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Hydrogenation, hydrodeoxygenation and ring opening of biomass-derived furfural were studied by using Pd/C,
Pt/C, Re/C, Ru/C, Rh/C, Ni/C and Cu/C catalysts. Based on experiments, a generalized micro-kinetic model was
developed, describing kinetics of tested catalysts well. Pd/C could unselectively hydrogenate furfural’s ring,
aldehyde group or both and was the most active tested catalyst. Selective aldehyde group hydrogenation, fol-
lowed by deoxygenation was observed with other catalysts. This route was also favorable thermodynamically
according to density functional theory (DFT) calculations. Only Ru/C could form methyltetrahydrofuran (45.3 %

yield) and ring opening products at 200 °C. Reaction conditions were optimized in silico for most promising
catalysts (Pd, Pt, Re, Ni on carbon), by fixing the kinetic parameters obtained by regression analysis and sub-
sequently maximizing the objective function, i.e. the yield of the product of interest. Validation experiments
confirmed a high Pd/C hydrogenation activity already at 40 °C, forming predominantly tetrahydrofurfural (85 %
yield), while 95 % yield of 2-methyltetrahydrofuran was obtained by using a cheap Ni/C at 212 °C.

1. Introduction

In recent years, a growing trend towards the use of renewable
sources has materialized as replacements of petroleum-based fuels and
chemicals are being incentivized. Lignocellulosic biomass remains one
of the most abundant renewable and sustainable sources. Its main con-
stituents are cellulose, hemicellulose and lignin, which can be valorized
in different ways: e.g. gasification, pyrolysis and hydrolysis [1].

Some platform chemicals, such as furfural (FUR), are already pro-
duced in large quantities through acid—catalyzed hydrolysis and subse-
quent dehydration of sugars [2-4]. FUR was also listed by the US
Department of Energy as one of the most important platform chemicals
[5,6]. Various heterogeneous catalysts have been tested for the trans-
formation of FUR towards a wide range of products, some of which could
replace oil-based chemical in various industries as a greener alternative
[7-13].

Metallic catalysts — such as Ni, Pd, Pt, Cu, Ru, Re, and Rh — exhibit
hydrogenation hydrodeoxygenation, and/or decarbonylation activity
when hydrogen gas and/or hydrogen donor solvent is used. Commonly
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used solvents include various alcohols (2-propanol, ethanol, methanol),
which can act as proton donors and can in some cases serve also as
hydrogen donors as a replacement for gaseous hydrogen. A possible
downside is the intrinsic reactivity of these solvents, possibly forming
ethers or other side products with FUR and its derivatives. This is caused
by slower hydrogenation reactions in comparison to using gaseous
hydrogen as a hydrogen source [14-16].

Ni-based catalysts showed good activity for the hydrogenation of the
aromatic ring or/and aldehyde group, making them useful for the se-
lective conversion of FUR to tetrahydrofurfuryl alcohol (THFA) [17-28].
However, leaching of Ni in liquid phase needs to be resolved [26]. Pd
and Pt catalysts strongly adsorb Csp2 containing hydrocarbons and are
active for the aromatic ring hydrogenation [29-31]. Pd catalysts exhibit
high hydro(deoxy)genation activity and good catalyst stability. It can be
used for transforming FUR to THFA, furfuryl alcohol (FA) and also 2-
methylfuran (MF), depending on the operating conditions
[19,20,32-40]. Pt catalysts on the other hand showed similar adsorption
properties but are more active for the hydrogenation of side groups not
the aromatic ring. As aresult, FA, MF and furan are observed as the main
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products [35,41-49]. While FUR generally adsorbs in a flat orientation,
it was suggested that it shifts to a tilted orientation at higher surface
coverages [41]. Cu-based catalysts have shown high selectivity for the
hydrogenation of the carbonyl group and subsequent hydro-
deoxygenation only at elevated temperatures (>230 °C) [17,27,50-53].
DFT calculations have shown that FUR adsorbs primarily through the
interaction of its & electrons on extended Cu surfaces [54]. Ru-based
catalysts have shown promising results for the production of FA under
milder reaction conditions [55-57]. The reactions are structure-
sensitive, as the selectivity shifts when differently sized Ru nano-
particles were used [57]. It was also found that the increased hydrogen/
FUR ratio shifts the mechanism towards hydrogenation, producing tet-
rahydrofurfural [58]. Production of 2-methylfuran over Ru/C can also
be achieved at higher temperatures in liquid phase through the catalytic
transfer hydrogenation in isopropanol [59]. Rh catalysts [60-63] also
exhibit high hydrogenation activity to THFA through FA. Rh/C catalysts
showed the highest selectivity towards THFA in water, compared to Ni/
C, Ru/C and Pd/C [63]. 1 % Re on TiO»-ZrO3 support hydrogenated the
C = O group in ethanol with a 57.6 % selectivity towards FA, 29.1 % to
acetal and 13.3 % to other products [19]. Bimetallic catalysts also
showed synergistic effects in combination with other metals. A bime-
tallic Pt-Re catalyst was used to produce FA in ethanol with a 95.7 %
yield [19], while Rh-ReOy/SiO [54] and Rh-Ir-ReOy/SiO; [64] catalyst
favored ring-opening reactions.

Microkinetic modelling gives better insight into the reaction me-
chanics and helps quantify the influence of reaction conditions. Several
first-principles methods exist for calculating the parameters of chemical
reactions on the catalytic surfaces [65]. They have been used in studying
acidic hydrolysis of biomass or its valorization by using solid catalysts
[52,66-75]. A limited number of first-principles studies were conducted
on FUR valorization. For instance, the effects of hydrogen coverage on
Pd(111) [71], shape and size of Pt particles (Pt(111), Pt(211) and Ptss
cuboctahedron) [72], the reaction mechanism on Ru(0001) and RuO-
(110) [73,74], the effect of varying surface coverage on MoyC [52], the
reaction mechanism on MoO-(111), MoO3(101) and MoO3(111) [76],
the mechanism of hydrogenation (FUR to FA) over Cu(111), CuO(100)
and Cup0(100) [77] were studied and compared to the experimental
results.

In our previous study, a microkinetic model for the conversion of
FUR over a Pd/C catalyst was developed [32]. It was shown that mass
transfer limitations can greatly influence the conversion and selectivity
towards FA or THFA on a Pd/C catalyst when using isopropanol or THF
as a solvent. Although isopropanol was somewhat active as a proton
donor, the reactions with dissolved hydrogen were found to be much
faster, leading to comparable reaction rates in both solvents.

In this work, a thorough experimental and computational study of
furfural hydrogenation, deoxygenation, and ring opening reactions over
various catalysts (Ni/C, Pd/C, Pt/C, Cu/C, Ru/C, Rh/C, Re/C) was
conducted, by using tetrahydrofuran as a solvent and gaseous hydrogen
as hydrogenation agent. A model was developed to obtain adsorption
and desorption kinetics parameters, based on the temperature pro-
grammed desorption of carbon monoxide (CO-TPD). Our previously
developed mechanistic micro-kinetic model was expanded for all tested
catalysts. Quantum calculations, based on plane-wave density func-
tional theory (DFT) were used to explain reaction mechanics and ther-
modynamics. The micro-kinetic model was used to optimize reaction
conditions for four most promising catalysts. Predictions were also
experimentally validated.

2. Methods
2.1. Materials
Gaseous hydrogen (5.0, Messer, Gumpoldskirchen, Austria) was used

for catalyst reduction and as the main reactant. Liquid furfural (99 %,
Sigma-Aldrich, St Louis, MO, USA, reference number 185914) was used
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as the main reactant, and tetrahydrofuran (THF) for analysis (>99.8 %,
Merck KGaA, Darmstadt, Germany, reference number 1097312500) was
used as a solvent. Nitrogen gas (5.0, Messer, Gumpoldskirchen, Austria)
was used to flush the reactor before and after experiments. 5 % hydrogen
in argon (Messer, Ruse, Slovenia) was used for catalyst reduction during
the Ho-TPD and CO-TPD measurements. Mesoporous carbon (Sigma-
Aldrich, St Louis, MO, USA, reference number 702102) was used in the
blank run, while other commercially available catalysts, such as 5 %
palladium on activated carbon catalyst (Degussa, type E190 NW/W with
50 % water content), 5% platinum on carbon (Sigma-Aldrich, St Louis,
MO, USA, reference number 205931), 5 % ruthenium on carbon (Sigma-
Aldrich, St Louis, MO, USA, reference number), 5 % rhenium on carbon
(Riogen, NJ, USA), 5 % rhodium on carbon (Riogen, NJ, USA), 2-5 mm
pellets of 5 % nickel on carbon (Riogen, NJ, USA), 2-5 mm pellets of 5 %
copper on carbon (Riogen, NJ, USA) were used. Nickel and copper on
carbon catalysts were ground and sieved before the use to obtain
40-100 pm fraction, while other catalysts were used in the powder form
as purchased.

2.2. Catalyst characterization

X-ray diffraction (XRD) analysis of all fresh, unreduced catalysts was
conducted in the 2 ¢ range of 5° to 90° with a 0.001° minimum step size
on PANalytical X’Pert PRO instrument, by using CuKa (5 kW, 45 mA) as
radiation source (A = 0.154056 nm), with a Ni filter for K radiation.

ASAP 2020 gas adsorption instrument (Micrometrics, Norcross, GA,
USA) was used to obtain nitrogen adsorption-desorption isotherms.
Nitrogen physisorption measurements were performed, to calculate BET
specific surface area (Spgt), single point adsorption total volume of pores
(V}) and adsorption average pore diameter (dp). The volume (Vpicro) and
area (Amicro) in pores, smaller than 15 nm, was determined by using
NLDFT method.

Micrometrics AutoChem II Chemisorption Analyser (Micrometrics,
Norcross, GA, USA) was used for temperature programmed reduction
with hydrogen (H,-TPR) to observe the reduction properties of the
catalyst, while temperature programmed desorption of carbon monox-
ide (CO-TPD) was used to determine the concentration of active metal
sites. Approximately 100 mg of catalyst was weighted into a quartz U-
tube. The sample for H,-TPR was heated up to 300 °C with a heating rate
of 30 K min~! under 50 mL min~! flow of argon. The temperature
plateau was held for 30 min prior reduction. After the cooldown, a
constant 40 mL min~' flow of 5 vol% of Hy in Ar was introduced. The
sample was heated up to 800 °C with a heating rate 10 K min~!. A TCD
detector was used to determine hydrogen consumption.

Catalyst samples for CO-TPD measurements were first reduced by
using 40 mL min ! flow of 5 vol% of Hy in Ar. The sample was heated up
to 400 °C with a heat up rate of 10 K min~! and held for 3 h. After
cooling down to room temperature, the sample was flushed with He,
saturated with carbon monoxide (5 vol% CO in He) and flushed again
with He prior heating up to 800 °C, with a heat up rate of 10 K min~'. MS
detector was used to determine the amount of desorbed CO. 28 m/z and
44 m/z signal were calibrated by using five CO and five CO5 pulses after
each measurement.

2.3. Quantum calculations

Theoretical calculations were performed using the plane-wave den-
sity functional theory (DFT) framework in VASP. Electron-ion in-
teractions were described with the projector-augmented wave (PAW)
approach and the RPBE exchange-correlation functional. For well
converged results, an energy cutoff of 450 eV was sufficient. Since van
der Waals interactions play a crucial role in the adsorption of (saturated)
hydrocarbons on metallic surfaces, the Grimme D3 approach was used to
supplement the flawed DFT treatment of the dispersion interaction. For
nickel, spin-polarized calculations were required. The geometry opti-
mizations were performed until the forces dropped below 0.03 eV/A.
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The following metals were probed as catalysts: Cu, Ni, Pd, Pt, Re, Rh,
Ru. Among those, Re and Ru assume the hcp structure, while the
remaining ones crystallize in fcc. For each catalyst, the lattice parame-
ters were determined by optimizing the volume of their unit cell with
respect to energy, using a 16 x 16 x 16 Monkhorst-Pack mesh. From the
optimized bulk structure, four-layer slabs of extended surfaces (fcc(111)
or hep(0001)) were cut off. A 4x4 supercell was required to accommo-
date the intermediates with enough lateral spacing as to minimize the
cross-cell interactions. A 2 x 2 x 1 Monhkorst-Pack mesh was sufficient
for such large supercells.

On the slabs, the bottom two layers were kept fixed to approximate
the bulk. Stable furfural-derived intermediates were adsorbed on the
surfaces. For each compound, nine possible surface orientations were
investigated to locate the most stable one. While small fragments (such
as CH*) assume well-defined surface sites (fcc, hep, top, bridge), larger
molecules cannot. Thus, the nine orientations were constructed by
translating and rotating the molecules at the surface.

For the lowest-lying structure, the adsorption energy was calculated
as Eqdgs = Eqab/ads —Esiab —Egas, Where Eggpjq45 stands for the energy of the
slab with the adsorbate, Egq, is the energy of the empty slab and Eg; is
the energy of the relaxed gaseous adsorbate.

2.4. Catalytic tests

All experiments were conducted in a batch three-phase system,
which consists of 250 mL stainless steel reactor vessels with a magnet-
ically driven Rushton turbine impeller (with 30 mm diameter and
positioned 25 mm above the reactor bottom), a heating jacket and a
water cooling system. The reactor vessel is equipped with on-line tem-
perature and pressure probes and regulated through SCADA software.
All experimental runs are presented in Table 1. Seven different metal
catalysts and carbon support were tested. Each metal catalyst was
reduced for 4 h at 400 °C prior to the reaction in a tube furnace by using
a 200 mL min "~ flow of pure hydrogen. After cooling down, the catalyst
was carefully transferred in inert atmosphere to the reactor mixture,

Table 1

Operating conditions used in each experiment. 0.2 wt% of catalyst, 5 wt% of
furfural, 94.8 wt% of tetrahydrofuran and 60 bar of pure hydrogen at room
temperature were used in a typical experiment. All experiments started at room
temperature.

Run Catalyst/support T (°C) N (min’l)
1 5 % Pd/C 100 1000
2 5% Pd/C 100 1200
3 C 100 1000
4 5 % Ni/C 100 1000
5 5 % Cu/C 100 1000
6 5 % Ru/C 100 1000
7 5 % Rh/C 100 1000
8 5 % Pt/C 100 1000
9 5 % Re/C 100 1000
10 5 % Ni/C 150 1000
11 5 % Cu/C 150 1000
12 5 % Pd/C 150 1000
13 5 % Ru/C 150 1000
14 5 % Rh/C 150 1000
15 5 % Pt/C 150 1000
16 5 % Re/C 150 1000
17 5 % Ni/C 200 1000
18 5 % Cu/C 200 1000
19 5% Pd/C 200 1000
20 5 % Ru/C 200 1000
21 5 % Rh/C 200 1000
22 5 % Pt/C 200 1000
23 5 % Re/C 200 1000
24 5 % Pd/C 40 1000
25 5 % Pt/C 220 1000
26 5 % Re/C 155 1000
27 5 % Ni/C 212 1000
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which has been previously purged with argon to avoid oxidation. Pd/C
catalyst was also dried at 110 °C prior to reduction due to high water
content. The reaction mixture was heated from room temperature up to
100 °C, 150 °C or 200 °C. Typically, 0.2 g of catalyst, 5 g of furfural, 94.8
g of tetrahydrofuran and 60 bar of pure hydrogen were used to assure
hydrogen in excess, while setting the stirring speed (N) to 1000 min~!. A
higher stirring speed of 1200 min~! was tested in Run 2 to test if external
mass transfer limitations can be neglected. The liquid samples were
taken directly from the reactor system by using equipped sampling
tubes. The first sample was taken prior starting the reaction, the second
one after the temperature ramp was reached, while the following sam-
ples were taken at 30 min intervals. The final sample was taken after the
reaction mixture was flushed with nitrogen and cooled down.

2.5. Sample analysis

All liquid samples were collected at pre-determined reaction times
during the reaction and were than filtered and diluted 25 times with
tetrahydrofuran. Diluted samples were analyzed off-line by using gas
chromatograph with flame ionization detector (GC-FID) (Thermo Fisher
Scientific, Waltham, MA, USA) for quantification, coupled with mass
spectrometer detector (GC-MS) (2010 Ultra, Shimadzu, Kyoto, Japan)
for identification. GC-MS was also used for quantification of THFUR (71
m/z signal) and FUR (67 m/z signal) in cases where THFUR was detec-
ted, as their peaks were overlapping in a chromatogram. The stabilizer
2,6—di-tert-butyl-4-methylphenol (BHT) was used as an internal
standard.

2.6. Mechanistic description of temperature programmed desorption

A fixed-bed reactor model was developed, which describes the
adsorption and desorption of carbon monoxide to/from the catalyst
surface, in order to fit CO-TPD data. The catalyst bed dimensions were
0.44 cm of height and 1.1 cm diameter. Bed porosity of 0.35 was esti-
mated in order to calculate the volume of the gas phase (V) inside the
catalyst bed. The average value of 0.35 + 0.03 was determined by 10
independent virtual packings (in the open-source software Blender) of
randomly-shaped catalyst particles, with Gaussian particle size distri-
bution (Figure S1), by following the methodology reported in our pre-
vious work [78]. The exactly same bed porosity of packed bed (0.35 +
0.03) were reported for cylindrical particles by Flaischlen et al. [79] and
Eppinger et al. [80]. The concentration of carbon monoxide in the inlet
was set to zero and surface coverage of CO was initially set to 1 (total
coverage of the catalyst surface) as starting conditions. The linear ve-
locity in the axial direction of the gas (v) was obtained by multiplying
the measured flow rate of He (25 cm® min~! at ambient conditions) with
a temperature correction factor (based on the ideal-gas approximation)
and dividing it with a cross section of the reactor and bed porosity. The
molar balance equations, used in the model are shown in equations (1)
and (2), where time (t) and axial coordinate (x) were used as indepen-
dent variables, while other variables were defined as follows: concen-
tration of carbon monoxide in the gas phase (Cco), surface coverage
with carbon monoxide (6¢o), adsorption rate (k,qs), desorption rate (kges)
and number of total active sites (nys). Desorption rate was temperature
(T) dependent according to Arrhenius law.

The 28 m/z signals, obtained by CO-TPD were subtracted by the
baseline. All the signals were than recalculated as the concentration of
CO (Cco) in the outflow for each measurement, by using the calibration
curve.

e JC
&fo _ V'TCO — KaaesCoo (x)* (1 — Beo (x) ) + kdes(T)-Hco(X)-\rZ:s D
00 Vs
00 e Ceof()+(1 ~ Beo () 22 — ki (T) o6 () @
¢ Nts

The total number of active sites, initial surface coverage, desorption
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energy, adsorption and desorption rate constants were obtained by
fitting the CO-TPD profiles for each catalyst, (excluding Cu due to a very
low CO desorption temperature). We used literature data [81] as a proxy
to fit these parameters in the case of Cu/C catalyst. The concentration of
active sites is calculated by dividing the number of active sites with the
mass of the catalyst. These parameters were used in the micro-kinetic
model as an approximation for all furanic species in combination with
each tested catalyst. Matlab software was used for coding and solving
partial differential equations as a set (for every x dimension-step) of
ordinary differential equation by using an integrated Matlab solver
(odel5s). Nelder-Mead method with objective function (sum of squared
residuals) was used for regression analysis to estimate the relevant
parameters.

2.7. Microkinetic modelling of the reaction pathway

The previously developed microkinetic model was generalized,
expanded and improved, according to the reaction pathway network
shown in Fig. 1. For details on the methodology, the reader is referred to
Ref. [32]. Unless stated otherwise, the same assumptions apply. All re-
actions were assumed to follow the Langmuir-Hinshelwood mechanism.

In the first step the aldehyde group (with the rate constant k;) or the
aromatic ring (k) can undergo hydrogenation, leading to FA or THFUR,
respectively-THFUR can be further hydrogenated to THFA (k3) and
lastly to MTHF (ke). Should FA form, it can either undergo ring hydro-
genation to THFA (k4) or deoxygenation to MF (ks). Ultimately, MTHF is
the fully hydrogenated species (k7).

Various open ring products (OR), which were detected, were
assumed to mostly form from FA. No reactions with the solvent were
observed. Oligomerization products were only observed in low quanti-
ties in all tests (<2 wt%) and were therefore neglected in the model.

External mass transfer, hydrogen dissolution in the liquid phase,
adsorption and desorption of each specie to the catalyst surface were
accounted for in the model. The reactions were assumed not to be
limited by hydrogen mass transport due to excess hydrogen and rapid
stirring, as was also confirmed by varying stirring speed tests with the
Pd/C catalyst (Run 1 and 2, shown in Table 1). As a result, hydrogen
gas-liquid transfer parameters (kjag) were high enough not to limit the

_ /\/\OH )Oi/\
/\/\/OH
(0]
/\/\/OH )J\/\
HO
| OR -
kg
o OH
[0} | k; (0} ks

T
MTHF

THFUR THFA

Fig. 1. General reaction pathway network for furfural hydrogenation over
metal catalysts. Only stable intermediates and products are presented.
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reaction rates, as reported in our previous work [82]. Adsorption and
desorption parameters, were obtained by fitting CO-TPD data as previ-
ously described.

A set of ordinary differential equations was solved with an integrated
Matlab solver (odel5s). The parameter optimization was performed
using the Nelder-Mead method with the sum of squared residuals an
objective function. Afterwards, Levenberg-Marquardt algorithm was
used for a fine optimization and the computation of 95 % nonlinear
regression confidence intervals for each parameter. The determined
values were further used to calculate the TOF values (Eq. S1, Supple-
mentary material) with the corresponding confidence intervals.

Kinetic parameters were obtained for each reaction (i) by first fitting
reaction rate constants at 100 °C, while activation energies were fitted
simultaneously for three catalytic tests at 100 °C, 150 °C and 200 °C for
each individual catalyst. Reaction rate constants and activation energies
were fitted again simultaneously at all tested temperature for each
catalyst. Maximum turnover frequency (TOF) was calculated for each
reaction step and was compared between the tested catalysts. Note, that
TOF values were determined by the model after the regression analysis
and optimal fitting of the experimental data.

3. Results and discussion
3.1. Catalyst characterisation

As shown in Table 2, Pd/C and Pt/C catalysts both showed superior
specific surface area and pore volume. All catalysts exhibited micro- and
mesoporous structure (Figure S2. and S3.). The average pore diameter
was in all catalysts relatively similar (2.2 to 4.0 nm). Pores, smaller than
15 nm, were found to represent the majority of pore volume and surface
area in all tested catalysts, as expected for carbon support.

An XRD spectra was also obtained to get insight into the bulk
structure of fresh catalysts (Figure S4.). Ho-TPD was conducted, to
examine the reducibility of each catalyst. It is seen in Figure S5., that
indeed all used catalysts can be reduced at 400 °C. The carbon support
can decompose or react at temperatures above 550 °C. CO was assumed
to desorb from metal surfaces below 450 °C, while CO can be formed and
desorbed from carbon support also above this temperature, as was
evident from the CO desorption peak for pure carbon support.

3.2. Liquid sample analysis

All species, shown in Fig. 1 were identified by GC-MS and quantified
by GC-FID. FA, THFUR, THFA, MF and MF were the main observed
products. Pentane-2-one, butan-1-ol, butane-1,4-diol and pentan-2-ol
were also observed with Ru/C catalyst. Although some oligomeriza-
tion products were detected, they were generally detected in low con-
centrations in all tests (<2 wt%). It is possible that some volatile
products, such as furan or THF formed during the reaction, but was
overlapped by the solvent peak and therefore excluded from reaction
scheme. However, noticeable decarbonylation is reported to occurs only
at 200 °C or above [35], and was proved negligible by the gas phase
analysis.

Table 2

Textural properties of all tested catalysts.
Catalyst SgET Vp dp Vimicro Amicro

(m*g™") (em®g™h) (nm) (%) (%)

Carbon 572.0 0.4 2.5 92.8 99.0
Pd/C 1578.2 1.0 2.6 96.1 99.5
Pt/C 1529.5 1.3 3.5 92.4 99.2
Re/C 706.1 0.6 3.5 81.6 97.9
Ru/C 780.4 0.8 4.0 77.5 97.2
Rh/C 1057.4 0.6 2.2 97.8 99.9
Ni/C 996.4 0.6 2.3 96.6 99.8
Cu/C 1076.7 0.6 2.3 96.5 99.8
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3.3. Theoretical calculations

At the atomistic level, the heterogeneously-catalyzed reactions are
influenced by the electronic effects on the catalyst surface. Although
being a first step in a reaction cascade, adsorption of the reactants (and
intermediates and products) is paramount. In Table 3, we list the
calculated binding strength (adsorption energies) of all stable in-
termediates and atomic hydrogen on the investigated model catalysts.

First, we see that the metals can be grouped into three types based on
their affinity to bind hydrocarbons. Cu binds them poorly, while Pt, Re
and Ru bind them strongly. Ni and Pd lie in-between. Upon closer in-
spection, we conclude that furfural adsorbs planarly with the ring par-
allel to the catalyst surface, which is a consequence of the interaction
between its delocalized = electrons with the transition metal of the
catalyst. However, the distance to the surface and the orientation of the
carbonyl or aldehyde group vary (Fig. 2). It is in contact with Re, Ru, Rh,
Ni, and Cu with the aromatic ring, the carbonyl and aldehyde groups. On
Pd and Pt, its oxygen atoms are tilted away from the surface. Energeti-
cally, it adsorbs most strongly on Ru (-2.06 eV), followed by Pt > Re >
Rh > Pd > Ni > Cu. The most abundant product, furfuryl alchohol, is
most strongly bound to Pt (-2.20 eV), followed by Rh > Re > Ru > Pd >
Cu > Ni.

An important characteristic is also the strength of hydrogen
adsorption, which is strongest on Re and modestly strong on Pd, Ru, Rh
and Ni, all the latter being known as good catalysts for hydrogenation.

This is consistent with the experimental results. At low temperatures,
Pd is the most active (although poorly selective catalyst), followed by
Ru. It would appear that Re binds hydrogen too strongly. At increased
temperatures, Re, Rh and Ni all showed high catalytic activity.

For a broader picture, the thermodynamically most favorable path-
ways were evaluated by constructing the potential energy surface (PES)
diagrams. Shown in Fig. 3 (see Table S1. for the numerical values), it
displays the energetics of the adsorbed reactants, intermediates and
products. Two competing pathways with possible interconversion are
presented. Namely, the hydrogenation of FUR can first proceed by the
degradation of the aldehyde group, yielding FA and MF, or by ring hy-
drogenation, yielding THFUR and THFA. FA can convert to THFA, as
well. The fully hydrogenated product is MTHF. Aldehyde group hydro
(deoxy)genation is more favorable than initial ring hydrogenation on
Pd, Pt, Re, Ru, Rh and Ni, while Cu shows the opposite trend. According
to experimental results, this pathway was followed on most of the tested
catalysts, where FA and MF were the principal products. Some ring
hydrogenation was only observed at the highest tested temperatures,
while total hydrogenation (yielding MTHF) together with deoxygen-
ation only occurred on Ru/C at 200 °C. At lower temperatures, only Pd
forms noticeable amounts of the hydrogenated-ring products. Looking at
the calculated thermodynamics, Pd is the only catalyst where the in-
termediates have roughly the same energies, meaning that there is no
thermodynamic force favoring exclusive production of any of them.
Although the potential diagram on Pt looks similar, the reaction from

Table 3

Adsorption energies of furfural, its derivatives, H,O and atomic hydrogen (H) on
extended Pd(111), Pt(111), Re(0001), Ru(0001), Rh(111), Ni(111) and Cu
(111) surfaces. For H, the values for two sites (hcp, fcc) are listed, both relative
to 2 Hy ().

Eads (eV) Pd Pt Re Ru Rh Ni Cu

FUR -1.36 -1.94 -1.89 —2.06 -1.71 -1.29 —-0.95
FA —1.53 —2.20 -1.84 -1.78 -1.94 -1.04 -1.11
THFUR -1.01 —1.01 -1.74 —1.41 —-1.14 -0.92 —1.05
THFA -1.02 -1.09 -1.24 -1.06 -1.02 —1.00 -1.05
MF -1.18 —1.45 -1.20 -1.15 -1.27 -1.05 -1.03
MTHF -0.95 —1.06 -1.07 -0.89 —0.96 —0.98 —-1.03
H-fee —-0.55 —-0.45 -0.72 —-0.58 —0.54 —0.52 -0.26
H-hcp —0.50 -0.39 -0.73 —0.52 —0.52 —-0.51 —0.26
H,0-top —0.38 —0.41 -0.57 —0.52 —0.46 —0.45 —0.41
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adsorbed FUR towards adsorbed FA is slightly exothermic in contrast to
the strongly endothermic reaction towards adsorbed THFA, which could
explain the lack of any hydrogenated-ring products on Pt.

Moreover, the tested catalysts vary in their interaction with different
intermediates, thereby influencing the most favourable reaction
pathway. The differences can be drastic. For instance, on Cu all hydro-
genation reactions are exothermic because the reactants are adsorbed
less strongly than the products, while on Ru the opposite is true. While
the surface reaction is strongly exothermic on Cu, it proceeds slowly due
to weak interactions of FUR and hydrogen with the catalyst. On the
contrary, the reaction is strongly endothermic on Re, Ru and to a lesser
extent on Rh. Only on Pd and Pt is the reaction roughly athermic. This
explains why Pd and Pt perform well at lower temperatures, as well.

3.4. CO adsorption and desorption kinetics.

Regression analyses of CO-TPD profiles for each tested catalyst
(Fig. 4) allowed calculating the concentration of surface sites and
desorption kinetics parameters.

The total number of active (metallic) sites (ns), activation energy of
desorption (Eqes) and desorption rate constants (kges) were obtained by
fitting the carbon monoxide concentration in the chemisorber outlet,
which is based on the 28 m/z signal. The concentration of active sites
(Cas) was calculated by dividing nrtg (equivalent of moles of one des-
orbed CO molecule from each surface site) with the mass of the catalyst
(see Table S2). Desorption rate constant increases with temperature
(based on Eges according to the Arrhenius law), resulting in gradual
desorption of CO from sites previously saturated at low temperature.
Pre-exponential constant (Aqes) were calculated from obtained desorp-
tion rate constants according to Arrhenius law. The results are summa-
rized in Table 4. It was found that kinetic parameters for CO desorption
(particularly energy barrier required for CO desorption) generally fol-
lowed the trend of adsorption energies of furanics determined by DFT
(Table 3). Specifically; CO (and FUR) is/are strongly bond to Ru surface,
while the interaction with Cu is by far the lowest. Eges of CO for other
metals lie within 36 & 8 kJ mol L. Adsorption rate (kaqs) was determined
to be much higher, specifically in the range of 1.7 « 108 s™! for all cases
and with negligible temperature dependence. Figure S6 demonstrates
that the kinetic parameters for desorption (in particular Eges) reported in
Table 4 are independent from the initial surface coverage, as various
initial values manage to fit the experimental CO-TPD profile equally
well, as long as the initial surface coverage is sufficient (estimated as
#'co in Table 4) to account for the chemisorbed storage capacity of CO.
After exceeding this value, the model predicts a slow but gradual
desorption of physisorbed or weakly chemisorbed CO, observed before
the heat-up ramp, while the crucial desorption profiles during the heat-
up ramp of the CO-TPD are nearly identical.

Pre-exponentials and desorption energies determine the mobility of
the species. At 150 °C, the accessible thermal energy is 3.5 kJ mol 1.,
Since the adsorption and diffusion energies of all our adsorbates are
higher, surface migration is driven by the continuous energy exchange
between the adsorbate and substrate. These fluctuations result in
random jumps, forming a Markov process [83]. CO is most mobile on Pd
and Ru, where the pre-exponential factor is the largest. On Cu, it is
bound weakest, meaning that desorption competes with the surface
mobility.

Pd and Rh showed one clear desorption peak, suggesting one main
type of metal surface sites from which CO desorbed. Pt, Re Ru, and Cu
showed two desorption peaks, which suggest that at least two different
surface sites are present; however peaks were not clearly separated for
Ni. Nevertheless, our model adequately fitted all desorption behavior,
taking solely one type of sites into account. Interestingly, the first two
catalysts were found to lead to the most varying products (aldehyde
group and ring hydrogenation, deoxygenation and in case of Rh/C also
ring opening), while the latter follows only one dominant pathway
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Fig. 2. The adsorption of furfural on 0:Cu, 1:Ni, 2:Pd, where A is the side and B the top view. Colour code: C-yellow, H-cyan, O-red, Cu-orange, Ni-dark purple and

Pd-light purple.

through aldehyde group hydrogenation and deoxygenation (see section
3.5. Reaction kinetics and transport phenomena for details).

3.5. Reaction kinetics and transport phenomena

3.5.1. Preliminary runs

Preliminary tests were performed to experimentally confirm the
absence of the external mass transfer limitations (Run 1 and 2), as no
noticeable difference by comparing reaction rates at different stirring
speeds was found (Figure S7a and Fig. 5a). Operation in the kinetic
regime for all tested catalysts was confirmed, as these tests were per-
formed with the most active Pd/C catalyst. The external mass transfer
was therefore sufficiently fast not to affect the global rate even using the
catalyst demonstrating the highest TOF. Internal mass transfer limita-
tions also did not play an important role, as the catalyst was used in
powder form, therefore the diffusion could easily cope with relatively
low global reaction rates (requiring hours for a noticeable conversion).
Furthermore, Pd/C was among the catalysts with the smallest average
pore diameter (Table 2) and still demonstrated supreme performance,
while the pore volume was comparable for all the tested samples (0.95
+ 0.35 cm® g1). As shown later on, adsorption rate was much faster
than surface reaction rates as well.

It was also demonstrated that the support itself has no catalytic ac-
tivity (Run 3, Figure S7b), proving that the active metal surfaces are
solely responsible for the catalytic reactions. The support and its inter-
action with the metal might however affect the catalytic performance. It
was found by Kosydar et al. [84] and Mironenko et al. [55] that active
carbon can even provide additional adsorption sites, while the remain-
ing oxygen-containing functional groups could have an influence on the
reaction rates and selectivity. As carbon support was catalytically
inactive in absence of the active metal, the effect of the support was
neglected in our kinetic modelling. The effect is expected to be rather
limited and can also be considered similar across the benchmarked
catalysts.

3.5.2. Catalytic activity and modelling results

All catalysts were tested at 100 °C, 150 °C and 200 °C and the data
fitted with our micro—kinetic model. The model fits experimental data at
all tested temperatures (Figs. 5 — 7) well for all tested catalysts, although
the reaction rate was slightly overestimated in case of Re/C at 100 °C. If
the reader is interested in the low concentration products at 150 °C, they
are invited to see Supplementary material (Figure S8.). The modelling
results show the Pd/C catalyst to be most active at all tested tempera-
tures. The reaction rates were generally at least one order of magnitude
higher at 100 °C, compared to the other tested catalysts (Table 5), which
is also evident from the total turnover frequency (TOF) values (Table 6).
Although the total achieved TOF of Pd/C is also highest at 200 °C, other
catalysts become competitive and more selective towards the aldehyde
group hydrogenation and deoxygenation. This is also noticeable when

comparing activation energies (Table 5), since the reaction rates with
high activation energies are generally dominant at high temperatures.
Pt/C, Re/C, Ru/C, and Ni/C showed medium activity, while Rh/C and
Cu/C showed to be inferior in the tested temperature range. The lowest
activity of Cu can be ascribed to a weak adsorption of furfural and
hydrogen to the catalyst surface, as observed in our CO-TPD measure-
ments (low desorption temperature) and theoretical calculations of
adsorption energies (Table 3). The final conversion, selectivity and
yields for all runs are shown in Table S3. for comparison.

3.5.3. Ring hydrogenation

Pd/C was the only catalyst, which showed ring hydrogenation ac-
tivity at all tested temperatures, as THFUR was detected and also pro-
duced in relatively large quantities even at 100 °C. This is evident from
the high reaction rate constant and TOF values for ring hydrogenation
reactions (Table 6). The high ring hydrogenation activity could be a
result of furfural adsorption orientation with the ring and oxygen tilted
away from the surface, as suggested by our theoretical calculations.
However, hydrogenation was not selective in terms of various functional
groups, as both aldehyde group and ring were hydrogenated with
comparable rates at all tested temperatures. Hydrotreatment reactions
over Pd/C are not very temperature sensitive due to low activation en-
ergies. Nevertheless, faster total hydrogenation and deoxygenation were
observed at higher temperatures.

Negligible ring hydrogenation activity was observed with other
catalysts up to 150 °C. Ru/C showed mediocre ring saturation activity
only at temperatures as high as 200 °C, but was not selective. Rh/C also
showed minor ring hydrogenation activity at 200 °C.

3.5.4. Aldehyde group hydrogenation

All tested catalysts exhibited aldehyde group hydrogenation activity.
In addition to ring hydrogenation, Pd/C also showed the highest alde-
hyde group hydrogenation activity at 100 °C, which was more
competitive with other catalysts at higher temperatures. All other
catalyst showed to be much more selective towards aldehyde group
hydrogenation, which is also thermodynamically favorable in compar-
ison to ring hydrogenation (except for Cu), according to potential energy
diagrams (Fig. 3). Although Pt/C and Ru/C were less active compared to
Pd/C at 100 °C, higher yield towards the aldehyde group hydrogenation
product FA was observed. FA was also the main product at 150 °C for
most catalysts (Pt/C, Re/C, Ru/C, Rh/C, Ni/C), while the highest yield
was obtained by using Ru/C, followed by Re/C and Pt/C. Aldehyde
group hydrogenation was faster with all catalysts at 200 °C compared to
lower temperatures, although other side or sequential products were
observed in all cases, hence lowering the selectivity. Cu/C showed the
highest selectivity at 200 °C but is not of a high relevance due to the poor
conversion.



R. Sivec et al.

-8,

-3,5

0

Reaction coordinate

A
t\ Re
\

Reaction coordinate

=

o,oJZ 2 Rh
0,5

Reaction coordinate

40

Ener

75+

> 45
>-50 [
o

55
6,0 [
8,5
70+

-8,0

o0 oo
-0,5.

Reaction coordinate

Chemical Engineering Journal 436 (2022) 135070

]

-8,0

Reaction coordinate

75

Reaction coordinate

Oth Ni l
-0,5-=

=

35

NS5 6 h
o o o u
T T T

-7,5

Reaction coordinate

A=FUR(g)+4H, E=FA+6H

B =FUR+8H F = MF+4H+H,0
C=THFUR+4H G =MTHF+H,0
D =THFA+2H

Fig. 3. Potential energy diagrams for all tested active metals.



R. Sivec et al.

Concentration (mmol mL™")

0.000

Pd/C

s

AR

800

N o
8 8
Temperature (K)

N
o
o

..I T
1000 1500 2000

T
2500
Time (s)

< .
§ 0.002 1 PR
0.001

0.000 =

Re/C

1000 1500

T T 1
2000 2500 3000

Time (s)

m

~

< 0.016

10

o
o
=
N
1
I
1
\

0.008

Concentrati

4

A
0.000 —

T
1000 1500 2000

0.0050

2500
Time (s)

0.0045
0.0040
0.0035
0.0030
0.0025
0.0020
0.0015
0.0010
0.0005 + - =~ >

0.0000 Tt

Cu/C

0 40 80

T T
120 160

Time (s)

4000

800

N o
8 8
Temperature (K)

N
o
o

4000

800

(o2}
o
o

N
8
Temperature (K)

200

800

N o
8 8
Temperature (K)

N
o
o

Chemical Engineering Journal 436 (2022) 135070

0.010 800
Pt/C
0.009 - B
—~ P
% . /’// 4 600
< 00074 e <
E 0.006 Pl 2
] 2 =
§ 0005 - luo B
1 Q
g 0.004- £
g 0.003 2
c
§ 0002+ 4 200
0.001
0.000 . . . . T
1000 1500 2000 2500 3000 3500 4000
Time (s)
0.032 800
Ru/C
0.028 - -
a
g 00241 4600 _
S £3
E 0.020 4 >
1= =
B ©
g oot luo B
= Q
£ 00124 - - £
; 2
2 0.008
8 4 200
0.004 -
0.000 - . ; . T
1000 1500 2000 2500 3000 3500 4000
Time (s)
0.010 _ 800
Ni/C
0.009 - .
<, 0.008 L7
E e 4 600
< 0007 - c
2 £3
E 0.006 - s 0
£ P E
1005 - e @
5 0005 » Jaoo &
20.004—__,/’ g
$ 0.003 -
C
§ 0002+ 4 200
0.001
0.000 . . . . T
1000 1500 2000 2500 3000 3500 4000
Time (s)
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Table 4
Concentration of surface sites, initial TPD surface coverages and desorption ki-
netic parameters obtained from CO-TPD.

Parameter Pd/C Pt/C Re/C Ru/C Rh/C Ni/C Cu/C?

Cas 45 . 9.7 5.6 3.1. 1.1 5.5 8.7
[mol 104 104 1074 1073 1072 104 107
g

feo 0.77 0.97 0.78 0.96 0.84 0.6 0.74

Kdes® 3.2. 1.1. 1.1 1.3. 2.3. 6.0 - 3.0
s 10% 103 10 103 10° 10* 107

Ades 4.8 . 2.7 . 3.1. 45. 1.4« 8.1. 9.30 «
s 10° 108 107 10° 107 108 108

Edes 41.9 436 28.0 53.1 30.5 33.4 12.0
[kJ
mol 1]

a Parameters estimated by fitting literature data [81].
b Desorption rate constant at 150 °C.

3.5.5. Deoxygenation

Deoxygenation was found to be slower than hydrogenation of alde-
hyde group in all cases and was therefore a consecutive reaction after at
least one hydrogenation step. A similar trend was observed for both
reactions, although higher temperatures were generally needed for
deoxygenation to occur. Furfural’s aldehyde group hydrogenation, fol-
lowed by deoxygenation is also the thermodynamically favorable
pathway (Fig. 3). No deoxygenation was observed at 100 °C with all
catalysts, except for Ru/C being the only catalyst, where the deoxy-
genation product MF was found in decent quantities. At 200 °C, deox-
ygenation products were observed with all catalysts but in various
quantities. The highest deoxygenation rates at 200 °C were observed
with the catalysts exhibiting the highest activation energies for this re-
action, such as Pt/C with 125 kJ mol .

3.5.6. Ring hydrogenation, coupled with deoxygenation and ring opening

Higher amounts of MTHF and various ring opening products
(Pentane-2-one, butan-1-ol, butane-1,4-diol and pentan-2-ol) were only
observed using Rh/C at 200 °C. No such products were found in
meaningful concentration at lower temperatures or with any other
catalyst. Although some researchers [16] obtained MTHF by using Pd
based catalyst and pentanediols by using Pt based catalysts, a different
catalyst support or a combination of various catalysts and different
solvents (usually 2-propanol or water) were used in those cases. Ma et al.
[85] also observed water to play a key role in the ring opening reactions
for Pt based catalysts, while only a minor yield of 1.8 % of pentanediols
was obtained with THF as solvent and Pt/CeO5 as catalyst, which ex-
plains the lack of such products in our reaction system. The kinetic pa-
rameters for these reactions could not be precisely calculated, as higher
temperatures would be needed to study them thoroughly. This also re-
sults in a less accurate fit of experimental points with modelled data at
200 °C. Nevertheless, 45.3 % MTHF yield was experimentally observed,
and it was the only catalyst with ring-opening activity, which makes Rh/
C a promising catalyst, worth studying further.

3.6. In-silico process optimization and experimental validation

We used the micro-kinetic model and kinetic parameters determined
in descriptive phase for predicting the catalytic performance and to
optimize the temperature and reaction time, with the goal to obtain the
highest yield and selectivity of target products using the most promising
catalysts. Temperature and reaction times were optimized for Pd/C, Pt/
C, Re/C and Ni/C, which were also experimentally validated at condi-
tions prognosed as optimal. The agreement between modelling forecasts
and experimental validation tests is shown in Fig. 8.

Despite Pd/C is promising for producing THFA at higher tempera-
tures and longer reaction times, it seemed to be more interesting for
optimizing the yield of THFUR, which was rarely mentioned in the

Chemical Engineering Journal 436 (2022) 135070

literature. The optimal selectivity was predicted to be achieved by using
very low temperatures. At 40 °C the highest THFUR yield of 48 % was
calculated after 437 min of reaction time. The model underestimated the
selectivity towards THFUR, as more THFUR was formed in a validation
experiment (70 % yield) than expected. Generally, the prediction of high
THFUR yield at low temperature was found correct and predicted
behavior did not deviate severely, taking into account that the used
kinetic parameters are based on catalytic tests performed at significantly
higher temperatures (between 100 °C and 200 °C). The process might
also be economically favorable, as it could operate nearly at room
temperature.

Pt/C catalyst was optimized for MF production. The yield of 95 % (99
% selectivity) was calculated to be achieved at 220 °C by prolonging the
reaction time to 930 min. Deoxygenation was slightly faster than ex-
pected and also up to 12 % of ring opening products were observed at
the end of reaction. This was not predicted in our model, as ring opening
products were not observed below 200 °C during shorter catalytic tests.
An experimental yield of 81 % was achieved after 1080 min and 85 %
after 1320 min, which is a reasonably good agreement with in silico
prediction.

Re/C was expected to be suitable for FA production. By prolonging
the reaction time to 1040 min at 135 °C, a targeted 78 % yield with 84 %
selectivity should be achieved. A maximum yield of 49 % was achieved
experimentally only after 1330 min. Additionally, two separate runs at
same experimental conditions were performed with Re/C catalyst.
Combined experimental points are shown in Fig. 8 to confirm good
repeatability.

Ni was also promising for FA production as a cheaper alternative.
The optimal conditions were found at 212 °C after 345 min reaction
time. We achieved a good fit for aldehyde group hydrogenation (as seen
from furfural consumption). However, faster hydrodeoxygenation was
observed experimentally, as the test was performed 12 °C above our
prior catalytic tests. The obtained parameters for reaction ks seem to be
slightly underestimated, as MF was detected only at 150 °C and 200 °C
in lower concentrations. We believe this phenomenon to be a result
thermodynamics, as a highly exothermic FA deoxygenation reaction
(Fig. 3) was only observed with Ni metal (in addition to Cu, which was
mostly inactive), once the reaction barrier was overcome. Nevertheless,
the experimental results suggest Ni/C to be the best catalyst for MF
production at 212 °C, as up to 95 % yield could be experimentally
achieved after only 346 min of reaction. A higher yield could be ob-
tained in a much shorter time and at slightly lower temperature,
compared with Pt/C.

Overall, the model suggested optimized conditions well, especially
by taking into account that all optimization experiments were validated
out of our prior experimental temperature and/or reaction time range.
Only the deoxygenation rate (ks) was found not to be valid above 200 °C
with Ni/C.

4. Conclusion

Seven different metals, dispersed on activated carbon (Pd/C, Pt/C,
Re/C, Ru/C, Rh/C, Ni/C and Cu/C), have been tested for their activity in
hydrotreatment of furfural. The catalysts were tested at three different
temperatures (100 °C, 150 °C, and 200 °C) with tetrahydrofuran (THF)
as a solvent. Initial testing revealed that mass transfer limitations did not
play a role in the reaction. Consequently, the observed reactions were
governed by the intrinsic reactivity of the catalyst. Temperature pro-
grammed desorption (TPD) with CO was used to measure the amount of
active sites. A plug-flow reactor model was constructed and parame-
trized to model the adsorption and desorption of CO in the experiment.
By fitting the experimental TPD plots to the model, the concentration of
active sites, the adsorption interaction and its rate constants were ob-
tained, which were used in the micro-kinetic model describing the
conversion of furfural.

To describe the performance of the catalysts with respect to activity
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Table 5
Surface kinetics parameters determined by the regression analysis.
i Pd/C Pt/C Re/C Ru/C Rh/C Ni/C Cu/C
Reaction rate constants (k;) at 100 °C [s~']
1 (3.9 £ 0.2)-10 7.7 £0.4 5.9+0.2 3.0+05 (2.0 +£0.1)-10! (8.7 +£0.3)-10"! (2.56 + 0.05)+1072
2 (7.8 £ 0.5)-10' 0 0 0 0 0 0
3 (2 +2).10' 0 0 0 0 0 0
4 1.7+0.8 1 £ 1).10"! 0 (4 + 4)+10~5 2+ 4)-10* 4+ 4)-1077
5 (3 £3)107! (8 £2)1073 (6 £ 1)107! (1.3 £0.3)+10"! B £1)107 2+4 1.7 +£0.1
6 0 0 0 0 0 0 0
7 (2 £2)107! 0 0 (1.1 £0.6)+1073 (6 +6)+107 1 £ 11073 0
8 0 0 0 1+ 11073 (1 +£1)10"° 1 £ 11073 0
Activation energy (Ea;) [kJ mol-1]
1 6.3+ 0.6 6+1 30.3 +£ 0.6 27 £ 2 18.8 + 0.8 57.1 £ 0.9 63.66 + 0.03
2 1.2+ 0.9 n.a. n.a. n.a. n.a. n.a n.a
3 0.7 £ 0.7 n.a. n.a. n.a. n.a. n.a n.a
4 30+1 27 £5 n.a. 178 + 30 116 + 26 205 £ 16 n.a
5 31+1 125 + 2 29+ 2 68 +7 106 + 30 28+ 3 0.02 £+ 0.02
6 n.a n.a n.a n.a n.a n.a n.a
7 47 £ 20 n.a n.a 140 £ 8 83+ 80 95 +13 n.a
8 n.a n.a n.a 117+ 7 50 + 50 12+ 12 n.a
Table 6
Maximum TOF with 95 % confidence intervals for each reaction step, calculated during experimental runs at 100 °C and 200 °C.
i Pd/C Pt/C Re/C Ru/C Rh/C Ni/C Cu/C
TOF; at 100 °C [s ']
1 (3.34+0.2)-102 6.8+ 0.4)-1073 (6.7 +£0.3)-103 8+ 1)107* (5.1 £ 0.4)+107° (1.12 £ 0.04)+103 ((3.22 4+ 0.06)-10~°
2 (6.7 +0.3)102 0 0 0 0 0 0
3 (8 £7)1073 0 0 0 0 0 0
4 3+ 1).107* (8 & 8)-10°° 0 0 4+ 4-10"° (2 +2)10°°
5 9 +£9).107° (2 +0.7)+107° (1.2 £ 0.3)-107* (4 +1).10°° @2+ 1108 (5.2 4 0.1)-107° (2.9 +0.3)-10°°
6 0 0 0 0 0 0 0
7 (3+3)10°° 0 0 (1.1 £ 0.9)-107"° (2 +2)10712 (2 £ 2).10°8 0
8 0 0 0 1+ 11077 1+ 1107 (2 +2).1077 0
Total* (6.7 £ 0.3)+1072 (6.8 = 0.4)+1073 (6.7 £0.3)+1073 (8 £ 1)-107* (5.1 £0.4)+107° (1.12 £ 0.04)+1073 (3.22 £ 0.06)+1073

TOF; at 200 °C [s1]

1 (5.3 £ 0.3)+10°2 (1.8 £ 0.2)-10°2 (6.9 + 0.5)+102 (2.7 £ 0.6)+10°2 (1.18 + 0.01)+102 (6.9 + 0.5)+102 (3.51 + 0.07)+1073
2 (7.6 + 0.7)+1072 0 0 0 0 0 0

3 (1+1)102 0 0 0 0 0 0

4 (3.5 £ 0.9).10°3 (5+5)107* 0 0 (3+3)10* (4 4+ 4102

5 (10 £ 10)-10~* (1.0 £ 0.2)1072 (4 4+ 1)-1073 (6.2 + 0.4)+1073 (7 £ 6)e107* (4 4+ 41073 (4.2 +0.4)-107*

6 0 0 0 0 0 0 0

7 (2 4+ 2)-1073 0 0 (2.7 £ 0.4)-1073 (7 £ 7)e10°* (34 3).10°° 0

8 0 0 0 (5 4 5)+1073 (3 +3).107* (2 4+ 2)-1077 0

Total* (7.6 = 0.7)+1072 (1.7 £ 0.2)1072 (6.9 £ 0.5)+1072 (4 +2)+1072 (1.27 £ 0.2)+10°? (6.9 £ 0.5)+1072 (3.51 £ 0.07)+1073

*Highest obtained cumulative TOF during the reaction.

and selectivity at different operating conditions, a generalized micro-
kinetic model was developed. It is valid for all studied catalysts at all
tested conditions.

Pd/C consistently showed the highest activity regardless of the
conditions. However, the catalyst was poorly selective, hydrogenating
both the aromatic ring and the aldehyde group, eventually yielding fully
hydrogenated THFA. The temperature did not have a strong effect on the
selectivity, although ring hydrogenation was slightly favored at lower
temperature, while higher temperature promoted full hydrogenation.
Pd/C was the only catalyst with ring hydrogenation activity at 100 °C
and 150 °C, which makes it the best candidate for tetrahydrofurfural and
tetrahydrofurfuryl alcohol production. Pt/C and Ru/C had moderate
activity at 100 °C, selectively producing furfuryl alcohol, while Ru/C
also showed minor deoxygenation activity. Furfuryl alcohol was also
observed in low concentration with Re/C and Rh/C, as well. Copper was
the least active catalyst, inert up to 150 °C. Pt/C, Re/C, Rh/C, Ru/C and
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Ni/C all exhibited selective aldehyde group hydrogenation at 150 °C (to
FA), followed by deoxygenation at higher temperatures (to MF). More
noticeable deoxygenation at 150 °C was observed with Ru/C and Ni/C.
At higher temperatures (200 °C), the difference in activity between Pd/C
and other catalysts was less pronounced. In addition to aldehyde group
hydrogenation, all catalysts showed some deoxygenation ability.

For additional insight in the reaction mechanism, DFT calculations
were employed. The investigated catalysts were modelled as extended
metallic surface, omitting the support effect (since C is rather inert).
Despite known limitations of the study (extended monometallic sur-
faces, no support), some trends that help explain experimental data were
discovered. It was found that on all catalysts except Cu, the hydro
(deoxy)genation of the side group is more thermodynamically favorable
than ring hydrogenation. This means that FA and MF preferentially
form, which was confirmed experimentally. We show that Pd and Pt
have the unique combination of strong adsorption energies and
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Fig. 8. Optimization and validation runs at optimized temperature and reaction time, by using 0.2 wt% of Pd/C, Pt/C, Re/C, and Ni/C, 5 wt% of furfural, 94.8 wt%

of tetrahydrofuran and 60 bar of pure hydrogen. IEliFUR, INFA, M THFUR, BBl THFA, I MF,

exothermic (or only slightly endothermic) reaction steps, explaining
their superb performance.

Ultimately, the microkinetic model was used as a predictive tool to
optimize the operating conditions for the best performing catalysts.
Among them, Pd/C showed high ring hydrogenation activity even at
40 °C, obtaining up to 85 % yield of tetrahydrofurfural. Ni/C was
showed to be highly active and selective at 212 °C. A 95 % yield of 2-
methylfuran was experimentally achieved at 212 °C, while furfuryl
alcohol was the main product at lower temperatures. Re/C was selective
to furfuryl alcohol at all temperatures.
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