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ARTICLE INFO ABSTRACT

Keywords: 2-methyltetrahydrofuran, a biomass-derived chemical, is an important solvent with broad applications in or-
Furfural ganic chemistry. In this study, one-pot conversion of furfural into 2-methyltetrahydrofuran over non-precious
2-Methyltetrahydrofuran metal catalysts was achieved by two-stage packing in a single reactor. The first stage converted furfural into 2-
Hydrogenation

methylfuran over Co-based catalysts, and the second stage converted 2-methylfuran into 2-methyltetrahy-
drofuran over Ni-based catalysts. In order to reveal the reaction pathway and mechanism of this process, the
hydrogenation reactions of 2-methylfuran, furfuryl alcohol, and tetrahydrofurfuryl alcohol were also carefully
investigated. It is discovered that the conversion of furfural into 2-methylfuran could be catalyzed by Lewis acid
sites, which was confirmed by a correlation between 2-methylfuran production rate and Lewis acid site density.
Also, a mechanism on the direct conversion of furfural into 2-methylfuran without forming furfuryl alcohol as
the intermediate is proposed. The experimental results of 2-methylfuran, furfuryl alcohol, and tetrahydrofurfuryl
alcohol hydrogenation/hydrodeoxygenation over various catalysts provided valuable information on the future

Non-precious metal

design of 2-methyltetrahydrofuran catalyst.

1. Introduction

The huge consumption of fossil fuel in modern society has stimu-
lated serious energy and environmental issues. In order to reduce the
societal dependence on fossil fuels, research efforts are devoted to de-
veloping renewable resources as the replacement for fossil fuels.
Lignocellulosic biomass stands out as a promising candidate in recent
years. Lignocellulose from agricultural or forestry waste could be ef-
fectively converted into various energy resources or valuable chemicals.
Among many biomass-derived chemicals, furfural is one of the most
important biomass platform chemicals due to it high availability and
high chemical versatility. Furfural is commercially produced through
acid-catalyzed dehydration of xylan-type hemicellulose [1], and could
be transformed into a number of useful chemicals such as furfuryl al-
cohol (FOL), 2-methylfuran (2MF), and cyclopentanone.

2-Methyltetrahydrofuran (2MTHF), an important derivative of fur-
fural, is recently identified as a renewable solvent with broad applica-
tions in organic chemistry. As an aprotic ether solvent, 2MTHF pos-
sesses low miscibility with water, strong Lewis basicity and high

stability in acid medium [2], making 2MTHF a better option than tet-
rahydrofuran or dichloromethane in a variety of organic reactions such
as Grignard reactions and nucleophilic substitutions [3]. For instance,
Aycock [2] found that yields of addition products from benzyl Grignard
reagents prepared in 2-MTHF is nearly four times as in tetrahydrofuran.
In addition to solvents, 2MTHF has shown potential as renewable fuel
additive due to its better combustion properties compared to ethanol,
including higher heating value, lower heat of vaporization, and lower
solubility in water [4].

The potentials of 2MTHF as solvents or fuels have attracted re-
searchers to study the production of 2MTHF. Several types of biomass
resource have been used to produce 2MTHEF, including levulinic acid
[5-7], y-valerolactone [8,9] and furfural [10,11]. Among them, due to
the high availability of furfural, the production of 2MTHF from furfural
is of great research value. The efficient production of 2MTHF from
furfural would require two types of reactions and the corresponding
catalysts: furfural hydrodeoxygenation to produce 2MF which could be
achieved by Cu-based [12,13] or Co-based catalysts [14,15], and the
subsequent 2MF hydrogenation to produce 2MTHF which was
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previously achieved by noble metal catalysts [10,11]. Poliakoff et al.
[10] obtained a 82 % yield of 2MTHF with copper chromite and Pd/C in
a two-reactor system, one reactor being 240 °C and another being
300 °C. Zhu et al. [11] obtained a 97 % yield of 2MTHF under atmo-
spheric pressure using copper phyllosilicate and Pd/SiO, by two-stage
packing in one reactor. Despite many potential applications of 2MTHF,
researches focusing on the conversion of furfural into 2MTHF are still
insufficient, leaving many important aspects unrevealed. Also, the
performance and mechanism of non-precious metal catalysts in the
conversion of furfural into 2MTHF have not been examined in the lit-
erature yet. According to our previous work [14], Co-based catalysts
showed high selectivity in furfural hydrodeoxygenation to produce 2-
methylfuran, while Ni-based catalysts showed high reactivity for furan
ring hydrogenation. Therefore, it is anticipated that furfural could be
transformed to 2MTHF with high yield if Co and Ni catalysts were
utilized in sequence, achieving an efficient transformation of furfural
into 2MTHF without non-precious metals.

In this work, the general strategy of transforming furfural into
2MTHF is to load two different types of catalysts into a single reactor
with the uniform temperature. The first stage of catalyst would aim at
converting furfural into 2MF, while the second stage of catalyst aiming
at converting 2MF to 2MTHF. In this respect, the reaction of furfural
hydrodeoxygenation to produce 2MF, and the subsequent 2MF hydro-
genation over various catalysts will be studied separately. Cobalt and
nickel catalysts supported on various oxides were prepared and loaded
in the reactor to achieve high 2MTHF yield. To further explore the
reaction mechanism in the reactor, furfuryl alcohol (FOL), 2-methyl-
furan (2MF), and tetrahydrofurfuryl alcohol (THFOL) were used as re-
actants and tested. By analyzing the distribution of products, a feasible
strategy with a high yield of 2-methyltetrahydrofuran was proposed.

2. Experimental section
2.1. Catalyst synthesis

CeO,, was prepared through the precipitation of cerium (III) nitrate
hexahydrate (Innochem, 99.5 %). The precursor was dissolved in
deionized water to form a 0.1 M solution and then the ammonium hy-
droxide aqueous solution was added dropwise to the solution with
continuous stirring. The resulting precipitate was washed with deio-
nized water and then dried overnight in an oven at 100 °C. The pre-
cursor was calcined in air at 500 °C for 4 h with a ramp rate of 5 °C/min.
ZrO, were synthesized in a similar manner, using zirconium (IV) oxy-
nitrate hydrate (Innochem, 99.9 %) as the precursor, and calcined
under the same temperature profile. y-Al,O3 was obtained by calcina-
tion of pseudo-boehmite at 550 °C for 4 h with a ramp rate of 2 °C/min
in air. TiO, was prepared through the precipitation of titanium tetra-
chloride (Innochem, 99 %). Deionized water was added into the tita-
nium tetrachloride solution to form a 0.1 M solution and then the 0.1 M
urea solution was added dropwise to the solution with continuous
stirring until the solution pH reached 6. The resulting precipitate was
aged at room temperature for 30 min and then washed with deionized
water and dried overnight in an oven at 120 °C. The powder was then
calcined at 400 °C for 4h with a ramp rate of 2 °C/min to obtain m-
TiO5. Commercial MgO (Acros, 98 %) and SiO, gel (Qingdao Haiyang,
99.9 %, 100-200 mesh) were used as the support.

All catalysts were synthesized using incipient wetness impregnation
method. The certain amount of cobalt (II) nitrate hexahydrate
(Sinopharm, 99 %) was dissolved in deionized water to form a 0.86 M
Co(NOs3), aqueous solution. The oxide support was then added. The
solution of Ni precursor was prepared similarly using nickel (II) nitrate
hexahydrate (Sinopharm, 99 %). After impregnation at room tem-
perature for 6 h, all catalysts were dried in an oven at 90 °C overnight.
Dried catalysts were calcined in air at 120 °C for 2 h and then calcined
at 400 °C for 3 h both with a ramp rate of 2 °C/min.
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2.2. Sample characterization studies

Powder x-ray diffraction (XRD) patterns of all samples were ob-
tained on a Shimadazu XRD-7000 powder diffractometer after the re-
duction in pure H, of 20 mL/min at 500 °C for 3 h. Temperature pro-
grammed reduction (TPR) of all samples were detected by a CAM200
quadrupole mass spectrometer (InProcess Instruments). Typically,
100 mg of samples were loaded in a quartz tube put in the furnace. All
catalysts were heated from room temperature to 800 °C with a heat rate
of 5°C/min in a flow of 10 vol% H,/Ar (30 mL/min). Total acid sites
were measured by temperature-programmed desorption of ammonia
(NH3-TPD) using the mass spectrometer. Pyridine adsorbed Fourier-
transform infrared spectroscopy (FTIR) were used to characterized
Brgnsted and Lewis acidity.

2.3. Hydrogenation/hydrodeoxygenation reactions

Hydrogenation/hydrodeoxygenation reactions were carried out in a
fixed-bed tubular reactor. Catalyst powders were loaded into the re-
actor tube between two layers of quartz wool and pre-reduced in pure
hydrogen at 500 °C for 3 h with a flow rate of 42 mL/min. For the two-
stage packing, a layer of quartz wool was placed between two stages.
Reactants including furfural, furfuryl alcohol, 2-methylfuran and tet-
rahydrofurfuryl alcohol were pumped into the reactor using a HPLC
pump at a flow rate of 0.03 mL/min. The liquid products of first 2h
were discarded and then collected every 50 min. All samples were
analyzed by Agilent 7890B gas chromatography equipped with a HP-5
capillary column (30 m x 0.32mm X 0.23 um) and flame ionization
detector (FID). The compositions of liquid products were calibrated by
the internal standard method using decane as the inner standard. The
carbon balance of every sample was calculated. The conversion and
product selectivity were calculated using the following formulas:

Mole of raw material in product

Conversion= —
Mole of raw material in the feed

Mole of specific in product
Mole of all products

Selectivity=

3. Results and discussion
3.1. Catalysts characterization

A series of Ni-based and Co-based catalysts supported on various
support were synthesized. X-ray diffraction results of all samples after
3h of H, reduction at 500 °C are shown in Fig. 1. For nickel-containing
catalysts, peaks at 44.5° and 51.6°, corresponding to the metallic Ni
(111) and (200) planes, respectively, were observed [16]. Cobalt sam-
ples exhibited characteristic diffraction peaks at 44.2° and 51.5°, cor-
responding to the metallic Co (111) and (200) crystal planes, respec-
tively [17]. Characteristic diffraction peaks of CeO, at 33.1°, 47.6°, and
56.4° indicated the synthesized CeO, displayed the expected cubic
structure [18]. For Co/ZrO,, peaks at 31.5°, 34.1°, 35.3°, 50.1°, and
60.1° suggested that the synthesized ZrO, is monoclinic (m-ZrO,),
consistent with previous research [19]. For Ni/CeO,, Co/CeQ,, and Co/
MgO, diffraction peaks of the support (CeO5 or MgO) are much stronger
than diffraction peaks of the cobalt and nickel peaks, so that diffraction
peaks of the metallic nickel and cobalt particles were almost invisible.
For Co/Al,03, the peak at 46.4° was also detected, which could be at-
tributed to the irreducible cobalt aluminate [20]. Based on the XRD
results, the absence of Ni oxides or Co oxides indicates that the re-
duction at 500 °C was sufficient to yield metallic particles, so the 500 °C
reduction was conducted before the catalysts reactivity tests. Metal
dispersions of all catalysts were calculated using Scherrer’s equation
and results were shown in Table 1.

The reducibility of all catalysts was evaluated using temperature
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Fig. 1. X-ray diffractograms of all samples after reduction at 500 °C.

programmed reduction (TPR) results as shown in Fig. 2. Co/Al,O3
sample showed a sharp peak near 300°C and a broad peak at
400-750 °C, corresponding to the reduction of Co304 to metallic cobalt
and the reduction of cobalt aluminate, respectively [21]. Co/SiO, cat-
alyst showed two sharp reduction peaks near 270 °C and 300 °C, which
are assigned to the absorption peaks of Co304 to CoO and CoO to me-
tallic cobalt, respectively [21]. Ni/Al,O5 displayed one broad H, con-
sumption peak ranging from 400 °C to 750 °C, in good agreement with a
previous research [22]. This peak could be regarded as the reduction
peak for nickel aluminate rather than nickel oxide, because no dif-
fraction peaks for nickel oxides were detected in XRD when reduced at
500 °C.

Table 1
Hydrodeoxygenation of furfural with various catalysts at 1 MPa H, and 180 °C.”
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Fig. 2. Temperature programmed reduction (TPR) of all catalysts.

3.2. Furfural hydrodeoxygenation

In the first stage of the reactor, furfural is anticipated to be trans-
formed into 2-methylfuran (2MF). Previous research results suggested
that pressure is critical for conversion of furfural, while temperature is
crucial for 2MF selectivity [14,23]. This is confirmed by trial tests of
furfural hydrodeoxygenation of this study (Figure S1—3 of Supple-
mentary Information). As shown in Figure S1 of Supplementary In-
formation, in furfural hydrogenation over Co/SiO., increasing reaction
temperature from 150 °C to 230 °C led to increased 2-methylfuran se-
lectivity. In contrast, increasing temperature from 160 to 200 °C would
lead to a decreased 2MTHEF selectivity in 2MF hydrogenation over Ni/
Al,O3 (Figure S3) due to more furan ring cleavage, in agreement with a
previous study [24]. Reaction pressure is also crucial in furfural hy-
drogenation over Co/SiO., for 2MF selectivity increased about 4 times
when the pressure increased from 0.1 MPa to 1MPa (Figure S2).

Catalyst Dispersion Conversion Selectivity (%)" Carbon balance
(%) (%) (%)
2MF FOL Furan THFOL 2MTHF Others®
Co/Al;03 8.5 100 93.4 - 2.9 - 3.2 0.5 82.8
Co/SiO, 6.5 91.2 67.7 3.0 6.4 0.2 4.8 18.0 89.6
Co/TiO, 4.0 60.6 70.7 25.8 - - 1.6 1.9 98.6
Co/CeO, 5.7 65.3 44.1 49.2 4.1 - 0.9 1.7 100.2
Co/MgO 8.0 12.8 15.3 84.1 - - 0.1 0.5 107.5
Co/ZrO, 3.6 53.2 77.3 21.8 - - 0.5 0.3 91.1
Ni/Al,03 7.4 100 65.5 5.1 10.2 7.1 11.0 1.1 95.4
Ni/SiO, 8.2 84.6 13.7 15.3 10.0 44.8 6.7 9.6 92.0
Ni/CeO, 4.4 51.9 3.8 58.0 4.7 19.8 1.0 12.8 83.5

@ Reaction conditions: catalyst = 2.1 g, furfural feed rate =0.03 mL/min, H,/furfural molar ratio = 8.4, weight hourly space velocity (WHSV) =0.99h™%.
b Abbreviations: 2MF, 2-methylfuran; FOL, furfuryl alcohol; THFOL, tetrahydrofurfuryl alcohol; 2MTHF, 2-methytetrahydrofuran.

¢ Others include: tetrahydrofuran, 2-pentanone, 2-pentanol.
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However, pressurizing the reactor too much might significantly in-
crease the cost and risk during operation. Therefore, based on literature
research [11,25] and trial test runs, reaction temperature of 180 °C and
pressure of 1 MPa were used in this study. Furfural hydrodeoxygenation
over various catalysts were shown in Table 1. All cobalt catalysts
showed high selectivity toward 2MF except Co/MgO catalyst, while
tetrahydrofurfuryl alcohol (THFOL) and furfuryl alcohol (FOL) were
prominent over the supported nickel catalysts. Among all catalysts
tested, Co/Al,O3 showed the highest 2MF yield of 93.4 %, as well as 3.2
% yield of 2MTHEF. Other major side products were FOL, furan, THFOL,
etc. Therefore, Co/Al,O3 was used as the catalyst of the first stage in the
two-stage reactor.

Interestingly, Co catalysts supported on different oxides showed
distinct 2MF yields. Since their metal dispersions calculated from XRD
were similar as shown in Table 1, one plausible explanation for their
yield difference is the support-induced effect. Vlachos et al. discussed
the importance of Lewis acidity in the hydrogenolysis of furfural to 2MF
over Ru oxide catalysts [26,27], which inspired this study to probe into
the effect of support acidity on 2MF yield. Four typical Co catalysts with
high 2MF yields were characterized by NH5-TPD and in situ infrared
spectra of adsorbed pyridine. As shown in Fig. 3, for all four catalysts,
the adsorbed pyridine showed 4 peaks at 1450, 1488, 1538, and
1608 cm !, corresponding to pyridine adsorbed at different types of
acid sites. Peaks at 1450 and 1608 cm ! could be ascribed to pyridine
adsorbed on the strong Lewis acid sites [28]. The peak at 1538 em~!
was due to the protonated pyridine molecule on Brgnsted acid sites
[29]. The peak at 1488 cm ™! was the vibration mode of pyridine ab-
sorbed on both Brgnsted and Lewis acid sites [29]. With increasing
temperature, peak intensity decreased for all adsorption bands, in-
dicating reduced amounts of both Brgnsted and Lewis acid sites, in
agreement with previous research [30]. The ratios of Brgnsted to Lewis
acid site concentration (B/L) were obtained by integrating the peak
area at 1538 and 1450 cm ™!, corresponding to Brgnsted and Lewis acid
sites, respectively, and taking extinction coefficient into consideration
(1.88 for Brgnsted sites and 1.42 for Lewis sites) [28]. Combining this
B/L ratio with the total acid site concentration measured by NH5-TPD,
the concentration of Brgnsted and Lewis acid site could be calculated
(Table 2). A particular case was observed with Co/CeO,, which dis-
played no NH; desorption peak in NH3-TPD, likely due to its low acid
site concentration below detection limit. Therefore, the total acid sites
and Lewis acidity was approximated to zero for Co/CeO,.

Lewis acid sites were believed to play important role in the furfural
conversion into 2MF [26,27,31], and this is confirmed in this study by
the correlation between the 2MF production rate and the number of
Lewis acid sites in Fig. 4. The near-linear relationship provides con-
firmative indication that Lewis acid sites directly participated in the
formation of 2MF. The non-zero intercept at y-axis suggested that me-
chanisms to produce 2MF without the assist of Lewis acid sites might
exist as well. In general, the Lewis acid sites on oxide support surface
are coordinatively unsaturated cations, such as Co"" or AI** in Co/
Al,03 [32]. These Lewis acid sites are highly electrophilic, which could
interact strongly with the oxygen of the formyl group in furfural. We
hypothesize that during the reaction the formyl-group oxygen is bonded
to a Lewis acid site, followed by the addition of chemisorbed hydrogen
atoms from adjacent metal sites to the carbonyl bond, ending in the
scission of the C—O bond and the formation of 2MF [26].

According to this study, the efficient production of 2MF from fur-
fural requires bifunctional catalysts possessing both Lewis acid sites and
metal sites. Lewis acid sites could interact strongly with the formyl-
group oxygen to facilitate its scission from furfural molecules. Metal
sites not only provide adsorbed hydrogen atoms for carbonyl bond sa-
turation but should also be relatively inactive to prevent the formation
of side products such as furfuryl alcohol or furan. Metal catalysts such
as nickel, copper or palladium have been showed previously [14,33,34]
and in this study to display high reactivity in either carbonyl bond
hydrogenation or decarbonylation, which would transform furfural into

Molecular Catalysis 490 (2020) 110951

a) Co/Al,0,
L B B+L SL

Absorbance (a.u.)

25°C

3

1650 1600 1550 1500 1450 1400
Wavenumber (cm™t)

b) Co/SiO,

L B B+ L
> |zooec §
e : : H
8 |180cc i : :
§ :
<

25¢°C
1650 1600 1550 1500 1450 1400
Wavenumber (cm™t)
c) Co/TiO,

L B
& [ 300 i
[0} H
§ /-
2| 180 i
3 :

2 :
< /N
25°C i
1650 1600 1550 1500 1450 1400
Wavenumber (cm™t)
d) Co/CeO,

Absorbance (a.u.)

25°C

1650 1600 1550 1500 1450 1400
Wavenumber (cm™1)
Fig. 3. Pyridine-adsorption FTIR spectra of a) Co/Al,03, b) Co/SiO,, c) Co/
TiO, and d) Co/CeO, at 25°C, 180°C and 300 °C. Absorbance peaks char-
acteristic of Lewis (L), and Brgnsted (B) acid sites are indicated.

other products rather than 2MF. On the contrary, Co is less active in
C=C or C=O0 bond saturation [35] but still able to provide adsorbed
hydrogen atoms, which becomes a good choice for 2MF production. In
this respect, the combination of abundant Lewis acid sites and a rela-
tively less active metal component such as Co would be an important
design principle for catalysts aiming at furfural conversion into 2MF.

3.3. Mechanism study of furfural to 2MF

Although many researches focused on the direct conversion of fur-
fural to 2MF, whether furfuryl alcohol is a necessary reaction
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Table 2
The concentration of acid sites and the relative Bronsted and Lewis acidity ratio
(B/L) of selected catalysts.
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Table 4
Hydrogenation of 2-methylfuran (2MF) into 2-methyltetrahydrofuran (2MTHF)
with various catalysts at 1 MPa H, and 180 °C.*

Catalyst Total acid sites” B/L" Lewis acidity®
(umol/g) (umol/g)

Co/Al,03 466.8 0.110 420

Co/SiO, 235.4 0.171 201

Co/TiO, 101.7 0.078 94

Co/CeO, ~0¢ 0.150 ~0

@ Determined by ammonia TPD.

> Determined based on the integral of peak area at 1538 cm ™! (Brensted
acidity) and peak area at 1450 cm ™" (Lewis acidity) in pyridine-probed FTIR
with extinction coefficients taken into consideration [28].

¢ Calculated by multiplying the percentage of Lewis acidity (calculated from
B/L ratio) by the total acid sites.

4 No desorbed ammonium was detected.

200
° CO/A|203
© P

150 -+
S - s
S R »7
= Pid
g_ g 100 - ”’CO/SiOZ
5§ e
« O .
2 E ". CO/Tloz
> =2 .
£ 0 Co/CeO,
<
~

0 . . . .
0 100 200 300 400 500

Lewis acid concentration (umol/g.,,)

Fig. 4. The correlation of production of 2MF in furfural hydrodeoxygenation
with respect to concentration of Lewis acid sites for selected catalysts.

Table 3
Hydrogenation of furfuryl alcohol (FOL) with various catalysts at 1 MPa H, and
180°C.”

Catalyst ~ Conversion Selectivity (%)" Carbon
(%) balance
2MF THFOL 2MTHF PL Others® (%)
Co/Al,03 62.8 88.8 - 11.2 - - 95.5
Co/Si0,  94.8 882 0.8 4.8 53 09 88.7
Co/CeO, 76.2 945 - 1.6 20 19 89.5
Ni/Al,0;3 100 0.2 855 11.9 - 2.4 81.8
Ni/Si0, 100 31 773 17.3 09 1.4 86.3
Ni/CeO, 61.8 3.2 84.3 2.5 - 10.0 98.9

@ Reaction conditions: catalyst =2.0g, FOL feed rate =0.03 mL/min, Hy/
FOL molar ratio = 8.4, WHSV =1.02h™ %

b Abbreviations: 2MF, 2-methylfuran; THFOL, tetrahydrofurfuryl alcohol;
2MTHF, 2-methytetrahydrofuran; PL, 2-pentanol.

¢ Other products include: tetrahydrofuran, 1-butanol, 2-pentanone, tetra-
hydropyran.

intermediate in the transformation of furfural into 2MF has yet reached
an agreement. It has been reported previously [23] that 2MF is formed
in two consecutive steps, namely the hydrogenation of furfural to
produce FOL and the subsequent hydrogenolysis of FOL to yield 2MF.
On the other hand, reaction pathways of furfural conversion into 2MF
without going through FOL were also proposed [36-38]. In order to
clarify this question, the hydrogenation of furfuryl alcohol over 6 re-
presentative catalysts was studied and the result are shown in Table 3.

Compared with the 2MF selectivity from furfural hydrodeoxygena-
tion in Table 1,4 out of 6 tested catalysts (Co/Al,O3, Ni/Al,O3, Ni/SiO,,

Catalyst Conversion  Selectivity (%)" Carbon balance
(%) (%)
2MTHF Furan PN PL Others®
Co/Al,0;3 94.3 38.7 5.9 42 512 - 74.9
Co/SiO, 89.5 48.4 5.9 5 40.7 - 78.6
Co/Ce0y 70.6 36.9 7.9 9.4 457 0.1 86.9
Ni/Al,03 81.3 91 2.9 37 18 06 81.0
Ni/SiO, 89.9 91.2 1.9 26 4.3 - 85.0
Ni/CeO, 88.8 75.3 4.8 9.3 88 1.8 95.4

@ Reaction conditions: catalyst =1.7 g, 2MF feed rate =0.03 mL/min, Hy/
2MF molar ratio = 8.4, WHSV =0.96h 1.

> Abbreviations: 2MTHF, 2-methytetrahydrofuran; PN, 2-pentanone; PL, 2-
pentanol.

¢ Others include: tetrahydrofuran, 2-butanol, tetrahydropyran.

and Ni/CeO,) showed much lower 2MF selectivity in FOL hydro-
deoxygenation. This indicates the presence of a direct conversion
pathway from furfural to 2MF without going through FOL as an inter-
mediate, because the selectivity of 2MF in furfural hydrodeoxygenation
should not be higher than 2MF selectivity in FOL hydrodeoxygenation
under the assumption that all 2MF is formed via FOL.

It is highly probable that 2-methylfuran could be produced with
different mechanisms in terms of whether FOL is formed as the neces-
sary intermediate. Starting from furfural as the reactant, 2MF could be
produced with the synergistic effect between metal sites and Lewis acid
sites, without FOL formation as the intermediate. A plausible process
for this mechanism inspired by a previous research [39] is proposed in
this study and shown in Scheme 1. Furfural will adsorb on the surface
with the formyl-group oxygen bonding to a Lewis acid sites. The car-
bonyl bond will be partially hydrogenated to form a methoxy inter-
mediate. This methoxy intermediate is susceptible to the direct deox-
ygenation to form a methylene intermediate, as the formyl-group
oxygen is strongly interacted with Lewis acid sites [26]. Afterwards,
one more adsorbed hydrogen atoms were added to the deoxygenated
intermediate, forming 2MF as the final product.

The reaction mechanism of 2MF formation will be different if fur-
furyl alcohol were either formed during the reaction or provided as the
reactant. For this mechanism, furfuryl alcohol, acting as the precursor
of 2MF, could also adsorbed on metal sites [23,40] or Lewis acid sites
[26], with the hydroxy group interacting with the site. Adsorbed fur-
furyl alcohol is then dehydroxylated or dehydrated to form a methylene
intermediate [23,40]. This methylene intermediate is later hydro-
genated to form 2MF. Although this reaction pathway could also lead to
the formation of 2MF, due to the high reactivity of FOL toward ring
hydrogenation, a significant amount of THFOL rather than 2MF was
produced, especially for Ni-based catalysts as shown in Table 3. Ni-
based catalysts showed high tetrahydrofurfuryl alcohol selectivity,
likely due to the strong affinity between nickel active sites and furan
ring, facilitating ring hydrogenation [41]. Therefore, according to this
research, in order to achieve high selectivity of 2MF or 2MTHF, the
formation of FOL should be inhibited, as FOL could be readily hydro-
genated or demethylated especially with Ni-based catalysts.

3.4. 2-Methylfuran hydrogenation

After furfural was converted into 2-methylfuran, the furan ring
hydrogenation of 2-methylfuran is required to produce 2-methylte-
trahydrofuran (2MTHF). The reactivity of 2-methylfuran hydrogenation
over 3 Ni-based catalysts and 3 Co-based catalysts was shown in
Table 4. When 2MF was used as feed for hydrogenation, Ni catalysts
favored 2MTHF, while Co catalysts mainly produced 2-pentanol. This
selectivity difference is likely due to the difference of the dominant
adsorption configuration between Ni and Co metal surface. Nickel has
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Scheme 2. Assignment of the carbon and oxygen atoms in (a) 2-methylfuran
and (b) furfuryl alcohol.

been reported to have strong affinity with the furfural furan ring,
adopting an adsorption mode in which the furan ring lies parallel to the
metal surface and both C=C double bonds interact with metal surface
[42]. With this adsorption geometry, adsorbed hydrogen will be able to
hydrogenate C=C double bonds to produce ring hydrogenation pro-
ducts [23,41], namely 2MTHF in this study.

For Co-based catalysts, 2-pentanol was the major product in 2MF
hydrogenation, with 2MTHF being the second most produced product.
The presence of 2-pentanol unambiguously indicated a Cs-O; bond
scission in 2MF (the assignment of the carbon and oxygen atoms in 2MF
and FOL are shown in Scheme 2). This bond scission resembles the C—O
bond scission in furfural transformation to 1,2-pentanediol, except that
a methyl group is attached to the furan ring in 2MF rather than a formyl
group as in furfural. In comparison, as can be seen in Table 3, the hy-
drogenation of FOL over Co catalysts generated mostly 2MF, with little
2-pentanol and 2-pentanone. No 1,2-pentanediol was detected in FOL
hydrogenation over Co-based catalysts, suggesting the absence of FOL
Cs-O, bond scission during reaction. From these experimental results, it
could be deduced that FOL is much more inclined to C;-O; bond scis-
sion than Cs-O, bond scission, perhaps due to a much lower activation
energy of the former compared to the latter. As a result, FOL hydro-
genation over Co catalysts showed absolute dominance in hydro-
deoxygenation to produce 2MF over ring-opening reactions to produce
1,2-pentanediol. Once the hydroxy group in the side chain was re-
moved, Co catalysts were able to break Cs—O; on the furan ring of 2MF.
In literature, the production of 1,2-pentanediol was studied carefully,
and few non-precious metal catalysts were reported. According to this
research, Co-based catalysts showed potentials in transforming furfural
derivatives into 1,2-pentanediol, if the hydrodeoxygenation of the side
chain could be suppressed.

The highest 2MTHEF selectivity among catalysts tested was about 91
% with Ni/SiO, and Ni/Al,O3, so these two catalysts were used as the
catalyst of the second stage for the dual-stage reactor system. Main
byproducts were cracking products, including furan, 2-butanol, 2-pen-
tanol and 2-pentanone. It was previously reported that higher tem-
perature will lead to lower 2MTHF selectivity for various metal cata-
lysts [24], and it is thus believed that the 91 % 2MTHF selectivity
obtained in this study could be improved further if the reaction tem-
perature was decreased. However, regarding that furfural hydro-
deoxygenation into 2MF is sensitive to temperature, 180 °C will still be
used in the two-stage reactor. A separate reactor with a lower tem-
perature for the second stage where 2MF is converted into 2MTHF
would be both more selective and more energy-efficient (despite of the
higher cost), and this would be the focus in future research if aiming at
higher 2MTHF yields.
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Fig. 5. Furfural conversion and selectivity of 2MF and 2MTHF combined in
furfural hydrodeoxygenation at 1 MPa H, and 180 °C as a function of Co/Al>03
loading amount. Reaction conditions: feed rate =0.03 mL/min, H,/furfural
molar ratio = 8.4.

3.5. The effect of catalyst amount on conversion and selectivity

After examination of furfural and 2MF hydrogenation results, sev-
eral catalysts were selected for the two-stage reactor converting furfural
into 2MTHF. Co/SiO, would be used for the first stage, while Ni/SiO5
and Ni/Al,03 would be used in the second stage. In order to determine
the catalyst loading for each stage of the reactor, the effect of catalyst
loading amounts on conversion and selectivity was investigated. The
results for furfural hydrodeoxygenation over Co/Al,O3 were shown in
Fig. 5. For furfural hydrogenation, furfural conversion reached 100 %
even at the catalyst loading amount of 1.7 g. Because Co catalysts were
also active to hydrogenate 2MF further into 2MTHF, 2-4% of 2MHTF
were also detected in the product stream. The selectivity of 2MF and
2MTHF combined maintained at around 95 % with increasing catalyst
loading. The major byproducts were small amount of furfuryl alcohol
(1-2 %) and furan (2-3 %). Since excess catalyst will not negatively
affect the eventual 2MTHF yield, 2.5 g of Co/SiO5 was used for the two-
stage packing in the reactor to ensure the complete conversion of fur-
fural.

Next, 2MF conversion and 2MTHF selectivity with respect to the
catalyst amount in 2MF hydrogenation for the second stage were stu-
died. Two catalysts, Ni/SiO» and Ni/Al,O3, were tested and results were
shown in Fig. 6. Counterintuitively, the reaction did not achieve com-
plete conversion of 2MF with increasing catalyst loading, but stabilized
at 97 % for Ni/SiO, and 80 % for Ni/Al,Os. This coincides with a
previous research from Zhu et al. on 2MF hydrogenation observing that
2MF conversion increased slowly with temperature and did not reach
100 % even at 300 °C [43]. Another research on 2MF also reported
incomplete conversion of 2MF in 4 out of 5 catalysts tested [24]. It is
speculated that the chemical equilibrium was the main factor limiting
the full conversion of 2MF. However, due to the lack of necessary
thermodynamic data, further efforts will be needed to verify this hy-
pothesis. 2MTHF selectivity also decreased with increasing catalyst
loading for both catalysts. Main byproducts include furan, 2-pentanol
(PL), and 2-pentanone (PN). The decreased 2MTHF selectivity with
increasing catalyst mass is likely due to the further transformation of



P. Liu, et al.
—100%(a) Ni/Si02 Conversion
x
S | |
>
-*g 90% -
2
9 2MTHF
2L 80%
[3} L L
[} - =
S~
10% -
s PL+PN
z v v v v
U 5% A
c Furan
8 A
0% T T T T

T
14 1.6 1.8 2.0 2.2 24 2.6

Catalyst loading (g)

—100%-{(b) Ni/Al203
=
oy 2MTHF
+— o/ |
i :\.\l:
=
[S)
L 80%- -
Q L Conversion L
= 10%-
0
7 PL+PN
Y 5%
S uran
o
0% T T T
1.4 16 18 2.0

Catalyst loading (g)

Fig. 6. 2MF conversion and 2MTHF selectivity in 2MF hydrogenation at 1 MPa
H, and 180 °C as a function of (a) Ni/SiO, and (b) Ni/Al,0O3 loading amount.
Reaction conditions: feed rate =0.03 mL/min, H,/furfural molar ratio = 8.4.

2MTHF over an excessive amount of catalysts. Previous study indicated
that 2MTHF could go through ring scission reactions and be converted
into pentanone or hydrocarbons over metal catalysts [43]. Therefore,
the catalyst amount of the second stage in the reactor should be con-
trolled with caution to maximize the 2MTHF yield and avoid side
products. After some trial tests, 2 g of Ni/SiO5 and Ni/Al,O3 were used
for the second stage in the reactor to obtain the highest 2MTHF yield.

3.6. One-pot synthesis of 2-methyltetrahydrofuran from furfural

The one-pot synthesis of 2MTHF from furfural was studied and the
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results were shown in Table 5. The conversion of furfural into 2MTHF
requires two different catalyst function in sequence: furfural hydro-
deoxygenation in the first stage and ring hydrogenation of 2MF in the
second stage. An equally important requirement is that both catalysts
are supposed to be highly selectively to their corresponding target
products. Therefore, the conversion of furfural into 2MTHF will not be
accomplished with a single catalyst. This is confirmed by loading 4.5 g
of Co/Al,03 or Ni/Al,O3 into the reactor, and the yield of 2MTHF is
relatively low as shown in Table 5.

Since 2MTHF cannot be prepared through the furfural hydro-
deoxygenation over a single catalyst, one-step conversion of furfural to
2MTHF was tested over dual solid catalysts based on two-stage packing
reactor. By means of a two-stage packing, when Co/Al,03 and Ni/Al,O3
were loaded into a single fixed-bed tubular reaction, an 87 % yield of
2MTHF was obtained. Although previous researches reported higher
2MTHEF yields [10,11], to the best of authors’ knowledge, this is the first
research achieving the efficient production of 2MTHF from furfural
using non-precious metal catalysts. 2MF was still present in the product
stream at a noticeable amount after the two-stage reaction, likely due to
the incomplete conversion of 2MF into 2MTHF in the second stage of
the reactor as mentioned above. The major byproduct is 2-pentanol,
which is due to the ring-opening function of catalysts. Besides, furfuryl
alcohol, furan, tetrahydrofurfuryl alcohol were also detected as minor
byproducts. The one-step conversion of furfural into 2MTHF using the
two-stage packing saves additional energy or effort between two steps.
Still, due to the intrinsic difference of two reactions, separate reactors
with difference temperatures, pressures, etc. would be beneficial to
further improve the 2MTHF yield although at a higher cost.

The stability of the two-stage catalyst system was also monitored.
After the liquid sample of first two hours were discarded, the samples
were collected and tested every 50 min at a WHSV of 0.46 h™?, and the
result is shown in Fig. 7. The reaction reached steady state at about 4h
after the furfural introduction. It is noticed that furfural conversion was
maintained at 100 % throughout the test period, and 2MTHF yields
declined slightly after 8 h of time on stream. No furfuryl alcohol or
tetrahydrofurfuryl alcohol were detected during the experiment, while
the 2MF yield slightly increased with increasing reaction time. The slow
decrease of 2MTHF yields with time likely resulted from the catalyst
deactivation as suggested by previous studies. It is demonstrated that
carbonaceous deposits derived from reactants/products were formed on
metal active sites during furfural hydrogenation, leading to a decrease
in catalyst reactivity [44,45]. In this study, most carbon balance values
of experiment tests were below 100 %, also suggesting the presence of
coke deposition or polymerization during the reaction.

3.7. THFOL hydrodeoxygenation experiments

In theory, in addition to 2MF hydrogenation, 2MTHF could also be
produced by furfural hydrogenation to form THFOL followed by THFOL

Table 5

One-pot conversion of furfural into 2MTHF with various catalysts at 1 MPa H, and 180 °C.” The catalyst loading amount is denoted in the parenthesis.
Catalyst Conversion Selectivity (%)" Carbon

(%) balance (%)
2MTHF 2MF PL Furan THFOL Others®

Co/Al,03 (4.58) 100 3.7 93.8 1.2 1.3 - - 93.7
Ni/Al;03 (4.58) 100 25.9 7.0 0.8 2.2 56.4 7.6 94.1
Co/Al,03 (2.18) + Ni/Al,Os (1.5g)° 100 78.0 12.6 3.3 - 4.5 1.7 94.2
Co/Aly03 (2.58) + Ni/Al,03 (2.0 g) 100 87.3 6.1 4.9 - 1.7 82.2
Co/Al,03 (2.5g) + Ni/SiO, (2.08) 100 83.6 - 9.5 - - 6.9 83.5
Co/Al;03 (2.58) + Co/CeO, (2.08) 100 4.6 72.7 2.6 5.5 - 13.9 93.5

a Reaction conditions: feed rate =0.03 mL/min, H,/furfural molar ratio = 8.4, WHSV =0.46h~ 1.
b Abbreviations: 2MF, 2-methylfuran; PL, 2-pentanol; THFOL, tetrahydrofurfuryl alcohol; 2MTHF, 2-methytetrahydrofuran.

¢ Others include: furfuryl alcohol, tetrahydrofuran, 2-pentanone.

4 WHSV =0.58h 1.
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Table 6
Hydrodeoxygenation of tetrahydrofurfuryl alcohol (THFOL) with various cat-
alysts at 1 MPa H, and 180 °C.*

Catalyst Conversion  Selectivity (%)" Carbon balance
(%) (%)
2MF THFA 2MTHF BL THP
Co/Al,053 3.7 789 - - - 21.1 101.0
Co/Si0, 3.6 63.5 - 23.1 - 13.4 833
Co/CeO, 1.9 49.4 - 26.6 239 - 89.1
Ni/Al,0;3 3.2 - 32.6 10.0 - 57.4 83.1
Ni/SiO, 1.8 - 89.1 10.9 - - 90.0
Ni/CeO, 5.2 - 10.1 - 68.5 21.4 87.0

@ Reaction conditions: catalyst =1.5g, THFOL feed rate =0.03 mL/min, Hy/
THFOL molar ratio = 8.4, WHSV =1.26h™".

b Abbreviations: 2MF, 2-methylfuran; THFA, tetrahydrofuran; 2MTHF, 2-
methytetrahydrofuran; BL, 1-butanol; THP, tetrahydropyran.

hydrodeoxygenation. Since experimental results in this study and in
literature have demonstrated the feasibility of producing THFOL from
furfural hydrogenation using Ni-based catalysts with high selectivity
[46], the key step to convert furfural into 2MTHF via THFOL is the
hydrodeoxygenation of THFOL. In order to explore this possibility, the
hydrodeoxygenation of THFOL over 6 typical catalysts were tested and
the results are shown in Table 6.

Interestingly, the hydrodeoxygenation of THFOL over synthesized
catalysts turned out to be rather difficult. With similar WHSV, all cat-
alysts exhibited low THFOL conversions (lower than 6 %), with 2MTHF
yield lower than 1.5 %. This slow kinetics could be attributed to the
weak adsorption of THFOL on metal active sites. Wan et al. [47] re-
ported relatively weak adsorption of THFOL on Ir (111) and Co/Ir (111)
surface, with binding energies being —0.29 and —0.32eV, respec-
tively. Due to this weak adsorption, the overlap between the molecular
orbital of THFOL and the d-band of metal surface is small, resulting in a
high activation barrier for further THFOL transformations into 2MTHF
[48]. Moreover, it is proposed that the steric hinderance of the side
hydroxymethyl group also hampered the bond scission of C—O bond in
—CH,—OH to form 2MTHF [49]. Therefore, although furfural could be
readily converted into THFOL, the hydrodeoxygenation of THFOL to
form 2MTHEF is kinetically difficult, leading to a low yield 2MTHF. This
low reactivity of THFOL explicitly demonstrates the infeasibility of
converting furfural into 2MTHF via THFOL.

4. Conclusion
In this work, the one-pot conversion of furfural into 2-methylte-

trahydrofuran was achieved with non-precious metal catalysts using
two-stage packing in a single reactor. A high 2MTHF yield (87 %) from
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furfural was achieved using non-precious metal catalysts. The two-stage
reactor included the first stage for converting furfural into 2MF, and the
second stage for converting 2MF into 2MTHF. It is discovered that
Lewis acidity is crucial for the high reactivity of Co-based catalyst for
converting furfural into 2MF, as demonstrated by a near-linear re-
lationship between the 2MF production rate and Lewis acid site con-
centration. It is also discovered that 2MF could be formed from furfural
without producing FOL as intermediate. Nickel-based catalysts showed
a high selectivity toward 2MTHF in 2MF hydrogenation, while cobalt
catalysts displayed potential in ring-scission. The hydrodeoxygenation
of THFOL displayed low conversion with all catalysts tested, suggesting
that converting THFOL into 2MTHF is kinetically difficult. This de-
monstrate the inability to produce 2MTHF via furfural hydrogenation to
THFOL followed by THFOL hydrodeoxygenation.
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