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Non-noble monometallic and bimetallic catalysts supported in biomass-derived carbon were tested in
the 2,5-dimethylfuran (DMF) and 2,5-dimethyltetrahydrofuran (DMTHF) production from 5-
hydroxymethylfurfural (HMF) hydrogenolysis using a fixed-bed continuous-flow reactor. These sup-
port and reaction system were selected in order to obtain a more sustainable catalyst development and
to implement a continuous flow reaction system. The carbon-supported biomass-derived catalysts were
compared with catalysts supported on commercial carbons, which were treated with acid to remove
impurities. All the bimetallic catalysts exhibited high stability after 25 h-on stream, achieving DMF yields

Keywords: . K .
BirJ;etallic catalyst above 50% and complete HMF conversion. Biomass-derived carbon supported catalysts seems more
Ni—Cu selective toward DMF during the 8-9 h-on stream than commercial carbon supported ones. The good

DMF activity and stability of the bimetallic catalysts seems to be related to the synergistic effect between acid
DMTHF and metallic sites, exhibiting the most promising ones an excellent stability for 46 h on stream.
Hydrogenolysis Monometallic catalysts exhibited high yields, above 70%, at the beginning of the reaction. However, they
Biomass-derived carbon suffer from partial deactivation, probably due to metal sintering. Finally, the obtained catalytic activities
and selectivities toward target products are close to the reported ones for discontinuous systems, being

an important aspect for its possible industrial application.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license
(http://creativecommons.org/licenses/by-nc/4.0/).

1. Introduction

The need to limit the increase in global temperature and the
growth in world energy demand, both of which are related to the
rise in CO, emissions, call for a significant transformation in the
energy supply [1]. The transportation sector accounted for 30%
increase in energy consumption in the last decade [2]. Conventional
fuels, derived from oil refining, are the predominant energy source
for transportation [3].

Lignocellulosic biomass-derived products are excellent candi-
dates for replacing conventional gasoline. This green feedstock is
the only renewable resource that can substitute oil-derived
chemicals and fuels [4]. They are composed of cellulose,
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hemicellulose, and lignin. Cellulose is the main component
(40—50%) and can be hydrolyzed into glucose. This Cg molecule can
be further dehydrated into 5-hydroxymethylfurfural (HMF), a
platform molecule in Bozell and Petersen's “Top 10 + 4” list [5],
which includes the most interesting and promising biorefinery
compounds.

HMF contains an aldehyde group (—C=0) and a hydroxyl group
(—OH) attached to a furan ring. These functional groups can be
selectively reduced to 2,5-dimethylfuran (DMF) and 2,5-
dimethyltetrahydrofuran (DMTHF), respectively. Both are suitable
biofuel candidates and are promising additives for conventional
gasoline [6]. They exhibit similar properties to those of gasoline,
which have been summarized in Table 1.

In the last few decades, DMF production using noble and non-
noble metal catalysts has been widely studied in batch reaction
systems. Ru- [8,9] and Pt-based [10] catalysts have been extensively
investigated by varying the operating conditions, solvents, and
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Table 1
Properties of conventional gasoline and different biofuels [7].
Conventional gasoline  DMF DMTHF

Lower heating value (MJ-kg™!)  42.7 33.7 383
Research Octane number (RON)  90—99 119 82
Boiling point ( C) 25-215 92-94  90-92
Density at 20 C (g-cm3) 0.745 0.89 0.83
Viscosity at 40 C (mm?-s~') 04-0.8 0.65 047

reaction time; complete HMF conversion and maximum DMF yield
of 70—90% have been achieved. Considering the limited availability
and high cost of these noble metals, their commercial application is
impractical. Recently, Guo et al. [ 11] studied the synergistic effect of
acid and metal sites on a Ni/ZSM-5 catalyst; excellent DMF pro-
duction (86.5%) was obtained.

Monometallic Cu catalysts have also been investigated [12—14]
using different supports, H, donors, and solvents. Finally, the use of
bimetallic catalysts based on noble metals [15,16] and non-noble
metals [17,18] has been reported. Luo et al. [19] employed Pt—M/C
catalysts (M = Ni, Zr, or Cu) for HMF hydrodeoxygenation in a
continuous liquid-phase flow reactor; the bimetallic catalysts had
higher DMF selectivity values than their corresponding mono-
metallic catalysts. They achieved the highest DMF yield (98%) in the
presence of bimetallic Pt—Ni on a carbon catalyst at 200 °C and
33 bar. In general, bimetallic Ni-based catalysts can be employed in
a wide range of reactions owing to their tunable chemical/physical
properties [20]. Concomitantly, Yang et al. [21] employed Ni—Co/C
catalysts for HMF-to-DMF hydrogenolysis in both batch and fixed-
bed reactor tests, and the Ni species increased the stability of the
CoOy species. Bimetallic Cu—Co catalysts have also been studied for
use in DMF production. Additionally, Guo et al. [22] synthesized a
bimetallic Cu—Co catalyst supported on N-graphene-modified
Al»03 for HMF hydrogenolysis. The catalyst resulted in high DMF
yields (>99%) because it activated C—O bond cleavage and C=0
bond hydrogenation. However, the catalyst could not hydrogenate
the C=C bond in the furan ring without yielding 2,5-
bis(hydroxymethyl)tetrahydrofuran and DMTHF. Srivastava et al.
[23] studied the influence of different supports (CeO,, ZrO,, and
Al»03) of Cu—Co-based catalysts on DMF production; the Cu—Co/
Al»O3 catalyst had the highest DMF selectivity. Chen et al. [24] also
observed a synergistic effect between Cu and Co using carbon-
coated Cu—Co bimetallic nanoparticles as catalysts for DMF pro-
duction. They confirmed that the bimetallic nanoparticles were
entrapped by the carbon shells, which prevented the oxidation and
deactivation of the catalysts. Similarly, Sarkar et al. [25] synthesized
Cu—Pd bimetallic nanoparticles embedded in a carbon matrix by
pyrolyzing metal—organic frameworks; the catalyst stability was
enhanced. Because Cu and Ni were demonstrated to activate DMF
production, Gupta et al. [26] supported both the metals on hydro-
talcite (HT) for the catalytic hydrogenation of HMF. DMF and
DMTHEF yields of 67% and 32%, respectively, were achieved after
15 h under 10 bar of H, at 90 °C in batch conditions.

In addition, the production of DMTHF from HMF has attracted
attention. Gao et al. [27] synthesized a N-doped decorated Cu-
based catalyst (NC—Cu/MgAIO) using cyclohexanol as the
hydrogen donor and solvent and observed high DMTHF yields.
Similarly, Chen et al. [28] reported that the HMF-to-DMF conver-
sion was rapid, but the hydrogenation of the furan ring was slow,
when a Ni/SBA-15 catalyst was used.

Most abovementioned investigations are focused on the pro-
duction of DMF or DMTHF in batch systems. However, at an in-
dustrial scale, continuous processes lead to higher efficiencies and
lower production costs than batches. Therefore, highly efficient
catalytic systems must be explored and tested under continuous
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operation. In this study, non-noble-metal-based Ni—Cu bimetallic
catalysts were synthesized using various supports. Their activities
and stabilities were investigated in a gas-phase continuous fixed-
bed reactor. Biomass-derived carbon was employed as the cata-
lyst support because of its great potential as a sustainable material
in different industrial sectors; moreover, it does not produce any
waste (net zero waste) and facilitates the development of a circular
economy [29]. Biomass-derived carbons exhibit excellent textural
and chemical properties, such as large specific surface area, high
porosity, and abundant surface functionalities [30]. Furthermore,
bimetallic Ni-based catalysts can be employed in a wide range of
reactions owing to their tunable chemical/physical properties [31].

This study aims to synthesize two value-added products—DMF
and DMTHF—from HMF hydrogenolysis in the most sustainable
and efficient way possible. To achieve this, continuous systems such
as fixed-bed reactors were tested herein. Although most studies
have employed discontinuous batch reactors, continuous processes
lead to high efficiencies and low production costs at the industrial
scale. Previous studies have proven that Ni—Cu bimetallic catalysts
have good characteristics in HMF hydrogenolysis in fixed-bed re-
actors [33]. The present study proceeds one step further and at-
tempts to develop a highly sustainable catalyst using a
carbonaceous derivative of local waste biomass and incorporating
Ni and Cu (active metals) as supports. Further, stability and reus-
ability tests have been performed with the most promising bime-
tallic catalyst.

2. Experimental
2.1. Reaction system

Activity tests were conducted in a bench-scale fixed-bed reactor
in which 500 mg catalyst was diluted with inert CSi (1:9 wt).
Synthetic HMF (Sigma-Aldrich, 99%) diluted in 1-butanol (1.5 wt %)
was fed (WHSV of 0.15 h™' (gumr-geaat-h™1)) into the aforemen-
tioned reaction system using a high-performance liquid chroma-
tography (HPLC) pump, once 275 °C and 15 bar of pure H, were
reached. Under these operating conditions, the HMF hydro-
genolysis reaction was performed in the gas phase in accordance
with thermodynamic calculations as well as data published in the
open literature [32]. Moreover, no pre-reduction step was required
for the catalyst because the catalyst was reduced under the oper-
ating conditions. A previous study [7] demonstrated that the ac-
tivity results did not differ on the basis of pre-reduced or non-pre-
reduced catalyst, inferring the successful activation of the catalyst
under the operating conditions prior to starting the reaction.

The HMF conversion and DMF and DMTHF yield values were
used to describe the activity results (see Equations (1) and (2),
where N is the molar flowrate in mol-min~!).

in _ Nout
HMF conversion (%) = —HME_—HME . 100 (1)
NHMmF
NDME/DMTHE

DMF and DMTHF yield (%) = - 100 )

in
HMF

2.2. Analysis

The condensed liquid products were analyzed by HPLC (HPLC
1260 Infinity equipped with a Hi-Plex H column and an infrared
detector) to quantify HMF conversion and by gas chromatography
(Agilent 6804 GC equipped with a SupraWax 280 capillary column
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and a flame ionization detector) to quantify DMF and DMTHF
yields. Other possible byproducts—2,5-bis(hydroxymethyl)furan
(BHMF), 5-methylfurfural (5-MF), and 5-methylfurfuryl alcohol
(MFA)—were also analyzed by gas chromatography. The error of
the reaction system and the analysis was +5%.

2.3. Catalyst preparation

Various catalytic supports were prepared. Two different carbons
were employed in this study, namely, commercial carbon (PanReac,
granulated n° 2) and biomass-derived carbon provided by Envir-
ohemp S.L, an activated carbon produced from local waste biomass
that was activated by chemical activation (acidic route). Both the
carbons were modified with kaolin (Merck) to obtain the desired
mechanical resistance [33]. For the modification, 40 wt % kaolin (K)
and the prepared supports were mixed with deionized water in a
rotatory evaporator. After stirring the mixture for 2 h, it was heated
to 80 °C, and water was evaporated under vacuum. After drying the
supports overnight, they were thermally treated at 500 °C for 2 h
under an inert N atmosphere. The obtained supports
(carbon + kaolin) were designated commercial carbon (CC) and
biomass-derived carbon (BC). Some authors have reported the
requirement of a purification process—treatment with nitric acid to
remove inorganic impurities [34] and/or undesirable ash [35]. To
determine whether the purification process affects the activity, the
aforementioned modified supports (commercial carbon and
biomass-derived carbon) were further treated with an acid solu-
tion. The supports were stirred in a solution of 10% (v/v) HNO3 at
80 °C for 2 h at 200 rpm [36]. Subsequently, they were washed with
distilled water, neutralized with 0.1 M of NaOH to achieve a pH of 7,
and placed in an oven at 180 °C for 6 h to remove the volatile
matter. These supports were labeled treated commercial carbon
(TCC) and treated biomass-derived carbon (TBC).

On the one hand, only carbon + kaolin supports (with or
without acidic purification) were used to synthesize the catalysts.
However, bare carbons (without kaolin) were also characterized to
analyze the differences. For catalyst synthesis, Cu(NO3);-H0 (Alfa
Aesar, 98%) and Ni(NO3),-6H,0 (Sigma-Aldrich, 99.99%) were
employed as active-metal phase precursors.

For the monometallic catalysts, 15 wt % Ni or Cu was impreg-
nated in CC and BC by wetness impregnation. After drying over-
night, thermal treatment was performed under N5 at 500 °C for 2 h.
The catalysts were designated Ni/CC, Ni/BC, Cu/CC, and Cu/BC.

Bimetallic catalysts were synthesized in sequential steps. First,
15 wt % Cu was loaded in the kaolin-modified CC and BC supports
by wetness impregnation. Then, the Cu-loaded carbon supports
were dried overnight and thermally treated at 500 °C for 2 h under
a N, atmosphere. Finally, 15 wt % Ni was impregnated using the
same method. The preparation method of the bimetallic catalyst
was optimized in previous investigations [37]. The obtained cata-
lysts were labeled Ni—Cu/CC and Ni—Cu/BC.

On the other hand, only TCC and TBC supports were used for the
bimetallic-catalyst synthesis owing to the stability issues while
testing the monometallic catalysts. The procedure for synthesizing
these treated-carbon-impregnated bimetallic catalysts was iden-
tical to that described previously. The obtained catalysts were
labeled Ni—Cu/TCC and Ni—Cu/TBC.

2.4. Catalyst characterization

2.4.1. Elemental analysis (CHN)

Elemental analysis of bare carbons (before the addition of
kaolin) was performed to understand the differences in the
composition of CC and BC. The effect of acidic treatment on the
elemental composition was also examined.
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The samples were placed in a vertical quartz reactor and heated
at 980 °C under a constant flow of He stream. A few seconds after
introducing the sample, the He stream was enriched with high-
purity O,. The combustion gas mixture was driven through a
tungsten oxide zone to achieve complete quantitative oxidation,
followed by a reduction step in a Cu zone to reduce nitrogen oxides
to nitrogen. The resulting components, namely, N, CO,, and H,0,
were separated using a chromatographic column and detected
using a thermal conductivity detector (TCD). The analysis method
follows ISO 17025 and the uncertainty values are +6% for C, + 10%
for H and +3% for N, which were quantified by means of black box
modelling.

2.4.2. Inductively coupled plasma optical emission spectroscopy
(ICP-OES)

The thermally treated catalysts were dissolved in an acid solu-
tion (25% HNOs3 and 75% HCl) in a Milestone microwave digestion
system ETHOS 1, and the obtained solution was analyzed by ICP-
OES (PerkinElmer Optima 3300DV) to measure the metal content.
The error in the measurements was +3%.

2.4.3. Textural properties

The thermally treated samples were outgassed at 150 °C for 4 h,
and N, adsorption—desorption isotherms were then acquired
at —198 °C using Autosorb1C/TCD (Quantachrome, USA) to calcu-
late the surface area using the BET equation. The micropore area
was not analyzed herein (using the Dubinin—Raduskevich equa-
tion) because Ni and Cu were incorporated on the outer support
surface or on the mesopores. The pore volume and average pore
diameter were calculated using the Barrett—Joyner—Halenda (BJH)
method. The error in the measurements was +5%,

2.4.4. Temperature-programmed desorption with ammonia (NH3-
TPD)

The thermally treated samples were reduced in situ at 275 °C for
1 h, and the physisorbed impurities were desorbed by a He stream
for 30 min. After cooling the sample to 100 °C, NH3 was flowed over
the sample. The physisorbed NH3; was eliminated by increasing the
temperature to 150 °C. Finally, the samples were heated to 850 °C,
and the desorbed NH3 was detected using a TCD detector. The error
in the measurements was +5%,

2.4.5. X-ray diffraction (XRD)

The X-ray diffraction patterns of the freshly reduced and used
catalysts were obtained using Seifert XRD 3000 diffractometer
equipped with a PW 2200 Bragg-Brentano u/2u goniometer, a bent
graphite monochromator, and an automatic slit, using Cu K radia-
tion (0.15418 nm) and 0.028° step size for scanning. The crystallite
sizes of the observed peaks were calculated using the Scherrer
equation. The error in the measurement was +10%.

2.4.6. Transmission electron microscopy (TEM)

The TEM images were acquired using FEI Talos F200X equip-
ment (Thermo Fisher Scientific) to study the morphology of pecu-
liar freshly reduced and used catalysts. This equipment combines
high-resolution STEM and TEM imaging with energy dispersive
X-ray spectroscopy (EDS) signal detection, that is, 3D chemical
characterization with compositional mapping. To analyze the
samples, they were dispersed in ethanol, and a drop of the sus-
pension was placed on a Cu grid (300 mesh). The error in the
measurements was +7%.

The metallic dispersion was calculated from the size measure-
ment of 200 particles in accordance with the method described by
Borodzinski and Bonarowska [38]. In this procedure, the atomic
ratio of the particles is required for the calculation. For the
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monometallic catalysts, the atomic ratios of metallic Ni and Cu
were employed. In the case of bimetallic catalysts, the atomic ratio
was calculated on the basis of a previously reported assumption
[39]—the contribution of each metal to the atomic ratio is associ-
ated with the metallic contents of Ni and Cu obtained by ICP-OES.

2.4.7. X-ray photoelectron spectroscopy (XPS)

The surface elemental compositions and oxidation states of the
freshly reduced and used catalysts were analyzed by XPS. The
samples were analyzed using a VG Escalab 200R spectrometer
equipped with a hemispherical electron analyzer and an Al K1
(h=1486.6 eV) 120 W X-ray source. A stainless steel sample holder
was used to deposit the samples. First, the samples were degassed
at 300 °C in a pretreatment chamber. The base pressure of the
spectrometer is typically 910 Torr (0.0133 bar). The spectra were
collected at a pass energy of 20 eV, which is usually considered a
high-resolution condition. The error in the measurements was +5%.

3. Results and discussion
3.1. Catalyst characterization results

The characterization results obtained using different techniques
are described in this section. The supports were first thermally
treated under an inert N, atmosphere at 500 °C for 2 h for evalu-
ation under the same conditions as those of the synthesized
catalysts.

The XRD, TEM, and XPS characterization techniques do not
facilitate the in situ reduction process. Thus, the fresh catalysts were
reduced ex situ in a horizontal oven at 275 °C for 2 h under pure H,
gas flow. The samples were then stored in isooctane to avoid
possible oxidation under atmospheric conditions. This storage
procedure was employed for the catalysts as well.

3.1.1. Elemental analysis (CHN)

The elemental compositions of the bare carbonaceous materials,
as obtained from the CHN analyses, are summarized in Table 2. The
percentage of oxygen was determined by the difference.

Commercial carbon and biomass-derived carbon supports have
similar compositions but different hydrogen contents. In contrast,
the treated commercial carbon and biomass-derived carbon sup-
ports have a higher oxygen content than the untreated supports.
The acid treatment of the commercial carbon and biomass-derived
carbon supports with HNO3 apparently favors the oxidation of the
carbonaceous materials [40,41] owing to the oxidizing capacity of
HNOs.

3.1.2. Chemical and textural properties

The textural properties, as determined using the Nj-phys-
isorption technique, of different supports (bare supports and
kaolin-modified supports) and catalysts are summarized in Table 3
and Table 4, respectively.

The CC and BC materials have high, comparable BET surface
areas (>970 m? g~ 1). However, BC exhibits higher pore volume and

Table 2

Elemental analysis of carbon supports determined by CHN analyses.
Bare carbons C (%) H (%) N (%) 0" (%)
Commercial carbon® 80.29 0.85 0.61 18.25
Treated commercial carbon® 69.83 2.00 0.98 27.19
Biomass-derived carbon?® 77.67 2.61 0.38 19.34
Treated biomass-derived carbon® 67.76 141 0.94 29.89

@ Bare carbons (without kaolin).
b Calculated by difference.
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pore diameter than CC. In both materials, the acidic treatment
slightly alters the textural properties, resulting in low BET surface
area and significantly high average pore diameter of the treated
carbons. According to the literature [32] the strong oxidation due to
acid treatment can decrease the BET surface area and microporous
structure. Finally, the addition of kaolin reduces the total surface
area, as inferred from the low surface area of bare kaolin
(18 m? g~ 1). Additionally, kaolin addition affects the porosity of the
supports owing to the blockage of different types of pores.

The monometallic catalysts have lower specific surface areas
(240—310 m? g~ 1) than the supports (Table 4), most probably
owing to the partial blockage of the pores of the support by metal
deposition [42]. This effect is profound in the case of the bimetallic
catalyst (120—190 m?g~ 1), which is associated with the high metal
loadings of these catalysts and large obstruction of the porous
structure. This phenomenon has also been observed by Andrade
et al. [43]. This effect signifies that the metals are deposited not on
the micropore structure but possibly deposited on the support
surface and on the mesopores, in the case of the biomass-derived
carbon. In general, catalysts supported on BC have low BET sur-
face areas, which is probably associated with different pore size
distributions. This trend is much profound for the monometallic
catalysts.

The real metal contents of the catalysts, studied by ICP-OES
(Table 4), are similar to the nominal values, except for the bime-
tallic catalysts supported on carbons without acid pretreatment.
The high carbon concentrations and high specific surface areas of
these supports, as determined by CHN analysis and Na-phys-
isorption, respectively, apparently favor metal deposition. Howev-
er, a more plausible explanation would be that the two thermal
treatments of the catalysts after incorporating Cu and then Ni could
cause partial thermal decomposition of the carbon, resulting in
higher metal loadings than the nominal ones.

3.1.3. Temperature programmed desorption with ammonia (NH3-
TPD)

The surface acidity of the bare supports (CC, BC, TCC, and TBC)
and the prepared catalysts was investigated by NH3-TPD. The re-
sults are shown in Fig. 1.

The CC support has a lower acidity than the BC support. More-
over, the addition of kaolin significantly decreases the acidity of the
BC support [33], possibly because bare kaolin has a low acidity
(Fig. 1) and its incorporation blocks the acid sites. As mentioned
above, the data in Table 3 indicates the incorporation of kaolin into
the surface and porous structure of the BC support, resulting in low
specific surface area, pore volume, and average pore diameter.
Moreover, acid pretreatment decreases the acidity of both the CC
and BC supports. Further, despite the significant difference in the
acidities of pure commercial carbon (0.64 mmol NH3-ggt) and
biomass-derived carbon (1.42 mmol NH3-gg}) (Fig. 1), both carbons
have nearly identical acidities (0.62 and 0.64, respectively) after
modification with kaolin. A similar effect is observed for the acid-
pretreated carbons, in which the addition of kaolin results in
similar acidities of approximately 0.44 mmol NH3-gqk

The incorporation of Ni into the K-modified supports enhances
the acidity of the monometallic catalysts. Moreover, nonreduced
Ni%* species act as Lewis acid sites, thereby increasing the total
acidity of the catalyst [44,45]. The high acidity of the catalyst
supported on BC agrees well with the XPS results (explained below
in Section 3.1.6), in which the catalyst surface has high Ni>* content
because of increase in the acidity. In contrast, monometallic Cu
catalysts have lower acidities than the supports. Cu particles could
either be covered by or have reacted with the acidic sites, reducing
the total acidity of the catalysts [43].

The bimetallic catalyst and the supports have similar acidities.
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Table 3
Textural properties of thermally treated supports (obtained from N;-physisorption).
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Supports BET (m%g~1) Pore volume (cm3g~) Average pore diameter (nm)
Commercial carbon 991 0.05 1.8

Commercial carbon (with kaolin) 767 0.01 1.9

Treated commercial carbon 964 0.04 2.2

Treated commercial carbon (with kaolin) 744 0.09 24

Biomass-derived carbon 977 0.47 35

Biomass-derived carbon (with kaolin) 715 0.11 2.5

Treated biomass-derived carbon 912 0.47 3.6

Treated biomass-derived carbon (with kaolin) 482 0.29 4.0

Kaolin 18 0.09 21.6

Table 4
Chemical and textural properties of different catalysts.
Catalysts BET? (m2g~1) Pore volume? (cm>-g 1) Average pore diameter? (nm) CuP (%) Ni® (%)
Ni/CC 309 0.09 31 — 15
Ni/BC 241 0.12 3.6 — 16
Cu/CC 282 0.06 2.7 15 —
Cu/BC 311 0.19 4.1 15 —
Ni—Cu/CC 143 0.05 33 21 23
Ni—Cu/TCC 190 0.04 2.8 16 16
Ni—Cu/BC 135 0.08 3.8 22 22
Ni—Cu/TBC 119 0.05 34 14 17
Obtained from ®N,-physisorption and "ICP-OES.
15 15
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Fig. 1. Amount of NH3 desorbed from different thermally treated supports and catalysts, as determined by NH5-TPD.

Presumably, even if some acidic sites are covered by metallic spe-
cies, the presence of Ni cations implies the existence of Lewis acid
sites, which could compensate for the possible loss of acid sites in
the original support [46,47].

3.1.4. X-ray diffraction (XRD)

The X-ray diffraction patterns of the freshly reduced and used
catalysts are shown in Fig. S1. The average crystallite sizes of the
metallic phases, calculated using the Scherrer equation, are sum-
marized in Table 5. Further, Fig. 2 presents the enlarged graphs of
the bimetallic-catalyst profiles.

All the monometallic catalysts present diffraction angles of
35.6°, 41.1°, 60.1°, 71.8°, and 75.6°, which are associated with CSi

(used to prepare the catalytic fixed bed to avoid temperature gra-
dients) [48]; the peaks are not shown in Fig. S1. The diffraction
patterns of monometallic Ni catalysts (see graphic b in Fig. S1) show
diffraction peaks at 26 = 44.5°, 51.8°, and 76.4°, ascribed to metallic
Ni phases [49]. Diffraction angles corresponding to the NiO species
(26 =37.2°,43.3°,62.9°, and 75.6°) are not observed. These results
indicate that most Ni species are in a reduced state [50]. Similarly,
Cu-based catalysts exhibit diffraction peaks at 26 = 43.3°, 50.4°,
and 74.1°, attributed to metallic Cu phases [49]. The freshly reduced
Cu catalysts also present a peak at approximately 36.4°, which can
be ascribed to the Cu,0 species [51]. Moreover, the Cu/CC catalyst
exhibits a lower crystallite size than the Cu/BC catalyst, implying
better dispersion of Cu species on this support. Ni—based
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Table 5
Crystallite size (nm) of different catalysts (operating conditions for used catalysts:
T = 275 °C, Py, = 15 bar, WHSV = 0.15 h~', and 25 h on stream).

Catalysts Freshly reduced Used

Ni Cu Ni Cu
Ni/CC 20 — 20 —
Ni/BC 15 - 10 -
Cu/CC — 40 — 35
Cu/BC — 45 — 45
Ni—Cu/CC 10° 15°
Ni—Cu/TCC 10 30 10 35
Ni—Cu/BC 15° 5 (NiO) 15 (Cu0)
Ni—Cu/TBC 15 20 15 25
2 Ni—Cu crystallites.

Cu Ni

Ni-Cu / TBC freshly reduced

M AN AN ANA A A A

Ni-Cu / BC freshly reduced
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Fig. 2. X-ray diffraction patterns of freshly reduced bimetallic catalysts (enlarged
graph).

monometallic catalysts present a lower crystallite size than Cu-
based catalysts [52]. After the reaction, all monometallic catalysts
exhibit crystallite sizes similar to those of the initial ones, revealing
the good stability of the metallic phases in these catalysts during
the reaction.

The bimetallic catalysts exhibit several Ni and Cu diffraction
peaks, as shown in Fig. 2, indicating possible interactions between
the Ni and Cu species. The freshly reduced catalysts supported on
CC and BC exhibit characteristic and well-defined diffraction peaks
related to a Cu—Ni alloy phase (20 = 43.7° and 50.9°). This alloy has
small crystallites with a size of 10—15 nm. The diffraction profiles of
the bimetallic catalysts supported on TCC and TBC reveal two peaks
at approximately 43.7° and 50.9°. The first and second peaks can be
attributed to Cu-rich and Ni-rich alloys, respectively. Among these
samples, the Cu-rich alloy has a larger crystallite (20—30 nm),
which increases during the reaction, possibly owing to sintering. In
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contrast, the Ni-rich alloy has stable crystallites sized 10—15 nm.
The existence of two different Ni—Cu alloys in the catalyst has been
reported previously [43,53]. Moreover, even though there are two
peaks, they are located at an intermediate position, implying the
formation of Ni—Cu alloy and not that of pure Ni and pure Cu
crystals.

3.1.5. Transmission electron microscopy (TEM)

The morphology, size, and dispersion of the metallic particles of
peculiar catalysts were investigated by TEM. The dispersion and
mean particle size were calculated in accordance with the pro-
cedure described by Borodzifiski and Bonarowska [38] and the
calculation results are summarized in Table 6. Select images of the
freshly reduced and used catalyst are presented in Fig. S2. Further,
the corresponding histograms and profiles of the accumulated
frequencies are shown in Fig. S3. Additionally, select elemental-
mapping images, which reveal the distribution of elements
within the catalysts, are shown in Fig. 3.

As shown in Table 6 and Figs. S2 and S3, the freshly reduced
samples of monometallic Ni and Cu catalysts exhibit similar dis-
persions and particle sizes. However, the particle size increases
during the reaction, which decreases the total dispersion of the
catalysts. The increase in size can be related to the sintering of
metallic particles. This effect is comparatively more evident for the
Cu/CC catalyst.

In the case of the bimetallic catalysts, the dispersions and par-
ticle sizes of the freshly reduced catalysts supported on CC and BC
are significantly different. Apparently, CC disperses the particles
more efficiently than BC, increasing the active metal exposure on
the surface. This observation is in agreement with the Sggr results.
The CC support has a higher BET surface area than the BC support,
providing a better dispersion of metallic species. Another hypoth-
esis deals with the acidity of the carbon surface created during
activation. However, the metal particles grow during the reaction in
the case of the bimetallic catalyst, especially for the Ni—Cu/CC
catalyst, implying a reduction in the total dispersion of the catalyst.
This phenomenon is also confirmed by the XRD data.

The elemental mapping demonstrates that monometallic cata-
lysts contain only Ni and Cu species, whereas the bimetallic cata-
lysts mainly contain a combination of Ni and Cu species associated
with the Ni—Cu alloy, as detected by XRD.

3.1.6. X-ray photoelectron spectroscopy (XPS)

The surface elemental composition (Fig. 4) and oxidation state
(Fig. 5) of the freshly reduced and used catalysts were examined by
XPS. The Ni 2p, Cu 2p, and Cu LMM deconvoluted profiles of
peculiar catalysts are included in the Supporting Information
(Figs. S4 and S5). The carbon content increases in all the used cat-
alysts, probably because of coke deposition on the surface during
the reaction, which implies deactivation of the catalysts.

The surface metal content of the monometallic catalysts is high

Table 6
Dispersion and metallic particle size of peculiar freshly reduced and used catalysts
(operating conditions: T = 275 °C, Py, = 15 bar, WHSV = 0.15 h™!, and 25 h on
stream).

Catalysts State dmean (NM) Dispersion (%)
Ni/CC Freshly reduced 23 5
Used 32 4
Cu/CC Freshly reduced 26 5
Used 42 3
Ni—Cu/CC Freshly reduced 12 11
Used 27 5
Ni—Cu/BC Freshly reduced 30 4
Used 36 3
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Fig. 3. TEM images with the corresponding elemental mapping of the freshly reduced catalysts: a) Cu/CC, b) Ni/CC, ¢) Ni—Cu/CC d) Ni—Cu/BC.

in the case of CC support. The higher BET surface area, observed
using the Ny physisorption technique, and the higher C content in
the support, detected by CHN analysis, can favor more deposition of
the active-metal phase on the catalyst surface. However, the metal
content decreases after the reaction for these catalysts, possibly as a
result of coke deposition on the metallic sites or sintering, as
observed by XRD and TEM.

The bimetallic catalyst supported on the TBC has low surface
metal content, probably resulting from a decrease in the metallic
particle dispersion. As inferred by the textural property data, this
particularity can be related to the lower BET surface area presented
by the TBC support than that by the CC, BC, and TCC supports. After
the reaction, the metal content of the bimetallic catalysts decreases,
presumably because of coke deposition or sintering. The Ni/Cu ratio
is higher than the bulk ratio obtained from the - ICP-OES results,
suggesting Ni enrichment on the catalyst surface, an effect that has
been observed previously [49]. Therefore, the impregnation of Ni in
the second step favors exposes much Ni on the surface.

To understand the oxidation states of the Ni and Cu species, the
ratio of Ni® or Cu° to the total metal content was determined. The
monometallic catalysts supported on CC have high Ni° or Cu® con-
tent. The metallic content decreases after the reaction owing to the
formation of Ni?t, Cu!*, and Cu?* species, indicating that the
metallic particles suffer from the oxidation process. The water
generated as a byproduct or solvent (1-butanol) favors the oxida-
tion of the metallic species [37]. In contrast, the catalysts supported
on BC has low Ni° or Cu® content, but the metallic content increases
during the reaction, resulting in a reduction of the oxide species.
This result can be attributed to the easy reducibility of the oxidized
species by the Hy rich atmosphere, which is favored by the weak
interactions between the metallic phases and the support.

The bimetallic catalysts supported on CC have high Ni° and Cu®
species content. After the reaction, Ni is oxidized, whereas Cu is
reduced. In contrast, the catalyst supported on BC has low metallic
content, which remains almost unchanged after the reaction. In
general, much exposure of reduced species on the catalyst surface
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Fig. 5. Oxidation states of Ni and Cu on freshly reduced and used catalysts (operating conditions: T = 275 °C, Py, = 15 bar, WHSV = 0.15 h™', and 25 h on stream).

apparently results in the oxidation of some species during the
reaction.

It is worth noting that the oxide phases in the XPS spectra are
not observed in the XRD patterns, except in the case of the bime-
tallic catalyst supported on BC. This indicates the high dispersion of
oxide species on different catalyst surfaces [53,54].

3.2. Activity results

All the tested catalysts could completely transform the HMF, a
platform molecule with high reactivity, under the established
operating conditions of 275 °C and 15 bar of H; using a space ve-
locity of WHSV = 0.15 h~. On this basis, the aim is to study and
maximize the yields of desired products, namely, DMF and DMTHF,
in a time-on-stream manner.

Among all characteristics discussed in previous sections, acidity
is the most important in HMF conversion reaction. High acidity can
promote C—C cleavage and encourage ring-opening of products
[55]; this effect should be avoided because the goal of this study is
to optimize the yield of DMF and DMTHF products. However, acidic

sites can promote the activation of carbonyl groups and favor the
hydrogen transfer reaction [56,57]; they can also play a significant
role in anchoring the active metals on the support surface. There-
fore, controlled surface acidity is crucial in this process.

3.2.1. Monometallic catalysts

The activities of the monometallic catalysts are summarized in
Fig. 6. The monometallic Ni-based catalysts produce DMF and
DMTHEF in approximately 10 h during the reaction. These products
form as a consequence of the reactivity of Ni metallic phases toward
C=0 and C=C hydrogenation [58]. The Ni/CC catalyst exhibits
higher DMTHF yields than DMF yields, probably owing to the
presence of much Ni° on the surface, which is responsible for C=C
bond hydrogenation. However, the DMTHEF yield decreases during
the reaction, thereby enhancing the DMF yield and producing only
DMF at the end of the reaction. After 24 h of reaction, the Ni/CC
catalyst apparently loses activity toward DMF formation, resulting
in a DMF yield of approximately 45%. The DMF yield of the Ni/BC
catalyst is almost constant at approximately 53%. In the case of the
Ni/CC catalyst, some Ni° species tend to oxidize during the reaction,
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Fig. 6. Conversion and yield for the monometallic catalysts (operating conditions: T = 275 °C, Py, = 15 bar, and WHSV = 0.15 h™1).

possibly losing their great hydrogenating capacity. However, the Ni/
BC catalyst is reduced during the reaction, as corroborated by XPS,
resulting in a higher DMF yield than the Ni/CC catalyst.

The Cu-based monometallic catalysts do not produce DMTHEF,
indicating that their hydrogenation capacity is lower than that of
the Ni catalysts because the monometallic Cu catalysts have low
metal dispersion and reduced species on the surface. Moreover, Cu
has low hydrogenation activity [59]. The obtained DMF yields are
approximately 20—30% after 24—25 h of reaction, suggesting a
highly pronounced deactivation of these catalysts. The sintering
effect (observed in the TEM images; highly profound for Cu/CC) and
coke deposition (observed in the XPS spectra) possibly cause the
deactivation of these catalysts.

In general, catalysts impregnated on the CC support are more
active in yielding the desired products at the beginning of the re-
action than those not impregnated. This can be explained by the
high metallic content observed on the catalyst surface. Moreover,
the low acidity favors the prevention of C—C cleavage and ring-
opening product formation, thereby facilitating the production of
DMF and DMTHFE.

3.2.2. Bimetallic catalysts

The HMF conversion and DMF and DMTHEF yields obtained using
bimetallic catalysts are outlined in Fig. 7. In general, there is no
significant difference between the catalysts supported on untreated
(CC and BC) and treated carbons (TCC and TBC). This is advanta-
geous and implies facile synthesis of the catalyst while eliminating
the requirement of pretreatment of the support. Moreover, bime-
tallic catalysts exhibit better stability and higher DMF yields than
the corresponding monometallic catalysts, probably because of the
interactions between the Ni and Cu metals [37], resulting in a
Ni—Cu alloy and a better balance between the acid and metallic
sites. Cu can act as a dispersing agent, so it can improve the Ni
activity and stability [59].

The catalysts supported on commercial carbon (CC and TCC)
exhibit high production rates of the desired DMF and DMTHF
during the first 10 h of the reaction, probably because of the high
metal content on the catalyst surface and high metallic dispersion,
as inferred from XPS and TEM. Moreover, a high DMTHF yield is
obtained using these catalysts, which may be related to the metallic
Ni° on the catalyst surface. Even though the catalysts supported on
commercial carbon (CC and TCC) exhibit good catalytic perfor-
mance at the beginning of the reaction, the results at the end of the
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Fig. 7. Conversion and yield for bimetallic catalysts (operating conditions: T = 275 °C, Py, = 15 bar, and WHSV = 0.15 h™1).

reaction time (25 h) are almost similar for the bimetallic catalysts.
Reasonable stability and a DMF yield of approximately 60% for
untreated catalysts and 50% for treated ones are achieved. This is in
good agreement with the results from the TEM images, in which
almost similar particle sizes and dispersions are detected for all the
bimetallic catalysts after the reaction and with similar surface
acidities measured by NH3-TPD.

The nonyield of DMTHF by the catalysts supported on com-
mercial carbon (CC and TCC) during the reaction has been reported
previously [37]. This effect can be related to the oxidation of Ni°®
during the reaction, by which the furan ring does not get hydro-
genated, and DMF is produced. This is in good agreement with the
XPS results, where the catalysts supported on CC exhibit Ni
oxidation after the reaction.

As reported previously, there is a correlation between the
catalytic-test results and catalyst characterization results. The
relationship between the DMTHF production at the beginning of
the reaction by means of the average yield of DMTHF during the
first 3 h of reaction and the metallic Ni content on the freshly
reduced catalyst surface, which was calculated from the total Ni
amount and Ni° ratio, is plotted in Fig. 8. There is a linear and

10

positive correlation between the parameters.

Moreover, the catalysts supported on CC possess high Ni° con-
tent on the surface, producing much DMTHF at the beginning of the
reaction. The high metallic Ni° content can result from the
metal—support interactions, which enhance the exposure and
stability of the metal.

In addition, the metallic Cu on the surface is significant to the
total production of DMF and DMTHF during the first stage of the
reaction as it can be observed in Fig. 9. Apparently, there is a cor-
relation between the metallic Cu content on the surface and the
total mean production of DMF and DMTHF during the first 10 h of
the reaction (Fig. 9). The metallic contents of both Cu and Ni are
important for the hydrogenolysis of HMF. Cu® causes high hydro-
genolysis and yields the desired products, whereas Ni° enhances
the hydrogenation of the C=C bond, resulting in high DMTHF
yields.

In general, the measured carbon balances are low because some
information regarding the reaction products is misleading. For-
mation of condensation products is likely; however, the possibility
of forming byproducts, such as 5-MF, BHMF, and MFA, was ruled
out by the GC—MS analysis, and no peaks of these compounds were
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observed.

Monometallic and bimetallic catalysts have been investigated for
the production of DMF via complete HMF conversion. Pomeroy et al.
[60] tested activated-carbon-supported Ni, NiLa, and NiNb catalysts
at different temperatures and 50 bar of Hy, using THF as the solvent.
A DMF selectivity of approximately 75% at 200—230 °C and 3 h of
reaction was obtained, slightly higher than that obtained with the
catalysts investigated herein. Ru catalysts supported by carbona-
ceous materials were also tested at lower reaction temperatures
(120—150 °C) [61] and 1—10 bar of H, pressure. This paper reports a
DMEF yield close to that obtained by Pomeroy et al. [60] and a DMTHF
yield of <5% at 150 °C and 5 bar which correspond to less severe
operating conditions) for 1 h. Similar DMF yields were obtained for
carbon-supported Ni catalysts at 60 °C and 30 bar [58]; Ni/SiO, and
Raney Ni catalysts were highly selective toward DMTHF formation.
Esteves et al. [14] performed HMF hydrogenation over supported Cu
catalysts at 200 °C and 20 bar of Hy and achieved a DMF yield of
approximately 90% for Al,O3- and modified-Al,Os-supported Cu
catalysts. These catalysts provided moderate total acidity and high

1
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metal dispersion, which is presumed crucial for DMF formation via
the activation of the oxygen of the hydroxyl groups on HMF. Low
DMF yield of 75% was obtained by employing a Cu/Al,O3 catalyst at
240 °C and 7 mL methanol as the hydrogen donor [62].

Regarding bimetallic catalysts, the literature has reported the
use of hydrotalcite- and SBA-16 supported NiCu catalysts [26,63].
The NiCu/HT catalyst could completely convert HMF into DMF (67%)
and DMTHF (32%) at 90 °C and 10 bar of H, after 15 h of reaction
[26]. The 5Ni12Cu/SBA-16 catalyst provided a DMF yield of
approximately 63% under severe operating conditions (210 °C and
20 bar after 4 h) [63]. Other bimetallic-catalyst activities have also
been reported in the literature. Wang et al. [15] obtained 90% DMF
yield at 10 bar of H; and 160 °C using a noble-metal-based Pt—Co
bimetallic catalyst. Similar results were obtained by Chen et al.
[24], who used a non-noble-metal-based Cu—Co@C catalyst, which
resulted in 99 %DMF yield.

In conclusion, the activity and selectivity data presented herein
are in the range of those reported in the literature, the difference
that the reported studies used batch reactors and liquid-phase re-
actions to test catalytic systems. The DMF and DMTHF selectivities
or yields strongly depend on the type of reactor used in the mea-
surements [64], operating conditions, and choice of catalysts.
Evidently, comparable yields can be achieved using a continuous
fixed-bed reactor, thereby inching closer to industrial application
prospects. Moreover, the use of carbonaceous supports produced
from local biomass residues leads to highly sustainable catalyst
development.

3.2.3. Catalyst stability and reusability

Stability and reusability experiment was performed with the
most promising catalyst, Ni—Cu/BC. In Fig. 10 it can be observed
that this catalyst was stable for 46 h on stream and continued
producing the desired product, exhibiting a DMF yield of 40% after
53 h on stream. However, the catalyst was gradually deactivated,
presumably caused by poisoning by carbon deposition or as a result
of metal sintering. In order to reactivate the catalyst, pure hydrogen
was in-situ flowed edit the reactor during the night at the reaction
temperature (275 C). After the reactivation at the reaction tem-
perature, DMF yield did not exceed 20% and formation of 5-MF was
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Fig. 10. Stability and reusability of Ni—Cu/BC.
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detected. These results suggest that the catalyst has lost its hy-
drogenation capacity. Consequently, the catalyst was reactivated
following the previous procedure during the night at 375 C. It
seems that the thermal treatments slightly improved the hydro-
genation capacity of the catalyst, reaching 25% of DMF. However,
these results are not close to the optimum obtained after 24 h on
stream.

4. Conclusions

Hydrogenolysis of HMF to produce DMF and DMTHF was stud-
ied in a continuous fixed-bed reactor using Ni- and/or Cu-based
catalysts supported on CC and BC. Kaolin was incorporated into
the support to enhance the mechanical properties of the bare car-
bons. Monometallic and bimetallic catalysts were synthesized to
understand the effect of each metal. The carbon supports were
treated with HNO3 and subsequently neutralized with NaOH to
remove any carbonaceous impurities. These treated carbons were
only employed to prepare bimetallic catalysts.

The bimetallic catalysts, regardless of the support, exhibits an
excellent balance of acid sites and metallic sites (NiCu active spe-
cies) to achieve stable operation. It has been previously reported
that NiCu has lower activation energies than pure Ni, and conse-
quently, lower reaction barriers [31]. Slightly higher than 50% DMF
yield was achieved after 25 h on stream in all the bimetallic cata-
lysts. For further stability tests, coke deposition in all catalysts
should be taken account off. Moreover, Ni—Cu/BC catalyst exhibited
a promising stability, reaching 45% of DMF yield after 46 h on
stream.

Monometallic Ni catalysts produced DMTHF; however, the Cu-
based catalysts could not produce DMTHF. This stresses the need
for a reduced Ni species to hydrogenate the C=C bond. In general,
monometallic catalysts show high yields of the desired products at
the beginning of the reaction. However, the catalysts, except for Ni/
BC, were deactivated, probably because of the sintering of the
metallic active sites. This effect is very severe in the case of Cu-
based catalysts.

CC has higher Ni and/or Cu surface content and Ni° and/or Cu°®
surface content than BC. This leads to a higher yield of desired
products by CC than by BC at the beginning of the reaction. How-
ever, similar results were obtained for both supports after 25 h of
reaction.

Finally, the metallic content of Cu strongly influences the total
production of DMF and DMTHF during the initial few hours of the
reaction. Similarly, metallic Ni is correlated with the hydrogenation
capacity of the C=C bond of the catalyst.

The use of biomass-derived carbon as a catalyst support results
in high DMF and DMTHEF yields. Therefore, the application of this
material to catalytic processes will increase the sustainability of the
processes.
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