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Abstract: Waste lignocellulosic biomass is sustainable and an alternative feedstock to fossil
resources. Among the lignocellulosic derived compounds, 2,5-dimethylfuran (DMF) is a promising
building block for chemicals, e.g., p-xylene, and a valuable biofuel. DMF can be obtained from
5-hydroxymethylfurfural (HMF) via catalytic deoxygenation using non-noble metals such as Ni
in the presence of Hy. Herein, we present the synthesis of DMF from HMF using 35 wt.% Ni on
nitrogen-doped carbon pellets (35Ni/NDC) as a catalyst in a continuous flow system. The conversion
of HMF to DMF was studied at different hydrogen pressures, reaction temperatures, and space times.
At the best reaction conditions, i.e., 423 K, 8.0 MPa, and space time 6.4 kgn; h kgHMp‘l, the 35Ni/NDC
catalyst exhibited high catalytic activity with HMF conversion of 99 mol% and 80 mol% of DMF.
These findings can potentially contribute to the transition toward the production of sustainable fine
chemicals and liquid transportation fuels.

Keywords: biomass; 5-hydroxymethylfurfural; 2,5-dimethylfyran; nitrogen-doped carbon; continuous
flow system; nickel

1. Introduction

Nowadays, crude oil is the principal raw material for the production of chemicals and fuels.
However, the extensive use of this resource in the last century led to major environmental issues [1].
In the last years, it raised the need for more sustainable feedstock for energy and materials, which has
to meet the growing demand for goods [2]. For these reasons, the search for a sustainable alternative to
crude oil represents one of the major challenges for scientists [3].

As sustainable feedstock, lignocellulosic biomass (LCB) represents a promising candidate to
replace fossil resources for fuels and chemicals [4-14]. LCB represents the most abundant biopolymer,
as well as the biggest carbon reservoir in the world. In addition, LCB is worldwide and it is virtually
inexhaustible [15,16]. LCB consists of three main components, i.e., cellulose (30-40%), hemicellulose
(10-20%), and lignin (20-30%). Among them, hexose and pentose sugars are the main components
of cellulose and hemicellulose, which correspond to about 80% of the whole biomass [4]. Although
marginal, LCB is already available on a megaton (Mton) scale per year as a waste co-product from a
wide series of established industrial processes, such as agroforestry and pulp processes [17,18].

In recent years, a class of sugar derived compounds such as furans have been highlighted due
to their great potential for upgrading [19,20]. Among these furans, 5-hydroxymethylfuran (HMF)
has great potential due to its particular chemical properties since it simultaneously has an alcohol,
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an aldehyde, and a furan ring. Therefore, HMF can be easily upgraded either via an oxidative pathway,
e.g., to 2,5-diformylfuran [21] or 2,5-furandicarboxylic acid [21,22], or either with reductive steps, e.g.,
to 2,5-tetrahydrofuran or 2,5-dimethylfuran (DMF) [23,24]. Recently, DMF production from HMF has
more interest because of the great potential of DMF in several applications. As such, DMF can be
considered as a high-value biofuel: when compared to bio-ethanol, DMF has a higher octane number
(119 and 110, respectively), and 40% higher energy density (31 and 21 MJ L), this energy density
is even comparable to gasoline and diesel (~35 MJ L™!) [25-27]. Additionally, DMF showed good
compatibility with the already existing spark-ignition engines, which potentially allows it to be used
immediately as fuel [28]. Despite its potential as a fuel, DMF is already used as a solvent in the cosmetic
and pharmaceutical industries [27]. Moreover, DMF can also be further upgraded to produce p-xylene,
which is the main industrial precursor for PET [29,30].

In 2007, Roman-Leshkov et al., pioneered the HMF hydrodeoxygenation to DMF in a batch system,
using a bimetallic Ru-Cu/C, yielding in 71 mol% of DMF at 493 K in n-butanol [23]. Also, a series of
noble metal has been efficiently used for the same purpose, such as Pd, Ru, Pt, and Rh supported
on C [27,31]. Although, very active noble metal has an intrinsically high cost, which has pushed
researchers to find alternatives, such as non-noble metal. In this regard, Ni and Cu have been efficiently
used in the DMF production from HME. For instance, Yang et al. reported a DMF yield of 95 mol%
using a Ni-Co bimetallic catalyst supported on carbon, in batch systems at 403 K and 1 MPa of H; [32].
Similarly, Han et al. obtained 95 mol% using a bimetallic alloy of Ni and Mo deposited on mesoporous
MoS,/mAl,O3 at 403 K and 1 MPa of H, [33]. Moreover, Bordoloi and coworkers demonstrated the
synergic effect of using Ni on nitrogen-doped carbon, yielding in almost complete conversion of HMF
to DMF at 423 K [34]. All these studies that represented a high HMF conversion and DMF yield were
conducted in batch systems.

When compared to batch, flow chemistry allows more efficient heat transfer, as well as less
hazardous systems, and decreases the downstream costs [35,36]. For these reasons, in 2019,
the International Union of Pure and Applied Chemistry (IUPAC) mentioned flow chemistry among
the 10 chemical innovations with the potential to make our planet more sustainable [37]. Regarding
DMEF production from HMF in flow systems, to date, few investigations have been reported. Uniquely,
Braun and Antonietti [25] reported a cascade-flow reactor for DMF production starting from fructose,
combining solid acid-catalyst (Amberlyst 15) with an Ni catalyst on a tungsten-carbide support with
DMEF yield of 39 mol% at 373 K. Using HMF as a precursor, Luo et al. [31], reported a relatively low
DMEF yield of 40 mol% using Ni on C in flow systems. Similarly, Luo et al. founded the almost complete
conversion of HMF to DMF over a nanocrystalline Ni-Cu alloy deposited on the carbon support.

In general, the current state-of-the-art HMF conversion to DMF indicates that high yields are
possible even with non-noble metals [16]. However, these works are conducted in a batch system and
use a catalyst in powder form on an mg-scale. To speed up the transition from fossil fuel toward a
sustainable society, we believe is necessary to synthesize and use a scalable catalyst. Therefore, in this
work, we report on the use of 35 wt.% Ni on nitrogen-doped carbon, which has been synthesized
according to our previously reported “kitchen lab” approach [38]. The performance of this catalyst in
the hydrodeoxygenation of HMF to DMF in ethanol using continuous-flow systems was assessed.

2. Experimental Methods

2.1. Materials

D-glucose anhydrous (99%), urea (99%), and 5-methylfurfural (99%) were purchased from
Sigma-Aldrich. ZnO nanoparticles (average diameter = 20 nm) were ordered from Nanostructures
and Amorphous. 2,5-bis-hydroxymethylfuran (95%) was supplied by Oxchem. Semolina was
purchased from the brand Divella (durum wheat type). Absolute ethanol (HPLC grade, 99.9%)
and hydrochloric acid (1 M in HO) were supplied from VWR. Toronto Research Chemicals provided
5-hydroxymethylfurfural (99%). Nickel (II) nitrate hexahydrate (99%) was acquired from Roth.
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Acros Organics provided 2,5-dimethylfuran (99%) and 5-methylfurfuryl alcohol. All chemicals were
used as received without any further purification.

2.2. Catalyst Preparation

The pellet-shaped 35 wt.% Ni on the nitrogen-doped carbon (35Ni/NDC) was prepared following
the “kitchen-lab” approach previously reported by our group [38]. The synthesis consisted of a three-step
process: extrusion of carbon-pellet precursor, carbonization, and Ni nanoparticle deposition. For the
synthetic details, we refer to our recent publication [38].

2.3. Catalyst Characterization

The fresh 35 wt.% Ni on nitrogen-doped carbon (35Ni/NDC) was characterized using inductively
elemental analysis, Ny physisorption, powder X-ray diffraction (XRD), thermogravimetric analysis
(TGA), transmission electron microscopy (TEM), and temperature-programmed desorption of ammonia
(NH3-TPD). The description of the applied procedures is reported in detail in the Electronic Supporting
Information (ESI).

2.4. Catalytic Experiments

The 5-hyrdoxymethylfurfual (HMF) hydrodeoxygenation experiments were conducted in a
homemade continuous-flow system (Figures S1 and 52 at ESI), using a fixed bed reactor, similarly to
our previously described setup [12,38]. This system is composed of: (1) HPLC pump equipped with
a pressure sensor (Knauer Azura P 4.1S Series), (2) a two-sided opened heating unit equipped with
heating mantle (Figure S2 at ESI) and heat controller (Model # 4848 from Parr Instrument Company),
(3) mass flow controller to supply H, (Brook Instruments SLA5800) connected to the with a T-union for
the gas-liquid mixer (Swagelok SS-400-30), (4) sampling unit equipped with proportional relief valves
as a pressure regulator (Swagelok SS-RLM4MS8EFS8-EP), cf. Figure S1 in the section two “continuous flow
setup” at ESI. All the used tubing in this setup was made of stainless steel and provided by Swagelok.

In a typical experiment, an ethanol solution of HMF (0.05 M) was fed at different flow rates,
i.e., 0.30 cm® min~! using the HPLC pump. Therefore, the educts were mixed with an excess of H,
(Qu, = 12 cm?® min™!). Prior to being in contact with the catalyst, the solution was pre-heated through
the pre-heating unit to ensure an isothermal heat distribution over the catalyst bed. A 1.0 g quantity
of catalyst pellets were placed in the fixed bed reactor between 0.1 g of quartz wool. The reactor
temperature and pressure were kept at room temperature for almost 15 min, later the system pressure
was adjusted to the targeted values of pressure and temperature, i.e., 2.0, 5.0, and 8.0 MPa and 373, 398,
and 423 K, respectively. Once a steady-state was reached (after 45 min of stating feeding the reaction
solution), a sample (ca. 1.0 cm?) was collected.

Reactant and product identification and quantification were performed using gas chromatography
equipped with a mass spectrometer detector (GC-MS) and with a flame ionization detector (GC-FID).
The detailed information about the reactants and product quantification, as well as the kinetic
investigation, can be found at the ESI.

3. Result and Discussion

The 35 wt.% nickel on nitrogen-doped carbon (35Ni/NDC) was synthesized following the “kitchen
lab” approach [38]. The textural properties of the prepared 35Ni/NDC catalyst are reported in Table 1
and Figures S3 and 54 of the Electronic Supporting Information (ESI). As expected, the carbonized
precursor exhibited a high specific surface area (755 m? g~!), as well as a relatively high N content
(C/N ratio of 22), cf., Table 1 and Figure S3 of the ESI. Therefore, 35 wt.% of Ni nanoparticles have been
introduced via wet impregnation and the reduction-calcination process. As expected, the introduction
of Ni nanoparticles yielded in a slightly reduced surface area, from 755 to 578 m? g~!. Moreover, the
XRD reflections pattern showed the typical turbostratic carbon broad peak at 20 of 25°, as well as the
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typical Ni" reflections at 44° and 51°, viz., Figure S4 in the ESI. The TEM pictures also showed the
presence of Ni nanoparticles of the expected size, i.e., 20-40 nm, c.f. Figure S5 at the ESL

Table 1. Textural properties and chemical composition of NDC and 35Ni/NDC obtained with N,
physisorption and EA-ICP.

Catalyst C/wt.% N/wt% C/NRatio Ni/wt.% Aggp/m?g-1

NDC 75 3.7 22 - 755
35Ni/NDC 55 2.8 20 34.7 578

The catalytic activity of the prepared 35Ni/NDC pellets catalyst has been studied for the catalytic
hydrodeoxygenation of 5-hydroxymethylfurfural (HMF) toward 2,5-dimethylfuran (DMF) in the above
described continuous flow system, c.f. Scheme 1. To investigate the optimal reaction conditions that
lead to achieving a high yield of DMF from HMF, the reaction temperature, H, pressure, and space time
have been varied. Initially, the effect of temperature was studied at three different temperatures, i.e.,
373, 398, and 423 K, cf. Figure 1. Interestingly at 373 K and using 35Ni/NDC, a high HMF conversion
(72 mol%) was found. Despite the high HMF conversion, DMF yield was observed to be only 1.3 mol%,
combined with 5-methylfurfuryl alcohol (MFA) in a yield of 3.0 mol%, 2,5-bis-hydroxymethylfuran
(BHMF) yield of 4.8 mol% and a 5-methylfurfural (5-MF) yield in trace (<1 mol%). This high HMF
conversion is due to the etherification of HMF to 5-(ethoxymethyl)furfural and the formation of the
respective acetal (2-(diethoxymethyl)furan2-yl)-methanol), as well as partial degradation of HMF.
All these side products were identified via GC-MS [39]. For the deep understanding of this observation,
a comparison of an experiment in the absence of catalyst and with only the support (NDC) was applied
viz. in Figure 56 in the ESI. In contrast, in the absence of catalyst, i.e., either NDC or 35Ni/NDC, and at
373, 398, and 423 K, very low HMF conversion was detected, i.e., 0, 6.1, and 16 mol%, respectively.
In addition, at these three reaction temperatures and in the absence of a catalyst, no etherification
products were detected. Differently, the experiment with NDC exhibited a high HMF conversion
of 61, 66, and 94 mol% at 373, 398, and 423 K, respectively. This is due to the presence of active
acid sites at the support material proved via NH3-TPD, viz. Figure S7 at ESI. These acid sites could
promote the HMF etherification process [40]. This finding is in accordance with previous studies on
HMF etherification using alcohols, such as ethanol, which yielded to a high etherification rate even
at low temperatures in the presence of Brensted and Lewis acidic sites [40-42]. Moreover, at 423 K
in the presence of only NDC, an unexpected 10 mol% of Ypyr was detected. This finding could be
explained by catalytic activity either of Zn impurities of the NDC or the reactor wall metal impurities
in combination with the high surface area of the NDC pellets. Despite high HMF conversion, the
hydrodeoxygenation products, i.e., DMF, BHMF, MFA, and 5-MF, at 373 K were found in a low amount
<5 mol%. Increasing the reaction temperature from 373 to 398 K corresponded to high HMF conversion
(92 mol%) and an increase in yield of BHMF, (from 4.8 to 17 mol%), MFA (from 2.3 to 3.2 mol%) and
DMEF (from 1.3 to 12 mol%). At the same time, 5-MF was found constantly in traces below 1 mol%.
Additionally, a further temperature increase from 398 to 423 K, led to a HMF conversion (98 mol%)
and higher DMF yield (from 12 to 69 mol%), whereas the intermediates BHMF and MFA dropped
from 17 to 6.0 mol% and from 3.2 to 0.4 mol%, respectively.
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Scheme 1. Proposed hydrodeoxygenation pathway of 5-hydroxymethylfurfural (HMF) to
5-methylfurfuryl alcohol (MFA) and to 2,5-dimethylfuran (DMF), via 2,4-bis-hydroxymethylfuran
(BHMF) or 5-methylfurfural (5-MF).

100 T T .........-...E—I'
.oé-"...

§ .0’°...
g 80- o.oo'... -1
2 [T L
< £ X o*

Eﬁ 60 | HMF ... -
> ‘ Y5|V|F o..

0L A v, '
> MFA ..-
T 4 Ypue i
L 20f -
= . Al
3 ¢

375 400 425
Temperature / K

Figure 1. The conversion of HMF and yield of DMF, BHMF, 5-MF, and MFA as a function of temperature.
Reaction conditions: cgyvr = 0.05 M, Qeduct = 0.3 cm® min~, i.e., space time = 3.2 kgn; h kgHMp_l,

T = 373,398, and 423 K, Psystem = 8.0 MPa, H, flow = 12 em® min™! mga1yse = 1.2 8.

Due to the higher DMF yield (69 mol%), 423 K was selected as the optimized temperature for
further investigation. No further increase at the reaction temperature was applied to avoid HMF
polymerization, i.e., humification. Generally, among the two possible first step intermediates, see
Scheme 1, this temperature study indicates BHMF as the most present intermediate while 5-MF
was found only in traces. The poor 5-MF yield (<1 mol%) combined with BHMF as a predominant
intermediate gives an indication of the preferable kinetic pathway. Therefore, it can be deduced that
the reaction proceeds primarily via reduction of the HMF aldehydic function to BHMF, followed by
two consecutive hydrodeoxygenation to MFA and DME, viz. Scheme 1. The apparent activation
energy (E,) of DMF formation has been extrapolated from the Arrhenius plot assuming a zeroth-order
reaction (Figure S8 at the ESI). Accordingly, E, was found at 71 k] mol~!, which is in good agreement
with the value reported in the literature of 64 k] mol~! using Ni on carbon but in a batch system.
The good agreement between the batch and flow experiments is a good indication that the HMF
hydrodeoxygenation to DMF is not diffusion-limited.

To investigate the effect of pressure in DMF yield, c.f. Scheme 1, a variation of H pressure from
2.0 to 5.0 MPa and to 8.0 MPa was applied at 423 K, viz. in Figure 2. As expected, the conversion of
HMF was found independent from the pressure, with a value always above 95 mol% in the selected
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range of pressure. Increasing the pressure from 2.0 to 4.0 MPa and to 8.0 MPa led to an increase
in DMF yield from 33 to 58 mol% and to 69 mol%, respectively. At 2.0 MPa, to the Ypyr decrease
corresponded a higher yield of the intermediate, with Ypymp, Ymrea, and Ysyr increasing to 33, 6.5,
and 1.0 mol%, respectively. Similarly to the aforementioned temperature study, the BHMF was found
to be the predominant intermediate, which emphasized that the preferable pathway for DMF is via
BHMF—c.f. Scheme 1.
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Figure 2. The conversion of HMF and yield of DME, BHMF, 5-MF, and MFA as a function of
system pressure over 35Ni/NDC. Reaction conditions: cipr = 0.05 M, Qequet = 0.3 cm® min,
ie, space time = 32kgnihkgmwr !, T = 423 K, Pgseem = 20, 50, and 80 MPa,
H, flow =12 cm® min™! Meatalyst = 1.2 g

The influence of space time on the DMF yield was assessed. For this purpose, the educts flow
was varied from 0.15 to 0.3 to 0.6 and 1.0 cm® min~!, which corresponds to a space time of 6.4, 3.2,
1.6, and 0.95 kgn; h kgimr !, respectively, c.f. Figure 3. At high space time, such as of 6.4, 3.2,
and 1.6 kgn; h kgpvr ! the conversion of HMF was found to be above 95 mol%, while at fast flow the
conversion dropped to 68 mol%. Also, the Ypyr showed a strong dependence on space time, increasing
from 8.9 to 41 to 69 mol% and subsequently to 80 mol% in correspondence with space time increasing
from 0.95 to 1.6 to 6.4 and to 3.2 kgn; h kgvr !, respectively. In contrast, the intermediates alcohol
yield, i.e., Ypumr and Ypga, exhibited inverse dependence to space time. Particularly, BHMF was
found to be the major product at the lowest space time with a Ygimr of 26 mol% at 0.95 kgn;i h kgHMp‘l.
In addition, an increase in space time to 1.6 and 3.2 kgn; h kgHMF_1 showed a decrease of Ygume
to 13 and 4.8 mol%, respectively. Similarly, MFA exhibited a relatively high Yy of 6.4 mol% at
0.95 kgn; h kg !, whereas MFA yield dropped to below 3 mol% by increasing the space time to 1.6
and 3.2 kgni h kgHMF‘l. Finally, the TGA of the spent 35Ni/NDC catalyst after five hours of reaction
showed a minimal mass loss (<10 wt.%) before 750 K, indicating minimal product deposition on top of
the catalyst (Figure S9 of the ESI).
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Figure 3. The conversion of HMF and yield of DMF, BHMF, 5-MF, and MFA as a function
of space time using 35Ni/NDC. Reaction conditions: cgpyr = 0.05 M, Qegyet = 0.15, 0.3, 0.6,
and 1.0 cm® min ™1, i.e., space time = 6.4, 3.2, 1.6, and 0.95 kgn; h kgpnvr !, T = 423 K, Psystem = 8.0 MPa,
H, flow = 12 cm® min~! Meatalyst = 1.2 8.

4. Conclusions

The 35Ni/NDC pellets exhibited high catalytic performances in the continuous flow
hydrodeoxygenation of 5-hydroxymethylfurfural to 2,5-dimethylfuran. The presence of Ni was found
essential to give a high yield of DME, i.e., Ypyup of 80 mol% at 423 K, 8.0 MPa and 6.4 kgn; h kgHMF‘l.
In addition, high H, pressure has been found to be essential for an efficient DMF production
from lignocellulosic derivable HMF. The studies conducted at low space time and low temperature
indicated that the reaction pathway for DMF synthesis from HMF is preferably proceeded via
2,5-bis-hydroxymethylfuran (BHMF) instead of the 5-methylfurfural (5-MF) route. We believe that
more focus on the use of heterogeneous catalysts in a continuous-flow system for biomass valorization
has the potential to speed up the transition toward more sustainable production of fine chemicals and
liquid transportation fuels, and as a consequence to a more sustainable society.

Supplementary Materials: The following are available online at http://www.mdpi.com/2673-4079/1/2/9/s1,
Figure S1: The setup for the continuous flow hydrodeoxigenation of 5-Hydroxymethylfurfural (HMF) to
2,5-Dimethylfuran (DMF), consisting of (1) HPLC pump equipped with pressure control, (2) heating unit (its
section can be viz. at Figure S2, (3) Mass-flow controller for H, supply and (4) sampling unit with proportional
relief valve. Figure 52: Homemade aluminum heating block used to ensure efficient heating, consisting of three
location holes: (1) fixed bed reactor place (2) thermocouple location for temperature control and (3) pre-heating
unit. Figure S3: Nj-physisorption isotherms of the NDC and 35Ni/NDC. Figure S4: XRD pattern of 35Ni/NDC.
The symbols indicate the typical reflection for Nig and C present in literature. Figure S5: TEM image for 35Ni/NDC.
Figure S6: The conversion of HMF and yield of DMF in presence of only NDC and without catalyst as a function

of temperature. Reaction conditions: cipyp = 0.05 M, Qedyct = 0.3 cm® min!, e, space time = 3.2 kgy; h kgHMF_l,

T =373K, 398 K and 423 K, Psystem = 8.0 MPa, H? flow = 12 cm® min™! mgyayst = 0.78 g. and 0 g. Figure S7:

NH3-TPD of NDC (black line) and 35Ni/NDC (blue line). Figure S8: Arrhenius plot for the DMF production from
HMF over 35Ni/NDC at different reaction temperatures, i.e., 323 K, 398 K and 423 K. Figure S9: TGA curve of the

spent 35Ni/NDC.
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