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Abstract: Furfural is an important biorefinery platform chemical, derived from
hemicelluloses which represent an import fraction of lignocellulosic biomass feedstocks
and waste streams originating from them. Recently, promising results have been reported
on the hydrogenation of furfural, although the selectivity still may be improved. Most of
these studies dealt with batch hydrogenation, however, hydrogenation in continuous flow
is preferable for industrial applications. In this work, we compare the conversion,
selectivity and stability on-stream in continuous flow regime of lab-synthesized and

commercial palladium and platinum catalysts.
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1.  INTRODUCTION

The global population could reach and even exceed 9 billion by 2050 [1]. The use of
sustainable feedstocks to meet the growing global energy demand and to reduce the use of

fossil resources is now a highly imminent challenge for the research community, and a
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challenge to be adopted in currently existing industrial refineries or to be designed in future
biorefinery plants. The largest part of the current fossil derived petroleum refining is used
for fuels production. Still, an important part of petroleum is used for the production of bulk
chemicals and materials. Today, the use of alternative biomass feedstocks (or waste streams
derived from them) has become a widely reported research area. Considering the
complexity and the recalcitrance of biomass, many works focused on the transformation of
biomass derived platform molecules to fuels and high-added value chemicals. For example,
C5 sugars are key representative compounds of the hemicellulose fraction of lignocellulose,
which can be converted to valuable platform molecules and subsequently valorized into
high-added value products [2]. Furfural (F) is an important platform chemical, which can

be obtained via dehydration under mild conditions from xylose, a typical C5 sugar.

Furfural can undergo reactions typical for aldehydes like acetalization, acylation,
aldol and Knoevenagel condensations, reduction to alcohols, reductive amination to amines,
decarbonylation, oxidation to carboxylic acids and Grignard reactions. Besides, the furan
ring can be subjected to alkylation, hydrogenation, oxidation, halogenations and nitration
reactions. Due to the electron-withdrawing effect of the carbonyl group, the furan ring is
less susceptible to hydrolytic ring cleavage and Diels-Alder cycloaddition reactions.
Therefore, furfural is considered to be an attractive platform chemical for the production
of a wide range of chemicals, e.g. solvents (tetrahydrofuran), plastics (in particular,
polyamides), resins via furfuryl alcohol and fuel additives (methylfuran, methyl-
tetrahydrofuran, valerate esters, ethylfurfuryl and ethyltetrahydrofurfuryl ethers and C10—
C15 coupling products) [2]. Around 60-70 % of the global furfural production is converted

to furfuryl alcohol [2,3]. It is widely reported that furfural can be further transformed into



various compounds by hydrogenation, such as furfuryl alcohol (FA), tetrahydrofurfuryl
alcohol (THFA), 2-methylfuran (MF) and 2-methyltetrahydrofuran (MTHF). Most of these
reactions were performed in batch conditions [4-8] with noble or transition metals based
catalysts, while only a few of them were performed in continuous flow [7,9]. Especially,
these reactions were performed using only either lab-synthesized or commercial catalysts,
with a simple comparison of existing results obtained under different conditions. Regarding
to the advantages of flow chemistry, such as faster, safer reactions and easy scale-up, it
would be interesting to give a comparison of catalytic performance of both lab-synthesized
and commercial catalysts under same reaction conditions in continuous flow system.
Previous work from our group has provided insights into the reaction pathway comparing
noble metal and transition metal catalysts (Scheme 1), showing favorable results for Pd
based catalysts [9]. The mechanism of furfural conversion on palladium catalysts was also

studied by other researchers based on density functional theory (DFT) [10].

Despite the excellent conversion and selectivity of Pd catalysts, adding magnetic
properties to the catalyst would be preferable for catalyst recovery through applying an
external magnetic field, which would result in a more straightforward and cost-effective
separation method as compared with conventional methods, as illustrated in previous
reports [11-14]. Magnetically separable Pd based nanocomposite materials have shown
good catalytic activities before in different organic synthesis, such as oxidation and C-C
coupling [15-18]. Interestingly, temperature and pressure were reported to have significant
positive effects to the reaction [19]. In previous work in our group on continuous flow
furfural hydrogenation with hydrogen gas, relatively mild conditions were used (90 °C, 50

bar, 0.3 mL min™) [9]. In continuation of our previous work, we employ a lower catalyst



loading, but at higher temperature and longer residence time, using both lab-synthesized
and commercial catalysts to provide a comparison in terms of activity and stability. This
study on hydroconversion of furfural attempts to further progress towards the industrial

valorization of hemicellulose derived compounds in lignocellulosic biomass.

2. EXPERIMENTAL
2.1. Reagents

Chemicals were purchased from Sigma-Aldrich [Pluronic P123, tetraethyl orthosilicate,
palladium (I1) acetate, tetraammineplatinum (I1) chloride hydrate, iron nitrate nanohydrate,
furfural, furfuryl alcohol, tetrahydrofurfuryl alcohol, aluminum isopropoxide], Panreac
[37 % HCI, ethanol] and Merk [Fe(NOz3)3=9H,0] respectively. All chemicals were used as

purchased in the experiments without any further purification.

2.2. Synthesis of SBA-15 and Al-SBA15

SBA-15 silica was prepared according to the procedure reported by Bonardet et al [20].
More specific, Pluronic P123 surfactant (8.0 g) was dissolved into a solution of deionized
water (260 mL) and HCI (12 M, 40 mL) under vigorous stirring at 40 °C for 2 h.
Subsequently, 7 g of tetraethyl orthosilicate (TEOS) were added dropwise to the above
solution. The mixture was stirred at 40 °C for 24 h, followed by hydrothermal treatment at
100 °C for 48 h in an oven. The liquid phase was removed by filtration and the obtained
white solid was dried at 60 °C. The template was removed by calcination at 600 °C for 8
h. The AI-SBA support was synthesized using a modification of the protocol previously
reported by our group [21]. After filtration and drying dried at RT, the solid was calcined

under nitrogen atmosphere at 600°C for 2 h and then in air for an additional 6 h.

2.3. Synthesis of Cu-Pd/Al-SBA-15



The continuous flow deposition of palladium oxide nanoparticles on AI-SBA-15 was
performed under a series of conditions using a recently reported innovative continuous
setup [22]. A stainless-steel reactor was packed with AI-SBA-15 support set between two
plugs of quartz wool to prevent the solid support to move in the reactor upon pumping in
the flow of the metal precursor feed solution. Separately, a 0.5 wt% Pd solution in ethanol
was prepared using palladium (I1) acetate as Pd precursor. The solution was filtered off
prior to flow through the system to avoid the presence of any undissolved metal precursor.
The system started with pumping a solution of pure ethanol (0.5 mL min~%, 5 min) through
the catalyst bed to wet the support. The temperature of the reactor was then set to 150 °C
and the feed was changed to the 0.5 wt% Pd solution. The incorporation was conducted
under optimized flow rates (0.5 mL min™?) and circulation time (15 min.). At the end of the
process, the feed was again switched to ethanol which was pumped through the Pd-
incorporated catalyst to remove physisorbed/unreacted Pd species on the catalyst. The
resulting Pd/Al-SBA-15 was recovered from the reactor and calcined at 400 °C for 4 h
under air. Following, the Cu nanoparticles were supported on Pd/Al-SBA-15 material by a
mechanochemical protocol using a planetary ball mill (Retsch 100) under previously
reported optimized conditions (350 rpm, 10 min) [23] yielding the Cu-Pd/Al-SBA-15

bimetallic catalyst after calcination at 400 °C for 4 h in air.

2.4. Synthesis of (Pd,Pt)/SBA-15

Pd/SBA-15 and Pt/SBA-15 materials were synthesized following a previously reported
mechanochemical protocol for the straightforward preparation of the supported metal
nanoparticles on SBA-aluminosilicates [23]. The appropriate amount of Pd and Pt

precursor (palladium (I1) acetate and tetraammineplatinum (1I) chloride hydrate,



respectively) to reach the theoretical Pd and Pt contents of 2 wt% Pd and Pt, respectively.
The pattern SBA-15 and precursor were milled together in a planetary ball mill (Retsch
100) under previously reported optimized conditions (350 rpm, 10 min) [23]. Upon
incorporation of the metal, the sample was calcined at 400 °C (4 h, in air). The obtained

materials were highly reproducible from batch to batch.

2.5. Synthesis of PA/MAGSNC

5% Pd/MAGSNC was synthesized using a mechanochemical method according to the
protocol reported previously by our group [24]. In detail, 0.5 g synthesized SBA-15 was
grinded with 1.34 g Fe(NOz)3-9H20, 0.25 mL propionic acid and an appropriate amount of
the palladium precursor [Pd(Ac)2] in a Retsch PM-100 planetary ball mill (18 10 mm
stainless steel balls, 10 min, 350 rpm) to reach a theoretical 5 wt% Pd loading. The
nanocomposite was slowly heated (1 °C min™) to 300 °C under air and kept at 300 °C for

an additional 30 min.

2.6. Continuous flow hydrogenation

The hydrogenation of furfural was performed in a H-Cube Pro apparatus (ThalesNano, see
Figure S1 in the supporting information (Sl)). Both lab-synthesized and commercial
catalysts (ca. 100 mg) were packed in CatCart cartridges, a stainless-steel tube with length
of 70 mm and inner diameter 4 mm. The synthesized SBA catalysts based were swollen
upon absorbing solvent; therefore, the SBA supported catalysts were first diluted with
celite at 1:1 mass ratio prior to package. A feedstock solution of 0.2 M furfural in ethyl
acetate (EA) was prepared as starting material. A filter was applied in the entrance of the
pump to avoid undissolved compounds entering to the system. Prior to catalytic conversion

experiments, EA was pumped through the continuous flow system. When reaching the



desired reaction conditions in the reaction column (temperature, pressure and flow rate),
the EA solvent feed was substituted by a 0.2 M furfural solution in EA. The flow rate and
the hydrodynamic system pressure were set as 0.3 mL min™* and 50 bar, identically as in
the work reported previously reported by our group [9]. Full hydrogen mode was used in
each reaction, which corresponds to a hydrogen production capacity of 60 mL/min in the
H-Cube pro. The reactions took place upon contact of the catalyst with the mixture of feed
solution and hydrogen in the CatCart column. After pumping the 0.2 M furfural feed,
samples were taken from the product flow in the outlet at different time intervals. The time-
on-stream was measured with the zero point at the moment that experimental reaction
conditions were reached and after changing the feed from EA solvent to furfural solution
in EA. The weight hourly space velocity (WHSV) was calculated by dividing the mass
flow rate of the reagent with the catalyst mass. With the above described reaction
conditions and catalyst loading, WHSV in the current work were between 3.3 —4.6 h't. The

WSHYV values on metal weight basis were between 38 and 865 h™.

2.7. Product analysis and calculations

The product solution was analyzed by GC. Calibration curves (Figure S2, see SI) were
determined for furfural (F) and the two main products, furfuryl alcohol (FA) and
tetrahydrofurfuryl alcohol (THFA). The other products, 2-methylfuran and/or pentenol,
were only detected as traces. The calibration solutions and all collected samples were
analyzed in an Agilent 6850 series Il gas chromatograph combined with an Agilent 5975C
VL MSD system fitted with an HP-5MS-UI column (30 m x 0.25 mm % 0.25 um i.d.). He
in constant flow rate mode was used as carrier gas, which starting pressure was 0.88 bar.

The initial temperature was 50 °C with 3 min. hold time, then the temperature ramped to



200 °C in 3 min. and stayed at 200 °C for another 3 min. Finally, the temperature was
increased to 300 °C at 100 °C min and held at 300 °C for 2 min. The conversion and

selectivity were calculated as the following:

Comitial — Cri
Fur fural conversion (%) = Cunitiat = Crinall X 100

Clnitial

C
Selectivity (%) = Product

[CF(Initial) - CF(Final)]

Where C is the concentration of furfural or product (mmol mL™?) as determined by GC.

2.8. Catalyst characterization

A VG Scientific photoelectron spectrometer ESCALAB-210 equipped with Mg Ka
radiation (1486.6 eV) from an X-ray source was applied for the X-ray photoelectron
spectroscopy (XPS) measurements, operated at 15 kV and 20 mA. Survey spectra in the
energy range from 0 to 1350 eV were recorded using 0.4 eV steps for all the samples. High
resolution spectra were recorded with 0.1 eV steps, 100 ms dwell time and 25 eV pass
energy. A 90 ° take-off angle was set in all measurements. Curve fitting was carried out
using the CasaXPS software, in which each component of the complex envelope is
described as a Gaussian—Lorentzian sum function using a constant G/L ratio of 0.3+0.05.
The background was fitted using a nonlinear Shirley model. An aromatic carbon C 1 s peak

at 284.5 eV was used as the reference of the binding energy.

Transmission electron microscopy (TEM) images of the selected samples were
recorded using FEI Tecnai G2 equipment fitted with a CCD (Charge-coupled Device)

camera for ease and speed of use at the SCAI (Research Support Service Center, University



of Cordoba, Spain). The resolution of the equipment was around 0.4 nm. Prior to the
recording, samples were suspended in ethanol assisted by sonication and followed by

deposition on a copper grid.

Catalyst leaching was analyzed by ICP-MS in SCAI of Universidad de Cordoba. The
selected samples were transferred to 25 mL falcon tube and dried in oven to evaporate the
organic compounds. Subsequently, 20 mL 2% HNO3z and 0.5% HCI aqueous solution was
used to digest the solid components. Samples were then immediately analysed in an
ICP/MS Perkin EImer ELAN-DRC-e model equipped with an automatic diluting injecting
system and ionisation under Ar plasma followed by quadrupole ion detection with a DRC

cell to remove potential interferences.

3. RESULTS AND DISCUSSION

In previously reported work on furfural conversion using a Cu-Fe catalyst reaction
temperature and pressure showed significant effects on conversion and selectivity [19]. In
the present study, we first tested the 5% Pd/MAGSNC at two different temperatures (90
and 150 °C). After 120 minutes streaming in continuous flow at 90 °C, the furfural
conversion decreased from > 99% to ca. 41%, while the selectivity also varied strongly, as
shown in jError! No se encuentra el origen de la referencia.. Meanwhile, the furfural
conversion (95-99 %) and the product selectivity (74-90 % to FA) maintained relatively
stable after streaming for 20 and 120 minutes at 150 °C. Remarkably, the catalytic
performance of 5% Pd/MAGSNC was more stable at higher temperature (150 °C).

Therefore, the temperature was set as 150 °C in the following catalytic tests.



((Figure 1))

Various lab-synthesized and commercial catalysts were tested for the hydrogenation
of furfural in identical conditions. Interestingly, the major product in the reaction catalyzed
by 10% Pd/C was THFA instead of pentenol in our previous work [9], showing the high
impact of the reaction temperature and the WHSV on the product selectivity. The WHSV
in the current work was 3.80 h for 2% Pd/SBA-15, 5% Pd/MAGSNC and 10% Pd/C,
respectively, which is much higher than the corresponding reported WSHYV value of, 1.73
ht [9]. All the Pd catalysts exhibited high catalytic activity in furfural conversion, except
for the Cu-Pd/Al-SBA-15 catalyst, whereas the Pt catalysts were less active (jError! No se
encuentra el origen de la referencia.a). Apart from the catalytic activity, the Pd catalysts
and Pt catalysts also showed difference in the product selectivity. While Pd catalysts
supported on SBA-15 or carbon showed higher selectivity to THFA, 5% Pd/MAGSNC and
Pt catalysts were more favorable in the formation of FA. Despite the Pd content, the main
difference between 5% Pd/MAGSNC and 2% Pd/SBA-15 was the introduction of Fe;Oz in
the synthesis of the corresponding supports, which in turn influences for instance the
dispersion of Pd particles on the support. The introduction of pure Fe into Pd catalysts has
shown to increase its catalytic activity in hydrogenation of furfural drastically, at least in
aqueous phase [25]. Upon furfural adsorption onto the Pd or Pt surface n?-(C—O) surface
species were formed, where the first H could attack the carbonyl O, forming hydroxyalkyl
surface species which could be subsequently reduced to form furfuryl alcohol [10,26,27].
The difference in reaction activity between Pd catalysts and Pt catalysts could probably be

attributed to the strong affinity and sorption of H, on the palladium surface [28]. Besides,



Pd and Pt nanoparticles also behave differently in the affinity and sorption of furfural. In
detail, Pt favors the sorption of C=0O bonds [29] and has strong electron repulsive
interaction between furan ring n-electrons and metal d-electrons, whereas Pd shows strong
affinity to not only C=0 bonds but also to the furan ring n-electrons [10,30,31]. Thus, Pt

catalysts shows higher selectivity to FA while Pd catalysts has higher selectivity to THFA.

((Figure 2))

After streaming for 120 minutes (Figure 2b), some of the catalysts maintained high
activity for the conversion of furfural but with rather small differences in the product
selectivity, including 5% Pd/MAGSNC, 2% Pd/SBA-15 and 10% Pd/C. The sharp drop of
conversion for the 0.5% Pd/SBA-15 catalyst might be due to Pd leaching during the
reaction, but no Pd in the sample was detected in the ICP-MS data (Table 1) which could
be resulted from the low Pd content in the collected samples. Although the selectivity of
the Pt catalysts remained consistent and high, the conversion of furfural was much lower

than the three Pd catalysts mentioned before.

Hence, the experiments were repeated with 5% Pd/MAGSNC, 2% Pd/SBA-15 and
10% Pd/C to investigate their long-term stability, with times-on-stream between 480 and
1560 min. (Figure 3). The furfural conversion using 5% Pd/MAGSNC and 2% Pd/C was
reduced to ca. 50 % after 480 and 600 minutes, respectively, but 5% Pd/MAGSNC showed

higher stability in the selectivity. The conversion with the 10% Pd/C catalyst in turn



remained over 98 % after streaming for 1560 minutes while the selectivity to THFA
decreased from 83 to 64 %. It exhibited the highest stability among all the catalysts tested.
Notably, lab-synthesized catalysts (5% Pd/MAGSNC and 2% Pd/SBA-15) with relatively
low Pd content showed strong catalytic activity in the first a few hours as compared with

the commercial 10% Pd/C, and even outperformed 5% Pt/C in the hydrogenation of furfural.

((Figure 3))

To understand better the reaction mechanism, XPS spectra of the fresh and spent 5%
Pd/MAGSNC and 10% Pd/C catalysts were recorded. The spectra of Fe2p confirmed the
presence of Fe3* on the catalysts surface before and after reaction (Figure 4a-4b),
consistent with the well-preserved magnetic property of the catalysts after long time
streaming. This facilitates the separation of 5% Pd/MAGSNC from celite in order to
attempt to reactivate the catalyst. The main peak (5/2 orbital) of Pd3d shifted from ca.
337.1t0 335.7 eV (Figure 4c-4d), indicating the reduction of Pd?* species on the catalysts
surface. This difference could be responsible for the change in catalytic performance of 5%
Pd/MAGSNC during the time-on-stream. Although leaching of Pd also can be expected,
the peak intensity in the spectrum of the spent catalyst was very similar as in the fresh
catalyst. Elemental analysis could provide more reliable results to confirm any leaching
effect. In comparison, the Pd3d spectra of the fresh and spent commercial 10% Pd/C
catalysts did not show any peak shift, as the initial catalyst was already in the reduced state

(335.7 eV). The intensities of both the 5/2 and 3/2 peaks did decrease with respect to the



intensities in the fresh catalyst, which indicates leaching of Pd from the carbon support.
These results show that the evolution of the Pd oxidation state is the main factor to keep
the catalytic activity high. Additionally, TEM micrographs of the 5% Pd/MAGSNC and
10% Pd/C catalysts (Figure 5) were recorded in which the structures of the catalysts were

maintained well after long term stability tests.

((Figure 4))

((Figure 5))

Catalyst leaching is a challenging issue in heterogeneous catalysis, which is difficult to
avoid. Likewise, there was slight catalyst leaching in the hydrogenation of fufrfural, though
it might not be detected by ICP-MS (Table 1). Continuously leaching of Fe content on 5%
Pd/MAGSNC was observed, which might also contribute to the changes in the catalysts

acvtivity because presence of Fe promotes the catalytic activity of Pd [25].

((Table 1))

4.  CONCLUSIONS

Continuous flow hydrogenation of furfural was performed with both lab-synthesized and
commercial catalysts in the current work. Based on previous and present results, the

temperature and the weight hourly space velocity (WHSV) were factors that affected the



furfural furfural conversion and product selectivity drastically. The lab-synthesized
catalyst (5% Pd/MAGSNC) offered comparable performance to the 10% Pd/C within the
first few hours. Furthermore, its well-preserved magnetic property offers a simple, efficient
method for catalyst recovery from solid solution by applying a magnetic field, which is
easier for catalyst reactivation. We do believe that findings in the current work offer a
possibility for the valorization of biomass derived platform molecules in continuous flow

system with easy recovered catalyst.
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Figure 1. Performance of 5% Pd/MAGSNC for the conversion of furfural under
continuous flow regime in function of time-on-stream and temperature. Reaction

conditions: 0.2 M furfural, 0.3 mL min’, 50 bar.
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Figure 2. Performance of various Pd and Pt catalysts for the conversion of furfural under
continuous flow regime after (a) 20 min. time-on-stream and (b) 120 min. time-on-stream.

Reaction conditions: 0.2 M furfural, 0.3 mL min, temperature = 150 °C, 50 bar.
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Figure 3. Long term stability of 5% Pd/MAGSNC, 2% Pd/SBA-15 and 10% Pd/C
catalysts for the conversion of furfural under continuous flow regime. Reaction

conditions: 0.2 M furfural, 0.3 mL min, temperature = 150 °C, 50 bar.
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Figure 4. XPS spectra of Fe2p in (a) fresh and (b) spent 5% Pd/MAGSNC; Pd3d in (c)

fresh and (d) spent 5% Pd/MAGSNC and Pd3d in (e) fresh 10% Pd/C and (f) spent 10%
Pd/C.



Figure 5. TEM images of (a) fresh and (b) spent 5% Pd/MAGSNC catalysts, and (c) fresh

Furfuryl alcohol OH

O// Cata|ysts Q// Catalysts O//

Tetrahydrofurfuryl alcohol
H, |Catalysts

H,C

NN Non O/

30\/\/\0H Catalysts Catalysts Q/
Pent(adi)enol Methyl-furan Methyl-tetrahydrofuran

and

(d) spent 10% Pd/C catalysts.

Scheme 1. Reaction pathway in the catalytic furfural hydrogenation using heterogeneous

catalysts.



Table 1. Elemental analysis of collected samples using ICP-MS.

Element content in the sample (ug/L)

Time-on- 5% 206 PA/SBA-  0.5% Pd/SBA-
stream (min)  PA/MAGSNC 15 15 10% Pd/C 5% PUC

Fe  Pd Pd Pd Pd Pt
20 66 5 ND! ND ND ND
120 16 ND ND ND ND ND
140 13 ND ND 2 ND ND
240 4  ND ND / ND ND
360 / / 13 / ND ND
480 60  ND ND / ND ND
720 / / ND / ND ND

1560 / / / / ND /

1 ND represents not detected

2 </ represents no sample



