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Nickel-tungsten carbide catalysts convert furfural to high value products in a liquid phase catalytic reaction.

The product distribution depends on the solvent and the Ni—-W-ratio of the catalyst. In isopropyl alcohol
a combination of Ni and W,C enables the opening of the furan ring to yield 1,2-pentanediol. Nickel
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Introduction

The valorization of renewable resource streams has become one
of the most important ways to face declining availability of non-
renewable resources. The production of high value chemicals for
the chemical industry from biomass instead of petroleum-based
resources is becoming increasingly important. Furfural is one of
the platform chemicals available from biomass which is suitable
for upgrading to high value products.'” Furfural is being
produced on an industrial scale by the acidic hydrolysis of
pentose sugars, especially arabinose and xylose. The structure of
furfural lends itself to the production of several desirable prod-
ucts. Most of the products are formed via the intermediate fur-
furyl alcohol (FFA). From there three reaction pathways open up.
The hydrodeoxygenation to 2-methylfuran (2-MF) and further to
2-methyltetrahydrofuran (2-MTHF), the hydrogenation to tetra-
hydrofurfuryl alcohol (THFA) and the ring opening to 1,5-penta-
nediol (1,5-PeD) and 1,2-pentanediol (1,2-PeD).>* A simplified
network of these reaction products is depicted in Scheme 1.
Several other products can be obtained from furfural as well.

1,2-PeD can be used in the production of polyester,>® disin-
fectants,® cosmetics’ and printing inks.* Additionally, 1,2-PeD
possesses interesting properties as an enhancer for the skin
permeability of certain drugs.>'® The conventional production
of 1,2-PeD from non-renewable petroleum resources is per-
formed in a multistep reaction. Pent-1-ene is oxidized, e.g. by
the use of H,0,, to 1,2-epoxypentane which is further hydro-
lyzed to 1,2-PeD.>"
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the upgrading of furfural based renewable resources. Its preparation is facilitated compared to
unmodified tungsten carbide catalysts.

While furfural has moved in to the limelight of research on
biomass derived resource streams, only little research has been
done on its ring opening to produce pentanediol and the
majority of said research focuses on the production of 1,5-PeD."
Most of the catalysts studied for the production of 1,2-PeD are
based on noble metals like Ru,® Rh,**® Pd'*?*° and Pt.>***23
Most notable are two platinum-based catalysts. Mizugaki et al.*
prepared platinum nanoparticles supported on hydrotalcite and
reached a selectivity of 73% to 1,2-PeD. Koch et al.*® used PtO,
supported on y-Al,O; and obtained a selectivity to 1,2-PeD of up
to 80%.

Non-noble metal based catalysts suffer from low yield or
limited industrial applicability due to the inherent toxicity of
some of the catalysts components, especially Cr and Co. Adkins
et al.>** prepared the first promising catalysts based on copper
chromite already in 1931. More recent works have proposed the
use of cobalt based catalysts for the ring opening of furfural.'>>**
The product distribution of these catalysts favors 1,5-PeD over
1,2-PeD which was only obtained with relatively low yields. The
most promising noble metal free catalysts are based on either Ni
or Cu. The Ni catalysts typically show a preference to 1,5-PeD,*®
while copper-based catalysts prepared by Liu et al.>*** were able to
reach a selectivity to 1,2-PeD of up to 51%.

Tungsten carbide has gained attention as a possible alter-
native to expensive noble metal hydrogenation catalysts. This
interstitial alloy of tungsten and carbon shows similar catalytic
properties as platinum in a number of reactions.** The low price
of tungsten and its widespread availability would make it
a desirable catalyst material, if its performance can be tailored
to be competitive to more established catalysts. Tungsten
carbide has been successfully used in a number of reactions
that aim to upgrade biomass-derived resources. Hollak et al.**
studied the deoxygenation of oleic acid. Bitter et al.**>** con-
verted several fatty acids and guaiacol over tungsten carbide
and Guo et al.*® cracked the C-O bonds in lignin feedstock. The

RSC Adv, 2020, 10, 27323-27330 | 27323


http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra02003f&domain=pdf&date_stamp=2020-07-21
http://orcid.org/0000-0002-2653-0603
http://orcid.org/0000-0002-5451-3982
http://orcid.org/0000-0003-3008-7875
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra02003f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010046

Open Access Article. Published on 22 July 2020. Downloaded on 11/21/2025 7:15:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

@_//O EO/)_/OH

View Article Online

Paper

-
2-Methyltetrahydrofuran
(2-MTHF)

O,
Vs
2-Methylfuran
(2-MF)

@—/OH

Furfural Furfuryl alcohol Tetrahydrofurfuryl alcohol
(FFR) (FFA) \ (THFA)
OH
1,5-Pentanediol 1,2-Pentanediol
(1,5-PeD) (1,2-PeD)

Scheme 1 Reaction network of possible hydrogenation products starting from furfural.>*

activity of tungsten carbide based catalysts can be improved by
the addition of nickel. Both cellulose and sugars were success-
fully converted to ethylene glycol over nickel-modified tungsten
carbide catalysts.*”®

Huang et al® investigated the hydrodeoxygenation of the
furfural derivative 5-(hydroxymethyl)furfural to 2,5-dimethylfuran
using a Ni-modified tungsten carbide catalyst. In the aprotic
solvent tetrahydrofuran (THF) a high yield of 96% could be
reached, while no ring opening was observed. The ring-opening to
pentanediol is typically performed in protic solvents, like alcohol,
or even with the addition of water.*** It stands to reason that
a change in solvent could open up different reaction routes and
products for the tungsten carbide catalyst system.

The tungsten carbide synthesis is performed at high tempera-
tures, exceeding 700 °C. The carbide catalysts properties are
strongly dependent on the synthesis conditions.*** The conversion
of tungsten(vi) oxide to tungsten carbide has been studied inten-
sively but the influence of a second metal on this conversion is not
fully understood yet. It appears that nickel activates the methane
decomposition and facilitates the carbide formation.**** At the
same time, any carbon support present in the catalyst precursor is
subject to methanation, resulting in extensive sintering.*

This work investigates the influence of different Ni-loadings
on the isothermal tungsten carbide formation, illuminating the
processes that occur during the high temperature carbide
synthesis and the crystalline phase composition of the final
catalysts. The catalysts are tested for their performance in the
hydrogenation of furfural, comparing them to solely W,.C, Ni or
Ni;;W; based ones. A special focus is put on the change in
product distribution, especially the yield of 1,2-pentanediol,
dependent on solvent and Ni-W-ratio.

Experimental
Materials

Chemicals were obtained from Sigma-Aldrich Germany and
used without further purification. The chemical's purities are as

27324 | RSC Adv, 2020, 10, 27323-27330

follows: ammonium metatungstate hydrate 99%, nickel nitrate
hexahydrate 99%, furfural 99%, isopropyl alcohol for analysis,
1,4-dioxane 100%. Fumed silica Aerosil 200 was provided by
Evonik. The gases are from Westfalen Germany with a purity of
=99.999% (He, Ar, H,) or =99.5% (CH,). Argon was used as
inert gas in all experiments, except for the temperature-
programmed carburization in which He was used.

Precursor

Silica was agglomerated, sieved to a particle size of 100-300 um,
dried at 200 °C for 1 h and calcined at 700 °C for 8 h. The
agglomerated silica particles were loaded with 30 mol%
(50.0 wt%) tungsten in an incipient wetness impregnation
method using a 0.55 M aqueous solution of ammonium meta-
tungstate. This material was dried for 2 h at 60 °C, for 6 h at
110 °C and calcined at 450 °C for 6 h. Ni was loaded on the WO,/
SiO, particles in a subsequent or on SiO, in a direct incipient
wetness impregnation using a nickel nitrate solution. A mixed
Ni-W/SiO, precursor was obtained in an incipient wetness co-
impregnation using a mixed solution of nickel nitrate and
ammonium metatungstate in a metal to metal molar ration of
17 : 3 (Ni : W). The impregnation was followed by drying and
calcination. Ni-loadings were between 0.5 and 9.0 wt% and
10.0 wt% for NiO/SiO,. For the Ni-W/SiO,-precursor the
combined metal loading was 10.0 wt%.

Catalyst synthesis and activation

W,C/SiO, and Ni/W,C/SiO, catalysts were synthesized in
a horizontal tube furnace under isothermal conditions. The
sample was heated under inert gas flow to 700 °C before
switching to reactive gas (20% CH, in H,). The effluent gas
stream was monitored using a ThermoStar mass spectrometer
by Pfeiffer Vacuum. The reduction was determined to be
complete once the CO-concentration dropped close to its orig-
inal value. Afterwards, the catalyst was treated at synthesis

This journal is © The Royal Society of Chemistry 2020
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temperature with pure H, to remove any excess polymeric
carbon from its surface.

Ni/SiO, was activated in a horizontal tube furnace by heating
to 450 °C under inert gas and reduced under 50% H, in Ar for
30 min and 100% H, for additional 30 min. Ni;;W;/SiO, was
prepared by heating the sample to 700 °C under inert gas and
subsequent reduction in hydrogen. The reduction was deemed
complete once the H,O evolution stopped. All catalysts were
cooled under inert gas and transferred to a glove box without
contact to air.

XRD

The crystalline phases were examined using an Empyrean X-ray
diffractometer by Malvern Panalytical operating with Cu Ko
radiation. Samples were measured after passivation in air in
reflection geometry in the range from 5-70° 26.

BET

The overall surface area of the catalysts was determined by
isothermal nitrogen adsorption at —196 °C according to Bru-
nauer-Emmet-Teller on a Quantachrome NovaTouch LX*.
Before the measurement samples were degassed in vacuo at
350 °C for 4 h.

Furfural hydrogenation

Catalysis reactions were performed in a 300 mL Parr mini reactor.
The reaction mixture consisted of 3 mL furfural, 100 mL iso-
propyl alcohol and 1.5 mL of 1,4-dioxane as internal standard.
The reaction mixture was flushed with Ar before inert addition of
0.50 g catalyst. The reactor was closed and pressurized with H, to
65 bar. The reactor was heated to 200 °C before stirring was
turned on. Aliquots of the liquid phase where taken through a dip
tube several times during the reaction. Samples were analyzed
with an Agilent 6980 gas chromatograph from Hewlett Packard
equipped with an automated injector and FID. Samples were
analyzed over a HP-1 MS column with the following temperature-
program - holding at 50 °C for 3 min and heating to 270 °C with
30 K min~'. Retention times and response factors relative to the
internal standard were determined using pure substances. The
conversion and yield are calculated according to equations in the
ESL

Results and discussion

Synthesis of Ni-modified tungsten carbide catalysts and the
role of nickel in the W,C synthesis

For tungsten carbide catalysts, the processes occurring during
the carbide synthesis and in turn the properties of the final
catalyst are highly dependent on the synthesis conditions. The
addition of nickel is a substantial interference on the synthesis
of the carbide-catalyst. Therefore, the reduction and carbon
insertion occurring during the synthesis is explored in the first
subsection. Silica is added to the catalyst to provide a non-
reducible support and to stabilize a high tungsten carbide
surface area.

This journal is © The Royal Society of Chemistry 2020
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Preparation of Ni-modified tungsten oxide-silica precursors.
The NiO/WO;/SiO, precursor is prepared in a sequential
incipient wetness impregnation. The agglomerated silica parent
particles are loaded with 50.0 wt% tungsten in a first impreg-
nation-calcination process. In a second incipient wetness
impregnation, between 0.5-9.0 wt% nickel is loaded on to this
WO3;/SiO, precursor. The material is calcined to form NiO/WO;/
SiO, with nickel preferably deposited on the surface of the
particles. The catalyst precursor is then subjected to an
isothermal carbide synthesis. The processes occurring during
this high temperature synthesis reaction and the role nickel
plays in it are discussed in the following section.

Isothermal tungsten carbide synthesis. In the isothermal
tungsten carbide synthesis the precursor is heated in an inert
gas and only after reaching 700 °C is it exposed to the reactive
gas mixture (20% CH, in H,). This results in the reduction and
carburization steps proceeding either simultaneously or
consecutively, but not separated by their onset temperature.
The reduction and carburization of WOj; results in the forma-
tion of H,O and CO. The CO formation is not directly connected
to the insertion of carbon into tungsten but can be seen as an
indication of CHj-activation. The CO-concentration in the
effluent gas stream during the isothermal synthesis is depicted
in Fig. 1.

Without Ni the CO-evolution at 700 °C only starts after an
initiation period of 25 min. The CO-concentration in the
effluent gas stream slowly increases before gradually declining
after passing through a maximum after 100 min and dropping
back to the baseline after 130 min. The end of the CO-formation
indicates the completion of the reduction and possibly the
carbon insertion.

The addition of Ni cuts the duration of the initiation period
in half and results in a steep increase of the CO-concentration in
the exhaust gas stream. The CO-formation quickly passes
through a maximum and gradually declines again. The CO-
signal reaches the baseline typically after 75 min. The addi-
tion of Ni halves the time needed to complete the reduction,
with only little influence of the total Ni-loading on this behavior.
Only for the lowest Ni-loading of 0.5 wt% is this behavior
slightly different. Here the CO-evolution is split into two
maxima, a first one at 11 min and a second one at 28 min.
Additionally, the complete reduction time is slightly longer with
95 min compared to 70 min for all higher Ni-loadings. The
initiation period is shorter for low Ni-loadings and becomes
longer when more Ni is added. It is possible that Ni has to be
completely reduced to its metallic state before it can activate
CH,, resulting in CO-formation. This Ni reduction takes more
time when a larger amount of Ni is present.

The overall surface area of the catalysts, as measured by BET,
gradually decreases from 97 m® g~ * for no addition of Ni to 70
m?” g for the addition of 10 wt% Ni. More details are shown in
Table S1.7 Some of this loss in surface area can be attributed to
the second calcination step during the catalyst preparation
when Ni is added. A second effect is likely the blocking of pores
with increasing nickel loadings.

RSC Adv, 2020, 10, 27323-27330 | 27325
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Fig. 1 CO in the effluent gas stream during isothermal W,C synthesis
in a horizontal tube furnace at 700 °C in reactive gas (20% CHg4 in Hy).
The reaction is starting from WO3/SiO, with different mass-loadings of
Ni; no Ni: blue, dashed line; increasing amounts of Ni: darker shades of
orange, solid lines.

Crystalline phase composition. Adding nickel to the
precursor changes the ratios of the crystalline phases of the
final catalyst (Fig. 2). Without the addition of Ni mostly W,C is
formed, containing only small amounts of metallic W. The
presence of silica in the precursor stabilizes the metastable W,C
and limits the formation of the thermodynamically favored WC.
Adding 0.5 wt% Ni to the WO;/SiO,-precursor results in the
complete disappearance of the reflexes of metallic tungsten at
41° and 58°. The only remaining reflexes are those of W,C. The
reflexes of WC at 31°, 35°, 48° and less prominently at 64° and
65° only appear after the addition of nickel. Further increasing
the amount of Ni increases the amount of WC found in the
catalyst. Nickel itself forms an alloy with tungsten and is
present as Ni;; W3, with reflexes visible at 44° and 51° for Ni-
loadings of 2.5 wt% and above. In the presence of Ni the
carbon insertion proceeds more complete, resulting in a greater
amount of WC instead of W,C and W. The Ni- and Ni;;W;-
catalysts only show the reflexes of the respective metallic phases
(ESI Fig. S1t).

In summary, the addition of nickel to the WO,/SiO,
precursor alters the carbide formation in several ways. Nickel
activates hydrogen and methane, resulting in altered reduction
steps. Methane plays a more dominant role during the reduc-
tion. The isothermal reduction is substantially faster, even for

S | 9.0%Ni4
< [40%Ni
G [ 25%Ni
L [10%Ni
€ (L
2 [05%Ni
S | 00%Ni
[7)
©
25 30 35 40 55 60 65 70

45 50
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Fig. 2 X-ray diffractograms of tungsten carbide catalysts with
different Ni-loadings. The Ni-loading is indicated as weight% of the
WO3/SiO, precursor. Catalysts are prepared in an isothermal reaction
at 700 °C. Reference patterns from ICDD database, WC: 00-025-
1047, W,C: 00-35-0776,*® W: 00-001-1203 “° and Ni;;W3: 03-065-
4828.5°
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the addition of only a small amount of nickel. The carbon
insertion is assisted and the composition of the crystalline
phases changes towards a higher amount of WC. Nickel itself
forms a Ni;;W;-alloy with tungsten. The synthesis of tungsten
carbide catalysts is facilitated, forming the carbide more
readily.

Catalytic conversion of furfural over Ni-modified tungsten
carbide catalysts

The carbide synthesis resulted in tungsten carbide catalysts
with Ni-loadings from 0.0 wt% to 9.0 wt%. These catalysts are
investigated for the hydrogenation of furfural at 200 °C under 65
bar H,-pressure. The catalytic activity and the product distri-
bution are the focus of this work. Both aspects are heavily
influenced by the solvent and the Ni-loading, which are at the
center of the next subsections.

Influence of the solvent on product distribution. The nature
of the solvent has an immense influence on the conversion rate
and the formed products. In the aprotic solvent THF, the reac-
tion proceeds via the hydrodeoxygenation of furfuryl alcohol to
2-methylfuran. The furfural is only consumed after a reaction
time of 6 h and intermediary furfuryl alcohol can still be
detected after this time. Only a small amount of the reaction
product 2-methylfuran is further hydrogenated to 2-methylte-
trahydrofurane. In THF the reaction proceeds with moderate
conversion rates selectively via the hydrodeoxygenation pathway
as shown in Fig. 3a. These results are in accordance with the
results reported by Fu et al.** on the hydrodeoxygenation of 5-
(hydroxymethyl)furfural by a nickel-tungsten carbide catalyst
on activated carbon.

Using isopropyl alcohol as a solvent results in a different
product distribution and overall faster conversion of furfural. The
reaction starts from furfural over furfuryl alcohol, where three
competing reaction pathways open up. Furfural is hydrogenated
much faster than in THF, with complete conversion to furfuryl
alcohol after only 15 min instead of after 6 h. This secondary
product is converted much faster too. All furfuryl alcohol is
reacted after 90 min. Initially a mixture of three reaction products
is formed: 2-methylfuran (2-MF), which is further hydrogenated
to 2-methyltetrahydrofuran (2-MTHF), tetrahydrofurfuryl alcohol
(THFA), and 1,2-pentanediol (1,2-PeD). In isopropyl alcohol, the
alcohol functionality can be preserved to some extent and the
opening of the furan ring is possible (Fig. 3b). The amount of
unidentified products is similarly high for both solvents, with
23.8% for THF and 21.9% for isopropyl alcohol.

The two solvents differ in their polarity, their ability to form
adducts with the reactants and intermediary products, and their
hydrogen solubility. Isopropyl alcohol can form an acetal with
furfural and ethers with all alcohol group bearing intermediary
products. Together with the higher polarity of the protic solvent,
this results in a preferential transformation to alcohol group
containing products. The hydrogen solubility is much higher in
isopropyl alcohol,*** explaining the lower reaction rate and
incomplete hydrogenation of 2-MF in THF.

Influence of the Ni-W-ratio on the furfural hydrogenation.
The ratio of Ni and W,C and the interplay of these two catalyst

This journal is © The Royal Society of Chemistry 2020
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components has a strong influence on the product formation
and catalytic performance of these materials. While only the
overall results of the catalysis test are discussed here, the
reaction progress for catalysts with different Ni-W ratios can be
found in the ESL ¥

Rate of furfural conversion. The catalysts activity for the
conversion of furfural is highly dependent on the Ni-loading.
For catalysts with high Ni-loadings, the reactant furfural is
quickly converted to the intermediary product furfuryl
alcohol. Measuring the exact time needed until full furfural
conversion is reached is imprecise due to this fast reaction
rate. To achieve more reliable information about the catalysts
activity, the time needed for the complete conversion of the
secondary product furfuryl alcohol is used. This time is
defined as the first sampling, where the sample does not
contain furfuryl alcohol, giving a good indication of the
catalyst's activity.

Unmodified tungsten carbide catalysts show poor catalytic
activity and only reach full conversion after 14-24 h at 200 °C.
Pure nickel catalysts on the other hand possess a very high
catalytic activity, converting all furfuryl alcohol in only 30 min.
Nickel modified tungsten carbide catalysts fall in between those
two extremes, depending on their Ni-loading. A low Ni-loading
of 0.5 wt% significantly improves the catalytic activity but still
not all furfuryl alcohol is converted after 6 h. Further increasing
the Ni-loading lowers the time until full conversion is reached,
approaching the activity of pure Ni-catalysts at high Ni-loadings
as shown in Fig. 4. The use of W,C does not improve the
conversion rate compared to catalysts solely based on Ni but in
the Ni-W,C-system activity can be traded for a change in
product distribution, as will be shown in the next subsection.

Product distribution. The formed products vary greatly
depending on the Ni/W-ratio when using the same solvent
(isopropyl alcohol) and reaction conditions (200 °C, 65 bar H,,
Table 1). Tungsten carbide without the addition of Ni results
mostly in the formation of 2-MF with no further hydrogenation
to 2-MTHF. Ni on silica without tungsten carbide yields
different products. The higher hydrogenation activity results in

40
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the formation of fully saturated 2-MTHF instead of 2-MF.
Furthermore, the hydrodeoxygenation is no longer the domi-
nant pathway and the main product becomes THFA.

Modifying the tungsten carbide catalyst with Ni changes the
product distribution towards that of the Ni/SiO,-catalyst. The
products of the hydrodeoxygenation pathway are more thor-
oughly hydrogenated to 2-MTHF with a decreasing total amount
of substance following this pathway. THFA becomes more
prevalent with increasing amounts of nickel. This change from
the tungsten carbide to the nickel based system is very gradual
and follows the changing ratio of Ni and W.

Interestingly, for medium Ni-loadings the ring opening of
furfuryl alcohol to 1,2-PeD is observed. This product only
appears for catalysts with a combination of nickel and tungsten
carbide. The highest selectivity of 21% is obtained for 2.5 wt%
Ni with a lower selectivity at either lower or higher Ni-loadings.
The addition of W to Ni and the formation of Ni,;W; alone does
only results in very miniscule amounts of this ring-opening
product.

The combination of Ni,;W; and W,C gives rise to a different
reaction pathway, which allows the opening of the furan ring
while keeping both oxygen functionalities of the molecule. This
reaction appears to be dependent on the simultaneous presence
of tungsten carbide and nickel. The catalytic behavior of both
tungsten carbide and nickel, for either the hydrodeoxygenation
route or the formation of THFA, are mostly unaffected by this
additional reactivity.

Reusability of the catalyst. The catalyst's reusability is tested
by adding additional furfural after a first catalysis test. For this
addition, the reactor is cooled down and depressurized.
Furfural is added together with solvent to make up for the
volume lost during sampling in the first catalysis test. The
reaction mixture of the first test is not removed to avoid the loss
of catalyst material and exposure to air. The reactivation of
tungsten carbide catalysts is difficult once they are exposed to
air.»

The furfural conversion is slower in the second catalytic run.
Furfural is only consumed after 2 h instead of after 45 min. The

b) Isopropyl alcohol

Amount of substance (mmol)
(6]

120 180 240 300 360
Time (min)

Fig. 3 Reaction progress during the catalytic conversion of furfural in (a) tetrahydrofuran and (b) isopropyl alcohol as solvent. The reaction
proceeds at 200 °C under 65 bar H,, with 0.50 g 4%-Ni/W,C/SiO, and 3 mL furfural.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Time needed until full conversion of the intermediary product
furfuryl alcohol for catalysts with different Ni-loadings. The catalyst
with 10 wt% Ni consists only of Ni without a tungsten component. The
reaction proceeds at 200 °C, 65 bar H, with 0.50 g catalyst and 3 mL
furfural in isopropyl alcohol as solvent.

intermediary furfuryl alcohol can be detected for 11 h instead of
5 h. The time needed until full conversion is doubled during the
second catalysis test run (Fig. 5).

Not only the conversion rate changes, but the product
distribution is modified as well (Table 2). The hydro-
deoxygenation pathway is still prominent but the hydrogena-
tion of the unsaturated bonds in the furan ring is hindered,
resulting in more 2-MF. The hydrogenation of the double bonds
and the ring opening without loss of the oxygen functionality is
inhibited, producing less THFA and 1,2-PeD. The amount of
unidentified products increases from 26.1% to 36.4%.

The catalyst undergoes changes during the first catalysis
run or the addition of the new substrate. These changes have
an effect on the product distribution and conversion rate of
the second run. It appears that several different active centers
are available on the catalyst, which deactivate to a varying
extent. The hydrodeoxygenation is less affected than the
hydrogenation and ring opening. The reactions that are cata-
lyzed by the Ni-component are more affected than the ones
catalyzed by W,C. The X-ray diffraction pattern does not
change during the catalysis test (Fig. S2t), therefore it is
unlikely that one active component is lost during the reaction.
A possible mechanism for this deactivation is the deposition
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Fig. 5 Reaction progress during catalytic conversion of furfural with
2.5 wt% Ni/W,C/SiO,. The reaction proceeds at 200 °C under 65 bar
Ho, with 0.5 g catalyst in isopropyl alcohol as solvent. Initially 3 mL
furfural are added and after 13 h of reaction time the reactor is cooled
down and depressurized to add further 3 mL of furfural before
continuing the reaction.

of polymerized furfural derivatives and coke precursors
blocking certain active sites.

Hypothesis on the nature of the active site for the 1,2-
pentanediol formation

As the ring opening of furfural to produce 1,2-pentanediol belongs
to the most interesting findings of this work, the possible nature of
the active site responsible for this reaction is further discussed. The
results obtained in this work can only give a first idea of a possible
mechanism but to conclusively uncover the exact working of this
catalyst more work will be needed. Only the mixture of nickel and
tungsten carbide gives rise to the formation of 1,2-pentanediol. This
valuable reaction product is obtained neither over tungsten carbide,
nor over nickel catalysts on their own. The combination of the active
materials Ni,;W; and W,C appears to enable the ring opening and
the formation of this reaction product.

Since the material is preferentially formed on a certain
mixture of nickel and tungsten carbide, it can be expected that
the active sites for the ring opening rely on a combination of
both materials. The critical step for the determination of the
product distribution is the reaction of the intermediary product

Table 1 Product yield for different catalysts after furfural hydrogenation at 200 °C under 65 bar H, with 0.50 g catalyst in isopropyl alcohol as
solvent. The reaction time is 6 h except for the catalyst without Ni addition, where it is 24 h. Full conversion of furfural is reached in all cases

Yield%

Hydrodeoxygenation Hydrogenation Ring opening
Entry Catalyst Reaction time (h) 2-MF 2-MTHF THFA 1,2-PeD 1,5-PeD
1 W,C/SiO, 24 45 — — — 13
2 0.5%-Ni/W,C/SiO, 6 36 1 4 3 —
3 1.0%-Ni/W,C/Si0, 6 26 15 14 9 —
4 2.5%-Ni/W,C/SiO, 6 11 25 20 21 —
5 4.0%-Ni/W,C/SiO, 6 — 35 32 12 —
6 9.0%-Ni/W,C/SiO, 6 1 36 45 4 —
7 10.0%-Ni/SiO, 6 — 29 46 — —
8 10.0%-Ni;W;/Si0, 6 10 39 35 2 —
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Table 2 Product distribution for 2.5%-Ni/W,C/SiO; after 13 h reaction time at 200 °C under 65 bar H, for two consecutive catalysis runs. The
product distribution is separate for each furfural addition. The reaction vessel was cooled down and depressurized before the second addition of

furfural. Full furfural conversion was reached in both cases

Yield%
Hydrodeoxygenation Hydrogenation Ring opening
Entry Run 2-MF 2-MTHF THFA 1,2-PeD 1,5-PeD
1 First 10.2 31.3 13.4 19.0 —
2 Second 31.1 15.4 7.9 9.2 —
4 the WO,-precursor. The added Ni activates the CH, and H, used
H H / 2 in the carbide synthesis, facilitating the tungsten oxide reduc-
H Hs | tion and carbon insertion. The time needed for complete

/X 77/ 4

Scheme 2 Possible orientation of furfuryl alcohol at the proposed
active site for the ring opening, the boundary between Ni;;Wz and
W, C. Based on the proposed reaction path by Mizugaki et al.*

furfuryl alcohol. Mizugaki et al.* provided a possible reaction
pathway of furfuryl alcohol to 1,2-pentanediol over Pt-
nanoparticles supported on hydrotalcite, which places the
active site at the boundary between platinum and support. In
their proposed reaction pathway the alcohol group of FFA
interacts with the basic surface sites of the hydrotalcite, ori-
enting the furan ring towards the Pt-particle. The platinum then
provides activated hydrogen and enables the ring opening at the
C-0 bond pointing away from the alcohol group.

A very similar reaction mechanism could be possible for Ni
supported on W,C. In this case, the oxophilic tungsten carbide
could attract the oxygen of the alcohol group and orient the furan
ring towards the nickel-particle. The nickel then enables the
actual ring opening. Scheme 2 depicts this process. Following this
hypothetical reaction mechanism places the active site for the ring
opening of furfural right at the boundary between W,C and Ni.

The reaction pathways occurring on solely Ni and W,C still
dominate the overall product distribution for the tested cata-
lysts. By improving the amount of active sites for the ring
opening, the selectivity to 1,2-pentanediol could possibly be
improved. At the same time, it might be possible to suppress
selectively the hydrodeoxygenation and hydrogenation without
ring opening by optimization of the synthesis conditions or
a targeted deactivation of certain active sites. Investigations to
improve the catalyst in this manner are already in progress.

Conclusion

The high temperature formation of the potential platinum
substitute W,C is strongly influenced by the presence of Ni in

This journal is © The Royal Society of Chemistry 2020

reduction of WOj; is cut in half and the carbon insertion
proceeds more completely, resulting in more WC and less W,C
and W.

The Ni-W-ratio and nature of the solvent play a crucial role
in the formation of the high-value reaction product 1,2-penta-
nediol from furfural. No ring-opening occurs in THF, while in
isopropyl alcohol, 1,2-pentanediol is formed.

The rate of conversion of furfural and furfuryl alcohol is
strongly dependent on the Ni-W-ratio in the catalyst, with
higher rates being achieved for high Ni-loadings. The combi-
nation of Ni and W,C gives rise to the formation of 1,2-penta-
nediol, which is fformed on neither a solely W,C- nor a Ni-based
catalyst. By controlling the Ni-W-ratio the product distribution
can be tailored to increase the yield of 1,2-pentanediol.

Future work must be focused to improve the selectivity and
stability of the Ni/W,C-catalyst system. Nickel modified tung-
sten carbides provide a hopeful starting point for the develop-
ment of non-noble metal catalysts for the upgrading of biomass
derived furfural. Both problems of selectivity and stability can
possibly be tackled by optimizing the precursor and tungsten
carbide syntheses.
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