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ARTICLE INFO ABSTRACT

Keywords: The furfural hydro-treatment process over Ni/AlyO3, Ni/SiO3, Pd/Al203, Pd/SiO3, Ru/Al,O3 and Ru/SiOy was

Fflrfural investigated in a three-phase batch reactor operation at 150 °C, 175 °C and 200 °C, 60 barg hydrogen and

Ililo(;based furfuryl alcohol tetrahydrofuran as solvent. The strength and rate of adsorption and desorption to/from acidic, metallic and
ydrogenation

interface site structures were determined, using Hy temperature-programmed reduction (H-TPR), CO (CO-TPD)
and NH3 (NH3-TPD) desorption experiments, and subsequent regression analysis of the results by numerical
modelling and optimisation. To quantify the contribution of transport, active metal materials and support effect
relationship, a generalized micro-kinetic model was postulated, which has been shown to describe experimental
result outcomes well. Mechanistic description and regression analysis were applied to evaluate the role of the
support (Al,O3 or SiO») on the catalytic element (Ni, Pd or Ru) atoms, their energy impact on the individual steps
and selectivity. Evaluation of morphological and structural characteristics, and sorption or intrinsic reaction
kinetics has indicated that the coverage of acidic sites (on alumina or silica) facilitated yielding ring hydroge-
nation, inhibited deoxygenation, decarbonylation and cyclic compound opening, and supressed etherification.
The rates for aromatics or aldehyde functional groups were, nonetheless, affected in a different order. Under-
standing the chemistry of bio-based furanic derivatives mechanistically is vital and can improve the process of

Furan ring-opening reaction
Micro-kinetics

Catalytic structure-activity/selectivity
relationship

their conversion into of mono- or di-alcohols.

1. Introduction

In recent decades, ample effort has been devoted to researching
renewable and sustainable sources of energy and chemicals. Lignocel-
lulosic biomass has the potential to supplant fossil fuels, which would
slow down the global warming and improve the economic independence
and in robustness [1]. Cellulose, hemicellulose and lignin are the main
components of lignocellulosic biomass, which can be converted using
various technologies, such gasification, hydrolysis, pyrolysis, chemical
conversion [2]. Furfural is one of the promising platform chemicals, as
recognized by the US Department of Energy [3,4]. It is most commonly
produced with acidic hydrolysis of hemicellulose, followed by sugar
dehydration [5-7]. It can be converted to a wide variety of products or
chemicals, replacing their fossil fuel based sources [8-14].

Heterogeneous catalysts have a proven track record in an effective
and selective conversion of raw chemicals to desired products. For
biomass valorization, Pd, Ru and Ni are particularly useful hydrogena-
tion catalysts, which are used on different supports. Protic solvents, such
as water or alcohols (methanol, ethanol, 2-propanol), are most
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commonly used although aprotic hydrophobic solvents (toluene, oc-
tane) have also been occasionally used with varying success [15-17]. It
has been shown previously that protic solvents (2-propanol) without
gaseous hydrogen perform worse, as evidenced by a slower conversion
and formation of side products due to etherification [18].

Pd is particularly known for its ability to selectively hydrogenate C =
C bonds without reducing the C = O bond [19]. Pd-based catalysts are
generally stable and highly active for hydrogenation and, especially at
higher temperatures, for deoxygenation, decarbonylation or ring open-
ing [18-30]. Pd/Al;03 and Pd/SiO; catalysts have shown high activity
for ring hydrogenation and some aldehyde reduction in water under
mild conditions (30 °C, 0.5 MPa Hy) [31], with Pd/Al,O3 being more
active.

Ru-based catalysts are active especially for hydrogenation but might
catalyze decarbonylation and ring opening reactions, depending on the
hydrogen/furfural ratio and the Ru particle size [32-36]. In contrast to
Pd-based catalysts, SiOs-supported Ru is more active compared to Ru/
Al;03 under similar reaction conditions [31]. Ni stands out as a highly
active non-noble metal catalyst for furfural hydrotreatment but is prone
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to instability and leeching [21,25,30,37-45]. On furfural, Ni/SiO2 and
Ni/Al,03 were particularly active for aldehyde hydrogenation, followed
by ring hydrogenation [40,46-48]. Decarbonylation and ring opening,
although possible, were observed to a lesser extent [21]. Although
research is scarce, both supports (SiO3 and Al;03) seem to show some
activity for furfural hydrotreatment reactions [49-51].

We have previously screened different metals for their catalytic ac-
tivity in furfural hydrotreatment. Using experiments, first-principles
modelling and empirical modelling, we have evaluated Pd/C, Pt/C,
Re/C, Ru/C, Rh/C, Ni/C and Cu/C [18,36]. In all cases, only C-sup-
ported catalysts were used, focusing our investigation on the active
metal effect on neutral support. To quantify their activity, a generalized
microkinetic model was developed, which was used descriptively and
predictively for the optimization of reaction conditions. In particular:
Pd/C was unselective in hydrogenation, reducing both the ring and the
aldehyde group (100-200 °C). Ru selectively hydrogenated the alde-
hyde group at a lower temperature (100 °C) and catalysed decarbon-
ylation and ring opening at higher temperatures (150-200 °C). Ni was
selective for the aldehyde group hydrogenation below 150 °C, while at
200 °C decarbonylation occurred. At 212 °C, methylfuran was the main
product formed.

Since Ru, Pd and Ni exhibited the highest conversions and varying
selectivities depending on the temperature, we have opted to use these
three metals to study the support effect in this work. To compare the
effects of C, SiO and Al;03 supports, we have synthetized six (Pd/Al»O3,
Pd/SiO,, Ru/Aly03, Ru/SiO3, Ni/Al;03, Ni/SiOy) catalysts. In-house
synthesis was carried out to retain the greatest control on the catalyst
composition and to ensure comparability between batches, which would
be difficult if using commercial catalysts from different producers.

The experimental data from the temperature-programmed desorp-
tion of carbon monoxide (CO-TPD) and ammonia (NH3-TPD) were
described with a numerical model to estimate the adsorption and
desorption kinetic parameters on metallic and acidic sites. This allowed
for the adaptation of a generalized microkinetic model [36], which takes
the number of active sites as input when describing the catalyst activity.
With this a quantitative distinction between the contributions of
metallic sites, active support and the metal-support interactions is
featured. The presented results also have direct applicable value, since a
wide window of i) various metals, ii) promising supports, iii) tempera-
tures, iv) reaction times has been systematically screened experimen-
tally and well described with relevant kinetic parameters. This allows
either empirical or in silico (catalyst selection) process optimisation for
yielding desired furanics or even diols.

2. Materials and methods
2.1. Materials

All gasses and chemicals were provided by commercial suppliers and
used as is: N3 (5.0, Messer, Gumpoldskirchen, Austria), Hy (5.0, Messer,
Gumpoldskirchen, Austria), furfural (99 %, Sigma-Aldrich, St Louis, MO,
USA, reference number 185914) and tetrahydrofuran for analysis
(>99.8 %, Merck KGaA, Darmstadt, Germany, reference number
1097312500). Catalyst characterization was performed by using 5 % Hy
in Ar (Messer, Ruse, Slovenia), helium (5.0 Messer, Bad Soden am
Taunas, Germany), carbon monoxide (5 vol% CO in He, Linde, Pullach,
Germany), ammonia (5 vol% in He, Linde, Pullach, Germany).

For catalyst synthesis, we used palladium (II) nitrate dihydrate (40 %
Pd Basis, Sigma-Aldrich, Saint Louis, MO, USA, reference number
76070), nickel (II) nitrate hexahydrate (>97 wt%, Sigma-Aldrich, St.
Louis, MO, USA, reference number 72253), ruthenium (III) chloride
hydrate (35-40 % Ru, Acros organics,New Jersy, USA), silica gel (high-
purity grade, pore size 60 A, 60-100 mesh, reference number 236799),
and pure y-alumina (Spheralite 537, Procatalyse, France), which was
crushed and sieved (50-100 mesh) prior use.
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2.2. Catalyst preparation

All catalysts were prepared by the incipient wetness impregnation
technique. Aqueous solutions of Pd, Ni and Ru salts were used as metal
precursors, while silica gel and y-alumina (crushed and sieved) were
used as the supports. Six catalysts were synthetized: Pd/Al,O3, Pd/SiO»,
Ru/Al03, RuSiOy, Ni/Al;03, Ni/SiO5. The metal precursor was weighed
(calculated as 5 wt% metal in the final catalyst) and dissolved in ultra-
pure water (with volume equalling pore volume of support). After
incipient wetness impregnation, the catalysts were dried overnight at
110 °C in a furnace to remove water, followed by calcination for 3 h at
500 °C, using a heat up ramp of 5 °C min L. The catalyst was then slowly
cooled to room temperature overnight.

2.3. Catalyst characterization

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

N physisorption measurements were performed on the fresh and
unreduced catalysts by the ASAP 2020 gas adsorption instrument
(Micrometrics, Norcross, GA, USA). The obtained nitrogen adsorption-
desorption isotherms were used to determine the BET specific surface
area (Sggr), total volume of pores (V;,) and average pore diameter (dp).

Temperature programmed reduction with hydrogen (Hy-TPR), tem-
perature programmed desorption of carbon monoxide (CO-TPD) and
temperature programmed desorption of ammonia (NH3-TPD) were
performed by the Micrometrics AutoChem II Chemisorption Analyser
(Micrometrics, Norcross, GA, USA). Typically, 100 mg of the calcined
catalyst was put in a quartz U-tube. The sample was preheated up to
300 °C for 30 min, using a heating rate of 30 °C min~' and 50 mL min~!
flow of argon to remove all water. After the sample was cooled down, the
catalyst was reduced. A 40 mL min~! flow of 5 vol% of Hy in Ar was
introduced and the catalyst was heated up to 400 °C for 3 h witha 10 °C
min~! ramp- The sample was afterwards cooled to room temperature with
a cooling rate of 20 °C min~!. Ho-TPR was performed measuring the
hydrogen consumption during the catalyst reduction with a TCD
detector.

CO-TPD was performed after the reduction. The sample was flushed
with He and saturated with CO, using 5 vol% CO in He at room tem-
perature. The sample was flushed again in a 25 mL min~"! flow of He for
30 min and heated up to 800 °C at 10 °C min~'. A MS detector was used
to measure CO (28 m/z) and COy (44 m/z) signals in the outlet. The
concentration of the desorbed CO was calculated by measuring the
baseline during CO saturation (5 vol% CO in He) and after assuming all
CO was desorbed (Pure He) using a linear equation.

NH3-TPD was performed after the reduction. The sample was purged
with He, followed by NHj saturation, by using 5 vol% NHj in He. The
sample was flushed again with a 25 mL min~! flow of pure He for 30 min
prior to measurement. Afterwards, the sample was heated up to a tem-
perature plateau of 410 °C for 30 min, using a heating rate of 10 °C
min~'. The concentration of the desorbed NH3; was calculated
measuring the baseline during NH3 saturation (5 vol% NHgs in He) and
after assuming all NH3; was desorbed (pure He) using a linear equation.

2.4. Catalyst screening

Catalytic hydro(deoxy)genation tests were performed in a batch
three-phase reactor system, consisting of 75 mL reactors (Parr series
5000 multiple reactor system), equipped with sampling tubes. Six
different catalysts (Pd/AlyO3, Pd/SiO5, Ru/Aly03, RuSiO;, Ni/AlyOs3,
Ni/SiO5) were tested at 150 °C, 175 °C and 200 °C, as shown in Table 1.
Prior to reaction, all catalysts had been reduced at 400 °C for 4 h in a
tube furnace under a 200 mL min~! hydrogen flow, cooled down and
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Table 1
Experimental conditions during catalytic screening with 0.2 wt% catalyst and 5
wt% furfural in tetrahydrofuran under 60 bar H, and stirring at 1000 rpm.

Experiment Catalyst/support Thinar (°C)
1 Al,03 200
2 SiO, 200
3 Pd/SiO, 150
4 Pd/Al,03 150
5 Ru/SiO, 150
6 Ru/Al,03 150
7 Ni/SiOy 150
8 Ni/Al,03 150
9 Pd/SiO, 175
10 Pd/Al,03 175
11 Ru/SiO, 175
12 Ru/Al,03 175
13 Ni/SiOy 175
14 Ni/Al,03 175
15 Pd/SiO, 200
16 Pd/Al,03 200
17 Ru/SiO, 200
18 Ru/Al,03 200
19 Ni/SiOy 200
20 Ni/Al,O3 200

carefully transferred in an inert atmosphere into the reaction mixture.

A typical reaction mixture consisted of 0.2 wt% of a catalyst, 5 wt%
of furfural and 94.8 wt% of tetrahydrofuran. The reactor was flushed
with nitrogen before 60 bar Hy was introduced (at room temperature) to
ensure that excess hydrogen was available (desired molar ratio Hp:
furfural is approximately 5 to 1). Under vigorous stirring (1000 rpm
with a magnetic stirring bar), the reaction mixture was heated up (a
ramp of 5 — 9 °C min 1) to reach the set temperature fast (ideally in 25
min). On-line temperature and pressure measurements were performed
during each experiment. After the reaction, the reactor was cooled down
and flushed with nitrogen.

2.5. Sample analysis

During the catalytic experiment, the liquid phase was sampled
sequentially at regular time intervals. The first and last sample were
collected prior to the introduction of hydrogen and after the reactor
cooldown, respectively. For analysis with a gas chromatograph with
flame ionization detector (Thermo Fisher Scientific, Waltham, MA,
USA), coupled with mass spectrometer detector (2010 Ultra, Shimadzu,
Kyoto, Japan) (GC-FID/MS), the samples had to be diluted 25-fold in
tetrahydrofuran. The FID detector was used for quantification. The MS
signal was used for identification and quantification of tetrahy-
drofurfural (71 m/z signal) and furfural (67 m/z signal), where the peaks
overlapped in the FID chromatogram (using
2,6-di-tert-butyl-4-methylphenol (BHT) was used as internal
standard).

2.6. Distinguishing between the metallic and acidic sites using temperature
programmed desorption

TPD experiments were used to obtain information on the abundance
and type of active sites on the catalyst surface. In particular, we can
calculate the number of active sites, initial surface coverage and
adsorption/desorption energy along with the corresponding rate con-
stants. CO-TPD was used to determine the metallic (M) sites and NH3-
TPD for acidic/support (Ac) sites.

To model the experimental data a previously developed fixed-bed
reactor model [36] was modified. As shown in Egs. (1) and (2) for CO
and Egs. (3) and (4) for NHg, TPD is modelled as a dynamic equilibrium
between the adsorption and desorption in a gas flow along the reactor,
where TPD experiments took place. The adsorption is a kinetic effect
(non-activated event), which is roughly independent of the temperature,
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while desorption is strongly dependent on the temperature because the
adsorption interaction must be overcome (it follows the Arrhenius ki-
netics in the first approximation). In modelling, we are solving the molar
balance equations:

0Cco 0C[’c'o co.m g com
a - "k ket " @ Clolx) @ (1 _ngo(")) + kg (T) @ 68 (x)
ny
[
Vga.s
@
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4

Initial conditions (t = 0) were defined as follows: the gaseous con-
centration of CO at the inlet (x = 0) is zero, and CO surface coverage is 1.
Plug-flow concentration and velocity profile of gases was considered
through the void in the catalyst bed in axial direction, with no prefer-
enced flow path (channeling) and no-axial dispersion considered, as well
as no channeling. Zero concentration gradients has been set as boundary
conditions before the inlet and at the outlet of the catalytic zone. The He
flow rate was set to 25 cm® min~! at ambient conditions and was cor-
rected for temperature expansion using the ideal gas law, where
isothermal temperature profile of the space domain was assumed for
every time step. Solving for the surface coverage (6%, 03;3) and gas

phase concentration (C%,, Cxy,) the total number of metallic and acidic

sites (ry, na.), adsorption/desorption rate constants (ko™ kNa*** and

KOM(T), KiH:4<(T)), and activation energy of desorption (E5™ and

EdesAc

NH;

The ensuing partial differential equations were defined as a set of
ordinary differential equations for every x-dimension-step and solved
using the odel5s solver in Matlab. TPD profiles for each tested catalyst
were obtained by fitting (0’5’0(t =0)), nuy, kacdg’M , kdcg‘M (T), ) or
(645, (t = 0)), nac, Kage ™, k) at 150 °C and Efy™ and Eff ™ to the
experimental data, using the Nelder-Mead method with the objective
function defined as a sum of squared residuals. The concentration of
active sites (Cy or Ca.) was defined per mass (3%, %). The obtained
sorption parameters based on the contribution from both metallic sites
and acidic sites were used in the microkinetic model, as described in
supplementary data and based on the framework presented in our pre-
vious work Ref. [36].

2.7. Surface reactions

2.7.1. Reaction pathway

Furfural can be ultimately hydrogenated to methyltetrahydrofuran
(MTHF). Depending on the reaction pathway, namely the preference of
the aromatic ring or aldehyde group for hydrogenation, different in-
termediates are formed in the process, as shown in Fig. 1 and further
explained in Ref [36]. The products of partial hydrogenation (FA,
THFUR), full hydrogenation (THFA), deoxygenation (MF, MTHF) and
ring opening (OR), such as pentan-1-ol and pentan-2-ol, were observed
experimentally. Furfural can undergo aldehyde group hydrogenation
(k1), followed by ring hydrogenation (k4), or vice-versa (ka, k3). Deox-
ygenation of the hydroxyl group (ks, ke¢) can follow, while the
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Fig. 1. Proposed reaction pathway for furfural hydrotreatment on the tested
catalysts. Adapted from Ref. [36].

deoxygenated product MF can also be fully hydrogenated (k7). It was
assumed that OR products can mostly form from FA. Products, observed
in low quantities, were neglected.

2.7.2. Modelling

The generalized microkinetic model, developed in Ref. [36] was
expanded to include the decoupled contributions of both types of active
sites (M and Ac). As negligible reaction activity over pure supports was
observed, only adsorption and desorption over acidic sites in addition to
reaction kinetics, adsorption and desorption over metallic sites was
taken into account. Reaction kinetics over acidic sites was neglected due
to lack of their direct activity. Due to large differences between the ki-
netics, observed over catalysts, containing the same active metal (Pd, Ru
or Ni), each catalyst had to be fitted separately. Firstly, reaction rate
constants over metallic sites were obtained by fitting the experimental
data at 175 °C, for each tested catalyst (Pd/SiO3, Ru/SiO, and Ni/SiO,,
Pd/Al;03, Ru/Al,03 and Ni/Al,03). Knowing the reaction rates at
175 °C, the activation energies were determined from fitting to different
temperatures. Hydrogen mass transport was assumed not to limit the
reaction rates due to rapid steering and almost pure hydrogen in the gas
phase. It was shown previously that reaction rates are not limited due to
sufficiently large hydrogen gas-liquid transfer parameters (kiag). [18,36]
The model assumes that (i) the initial Hy pressure equals the total
pressure in the reactor vessel, (ii) hydrogen solubility in THF can be
described by Henry’s law, (iii) surface reactions follow the Lagmuir-
Hinshelwood mechanism, and (iv) adsorption/desorption is competi-
tive. It was additionally assumed, that the activity of the support did not
change with varying active metal depositions. Adsorption and desorp-
tion parameters were estimated in the TPD simulations.

Surface reactions, i, involving hydrogen, species j were modelled as:

r,‘(t, T) = ki(T)G/(t)QHZ (l’) ()

while adsorption and desorption are modelled as
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H (1, T) = K% (T)C (1) Bran (1) ©

(0 T) = KT 1)

Reaction rate constants, k;, and desorption rate constants k]’?es are
calculated according to the Arrhenius formalism (Eq. (7). The overall list
of the kinetic and mass balance equations (S1-S83) can be found in the
SL. For further details on the model, please see Refs. [18,36].

A set of ordinary differential equation was solved with the odel5s
solver in Matlab. The Nelder-Mead method was used for regression
analysis with a sum of squared residuals as the objective function.

k(T) = ki(T,ef)exp(< - E,g") (% - TL) ) %)

3. Results and discussion

3.1. Catalyst characterization

Based on Ny physisorption measurements, all catalysts exhibited
mesoporous structure (Fig. S1). As shown in Table 2, SiOz-supported
catalysts exhibited roughly three times greater surface area, 1.6 times
greater pore volume and 2 times smaller average pore diameter,
compared to AlyO3 supported catalysts, which is also the case for pure
(non-loaded) supports. The catalysts have similar morphology proper-
ties as their parent supports. It appears that the metal deposition did not
meaningfully change the texture or block the pores. Furthermore, we
can assume that adsorption/desorption and kinetic properties of the
support (acidic) sites do not change noticeably upon metal deposition.

XRD analysis showed no visible change in the bulk structure of the
support after metal deposition (Fig. S2). The crystalline structure of Pd
and Ru seems similar on both SiOy and AlyO3 supports, although the
peak intensity seems slightly higher for Ru/Al;0O3 compared to Ru/SiO».
This is in accordance with CO-TPD results and further elaborated in
Section 3.3. Nevertheless, NiO peaks are broader in Ni/Al,O3, compared
to those in Ni/SiO,, which hints at a higher dispersion of NiO and/or
stronger interaction between NiO and Al;O3 [52].

Hy-TPR was performed to estimate the catalyst reducibility as all
catalysts were reduced at 400 °C for 3 h prior to catalytic tests. Although
no clear Pd reduction peak was observed (Fig. S3), it is known that Pd
can be reduced at low temperatures. Since both Pd/Al;03 and Pd/SiO4
are reducible at 80 °C, Pd must have been already reduced during the Hy
flushing step before heating [53,54]. A clear reduction was observed for
Ru/Al;,03 and Ru/SiO, between 90 and 200 °C. Ni/SiO, showed a broad
reduction peak between 270 °C and 400 °C, while barely noticeable
reduction was observed over Ni/Al,03. With Ni being a non-noble
metal, NiO is not wholly reduced at or below 400 °C due to its strong
interaction with the AlyO3 support (forming NiAlcOy), shifting the
required reduction temperature higher [55].

3.2. Liquid phase

Only species shown in Fig. 1 were formed in meaningful amounts.

Table 2

Surface properties of pure supports and catalysts.
Catalyst Sper (m2 g 1) Vp (em®g™h) dp (nm)
Aly03 187.2 0.48 10.3
SiO, 556.2 0.76 5.5
Pd/Al,03 183.0 0.47 10.2
Pd/SiO, 468.8 0.71 6.0
Ru/Al,03 177.7 0.44 10.0
Ru/SiO, 466.3 0.71 6.1
Ni/Al,O3 162.7 0.45 11.0

Ni/SiO2 476.3 0.73 6.2
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The OR products, mostly 1-pentanol, were detected only when using Pd/
Al;03 and Ru/Al;03. A small amount of 2-pentanol was detected at

the solvent on the chromatographs. Subsequent gas phase analysis ruled
out their formation, which is in agreement with our previous work [36].

200 °C over Pd/Aly,03. Similarly, MTHF was only produced over Pd/
Al;03 (minuscule amounts also over Ru/Al;O3 at 200 °C). MF or furfural
oligomers were not detected in meaningful amounts in any experiment.
Decarbonylation products, such as THF or furan, could have potentially
formed during these reactions, however, would have been masked by

0.00600

Decarbonlyation is reported to occur above 200 °C [19].

3.3. CO adsorption on metallic sites

Experimental CO-TPD profiles (shown in Fig. 2) were modelled for
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experimental data, the temperature and fitted model data, respectively. Only TPD peaks below the maximum reaction temperature (200 °C) were considered relevant
and thus, were included in the kinetic model.
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each tested catalyst to estimate the parameters, which are summarized

in Table 3: CO desorption rate constants at 150 °C (k‘éeg’M), activation

energy of desorption (EgiiM) and the total number of metallic surface

sites (). The CO adsorption rate constant (kacdg'M) was set to 1.7 o 108

s7! and kept temperature-independent, as shown in Ref [36]. We
assumed that one mole of desorbed CO is equivalent to one mole of
active metal surface sites ny,. The initial metallic surface coverage (0’&’[0 (t
= 0)) was allowed to be less than 1 to account for desorption of the
weakly adsorbed CO during the flushing of the catalyst prior to heating
(due to different types of metallic sites, see below). Varying initial sur-
face coverages does not change the kinetic parameters of the CO
adsorption desorption, as long as the coverages are not unreasonably

low [36]. The pre—exponential of the reaction rate constant (AdCeS‘M ) was

estimated from the Arrhenius equation, using k‘ée(;'M(T = 150 °C) and

Edes‘M
co -

As seen in Fig. 2, most catalysts exhibit multiple desorption peaks for
CO-TPD, which can be due to the deposited metals, support, bimetallic
surfaces and their various interactions. However, only the adsorption
sites, which can be vacated below the temperature of the reaction
(200 °Q), are relevant. Hence, modelling took into account the weaker
adsorption sites, which are responsible for the kinetic activity below
200 °C. The desorption peaks at higher temperatures are either the result
of strong support-metal interactions or surface sites found on the pure
support, as these peaks were not found on single metal catalysts (Pd/C,
Ru/C, Ni/C) [36].

Table 3 shows that the cj; values differ as different surface sites
density were formed. Results match well with the XRD data (Fig. S2), as
metallic surface sites density is higher for Ru/SiO; (8.4 ¢ 10® g/mol)
compared to Ru/Al;O3 (4.7 e 10°° g/mol), which corresponds to
stronger and sharper XRD signal of larger Ru crystallites on alumina
compared to silica. Contrarily, Pd dispersion over Al,Os is higher
compared to SiOy, which also matches with the trend on diffractograms.
Table 3 also shows that selection of the support changes the desorption
properties of the metallic sites considerably, seen as a shift in desorption
peaks on TPD profile (Fig. 2) and reflected in desorption parameters

(deeS‘M, Eg‘;;M). Finally, desorption rates are temperature-sensitive as a

result of relatively high E‘éeg'M, especially for Pd/SiO,. Desorption pa-
rameters from Table 3 were used in the microkinetic model to describe
the sorption properties of metallic sites.

3.4. NHj3 adsorption on acidic (support) sites

The kinetic model for TPD-NHs was developed analogously to
describe and characterise the acidic (support) sites. Due to the basicity of
NHg, its adsorption was assumed to occur exclusively on acidic sites
found on the support (Al,O3 or SiO3). One mole of adsorbed NH3 was
assumed to be equivalent to one mole of acidic sites. The fitted
desorption parameters are shown in Table 4.

Comparing the concentration of active metal sites (Table 3) with the

Table 3
Metallic active sites parameters from modelling the CO-TPD experiments.
Parameter Pd/ Pd/ Ru/ Ru/ Ni/ Ni/
Al,O3 SiO, Al,O3 SiOy Al,03 SiOy
e [molg™'] 9.4 11e 47 8.4 20 23
107° 10°° 10°° 10°° 10°° 10°°
o4t = 0) 0.92 0.90 0.90 0.89 0.79 0.75
kse(s"M’ [s ™1 2.7 e 4.1 11e 2.8e 3.8e 9.4
10° 102 10* 10° 10* 10*
A?;.M s 9.4 e 6.1e 6.8 e 2.2 1.7 15
107 102 10° 107 1010 10"
Egeg-M [kJ 36.8 82.3 47.1 31.6 45.7 50.3
mol 1]

" Temperature-dependent. Evaluated at 150 °C.
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Table 4
Acidic sites parameters from modelling the NH3-TPD experiments.
Parameter Pd/ Pd/ Ru/ Ru/ Ni/ Ni/
Al,03 Si0, Al,03 SiO, Al,O3 SiOy
cac [mol g™l 26 526 25 35 3.0 8.2
104 10° 104 10-° 104 10°°
gf‘;lfﬁ t=0) 0.74 0.43 0.69 0.63 0.77 0.34
[/1
KesAe a [s71] 4.7 9.0 7.0 7.8 39 11le
10° 10° 10° 10° 10° 10*
Afeshe [s71] 2.0 9.7 e 41 7.6 14 2.7
’ 109 10* 108 10° 108 10°
E;‘ve}‘l;“‘ [kJ 21.2 8.4 22.4 16.1 20.6 11.4
mol 1]

* Temperature-dependent. Evaluated at 150 °C.

concentration of acidic sites (Table 4), we see that the concentration of
acidic sites is approximately one (Al;O3) or two (SiO3) orders of
magnitude larger. Al;Os-supported catalysts have up to 3 overlapping
peaks each (3 different types of acidic sites) with different intensities,
while all SiO, supported catalysts look similar and have multiple over-
lapping peaks (Fig. 3). Nevertheless, the deposition of metal (Pd, Ru or
Ni) did not meaningfully change the average acidity of either Al,O3 or
SiO4 support, although small differences in cs. and desorption param-
eters can be found. The deposition of the metal during the catalyst
synthesis can block some catalyst pores or be deposited directly on
acidic sites found on support. Desorption parameters (Table 4) for either
Al;O3- or SiOy-supported catalysts differ only slightly. The adsorption
and desorption kinetics on acidic sites are fairly insensitive to the change

. . les. Ac
in temperature (evidenced by low E}i\,HS ).

3.5. Furfural hydrotreatment

3.5.1. Acidic sites

Experiments (Entry 1 and 2 in Table 1) with pure Al;,03 and SiO,
supports showed no measurable catalytic activity at 200 °C. Hence, it
was assumed that the acidic sites alone cannot be directly responsible for
the catalytic activity. As the experimental characterisation found no
significant changes of the support upon metal loading, it is believed not
to effect any change in the activity.

However, in conjunction with the active metal, supports are not inert
but instead provide additional adsorption sites that influence the
adsorption/desorption equilibria. While it is unlikely that the studied
reactions are adsorption-limited, which is also assumed in our kinetic
model, a change in the number or quality of active sites does influence
the reaction rates. Also, no general trend was observed by comparing the
activity of the catalysts and the concentration of the acidic sites. Thus,
an interaction between the support (AlyO3 or SiOy) and each deposited
metal is likely the cause for the variability observed in the resulting
catalyst activity and product selectivity.

3.5.2. Metallic sites

A negligible activity of pure supports hints at an interaction between
the support and the deposited metal, since the products formed on Al,O3
and SiO, supported catalysts (see Figs. 5-7) differed when the same
metal (Pd, Ru or Ni) was used. The interaction not only affected the
overall reaction rate but also the selectivity. This is attributed to the
modification of surface sites and change in the electronic structure of the
deposited metal as a result of the metal-support interaction, which also
affects the size of the deposited metal particles. Thus, the parameters for
the reactions occurring on the active metal sites had to be obtained for
each catalyst individually. Relatively low number of reactions (8) were
considered for description of a relatively large number of experimental
points (>750 in total) in order to prevent any over-parametrisation of
the model. On the other hand, this resulted in a mediocre agreement
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Fig. 3. NH3-TPD profiles for a) Pd/Al,03, b) Pd/SiO,, ¢) Ru/Al;03, d) Ru/SiOs, e) Ni/Al,O3 and f) Ni/SiO,. Points, dashed lines and black solid lines represents
experimental data, the temperature and fitted model data, respectively. Only the peaks below the maximum reaction temperature (200 °C) are relevant during the
reaction and thus included in the modelling.
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between modelled and experimental values for some experiments
(Figs. 5-7), while globally a relatively good agreement and decent
parameter reliability was achieved.

The model parameters (Table 5) show that Pd, Ru and Ni performed
the aldehyde group hydrogenation (k¥ and k¥) and furfural ring hy-
drogenation (klz'”) with either support, while the furfuryl alcohol ring
hydrogenation (k) occurred predominantly on Pd/Al,03. Some
decarbonylation (ké”) of THFA and ring opening (kg”) towards (mostly)
1-pentanol was also only observed over Pd and Ru when supported on
Al,03. Contrarily, these two reaction pathways were not favoured by the
use of support, as acidic sites (scarce on SiO; based on Table 4) facilitate
electrophilic reactions (proceeding on C = C bonds). Upon partial hy-
drogenation ring opening becomes feasible.

3.5.3. Interphase between acid and metallic sites

To model the effect of the metal-support interaction, the interphase
must be quantified. We define the interphase probability as a product of
the number of acidic sites (Table 4) and metallic sites (Table 3) for each
catalyst separately. It is to be noted that this does not represent the
number of interphase sites but the probability quantity, which can be
viewed as an upper bound to be used in the reaction rate expressions.

The interphase probability was then compared to the cumulative
TOF values, calculated as a product of the maximum TOF values for
individual reactions at 175 °C for the a) aldehyde group hydrogenation
reactions (TOF; + TOF3), b) ring hydrogenation reactions (TOFy +
TOF4) and c) overall cumulative reactions (TOFyq1), as shown in Fig. 4.
The reader is referred to Table S1 for the interphase probabilities and
cumulative TOF values at all tested temperatures.

We observe that Al;Os3 is more acidic compared to SiO, (having more
measurable acidic sites), resulting in a generally higher interphase
probability. The cumulative TOF for all three groups of reactions
increased with interphase probability over AlyO3 supported catalysts
(Pd/Al;03 > Ru/Al;03 > Ni/Al;03), while it decreased over SiO5 sup-
ported ones (Ni/SiO5 > Ni/SiO2 > Ru/SiO»). It is known that Al,O3 has
generally stronger interactions with deposited metals [55], making it
more likely to form bifunctional sites at the interphase, which can also
be seen from CO-TPD results (Fig. 2). These bifunctional sites cause the
difference in the kinetic parameters between the Al,O3 and SiO5 sup-
ported catalysts with the same deposited metal. Ru and Pd supported on
Al;03 showed a higher activity compared to SiOj, hinting at a syner-
gistic effect of the larger interphase in these cases.

However, Ni/SiO5 was found to be more active compared to Ni/
Al;O3 despite having a lower concentration of acidic sites, which is
explained by the formation of NiAlyOy [55] during catalyst synthesis,
which has an agonistic effect on the Ni/AlO3 activity. This is corrobo-
rated by the higher reduction temperature of Ni/Al,03, measured during
Hy-TPR, as shown in Fig. S3.

In contrary to the Al,O3 supported catalysts, the activity of the SiO,
supported catalysts was found to be higher at lower interphase proba-
bilities. SiO; is believed to influence the adsorption and the orientation
of furanic species by electrostatic repulsion. Hence, it is preferable to
minimize the amount of interphase sites, when using SiO; as support.

3.5.4. Overall catalyst activity

The Pd/Al;O3 catalyst exhibited a high ring and aldehyde group
hydrogenation activity, resulting in total hydrogenation and the forming
of THFUR (84 % yield at 200 °C) as the main product at all tested
temperatures. In addition to the hydrogenation products, MTHF was
also formed in small quantities, while trace amounts of OR (mainly 1-
pentanol) were found (See Table S2. for details on conversion, selec-
tivity and yields). As no MF was detected in any experiment, we suggest
this reaction to occur through decarbonylation of THFUR rather than
FA. Low activation energies for hydrogenation reactions (Table 5) also
suggest that the change in reaction temperature does not meaningfully
change the reaction activity (although it changes adsorption/desorption
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Fig. 5. Kinetic screening at 150 °C. 60 bar of pure hydrogen, 0.2 wt% of catalyst and 5 wt% of furfural mixed in tetrahydrofuran were used. FUR, FA, THFUR, THFA,

MF, MTHF, OR.
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Table 5
Kinetic parameters of surface reactions occurring on active metal sites, obtained
by regression analysis.
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Table 7
Maximum TOF values obtained on metallic sites during the tests at 150 °C and
200 °C.

i Pd/Al,O;  Pd/SiO, Ru/Al,O;  Ru/SiO, Ni/Al,03  Ni/SiO,

Reaction rate constants (kM) at 175 °C [s']

1 2.67 o 3.59 «10° 7.52 103 7.80 102 7.40 o 341 o
10* 10% 10°

2 6.0l 3.77 «10*  2.25 ¢10°  2.42 ¢10> 4.46 e 1.39
10° 102 103

3 1.9 e 1.95 10° 7.07 ¢10° 2.44 102 1.26 o 9.90 o
10° 10% 10°

4  6.05e 7.31 e 1.07 o 7.35 0 0
10° 107! 1072 01073

5 0 0 0 0 0 0

6 1.80 0 7.74 0 0 0
0102

7 0 0 0 0 0 0

8 172 0 7.54 0 0 0
010!

Activation energy (E,;) [kJ mol ']

1 3.7 29.6 47.6 54.8 106.6 53.8
01073

2 153 7.3 ¢1077 68.6 22.4 1.1 28.9

e1073

3 194 19.4 5.3 84.7 6.0 57.1

4 8.9 58.2 576.0 213.5 n.a. n.a.
104

5 n.a. n.a. n.a. n.a. n.a. n.a.

6 9.9 n.a. 173.9 n.a. n.a. n.a.

7 n.a. n.a. n.a. n.a. n.a. n.a.

8 120.9 n.a. 160.3 n.a. n.a. n.a.

kinetics on metallic sites), while only affecting ring opening reactions at
higher temperatures. The addition of Al;O3 support also clearly suggests
synergistic effect on Pd activity, compared to the monometallic Pd/C
catalyst (Table 6).

Pd/SiO, showed a high ring hydrogenation activity, while the
aldehyde group hydrogenation was partially inhibited-THFUR was
observed as the main product (70 % yield at 200 °C) at all tested tem-
peratures with no decarbonylation or OR products observed. The
maximum cumulative TOF per mass of catalyst (Table 6) was generally
lower compared to Pd/Al;O3 due to a lower concentration of active sites
(Table 3), which can also be clearly seen from the slower FUR conver-
sion (Figs. 5 - 7 and Table S2). However, the maximum cumulative TOF
per active site was comparable and even higher at 200 °C (Table 6- 7).
Pd/SiO still offered higher activity and selectivity towards furfural ring
hydrogenation at all tested temperatures and showed a similar or
slightly better total activity compared to monometallic Pd/C (Table 6).

The Ru/Al;O3 catalyst was active mostly for the aldehyde group

Table 6

Highest cumulative TOF values obtained during the reaction at 200 °C. Pd, Ru
and Ni with 5 % metal content, deposited on carbon, Al,O3 and SiO, supports are
compared.

Pd Ru Ni
Overall rate [s 1]
c 7.6 1072 3.7 ¢1072 6.9 01072
Al;03 3.5 10! 2.7 10! 7.5
SiO, 4.1 10" 5.9 1.8 10!
Total TOF [mol g~ 511"
c 3.4 ¢10°° 1.1 ¢10°* 3.8 ¢10°5
Al;03 3.3 0104 1.3 ¢10°* 1.5 1073
Si0, 4.7 1078 5.0 ¢10°° 4.0 ¢10°°

@ Values taken from Ref. [36].
b Recalculated by multiplying TOF [s~'] with the concentration of active sites
(Cas), to obtain TOF, defined per mass of catalyst.

12

i Pd/ Pd/Si0O;  Ru/ Ru/SiO, Ni/Al,03  Ni/SiO,
Al,04 Al,04
TOF; at 150 °C [s1]
1 1.4 ¢10* 3.9 4.7 50 2.3 2.2
10! 101! 107!
2 2.3 6.4 9.9 e 25 e 6.8 1.3
107! 107! 010!
3 1.6 33 e 4.4 o 9.4 o 1.1 e 51 e
107! 10! 1071 107! 107! 107!
4 3.1 4.4 o 29 o 8.2 0 0
106 1078 01078
5 0 0 0 0 0 0
6 9.2 0 1.4 0 0 0
e10! o104
7 0 0 0 0 0 0
8 1.3 0 1.2 0 0 0
1073 01073
Total 1.8 10! 7.0 5.8 7.5E o 9.5 3.5
101 e10°!
TOF; at 200 °C [s1]
1 2.4 ¢10' 5.0 1.9 ¢10! 5.1 6.6 1.3 10!
2 7.3 3.5e10' 7.1 7.9 o 8.6 3.7
10! e107!
3 6.2 2.3 1.9 1.3 e 1.4 2.0
e10°! 107! e10°!
4 4.6 2.6 o 48 2.2 0 0
104 102 01074
5 0 0 0 0 0 0
6 1.5 0 3.4 0 0 0
e10°! 0102
7 0 0 0 0 0 0
8 2.7 0 7.9 0 0 0
o101 0102
3.5 ¢10' 4.1 ¢10' 2.7 e10' 59 7.5 1.8 #10!

Total

" Highest obtained cumulative TOF during the reaction.

hydrogenation (75 % FA yield at 175 °C) and less for ring hydrogena-
tion. The ring opening reactions were observed to a lower degree. A
similar TOF (per catalyst mass) was achieved compared to the mono-
metallic Ru/C (Table 6), suggesting that Al,O3 support did not mean-
ingfully change the total activity of Ru, although the activity of
individual surface sites (TOF per active site) was found to be much
higher. However, sequential decarbonylation and ring opening reactions
were greatly inhibited.

The Ru/SiO; catalyst was found to exhibit mostly aldehyde group
hydrogenation with some ring hydrogenation. Although a similar reac-
tion pathway was found with Ru/Al;Os, all elementary reactions were
generally slower (Table 7). The total activity TOF (per active site) was
also mostly lower compared to the other tested catalysts, which could be
a result of inhibitory interactions between SiO, and Ru. However, by
comparing the TOF (defined per mass of catalyst) values at 200 °C
(Table 6), its activity was still higher in comparison to Pd/C, Pd/SiO,
and all Ni based (Ni/C, Ni/Al>0s, Ni/SiO-) catalysts, which is attributed
to a greater amount of active sites (higher specific surface).

The Ni/AlyO3 catalyst showed a poor activity (48 % FA yield at
200 °C), especially at lower temperatures. As it was found out in our
previous work [36], the monometallic Ni selectively catalyses only the
reactions of the aldehyde group (hydrogenation, followed by decar-
bonylation). The aldehyde group hydrogenation also occurred when
using Al,O3 as the support. Some ring hydrogenation and no decar-
bonylation were observed. The TOF (per mass of catalyst) was the lowest
compared to all tested catalysts including the carbon-supported ones
(Table 6). The strong interaction between Ni and Al;O3, coupled with
the partially unreduced NiO could explain the weak performance of Ni/
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Al,O3 in comparison to other catalysts, according to the results from
Hy-TPR (Fig. S3) [55].

Lastly, Ru/SiO, showed a better activity compared to Ni/Al;03, and
a similar selectivity. Aldehyde group hydrogenation preferentially
occurred on the Ni surface, with ring hydrogenation was more notable.
Although FA was still the main product (63.9 % yield at 200 °C) at all
tested temperatures, a noticeable amount of THFA was observed at
higher temperatures. Ru/SiO; catalyst has shown a slightly lower ac-
tivity (TOF, defined per mass of catalyst) compared to monometallic Ni
(Table 6), while the choice of SiO5 as support inhibited decarbonylation.

This work provides attempting to quantitatively describe the inter-
play of metallic and acidic sites and their interphase to the activity and
selectivity of furfural hydrodeoxygenation reactions. Methodology
applied is relatively simple, based on several simplifications and rela-
tively superficial materials characterisation inputs. Further works
should involve more detailed characterisation to provide clearer insight
in the catalyst structure, especially the interphase of metallic and acidic
sites. Also, a systematic study involving a high-throughput syntheses of
materials is required to increase the number of samples to validate the
conclusions or to propose new mechanisms and quantitative descriptors.

4. Conclusion

Six different combinations of catalytically active metals and supports
(Pd/Aleg, Pd/SiOz, Ru/A1203, Ru/SiOz, Ni/A1203, Ni/SiOz) were
synthetized and thoroughly characterized, then their performance for
furfural hydrotreatment were evaluated at 150 °C, 175 °C and 200 °C.
CO-TPD and NH3-TPD were utilized to determine the amount of metallic
and acidic sites, respectively, as well as to estimate adsorption and
desorption parameters by fitting the experimental data. The adsorption
properties of the metallic sites clearly changed between the different
supports (Al;O3 or SiO3), while the adsorption on acidic (support) sites
remained largely unchanged.

The micro-kinetic model formulated to characterize surface reactions
at active metal sites demonstrated its efficacy in accurately portraying
kinetics across various tested catalysts. Notably, the model dismissed the
catalytic inactivity of acidic support sites when considered in isolation.
Nevertheless, their consequential interaction with adjacent metallic
sites and the formation of the interphase emerged as a crucial factor. The
kinetic activity and selectivity of the reactions on each individual active
metal (Pd, Ru, Ni) sites varied depending on the used support likely as a
result of bimetallic interactions. Catalyst activity was found to correlate
with catalyst textural properties and interphase probabilities, which
correlate with the number of interphase sites. Generally, the Al,O3
supported catalysts had larger interphase probabilities compared to the
SiO4 supported ones. The activity of Al,O3 supported catalysts increased
with the interphase probabilities, while activity decreased for the SiOy
supported catalysts.

Generally, the decarbonylation and ring opening reactions were
inhibited when using either Al,O3 or SiO; as support. Ring hydrogena-
tion was found to proceed on all catalysts, as noticeable amounts of
THFUR (and in most cases THFA) formed on all the tested catalysts.
However, Ru and Ni based catalysts still showed poor ring hydrogena-
tion activity. Based on these results, it remains unclear if the support had
any effect on ring hydrogenation over Pd metallic sites. The aldehyde
group activity was most affected by the choice of different supports.
Al,03 was found to have a synergistic effect on the Pd activity, a minor
effect on the Ru activity and an inhibitory effect on the Ni activity. SiO5
generally inhibited aldehyde group hydrogenation and ring opening
reactions.
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