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Abstract: In this work, the liquid phase hydrogenation of furfural has been studied using
a biochar-supported platinum catalyst in a batch reactor. Reactions were performed between 170 °C
and 320 °C, using 3 wt % and 5 wt % of Pt supported on a maple-based biochar under hydrogen
pressure varying from 500 psi to 1500 psi for reaction times between 1 h and 6 h in various solvents.
Under all reactive conditions, furfural conversion was significant, whilst under specific conditions
furfuryl alcohol (FA) was obtained in most cases as the main product showing a selectivity around 80%.
Other products as methylfuran (MF), furan, and trace of tetrahydrofuran (THF) were detected. Results
showed that the most efficient reaction conditions involved a 3% Pt load on biochar and operations
for 2 h at 210 °C and 1500 psi using toluene as solvent. When used repetitively, the catalyst showed
deactivation although only a slight variation in selectivity toward FA at the optimal experimental
conditions was observed.
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1. Introduction

Production of second-generation biofuels as cellulosic ethanol should involve the valorization
of every macromolecular fraction of the biomass in order to be economical [1]. Contrarily to the
C6 carbohydrates, which are ideal candidates for classical fermentation, valorization of C5 sugars
remains a challenge, either through biological or chemical pathways. Many biological alternatives
have been investigated including fermentation to ethanol using, as an example, E. coli [2], Z. mobilis [3],
and P. stipitis [4]. However, most of these approaches are limited by the kinetics of the fermentation,
which usually involves longer fermentation periods as compared to their classical C6 counterparts.

As an alternative to the biological conversion of C5 sugars, another approach leading to
their conversion could imply chemical processes. In a recent review, Fuente-Hernandez et al.
investigated the possible option of the conversion of xylose including reduction, oxidation, acid and
base treatments [5]. Amongst the latter, acid treatments, leading to furfural have been thoroughly
investigated and reported in literature [6,7]. Furfural with an annual global demand ranging between
20 kton/year and 30 kton/year can be used as chemical but could as well be used as a platform
chemical for other compounds including but not limited to levulinic acid [8]. However, conversion of
furfural to levulinic acid is not possible and must go through a reduction of the aldehyde function of
furfural into an alcohol, thus producing furfuryl alcohol (FA).

Previous work from open literature reported that catalytic hydrogenation of furfural could be
carried out either in the liquid [9] or vapor phase [10,11]. As for the industrial processes, they are
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generally conducted at high temperatures and pressures at which operations both in liquid and gas
phase were reported. In terms of catalyst, the most popular for the reduction of furfural at industrial
levels are Ni and Cu/Cr-based catalysts, although these catalysts exhibit a moderate activity towards
FA [12,13]. At bench level, numerous reports have been made on the hydrogenation of furfural in
liquid-phase using noble metal-based catalysts, such as palladium [14], platinum [9,13,15,16], iridium
and ruthenium [17], thodium [18], and zirconium oxide [19]. Reactions were performed either with or
without a solvent (using different solvent types) sometimes even using a second metal (or a promoter)
to improve the activity and/or the selectivity [13,20,21]. Amongst the non-noble metals that have been
reported to selectively hydrogenate «,3-unsaturated aldehydes, iron [22] and nickel [13] were the most
commonly cited. The best example of the duality of two metals was reported when a combination
of nickel and copper showed interesting characteristics of chemo-regio-, and, stereoselectivity for
hydrogenation reactions [13,20,21].

The choice of the support is also a key aspect that may lead to significant changes in catalytic
activity. The most conventional supports are either acidic or basic oxides such as silica [22],
alumina [14,23], and porous metal (Raney type) [24]. However, other types of supports (such as carbon)
were also used for the production of reducing catalyst for chemoselective hydrogenations. Although
the most common carbon support would certainly be activated carbon [25], biochar could as well be
a cheap, stable, carbon-rich compound that could be considered to this purpose. The latter can be
produced by “thermo” processes for biomass conversion such as torrefaction, pyrolysis, or gasification.
It is made from renewable material and the already available inorganics that could be found in trace
amounts in the biochar could influence the output of a catalytic reaction when used as support.
Although activated carbon has been used as a catalytic support for hydrogenation reactions most
probably as a mean to standardize catalyst synthesis, there is, to the best of our knowledge no report
on the utilization of biochar as a support for hydrogenation reactions.

In this work, we report on the liquid phase hydrogenation of furfural to FA, which was used as
a model compound of biomass-derived feedstock, by using a biochar-supported platinum catalyst.
In addition, various reaction parameters such as metal loading in the catalyst, operating pressure
of hydrogen, reaction time, solvent choice, and reaction temperature were studied to optimize
furfural conversion, FA selectivity, and to determine kinetic parameters for catalysis reaction. Specific
attention was given to the regeneration of the catalyst in order to link with further downstream
industrial applications.

2. Results and Discussion

2.1. Support Synthesis and Functionalization

Biochar (BC) produced from torrefaction (slow pyrolysis) may contain bio-oils and traces of metal
both from the pyrolysis process as well as from the original biomass. Bio-oils were removed using
an Acid treatment (Section 3.1) prior to catalytic metal impregnation [26].

2.2. Catalyst Characterization

The scanning electron microscopy (SEM) morphology of both biochar support and platinum
catalyst Pt/BC revealed that the metal particles were not homogeneously distributed in the support,
as shown in Figure 1. This lack of homogeneity in the distribution of the Pt can be seen from its
tendency to agglomerate (Figure 1b).

Energy-dispersive X-ray (EDX) spectroscopy microanalysis was performed in order to determine
the elemental analysis of the surface samples. The biochar (support without impregnation) spectrum
revealed the presence of C, O, Al, K and Ca elements in trace amounts (Figure 1a). As for comparison,
the metal loading deposited during the impregnation is shown in Figure 1b. The EDX results indicate
the presence of platinum as well as sulfur coming from the biochar treatment with the sulfuric acid
solution. Copper most likely coming from the original biomass is not present in Figure 1a, which can
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be explained by the low amounts contained in the support, the heterogeneity of the sample, and by
the size of the scan frame. The chlorine present in the impregnated catalyst probably comes from the
platinum precursor.
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Figure 1. Scanning electron microscopy (SEM) images and energy-dispersive X-ray (EDX) spectra of
biochar for the: (a) unimpregnated support; and (b) impregnated with Pt 3 wt % prior to the reaction.

2.3. Catalyst Test with Pt/BC

The pathway leading to the products observed during furfural hydrogenation can be simplified
as suggested in Figure 2. The main products were FA, tetrahydrofurfuryl alcohol (THFA), furan (F),
methyltetrahydrofuran (MTHF), and methylfuran (MF). Table 1 summarizes the obtained results from
the reaction of furfural over Pt/BC 3 wt % catalyst in correlation to the operation parameters.

Hydrogenation rates have been previously reported to increase proportionally with
temperatures [24] however, no clear tendency of this nature was observed for the actual experiments.
For the experiments involving the catalyst with a 3 wt % platinum loading, the optimal temperature
was reached at 210 °C, showing a maximum conversion of 60.8% with 79.2% selectivity to FA after 2 h
(Entry 9, Table 1). The yield of FA drops from 48.2% to 16.1% (Entry 8) when temperature decreases
from 210 °C to 170 °C. Even if a higher conversion value is observed at 320 °C (Entry 13), the selectivity
toward FA is 16.8% and the then FA yield decreases from 48.2% to 11.8%. Moreover, results from
Entries 10 and 11 also showed that increasing the reaction time only leaded to a slight modification
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of the conversion rate and an increased portion of furan, resulting in a decrease in selectivity to FA.
This behavior was observed as well after addition of a higher amount of catalyst (Entry 5, Table 1).
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Figure 2. Possible reaction pathways for furfural hydrogenation.

Table 1. Experimental conditions, conversion, and selectivity for liquid phase furfural hydrogenation
in toluene using the Pt/BC 3 wt % catalyst. FA: furfuryl alcohol; TOF: turn-over frequency; THFA:
tetrahydrofurfuryl alcohol; MF: methylfuran; and F: furan.

Catalyst . Conversion  FA Yield TOF Selectivity (%)

Ent (mm(})’l) Plps) TCO th (%) (%) (s FA THFA MF F
1 0.025 500 210 2 20.1 6.9 40x1072 34.2 - 6.4 40.1
2 0.025 500 250 2 18.4 3.9 3.7x1072 21.2 - 12.6 63.4
3 0.025 1000 210 2 35.6 25.7 7.1x102 72.2 - 6.6 20.1
4 0.025 1000 250 2 36.4 17.0 7.3x1072 46.7 0.4 14.7 33.8
5 0.058 1000 250 2 52.0 13.8 45%x102 26.6 0.1 13.0 58.8
6 0.058 1000 250 1 30.1 11.4 5.2x102 38.0 - 14.5 46.2
7 0.025 1000 250 3 40.8 20.2 54x102 49.6 0.2 19.1 29.8
8 0.025 1500 170 2 19.4 16.1 39x102 83.2 0.5 5.1 9.0
9 0.025 1500 210 2 60.8 48.2 1.2x1072 79.2 0.4 8.5 11.0
10 0.025 1500 210 4 66.9 55.4 6.7x1072 82.8 1.1 0.9 134
11 0.025 1500 210 6 69.4 49.3 4.6x1072 71.1 0.7 12.8 14.7
12 0.025 1500 250 2 33.4 27.1 6.7x1072 81.1 1.0 8.8 7.7
13 0.025 1500 320 2 70.0 11.8 1.4x1072 16.8 0.6 35.2 43.2
14 0.025 1500 300 3 59.9 10.1 8.0x102 16.9 1.2 41.6 373

Variation of the temperature in either direction from 210 °C impacts conversion and selectivity to
FA (Entries 8, 9 and 12-14, Table 1) thus increasing the formation of byproducts as MF, furan, as well
as other unknown compounds. One hypothesis explaining this phenomenon is probably related to
catalyst selectivity that can be affected by adsorption of furfural and/or FA and by products on the
surface of the catalyst’s active sites.

Increasing H; pressure from 500 psi to 1500 psi was shown to increase the conversion of furfural
from 20.1% to 60.8% (Entries 1, 3 and 9, Table 1). The formation of byproducts at higher pressures of
hydrogen does not appear to significantly affect the selectivity to FA, the latter increasing to 79.2% at
1500 psi conditions that were considered optimal for this catalyst and support. Results also showed
that almost no THFA was formed for most of the tests performed with the Pt/BC catalyst, indicating
that the latter was not intrinsically selective to C—C double bonds thus prioritizing reduction of C=0O
or C-OH bonds. The tests using different amounts of catalyst (Pt/BC 1 and 5 wt %) were performed in
the conditions that were shown optimal for a 3 wt % loading of catalyst (toluene as solvent, 210 °C,
1500 psi, for 2 h and 4 h), as presented in Table 2.
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Table 2. Furfural hydrogenation results using Pt/BC 3 and 5 wt % as catalyst.

Entr Catalyst £ (h) Conversion  FA Yield 1 Selectivity (%)
Y (mmol) (%) (%) TOFG™) b THFA MF F
9 o 2 60.8 48.2 1.2 x 1072 79.2 0.4 8.5 11.0
10 0025 (3%) 4 66.9 55.4 6.7 x 1072 82.8 1.1 0.9 13.4
15 o 2 40.5 31.3 4.6 x 1072 77.3 0.5 43 12.0
16 0.044 (5%) 4 453 324 2.5 x 1072 71.6 0.4 6.2 16.6

Using a higher percentage of Pt in the catalyst but overall using the same amount of platinum
based catalyst did not favor an increased conversion of furfural to FA compared with 3 wt % catalyst
(Entries 9 and 10, Table 2). Furthermore, the use of higher quantity of impregnated metal (5 wt %)
was shown to reduce conversion of approximately 20% in both cases (Entries 15 and 16, Table 2).
The reduced homogeneity of Pt distribution, being a consequence of the greater impregnation
concentration, results in non-favorable conditions for furfural hydrogenation. Selectivity to FA was
also shown to be significantly reduced and chromatograms showed the presence of new unknown
byproducts, which did not occur at lower (3 wt %) Pt content.

It should be noted that biochar per se was not inert in furfural hydrogenation, which was
elucidated by testing only support at the same experimental conditions as above. Hydrogenation of
furfural with the support alone results in conversion of 3.3% and selectivity to FA of 21.3%, using the
optimal conditions (identified by the tests on a 3 wt % loading of platinum). The biochar carbon surfaces
and pores possess complex structures containing metals and oxygen groups, as well, the biochar has
a tendency for fixation of metallic ion thus leading to a concentration of the plant inorganic content.
As well, this functionality also allows the biochar to be a very efficient support for other types of metals,
either for catalytic purposes or for soil remediation [27]. Overall, both the textural properties and the
trace metal content in the biochar could be generating some activity. Furthermore, it is important to
note that the support is stable under the reaction conditions and it does not interact with the solvent.
Duplicate experiments were performed showing the rates and selectivity to the various products to be
within an error margin of around 5%, thus confirming reproducibility of the results.

The most important solvent effects in the hydrogenation of «,[3-unsaturated aldehydes are usually
related to solvent polarity, solubility of hydrogen, and interactions between the catalyst and the solvent
as well as solvation of reactants in the bulk liquid phase [28]. Further and as noted previously, both the
support and the type of solvent can affect selectivity. As for this work, the solvent effect on the furfural
hydrogenation was investigated with the Pt/BC 3 wt % at 210 °C and 250 °C with a H, pressure
of 1500 psi for 2 h using toluene, isopropanol, isobutanol, and hexane. Results obtained for the
hydrogenation of furfural using other solvents are shown in Table 3.

Table 3. Selectivity and conversion for furfural hydrogenation with Pt/B 3 wt % in toluene, isopropanol,
isobutanol, and hexane at 1500 psi H; pressure for 2 h.

Ent Sol T C0) Conversion FA Yield 1 Selectivity (%)
l'y olvent (o/o) (0/0) TOF (S ) FA MEF
12 ol 250 334 27.1 67 x1072  81.1 8.8
9 otuene 210 60.8 481 12x 1071 792 8.5
17 Isooropanal 220 37.5 21.1 75%x10°2 564 234
18 Prop 210 429 349 86x10°2 813 9.0
19 Isobutanol 250 57.1 50.6 11x 1071 886 -
20 sobutano 210 82.8 49.6 17 x 101 599 -
21 250 66.4 16.1 13 x 1071 242 -

22 Hexane 210 523 419 1.0 x 1071 802 -




Energies 2017, 10, 286 6 of 10

Utilization of isopropanol has led to the formation of dimerization products (Figure 3) that did
not occur in toluene. The selectivity toward these products was close to 18% and 10% at 250 °C and
210 °C, respectively. However, in both cases, the main product remained FA. Although conversion
did increase, the difference was not significantly higher than what was noted for toluene at 250 °C
(Entry 17 Table 3, and Entry 12 Table 3), and the selectivity to FA was shown to decrease, as a result
of significant quantities of MF as well as dimerization products formed. At 210 °C (Entries 9 and 18
Table 3), conversion decreased to 23% in isopropanol although selectivity remained close to 80% in both
cases. Isopropanol has a significant effect on the product’s selectivity and formation of by-products
is more pronounced. A hypothesis that could explain such observation would be that the greater
availability of hydrogen in the media could lead to furfural and/or FA dimerization via a higher
availability of radicals that could generate the end products depicted in Figure 3 below (identified by
gas chromatograph coupled to mass spectrometer (GC-MS)).

Figure 3. Observed dimers structures.

Utilization of bulky alcohols (as isobutanol) are supposed to lead to greater hydrogen solubility
although it was not reported to correlate with an increased hydrogenation rate. The % conversion
in isobutanol seems to corroborate such assumptions. At 250 °C, an increase in both conversion and
selectivity toward alcohol was observed (Entry 19 Table 3). However, at 210 °C, the selectivity was
reduced by about 20%.

Hexane (Entry 22, Table 3) gave results that were comparable to toluene at 210 °C (Entry 9, Table 3)
however, two liquid phases were obtained following the reaction and the possibility of finding products
in both phases thus hinders quantification. The increased conversion noted at 250 °C (Entry 21, Table 3)
over 210 °C in hexane as compared to the other solvents is probably a result of the increased solubility
of furfural in hexane as well as the formation of other unidentified condensation products.

All of the solvents that were used in this research lead to the production of MF and furan.
However, dimerization and/or condensation products formation was affected by the solvent type and
occurred essentially with a polar solvent.

2.4. Catalyst Reactivation Test

From Figure 4a it can be seen that the activity of reactivated Pt/BC catalyst is retained in the
first recycling (column 2) with regard to furfural hydrogenation in toluene at 210 °C for 2 h (column 1),
indicating no significant deactivation of the catalyst. On recycling a second time (catalyst undergoes
three consecutive reactions with intermediary reactivation step, column 3, Figure 4a), there is a decrease
in the conversion of furfural by almost 20%. However, the selectivity to FA is not affected by the
recycling of the catalyst (columns 1-3, Figure 4b).

At increased temperature (320 °C), conversion increased (column 4) compared to 210 °C
(column 1), but the reactivation of the catalyst is not as effective as with the lower temperatures (there is
a greater loss in the conversion of almost 12%) and selectivity to FA is also seen to be reduced (less than
20%). That indicates that temperature plays an important role in both catalyst activity and selectivity,
further that deactivation of the catalyst occurs more readily at higher temperatures. Deactivation is
assumed to be the result from a poisoning caused by strong chemisorption of compounds at the metal
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surface that cannot be solved during the reactivation step. The experiments shown in Figure 4 indicate
that this catalyst has potential for recycling in furfural hydrogenation following process optimization.

Recyd 1 poas

(B) 320°C - 210°C lb)

210°C

Recyel 1

Recycl 2

Conversion %)
&

Recycl 2

Recycl 2

Figure 4. (a) Conversion; and (b) selectivity to FA at 210 °C (columns 1-3) and at 320 °C (columns 4-6).

3. Experimental

3.1. Support Preparation

The biochar support was produced by torrefaction (slow pyrolysis) of sugar maple
(Acer saccharum) sawdust in a continuous pilot scale Auger-type reactor under CO, stream at
atmospheric pressure. Biomass was obtained from Scierie Joseph Audet Inc. (Sainte-Rose-de-Watford,
QC, Canada). Heating was performed countercurrent with a temperature gradient ranging inside the
reactor from 230 °C to 400 °C with a residency time of about 5 min. Prior to impregnation, biochar was
treated twice by sonication in a 50% aqueous sulfuric acid solution. Finally, samples were washed with
water and toluene, and then dried in an oven at 120 °C overnight.

3.2. Catalyst Preparation

The platinum metal loading of the catalyst was achieved by wet impregnation using an aqueous
solution of tetraammineplatinum (II) chloride hydrate (98%, Sigma Aldrich, Saint Louis, MO, USA)
in appropriate concentration so as to obtain 3 wt % and 5 wt % Pt on the resulting catalyst.
The impregnated sample was dried at 120 °C overnight to remove water. Prior to reaction, catalysts
were activated in situ in flowing H (50 mL/min) at 250 °C, for 1 h.

3.3. Catalyst Characterization

The morphology and the elemental analysis of the catalyst were analyzed using a SEM
model Hitachi S-4700 (Hitachi, Toyo, Japan) microscope equipped with an EDX (X-max 500 mm?,
Oxford Instruments, Buckinghamshire, UK) system and operating with a voltage of 20 kV. The EDX
used in this experiment was an Oxford model X-Max 50 mm?.

3.4. Catalytic Test

Liquid-phase hydrogenation of furfural was conducted in a 100 mL continuous stirred-tank reactor
(CSTR) equipped with a reagent injection port, a gas inlet, and a vent (Figure 5). Hydrogenations were
performed between 200 °C and 300 °C under a 500-1500 psi atmosphere of H, (Praxair, purity 4.5),
stirring at 600 rpm, for 1-6 h using toluene (99.99%, bought from Anachemia, Lachine, QC, Canada),
isobutanol (99%, bought from Alfa Aesar, Ward Hill, MA, USA), n-hexane (95%, bought from
Anachemia, Lachine, QC, Canada), or 2-propanol (99.99%, bought from Anachemia) as solvents.
The reactor was loaded with 30 mL of solvent and 3 mL of furfural and the latter was reacted with
different amounts of catalyst (0.025-0.058 mmol of Pt equivalent). The reactor was preheated to the
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desired temperature for the catalyst activation with a low flow of hydrogen, sample addition to the
hot reactor and hydrogen pressurization was performed simultaneously.

Ventilation |-—— Burner |-

Hydrogen
Furfural tank Al

Thermocouple

el

Manometer
Pressure release

valve

L

—K]
Valve 4’[&]*
Thermocouple ,{ Valve
2
:|

Figure 5. Process and instrumentation diagram for the liquid-phase hydrogenation of furfural.

The evolution of the reaction was followed using a GC-2014 gas chromatograph equipped
(Shimadzu, Guelph, ON, Canada) with a flame ionization detector (FID), temperature programmer,
and a capillary column Zebron ZB-5MS (L =30 m x L.D. =0.25 mm x df = 0.25 pm) (Phenomenex,
Torrance, CA, USA) with helium as carrier gas. The reaction products were FA, THFA, furan, MTHE,
and MF.

Identification of the compounds present in the reaction mixture was performed using a Bruker
Scion SQ GC-MS (Bruker Daltonics Inc., Milton, ON, Canada) equipped with Bruker CombiPAL
autosampler, zebron capillary column (ZB-5MS, 60 m length, 0.25 mm 1.D., 0.25 um film thickness),
and a mass spectrum detector (Bruker SQ) using helium as carrier gas (Praxair, purity 5.0).

To compare the activity exhibited by the catalysts, the turn-over frequency (TOF) was calculated
based on furfural conversion (Equation (1)):

TOF — .mmolfurfural conve.rtfec.l 1)
time * mmol catalyst initial

3.5. Catalyst Regeneration Tests

To investigate whether the catalyst could be reactivated, three consecutive experiments were
performed at 210 °C and 320 °C. Between the runs, the catalyst was washed repeatedly with toluene
and dried. Reactivation of the catalyst was done each time as described in Section 3.2.

4. Conclusions

Results from this work show that biochar can be efficiently used as catalyst support in
addition to being an economically and environmentally sound approach for furfural hydrogenation.
The platinum-based catalyst produced from wet impregnation of a platinum salt on maple biochar
proved to work well during liquid phase hydrogenation of furfural to FA and can be improved to favor
the FA selectivity. Variation of temperature had an impact, both on conversion and selectivity to FA.
Longer reaction times decrease selectivity to FA, with little or no effect on conversion showing that FA
is an intermediate toward other reduction products as ME. Results also showed that solvent polarity
tends to increase the hydrogenation rates but also the formation of dimerization and/or condensation
products. Reaction conditions of 210 °C for 2 h and 1500 psi, with toluene as the solvent and 3 wt % Pt
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content, were found to be optimal for Pt/BC catalyst to favor furfural conversion at high selectivity to
FA. Finally, the Pt/BC catalyst showed potential to be reactivated for further furfural hydrogenation
reaction with a high selectivity to FA.
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