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2,5-Dimethylfuran is deoxygenated to n-hexane with 100% yield on a
bifunctional Pt/C—Cs;sH 5sPW;,04¢ catalyst under very mild condi-
tions (90 °C, 1 bar H,) in a one-step gas-phase process. A proposed
mechanism includes a sequence of hydrogenolysis, hydrogenation
and dehydration steps occurring on Pt and proton sites of the
bifunctional catalyst.

A biomass-derived furanic compound is a low-cost renewable
feedstock, which can be converted to green fuels and a wide
range of value-added chemicals by catalytic hydroconversion."™
Hydrodeoxygenation (HDO) is an effective strategy to produce
fuels from renewable feedstock. Much current research is
focussed on HDO of furanic compounds using heterogeneous
catalysis®”° and references therein. Complete oxygen removal
from furanic compounds over noble metals to produce hydro-
carbons requires harsh conditions (200-400 °C, 7-20 MPa H,
pressure).»>’ Bifunctional metal-acid catalysis has been found
to be more efficient than monofunctional metal catalysis for
the HDO of organic oxygenates such as ketones, alcohols,
phenols, ethers and esters.'®* Previously, this group has
reported highly efficient bifunctional catalysts comprising platinum
on acidic supports such as zeolite HZSM-5'" and Keggin-type
heteropoly acids'"'*> for HDO of a wide range of aliphatic and
aromatic ketones in the gas phase under mild conditions.'®™** This
approach may be applicable to the HDO of furanic compounds. In
hydroconversion of furanic compounds, Pt is selective to ring-
opened products such as ketones and alcohols, whereas Pd, Rh
and Ru have high selectivity to ring-saturated tetrahydrofuran
derivatives.>®® This is the result of a different bonding of furanic
compounds to these metals.>?
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Facile gas-phase hydrodeoxygenation of
2,5-dimethylfuran over bifunctional metal-acid
Catalyst Pt—CSZ_5H0_5PW12040T

@ Elena F. Kozhevnikova® and Ivan V. Kozhevnikov {2 *?

Here, the HDO of 2,5-dimethylfuran (DMF), chosen as a model
for biomass-derived furanic compounds, is investigated in the
presence bifunctional metal-acid catalysts comprising carbon-
supported Pt, Pd, Ru and Rh together with acidic Cs salt of
Keggin-type tungstophosphoric heteropoly acid Cs, sHo sPW1,040
(CsPW). Attention is focussed on the Pt-CsPW catalyst because,
among these metals, Pt is the most active one for furan ring
opening.>® CsPW is well documented as a solid Bronsted acid
catalyst."”>'® It has important advantages over the parent hetero-
poly acid H3PW,,0,, (HPW) in terms of much larger surface area,
higher thermal stability (ca. 500 °C decomposition temperature)
and high tolerance to water, with proton sites almost as strong as
those in HPW.">'® Previous H,-TPR, XRD and FTIR studies have
shown that CsPW in Pt/CsPW and Pd/CsPW catalysts is resistant
toward reduction by H, below 600 °C, and the Keggin structure of
CsPW is retained in CsPW-supported Pt and Pd catalysts after H,
treatment at 400 °C."” Therefore, these catalysts should be stable
under the rather mild reaction conditions applied in this work.
The HDO reaction is studied both in gas and liquid phases, with
the main emphasis on the gas-phase process. The gas-phase HDO
is expected to be more efficient and environmentally benign
compared to the liquid-phase process due to the absence of
solvent, continuous rather than batch operation and easy product
separation. It is demonstrated that the gas-phase HDO of DMF
over Pt-CsPW is indeed a facile reaction, yielding 100% n-hexane
under very mild conditions.

Table 1 shows representative results on the gas-phase HDO
of DMF over bifunctional metal-CsPW catalysts (1% metal
loading per total catalyst weight) at 70-100 °C and 1 bar H,
pressure. CsPW alone was not active under such conditions
(entry 1). Physical mixtures of all carbon-supported metals with
CsPW exhibited high catalytic activity, giving >99% DMF
conversion. However, only Pt/C + CsSPW gave ~100% selectivity
to n-hexane at full DMF conversion (entry 3 and 4) showing
stable product selectivity for more than 5 h time on stream
(TOS) (Fig. 1). Without CsPW present, Pt/C + SiO, at the same Pt
loading also gave >99% DMF conversion but yielded 2-hexanol
as the main product (74% selectivity, entry 5) rather than
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Table 1 Gas-phase HDO of DMF in the presence of bifunctional metal-acid catalysts®

Product selectivity’ (% mol)
Entry Catalyst Temperature (°C) Conversion” (%) Hexane DMTHF 2-Hexanone 2-Hexanol Other
1 CsPW 70 0
2 Pt/C + CSPW* 70 >99 68.1 13.0 0.1 16.4 2.3
3 Pt/C + CSPW* 90 >99 99.6 0.3 0.0 0.1 0.0
4 Pt/C + CSPW* 100 >99 99.9 0.1 0.0 0.0 0.0
5 Pt/C + SiOZd 90 >99 8.8 10.7 2.1 74.2 4.2
6 1% Pt/CSPW-w’ 70 >99 61.2 30.7 0.3 6.5 1.1
7 1% Pt/CSPW-w’ 90 >99 98.4 1.2 0.0 0.1 0.3
8 1% Pt/CsPW-b/ 70 >99 59.1 37.2 0.0 3.1 0.5
9 1% Pt/CsPW-b’ 90 >99 99.6 0.1 0.0 0.0 0.3
10 Pd/C + CsPW*# 70 >99 0.2 98.8 0.1 0.0 0.9
11 Pd/C + CsPW*# 90 >99 1.5 97.4 0.3 0.0 0.8
12 Pd/C + CsPW* 100 >99 2.8 93.5 0.9 0.1 2.7
13 Pd/C + Si0," 70 >99 0.0 99.8 0.0 0.0 0.2
14 Ru/C + CsPW{ 70 98 7.2 89.8 0.4 2.1 0.6
15 Ru/C + CSPW'_ 90 >99 13.9 84.7 0.1 0.3 0.6
16 Ru/C + CsPW' 100 98 16.1 78.7 0.8 0.6 3.8
17 Rh/C + CSPW{ 70 >99 1.4 97.5 0.9 0.1 0.2
18 Rh/C + CSPW’_ 90 >99 8.7 91.1 0.0 0.1 0.1
19 Rh/C + CsPW/ 100 >99 17.4 82.3 0.03 0.02 0.2

“ 1.6 kPa DMF, 20 ml min~" H, flow rate, 4 h TOS, 0.20 g catalyst. ” Average conversion and product selectivity over 4 h TOS. € 9.6% Pt/C + CSPW
(1:9 w/w, 20 mg Pt/C, 1% Pt loading per total catalyst weight). ¢ 9.6% Pt/C + SiO, (1:9 w/w, 20 mg Pt/C, 1% Pt loading). ¢ Catalyst prepared by
impregnating H,PtCls from aqueous solution. f Catalyst prepared by impregnating Pt(acac), from benzene solution. ¢ 7.8% Pd/C + CsPW (1:7 w/w,
25 mg Pd/C, 1% Pd loading). * 7.8% Pd/C + SiO, (1:7 wiw, 25 mg Pd/C, 1% Pd loading). ‘ 3.0% Ru/C + CSPW (1:2 w/w, 67 mg Ru/C, 1% Ru

loading).” 4.0% Rh/C + CsPW (1:3 w/w, 50 mg Rh/C, 1% Rh loading).
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Fig. 1 Time course for HDO of DMF: 0.20 g catalyst 9.6% Pt/C + CsPW
(1:9 w/w, 20 mg Pt/C, 1% Pt loading), 70 °C, 1.6 kPa DMF, 20 ml min~* H,
flow rate.
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hexane. Hence, for the efficient HDO, the presence of both Pt and
proton sites in the catalyst is essential. In contrast to Pt, other noble
metals (Pd, Rh and Ru) that are inactive in opening furan rings
exhibited poor activity in the HDO reaction under the conditions
applied (entries 10-19). These metals exhibited high selectivity
towards ring hydrogenation to form 2,5-dimethyltetrahydrofuran
(DMTHEF) (a mixture of cis and trans isomers, cis/trans = 6-10), with
or without the presence of CsPW (¢f Pd/C + SiO,, entry 13).
Therefore, the ability of Pt to break the furan ring is the key to
the deoxygenation of DMF. The Pt-CsPW catalyst operated under
very mild conditions (70-100 °C, 1 bar H,) giving n-hexane in 100%
yield. Importantly, no n-hexane isomerisation was observed under
such conditions, thus allowing complete transformation of DMF
to alkane without carbon backbone alteration. The isomerisation of
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n-hexane on Pt-CsPW has been reported to proceed at higher
temperatures, >150 °C.'® These results show that the bifunctional
catalyst Pt-CsPW is much more efficient than the monofunctional
Pt catalysts reported previously.*>’

Reaction kinetics was examined at 80 °C (see the ESI,T for
details). The HDO reaction was found to be zero-order in DMF
at 1.6-6.8 kPa DMF partial pressure (Fig. S1, ESIf). This
indicates that catalyst active sites were saturated with DMF.
The reaction was first-order in the Pt/C catalyst (Fig. S2, ESI{).
The same reaction orders have been reported for the gas- and
liquid-phase hydroconversion of DMF in the presence of mono-
functional catalyst Pt/C.>® The activation energy was estimated
to be E = 65 k] mol™" in the temperature range of 70-90 °C,
which is also close to the value 59 k] mol~ " for the gas-phase
reaction in the presence of Pt/C.® The high E value and zero
reaction order in DMF indicate no diffusion limitations in the
HDO reaction over Pt-CsPW under the conditions studied.

Supported bifunctional catalysts Pt/CsPW-w and Pt/CsPW-b
prepared by impregnating CsPW with H,PtCls from water and
with Pt(acac), from benzene, respectively, showed practically
the same performance in DMF deoxygenation as the Pt/C +
CsPW physical mixture (Table 1, entries 6-9). This indicates
that the reaction is not limited by migration of reaction inter-
mediates between metal and acid sites in bifunctional catalysts
since Pt and H' active sites in the mixed Pt/C + CsSPW catalysts
are much more distant from each other than in the supported
Pt/CsPW catalysts (Weisz intimacy criterion®).

Table 2 shows the effect of the Pt support (carbon, SiO, and
v-Al,03) on the activity of Pt—-CsPW catalysts in HDO of DMF at
70 °C under kinetic control (DMF conversion <100%). From
these results, the total turnover frequencies (TOF) per Pt site

This journal is © The Royal Society of Chemistry 2021
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Table 2 Effect of support on the HDO of DMF over Pt—CsPW?
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Product selectivity (% mol)

Catalyst” Conversion (%) TOF (s ") Hexane DMTHF 2-Hexanone 2-Hexanol Other
9.6% Pt/C + CsPW (0.038) 79.4 9.3 46.5 16.0 35.8 1.0 0.7
6.4% Pt/SiO, + CsPW (0.18) 92.5 2.3 52.9 20.4 23.4 2.6 0.7
1% Pt/Al,03 + CsPW (0.065) 6.2 0.42 16.8 10.9 64.5 3.4 4.4

“ pt/support (2.0 mg) + CsPW (0.19 g), 70 °C, 1.6 kPa DMF partial pressure, 40 ml min~" H, flow rate, 1 h TOS. ? In round brackets the number of
surface Pt sites in catalysts (umol) calculated from Pt dispersion (Table S1).

were calculated using the number of surface Pt sites in the
catalysts from Pt dispersion (Table S1, ESIt). The turnover
activity of the Pt sites decreases in the order of supports:
C (9.3) > SiO, (2.3) > y-Al,03 (0.42), where in round brackets
are the TOF values (s~ %) at 70 °C.

Although Pt plays the key role, the properties of acid co-
catalysts (the strength and the number of acid sites) can also
have a significant effect on the performance of bifunctional
metal-acid catalysts. Therefore, several Brgnsted solid acids
were tested for comparison with CsPW. These include silica-
supported heteropoly acid HPW and zeolites HZSM-5 with
different Si/Al atomic ratios listed in Table S1 (ESIt), namely,
25%HPW/Si0,, HZSM-5-12 and HZSM-5-47. Their acid strength
and proton site density are given in Table S2 (ESI{). Table 3
shows the effect of acid co-catalysts on the HDO of DMF at
100 °C. As seen, with all co-catalysts studied, full conversion of
DMF was achieved, but the selectivity to hexane significantly
depended on the acid strength. The strongest acids, CsPW and
HPW/SiO,, gave >99% selectivity to hexane, whereas the
weaker acids, HZSM-5 zeolites, gave 69-85% selectivity at
100 °C. HZSM-5-12 was notably more selective to hexane than
HZSM-5-47, which can be explained by almost 4-fold higher H'
density in HZSM-5-12 (Table S2, ESIt). The deoxygenation
activity of Pt-zeolite catalysts increased with increasing reac-
tion temperature reaching ~100% hexane yield at 120 °C.
These results show that the HDO activity of the bifunctional
catalysts correlates with the strength and the number of their
acid sites.

It is interesting to compare the HDO in the gas-phase system
with that in the liquid phase. The results for the liquid-phase
HDO of DMF over Pt/C + CsPW are given in Table S3 (ESI{).>
Full DMF conversion was achieved in 2 h reaction time, yielding
mainly 2-hexanone and DMTHF. The selectivity to hexane was

Table 3 Effect of acid co-catalyst on the HDO of DMF in the gas phase’

much lower than in the gas-phase (Table 1). It increased from
5 to 48% with increasing the temperature from 90 to 140 °C.
Therefore, the liquid-phase HDO in a batch reactor is much less
efficient and occurs under harsher conditions than the gas-
phase process in a flow reactor. The reasons for the higher
efficiency of the gas-phase process could be clarified via a more
detailed kinetic study.

From the above data, the hydrodeoxygenation of DMF over
Pt-CsPW can be represented by Scheme 1, which includes two
parallel pathways (1 and 2) starting from interaction of DMF
with Pt sites leading to DMF ring hydrogenolysis (pathway (1))
and ring hydrogenation (pathway (2)). The first reaction order
in Pt/C (Fig. S2, ESIT) suggests that the initial steps catalysed by
Pt are the rate-limiting steps in pathways (1) and (2), probably
the formation of 2-hexanol. Furthermore, each pathway
involves the dehydration of 2-hexanol to hexene on the proton
sites as an effective driving force for the HDO reaction to occur.
The final step of hexene-to-hexane hydrogenation on Pt sites is
probably fast as no hexene was observed among the reaction
products.

To support this reaction network, additional tests were carried
out by passing 2-hexanone, 2-hexanol and 2,5-dimethyl-
tetrahydrofuran (DMTHF) over CsPW, 9.6% Pt/C and 9.6%
Pt/C + CsPW under conditions comparable to those in Table 1
(90 °C, 2 kPa substrate partial pressure, 20 ml min~" H, flow rate,
1% Pt loading). The reaction of 2-hexanone over Pt/C gave 91%
selectivity to 2-hexanol at 87% conversion; only 6% of hexane was
formed. Complete deoxygenation of ketones to alkanes on 10% Pt/
C has been reported to occur at >300 °C."""'"> When 2-hexanone
was passed over CsPW in the absence of Pt/C, practically no
reaction was observed, whereas 100% hexane yield was obtained
over Pt-CsPW in agreement with a previous report.’* The reaction
of 2-hexanol over Pt/C gave only hexane, but at a very small alcohol

Product selectivity” (% mol)

Catalyst Temperature (°C) Conversion” (%) Hexane DMTHF 2-Hexanone 2-Hexanol Other
Pt/C + CsPW 100 >99 99.9 0.1 0.0 0.0 0.0
Pt/C + 25%HPW/SiO, 100 >99 99.3 0.0 0.1 0.4 0.2
Pt/C + HZMS-5-47 100 >99 68.5 8.0 0.7 20.3 1.6
Pt/C + HZMS-5-47 120 >99 99.6 0.0 0.1 0.1 0.2
Pt/C + HZMS-5-12 100 >99 84.8 5.4 0.2 7.1 1.9
Pt/C + HZMS-5-12 120 >99 99.2 0.0 0.1 0.3 0.4

“ 1.6 kPa DMF, 20 ml min~" H, flow rate, 4 h TOS, 0.20 g catalyst 9.6% Pt/C + solid acid (1: 9 w/w, 20 mg Pt/C, 1% Pt loading). ” Average conversion

and product selectivity over 4 h TOS.

This journal is © The Royal Society of Chemistry 2021
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Scheme 1 Reaction network for HDO of DMF over Pt—CsPW.

conversion (5%). Interaction of 2-hexanol with CsPW in H, or N,
yielded a mixture of 1-hexene and 2-hexene (cis and trans isomers)
at >99% alcohol conversion. The reaction of 2-hexanol over Pt-
CsPW in H, produced n-hexane in > 99 yield as expected. DMTHF
over CsPW alone gave mainly cracking products at 2% DMTHF
conversion. The monofunctional Pt/C catalyst in the absence of
CsPW had a very low activity in DMTHF hydrogenolysis to form
2-hexanol in 88% selectivity at 1.6% DMTHF conversion, with only
8% of hexane being formed at 90 °C. Bifunctional Pt/C + CsPW
catalysts had a good activity in HDO of DMTHEF to give >99%
hexane selectivity at 44% DMTHF conversion at 90 °C and 71%
conversion at 100 °C. These tests confirm the hydrogenation—-
dehydration-hydrogenation sequence of reaction steps in
Scheme 1 and demonstrate the importance of both Pt and H"
sites for the HDO reaction. Previous reports>®® as well as this
study show that the initial hydroconversion of DMF on Pt sites
strongly favours the ring opening over the ring saturation, with
the molar ratio of the primary reaction products [2-hexanone]/
[DMTHF] =~ 10. Moreover, the turnover rate of DMF hydroconver-
sion in the gas phase on monofunctional Pt/C is 2400 times
greater than that of DMTHF at 80 °C and 1 bar H,.® This indicates
that reaction pathway (1) should dominate by far over pathway (2)
(Scheme 1).

In conclusion, Pt-CsPW catalyst deoxygenates DMF to n-hexane
with 100% yield under very mild conditions (90 °C, 1 bar H,
pressure) in the gas phase. Mild reaction conditions exclude
n-hexane isomerisation allowing complete conversion of DMF to
alkane without carbon backbone alteration. The bifunctional Pt-
CsPW catalyst is much more efficient than monofunctional Pt
catalysts operating under harsh conditions.*>” The gas-phase HDO
in a flow system over Pt-CsPW is more efficient than the corres-
ponding liquid-phase batch reaction. The proposed reaction net-
work for the HDO of DMF includes a sequence of hydrogenolysis,
hydrogenation and dehydration steps catalysed by Pt and H' sites
in a bifunctional catalyst. Combined action of metal and acid sites
is essential for the effectiveness of this process. Facile dehydration
of secondary alcohol intermediate, 2-hexanol, on proton sites is an
effective driving force of the HDO process by bifunctional metal-
acid catalysis.
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