDEA concentration practically does not change for
6 hours, and the yield of THFDEA, the main product, does not exceed 2—4 mol.%.

The results obtained show that the dominant route in the processes with all studied catalysts is the
FDEA ring hydrogenation with the THFDEA formation. EFE, the product of C-O bonds hydrogenolysis
in a ring substituent, is practically not formed. Based on the results obtained, a more detailed study of
the process was carried out on the most active catalyst, palladium on Sibunit.

Influence of the FDEA concentration and the state of the palladium catalyst on the
hydrogenation process. Fig. 2—4 show the dependences of the FDEA conversion and the accumulation
of products, THFDEA, EFE and FA on FDEA concentration and the state of the catalyst (initial and

one cycle spent).

Table 1. Influence of the catalyst nature on the FDEA hydrogenation. Experimental conditions: 0.24 ml FDEA, 20
ml tetrahydrofuran (THF), 0.1 g catalyst, 60 °C, 1 atm H,

Catalyst Time, h. FDEA, mM THFDEA, mM EFE, mM
0 72.8 0 0
6 % Pd/C* 55 1,64 70,8 0
11 0,21 73,4 0
0 69,7 0 0
3,0 69,7 0,08 0
8 % CuRu/C
4,5 68,0 0,17 0,20
6,0 71,6 0 0
3,0 68,5 0,17 0
8 Z‘; fuucl:g)/c 45 68,6 0,18 0
6,0 66,5 0,26 1,13
1 % Pd+ 8 41,3 2,07 0,40
4 % Re/TiO,, 60 °C 10 30,8 1,77 2,00

*hexadecane, 100 °C.
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Fig. 2. Kinetic dependences of FDEA hydrogenation process on an initial Pd/C catalyst (left) and one cycle spent
(right).0.071 M FDEA in THF, 0.5 % catalyst, 60 °C, atmospheric pressure, hydrogen flow into the reactor
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Fig. 3. Kinetic dependences of FDEA hydrogenation process on an initial Pd/C catalyst (left) and one cycle spent
(right). 0.142 M FDEA in THF, other conditions see Fig. 2
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Fig. 4. Kinetic dependences of FDEA hydrogenation process on an initial Pd/C catalyst (left) and one cycle spent
(right). 0.284 M FDEA in THF, other conditions see Fig. 2
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The most important regularities of hydrogenation are observed while going from the initial
catalyst to the one cycle spent catalyst. The first, for all three concentrations, a tenfold or more increase
in the hydrogenation rate is observed passing from the initialcatalystto the spent one. The second is the
change of the process selectivity: the products of ring hydrogenation are obtained on an initial catalyst,
and the products of the acetal substituent hydrogenolysis, primarily EFE, are formed on a one cycle
spent catalyst. The EFE maximum yield exceeds 55 mol.%, and the selectivity reaches 85 % (Fig. 2).
This selectivity is in good agreement with the best literature data [16].

The change of selectivity of heterogeneous catalytic processes during the catalyst deactivation is
well known, and it is often caused by coking the active surface of the catalyst crystals. Usually such
change of selectivity is accompanied by a decrease in the overall process rate [25].

The growth of catalyst activity during a processis quiet rare but known phenomenon. There are at
least two possible mechanisms for increasing the rate of heterogeneous catalytic process with catalyst
aging. The first consists in the destruction of catalyst particles, up to the dissolution of its active
components and transition of process to homogeneous regime. The second is palladium migration
from inner pores of catalyst grain to its external surface, and this can lead to an increase of liquid-
phase process rate, as the availability of the internal surface of the catalyst grain is strongly limited by
low diffusion rates in a liquid phase [26].

As for the considered process, more specific explanation is possible for changing the selectivity
and rate during the transition from initial catalyst to one spent a cycle. It was found that hydrogenation
of double bonds of the ring with the formation of tetrahydrofurfuryl alcohol occurs mainly in the
FAL hydrogenation on reduced forms of a palladium catalyst, while oxidized forms of palladium
catalyze the hydrogenolysis of C — O bonds of alcohol and carbonyl substituents with MF formation
[27]. Probably, this effect takes place during the transition from initial (reduced form) to a spent
catalyst (oxidized form) as a result of contact with air during reloads. This change of oxidation state
of active metal can lead to changing the hydrogenation route [6, 27] and increasing the catalytic

process rate.

Conclusion

The process of furfural diethyl acetal catalytic hydrogenation has been studied. On all studied
catalysts (reduced forms of palladium, palladium-rhenium, and copper-ruthenium on Sibunit),
tetrahydrofuran diethyl acetal is formed as the main product, i. e. the main route is a furan ring
hydrogenation.

It was found that when the second hydrogenation cycle is carried out on a spent palladium catalyst,
the reaction rate increases by an order of magnitude and ethyl furfuryl ether becomes the main product
of the second hydrogenation cycle (yield and selectivity up to 55 % and 85 % respectively). This
catalyst behavior is probably associated with the oxidation of active surface of palladium catalyst as
a result of its contact with air when the catalyst and reagents are reloaded. Such a conclusion on the
behavior of palladium catalysts in the processes of hydrogenation of furan derivatives (hydrogenation
of furan ring on reduced forms and hydrogenolysis of C — O bonds of substituents on the oxidized

palladium) was made in [6, 27].
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