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A B S T R A C T

5-hydroxymethylfurfural (HMF), accessible from various feedstocks, represents an important renewable
platform-chemical, precursor for valuable biofuels and bio-based chemicals. In this work, the continuous
hydrogenation of an aqueous solution of HMF to give strategic monomers, 2,5-bis(hydroxymethyl)furan
(BHMF) and 2,5-bis(hydroxymethyl)tetrahydrofuran (BHMTHF) was investigated in a continuous flow
reactor adopting a commercial Ru/C (5wt%) as catalyst. The influence of the main process variables on
products yield and selectivity was studied and optimized. The highest BHMF and BHMTHF yields of 87.9
and 93.7mol%, respectively, were achieved by tuning the catalyst contact time, keeping all other variables
constant (temperature, pressure, hydrogen flow rate, initial HMF concentration). Intraparticle diffusion
limitation for hydrogen and HMF was shown to occur at some of the tested conditions by performing the
HMF hydrogenation with different catalyst particle sizes, confirmed by calculations. Constant catalyst
activity was observed up to 6h time-on-stream and then gradually reduced. Fresh and spent catalyst
characterization showed no significant sintering and negligible leaching of ruthenium during time-on-
stream. A decrease of the specific surface area was observed, mainly due to humin deposition which is
likely the reason for catalyst deactivation. Catalyst performance could be restored to initial values by a
thorough washing of the catalyst.
© 2021 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.
Introduction

The depletion of fossil resources together with their contribu-
tion to environmental issues related to CO2 emissions have
stimulated research towards the synthesis of chemicals from
renewable resources, such as lignocellulosic biomasses [1]. In this
regard, 5-hydroxymethylfurfural (HMF) is a key platform-chemi-
cal, accessible from monosaccharides and polysaccharides [2–9],
and the precursor for several value-added products, such as 2,5-
furandicarboxylic acid (FDCA), 2,5-dimethylfuran (DMF), 2,5-bis
(hydroxymethyl)furan (BHMF), and 2,5-bis(hydroxymethyl)tetra-
hydrofuran (BHMTHF) [9–18].The two last compounds are
obtained from the hydrogenation of the aldehyde group (BHMF)
and also of the furanic ring (BHMTHF), as reported in Scheme 1.

Both are considered highly important intermediates due to
their promising applications as valuable monomers [19] as well as
netti).
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precursors for other important monomers that, up to now, are
obtained from fossil resources, such as caprolactam and 1,6-
hexanediol [20–22]. Generally, HMF hydrogenations to BHMF and
BHMTHF are carried out using heterogeneous catalysts, in
particular noble metals supported on oxides, polymers, or carbon
species, mainly tested in batch reactors [15,23–25]. However, this
reactor set-up is not suitable for industrial applications where
continuous operations are preferred [26–29]. Only recently,
experimental studies using continuous set-ups have been reported
for the synthesis of biobased chemicals [30], such as for the
hydrogenation of levulinic acid [31–33], furfural [34–36] and HMF
[22,37–48]. Regarding HMF hydrogenation in flow, the most
investigated reaction involves the synthesis of DMF [37–45] and
only limited researches deal with the synthesis of BHMF and
BHMTHF [22,46–48]. An overview of the HMF hydrogenation
carried out in flow reactors is given in Table 1.

Regarding the HMF hydrogenation to furan diols, Kumalaputri
et al. carried out the hydrogenation of HMF to BHMF in ethanol
employing Cu doped porous metal oxides (PMO) with an amount
of Cu of 7.6wt% (7.6wt% Cu-PMO) as the catalyst [46]. At the
hed by Elsevier B.V. All rights reserved.
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Scheme 1. Conversion of HMF to the desired products BHMF and BHMTHF.

Table 1
Overview of the literature on the HMF hydrogenation carried out in flow reactors.

Catalyst Solvent Reaction conditions Catalyst contact time
(gcat� [66_TD$DIFF]min/gHMF)

CHMF (wt%) HMF conversion
(mol%)

Product yield
(mol%)

Ref

15 [67_TD$DIFF]wt% EtOH 150 �C 50 0.6 79 68a [37]
Ni/porous carbon 6 [68_TD$DIFF]bar

30ml/min H2

Ru/Cu/Fe3O4/N-rGOb DMSO 150 [69_TD$DIFF]�C 1000 5.4 100 91a [38]
8 [70_TD$DIFF]bar
47ml/min H2

0.7 [71_TD$DIFF]wt% H2O 189 �C 400 5.0 100 13a [39]
Pd/Al2O3 4 [72_TD$DIFF]bar

50ml/min H2

10 [73_TD$DIFF]wt% 1-PrOH 180 �C 25 1.2 85 50a [40]
Pt/C 33 [74_TD$DIFF]bar

20 [75_TD$DIFF]ml/min H2

15 [76_TD$DIFF]wt% 1-BuOH 275 �C 400 1.5 100 26a [41]
Cu/ZrO2 15 [77_TD$DIFF]bar

n.a.c

10 [78_TD$DIFF]wt% EtOH 180 �C 50 1.2 95 69a [42]
Pt/C 33 [79_TD$DIFF]bar

10ml/min H2

10 [80_TD$DIFF]wt% 1-PrOH 160 �C 100 1.2 100 98a [43]
Pt3Co2/C 33 [81_TD$DIFF]bar

5ml/min H2

10 [82_TD$DIFF]wt% 1-PrOH 200 �C 100 1.2 100 98a [44]
Pt3Ni/C 33 [81_TD$DIFF]bar

5ml/min H2

10 [73_TD$DIFF]wt% 1-PrOH 180 �C 175 1.2 100 98a [45]
NiCu3/C 33 [83_TD$DIFF]bar

3ml/min H2

7.6 [84_TD$DIFF]wt% EtOH 100 �C 54 0.5 90 80c [46]
Cu-PMO 50 [85_TD$DIFF]bar

30ml/min H2

5 [86_TD$DIFF]wt% EtOH 120 �C 60 3.0 100 99c [47]
[87_TD$DIFF]Cu/Al2O3 doped with [88_TD$DIFF]1.5wt% K 20bar

50ml/min H2

RANEY Cu H2O 90 [89_TD$DIFF]�C 280 1.0 n.a.d 86c [48]
90 [90_TD$DIFF]bar
n.a.c

1) RANEY Cu H2O 90 [89_TD$DIFF]�C 280 1.0 n.a.d 76e [48]
2) RANEY Ni 90 [90_TD$DIFF]bar

n.a.c

0.6 [91_TD$DIFF]wt% H2O 100 �C 1000 1.0 100 100e [22]
Pd/SiO2 [92_TD$DIFF]30bar

60ml/min H2

a DMF.
b Bimetallic Ru and Cu loaded on N-doped reduced graphene oxide with iron oxide.
c BHMF.
d n.a. [93_TD$DIFF]=not available.
e BHMTHF.
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optimized reaction conditions, the BHMF yield of 80mol% was
reported together with the HMF conversion of 90mol%. Hu et al.
performed the same reaction in ethanol using a more concen-
trated HMF solution and 5wt% Cu/Al2O3 doped with 1.5wt% of
potassium (to increase dispersion and reduce support acidity) as
the catalyst [47]. Under the optimized conditions, the authors
reported the BHMF yield of about 99mol% at full HMF conversion.
The hydrogenation of HMF to BHMF and BHMTHF in flow was
investigated also in water, which is considered the most
sustainable solvent in terms of toxicity and price. Lima et al.
tested several commercial catalysts for the hydrogenation of HMF
in an aqueous solution to BHMF and BHMTHF [48]. The authors
390.e2
found that RANEY Cu was the best catalyst for the synthesis of
BHMF, affording the highest yield of 86mol%, although interest-
ing yields of BHMTHF (about 76mol%) could be obtained only
adopting a two-step procedure in which RANEY Cu was used in
the first step for the hydrogenation of HMF to BHMF and
RANEY Ni for the second step from BHMF to BHMTHF. In fact, the
authors synthesized BHMTHF from the crude BHMF solution
under the same reaction conditions of the first step, achieving the
BHMTHF yield of 76mol% respect to the starting HMF. Xiao et al.
performed the synthesis of BHMTHF reaching quantitative yields
from an aqueous HMF solution using 0.6wt% Pd/SiO2 as the
catalyst [22].



Table 2
Process parameters and their values/ranges.

Process parameters Units Ranges

Liquid flow ml/min 1
Catalyst contact time gcat� [66_TD$DIFF]min/gHMF 10–300
Temperature �C 60–120
Hydrogen pressure bar 10–50
Hydrogen flow ml/min 30–130
HMF inlet concentration wt% 0.1–2.0

mM 7.9–158.0
Time-on-stream h 1–50
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We here report studies on BHMF and BHMTHF synthesis using
aqueous HMF solutions as feed in a flow reactor. Instead of the
most common organic solvents (tetrahydrofuran, 1,4-dioxane and
alcohols) that allow high diols yields, in this work water was
chosen as solvent. In fact, despite it generally promotes the
formation of by-products like humins, it has a large number of
benefits, being abundant, cheap, environmental compatible, non-
toxic and non-flammable, making it preferable from a Green
Chemistry point of view. On the basis of the above statements, HMF
hydrogenation to diols in water is certainly challenging but also of
great importance in order to develop a sustainable process for the
synthesis of renewable monomers. For this reason several
researches have recently investigated this reaction in water but
most of them carried out it in batch and/or not optimizing the one-
pot synthesis towards each diol [48–51]. On the contrary, and this
is an absolute novelty of this paper, this research is focused on the
possibility to achieve high yields of each diol in water without
major modifications regarding process conditions. For this
purpose, a commercial catalyst (5wt% Ru/C), already successfully
used by our research group in batch reactor, was employed
[15,52,53]. As consequence, the process could become versatile
and interesting under an industrial perspective because in this way
it is made adaptable to the market request, reducing equipment,
investment and production costs.

Experimental

Materials

HMF (99%) was supplied by Sigma-Aldrich. BHMF (98%) was
purchased from Toronto Research Chemicals. BHMTHF (95%) was
provided by GLSyntech. Ru/C (5wt%), silicon carbide, and
dichloromethane (99.9%) were purchased from Sigma-Aldrich.
Milli-Q water was employed to prepare the solutions.

HMF hydrogenation in the flow reactor

The set-up of the flow reactor employed for HMF hydrogenation
was composed of a feeding section, a preheater, a reactor
(ID = 0.7 cm; L = 14.2 cm), a gas–liquid separator, and an auto-
sampler (Scheme S1). In a standard run, the HMF aqueous solution
was prepared adding 1, 5, 10 or 20 g of HMF to 1 l of water in order
to obtain HMF concentration of 0.1, 0.5, 1.0 or 2.0wt%, respectively.
For the stability test, where the time-on-stream was up to 50h, a
larger amount of HMF solutionwas prepared and in this case 4 g of
HMF were added to 4 l of water. The solution was then transferred
in the feed vessel. The proper amount of catalyst (5wt% Ru/C) and
about 4 g of silicon carbide (inert filler) were loaded into the
reactor. Subsequently, the reactor was closed and the HMF solution
was fed through a piston pump with a volumetric feed flow rate of
1ml/min. Catalyst contact times were varied by modifying the
catalyst intake while keeping the volumetric feed flow rate
constant. In particular, 0.01, 0.02, 0.05, 0.15 or 0.30 g of catalyst
were loaded in the reactor in order to obtain the catalyst contact
time of 10, 20, 50, 150 or 300gcat�min/gHMF, respectively. The
pressure, monitored at two positions (before the preheater and
immediately after the reactor), was set to the desired value, in the
range of 10–50bar, through a back pressure valve. The reactor and
preheater were heated electrically to the pre-determined temper-
ature, in the range of 60–120 �C, which was measured at the
entrance and exit of the reactor through two thermocouples.
Subsequently, the hydrogenflow, fed directly from the cylinder and
changed in the range of 30–130ml/min, was started andmonitored
by a flow controller. When the temperature reached the preset
value, the reaction time was set to zero (t = 0h). At different
runtimes, liquid sampleswere collected byan in-housemade auto-
390.e3
sampler and analysed by HPLC. The considered process variables
and their ranges are summarized in Table 2.

For the recycling tests, the employed catalyst was recovered
from the reactor, washed three times under stirring with 5ml of
acetone at room temperature, filtered on a Gooch filtering crucible,
dried in a vacuum oven at 40 �C overnight, and used in subsequent
run.

Product analysis by HPLC

The liquid samples were filtered through a syringe filter
(0.45mm) and analyzed using an HPLC Agilent Technologies 1260
Infinity equipped with a Bio-Rad Aminex HPX-87H (300�7.8mm)
column kept at 60 �C, and employing 0.005M H2SO4 as the mobile
phase (flow rate: 0.55ml/min). The concentrations of the products
were determined from calibration curves obtained with standard
solutions of different concentrations.

Product analysis by GC–MS

The products formed during the hydrogenation of HMF in flow
were identified by gas chromatography coupled with a mass
spectrometer (GC–MS). Before the analysis, 3ml of the aqueous
sample was extracted three times with 6ml of dichloromethane
under stirring, the organic phase was separated and collected
together, concentrated bya rotary vacuumevaporator adopting the
heating temperature of water bath of 50 �C until the volume was
reduced by about a tenth. Finally, the concentrated solution was
injected. A GC–MS (Hewlett Packard 5973-6890) equipped with a
Restek RTX-1701 capillary column (30m�0.25mm i.d. and
0.25mm film 14%-cyanopropylphenyl/86%-dimethylpolysiloxane)
was employed for the analysis. The temperatures of the injector
and detector were set at 250 �C and 285 �C, respectively. The
following temperature program was used: 40 �C isothermal for
10min and then heating up with a heating rate of 10 �C/min up to
250 �C.

Catalyst characterization

Transmission Electron Microscopy (TEM) measurements in
bright field mode were carried out with a CM12 microscope
(Philips), operating at 120keV. The catalysts were suspended in
ethanol by ultra-sonication and the obtained sample was dropped
onto carbon coated 400mesh copper grids. Imageswere taken on a
slow scanning CCD camera. The ruthenium particle size distribu-
tion was evaluated by measuring the particle diameter of at least
100 individual particles using Nano Measurer 1.2 software.

The surface area, pore volume and pore distribution of the fresh
and spent catalysts were measured by means of nitrogen
physisorption analyses performed using a Micromeritics ASAP
2020 at �196.2 �C. Before measurement, the samples (�100mg)
were degassed under vacuumat 150 �C for 6h. The surface areawas
estimated using the Barrett–Emmet–Taller (BET) method. The
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Fig. 1. Concentrations versus time-on-stream for the continuous HMF hydrogena-
tion up to 50 [52_TD$DIFF]h (A) and up to 6h (B). Reaction conditions: T [53_TD$DIFF]=100 �C; P = 50bar;
[HMF] = 0.1wt%; H2 flow=100ml/min; liquid flow=1ml/min; catalyst contact time [54_TD$DIFF]
=10 gcat�min/gHMF.Note: where the error bars are not visible, they are smaller than
the symbols.
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cumulative pore volume, the average pore diameter and the pore
size distribution were determined through the Barrett–Joyner–
Halenda (BHJ) method.

Thermogravimetric analysis (TGA) of the fresh and spent
catalysts was determined using a TGAQ50 system (TA Instrument).
About 5mg of the samples were heated in a nitrogen atmosphere
in a temperature range between 20 and 650 �C adopting a heating
rate of 10 �C/min.

The ruthenium content in the liquid sample collected at the end
of the reaction was determined by inductively coupled plasma-
optical emission spectrometry (ICP-OES) using an Optima 7000 DV
(PerkinElmer) analyzer equippedwith a CCD array detector and the
wavelength used for Ru analysis was 240.27nm.

Definitions

The HMF conversion (ConversionHMF , mol%), and the yields of
BHMF (YieldBHMF , mol%) and BHMTHF (YieldBHMTHF , mol%) were
calculated according to Eqs. (1)–(3):

ConversionHMF ¼  
Cin
HMF �  Cout

HMF

Cin
HMF

 �  100% ð1Þ

YieldBHMF ¼  
Cout
BHMF

Cin
HMF

 �  100% ð2Þ

YieldBHMTHF ¼  
Cout
BHMTHF

Cin
HMF

 �  100% ð3Þ

where Cin
HMF is the inlet concentration of HMF (mol/l); Cout

HMF , C
out
BHMF

and Cout
BHMTHF are the concentration of HMF, BHMF, and BHMTHF in

the outlet flow (mol/l), respectively.
The carbon balance (mol%) was evaluated by comparing the

sum of the molar concentration of unconverted HMF, the molar
concentrations of products (BHMF and BHMTHF), and the molar
concentrations of quantified by-products in the outlet flow with
the starting concentration of HMF, according to Eq. (4):

Carbon balance ¼  
Cout
HMF þ Cout

BHMF þ  Cout
BHMTHF þ  Cout

others

Cin
HMF

 

�  100% ð4Þ

where Cout
others is the concentration of quantified by-products, in

particular tetrahydrofurfuryl alcohol and 1,2-pentandiol, in the
outlet flow (mol/l).

The catalyst contact time (CCT, gcat�min/gHMF) was calculated
according to Eq. (5):

CCT ¼  
mcatalyst

; �  cHMF
ð5Þ

where mcatalyst is the amount (g) of the employed catalyst, ; is the
volumetric flow rate of the feed (ml/min), and cHMF is the
concentration of HMF (g/ml) in the feed.

Results and discussion

Preliminary experiments of HMF hydrogenation in the flow reactor

Preliminary experiments (100 �C, 50 bar, CCT of 10 gcat�min/
gHMF, H2 flow of 100ml/min, liquid flow of 1ml/min and HMF
concentration of 0.1wt% corresponding to 7.9mM) were per-
formed in triplicate in order to obtain information on the stability
of the catalyst (5wt% Ru/C) and the reproducibility of the
experiments. The results for a 50 (A) and 6h (B) time-on-stream
experiment with the error bars are reported in Fig. 1.
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Reproducibility was good and standard deviations in the HMF,
BHMF, and BHMTHF concentrationswere low (relative error of 7%).
However, the concentration versus time curves indicate that
catalyst stability was limited. In fact, high activity was found at the
beginning of the reaction, followed by a small decay after 2h.
Subsequently, activity was almost constant between 2 and 6h,
followed by a decrease when prolonging the time-on-stream
(Fig.1A). For further experiments, the HMF conversion and product
yields between 2 and 6h were selected as being representative of
the steady-state performance of the reactor (Fig. 1B). As such, the
average HMF conversion and average yields of the products were
calculated for the liquid samples collected between 2 and 6h of
time-on-streamat time lapses of 1 h. Under the reaction conditions
employed in these preliminary experiments, the HMF conversion
of 62.8mol% was obtained with BHMF as the major product
(58.5mol% yield). BHMTHF was only obtained in low yield (1.8mol
%) together with trace amounts of other by-products (HPLC). After
this preliminary study, the influence of the relevant reaction
conditions on the selective synthesis of each diol was investigated
in more detail.

Optimization of reaction parameters for the selective hydrogenation of
HMF to a specific diol

The role of the CCT on catalyst performance was studied by
performing the HMF hydrogenationwith different catalyst intakes,
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Fig. 2. Conversion, products yields and carbon balance versus catalyst contact time.
Reaction conditions: T [53_TD$DIFF]=100 �C; P = 50bar; [HMF] = 0.1wt%; H2 flow=100ml/min;
liquid flow=1ml/min.
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Fig. 3. Conversion, products yields and carbon balance versus temperature at
catalyst contact time of 20 [55_TD$DIFF]gcat�min/gHMF (A) and 300 [56_TD$DIFF]gcat�min/gHMF (B). Reaction
conditions: P [57_TD$DIFF]=50bar; [HMF] = 0.1wt%; H2 flow=100ml/min; liquid flow=1ml/
min.
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keeping the liquid flow rate constant (1ml/min) and working at
the same reaction conditions (100 �C, 50 bar, H2 flowof 100ml/min
and the HMF feed concentration of 0.1wt%). The results are
provided in Fig. 2.

Complete HMF conversionwas only possible when the CCT was
larger than 50 gcat�min/gHMF. Moreover, at CCT values lower than
50 gcat�min/gHMF the main product was BHMF thus the selective
hydrogenation of the aldehyde group was only possible at short
contact times between the substrate and the catalyst. The highest
BHMF yield of 88.0mol% was obtained at 20 gcat�min/gHMF. At
higher CCT values, hydrogenation of the furan ring occurred and
the BHMTHF yield increased from 6.2mol% at 20 gcat�min/gHMF to
93.7mol% at 300 gcat�min/gHMF, which represents the highest
value obtained in this study. The carbon balance ranged between
98.1 and 93.2mol% and slightly decreased at higher CCT values.
Thus, it can be concluded that the optimum CCT is 20 gcat�min/
gHMF for the synthesis of BHMF and 300 gcat�min/gHMFfor
BHMTHF.

The effect of temperature (60–120 �C) on product selectivity
and yield was studied at the above CCT values and the results are
reported in Fig. 3.

Working at CCT of 20 gcat�min/gHMF (Fig. 3A), the HMF
conversion versus temperature showed an optimum at 100 �C,
reaching 96.0mol%, whereas it decreased at 120 �C. Humins
formation and their subsequent deposition on the catalyst surface,
expected to be favoured at higher temperatures, may lead to pore
blockage of the catalysts and therefore to a reduction in the overall
rate. An increase of the extend of the humin formation rate at
120 �C was also confirmed by a reduction in the carbon balance
closure (humins are not included, only water-soluble low
molecular weight compounds, see Eq. (4)). A similar trend was
found for the BHMF yield, which reached a maximum at 100 �C
(88.0mol%) and decreased at 120 �C. Moreover, when performing
the reaction at 120 �C, traces of tetrahydrofurfuryl alcohol and 1,2-
pentandiol were detected. These by-products derived from HMF
decarbonylation to the intermediate furfuryl alcohol, which is
known to be promoted at higher temperatures (Scheme S2)
[39,54,55]. The successive hydrogenation of the furanic ring of
furfuryl alcohol gives tetrahydrofurfuryl alcohol, which then
undergoes the ring-opening reaction to 1,2-pentandiol [56]. Götz
et al. andWang et al. showed that furfuryl alcohol can also directly
be converted to 1,2-pentandiol through a hydrogenolysis mecha-
nism, for instancewhen using ruthenium catalysts inwater [57,58].
Moreover, tetrahydrofurfuryl alcohol can be obtained from the
C��C bond cleavage of BHMTHF (Scheme S2) [15,59].
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When using a CCT value of 300 gcat�min/gHMF (Fig. 3B),
quantitative HMF conversion was obtained at all temperatures in
the range 60–120 �C. The BHMTHF yield showed a maximumvalue
(93.7mol%) at 100 �C. However, at 120 �C the BHMTHF yield
markedly dropped, again likely due to humin formation. Also in
this case, tetrahydrofurfuryl alcohol and 1,2-pentandiol were
formed in yields of 14.8 and 11.2mol%, respectively. Regarding the
carbon balance, as expected it decreased when increasing the
temperature from 100 to 120 �C, due to the formation of humins.
However, both in Fig. 3A and B the carbon balance increased from
60 to 100 �C. A possible explanation is HMF adsorption on the
catalyst surface [60], which leads to an overestimation of the HMF
conversion. This hypothesis was proven by performing separate
adsorption experiments of HMF (1 g/l) with Ru/C and SiC (room
temperature, 20min). Analysis of the mixtures showed that the
HMF concentrationwas lower than the initial value for Ru/C (0.4 g/
l), whereas the concentration was unchanged in the presence of
SiC, thus confirming the high affinity of Ru/C for HMF.

The effect of the hydrogen pressure on HMF conversion and
products yieldwhen using CCT values of 20 gcat�min/gHMF (A) and
300gcat�min/gHMF (B) at 100 �C are given in Fig. 4.

Only at the lowest CCT value an effect of hydrogen pressure on
HMF conversion was observed and both the BHMF yield and HMF
conversion increased at higher pressures (10–50bar, Fig. 4A). At
the higher CCT value (Fig. 4B), the HMF conversion was complete
already at 10bar. At higher pressures, hydrogenation of the furan
ring of BHMF was promoted giving BHMTHF as the major product
(93.7mol% at 50bar). Moreover, Fig. 4 shows that the carbon
balance closure was only slightly reduced at higher pressures,
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Fig. 4. Conversion, products yields and carbon balance versus pressure at a catalyst
contact time of 20 [55_TD$DIFF]gcat�min/gHMF (A) and 300 [56_TD$DIFF]gcat�min/gHMF (B). Reaction
conditions: T [58_TD$DIFF]=100 �C; [HMF] =0.1wt%; H2 flow=100ml/min; liquid flow=1ml/
min.

[(Fig._5)TD$FIG]

Fig. 5. Conversion, products yields and carbon balance versus HMF feed
concentration with a catalyst intake of 0.02 [59_TD$DIFF]g (A) and 0.30 g (B). Reaction
conditions: T [60_TD$DIFF]=100 �C; P = 50bar; H2 flow=100ml/min; liquid flow=1ml/min.

S. Fulignati, C. Antonetti, E. Wilbers et al. / Journal of Industrial and Engineering Chemistry 100 (2021) 390.e1–390.e9
indicating that by-product formation is not markedly influenced
by this parameter.

Analogous trends were also found when investigating the
influence of the hydrogen flow rate (Fig. S1). In this case, a flow of
100ml/min gave the best results for each diol. For all experiments,
hydrogenwas present in molar excess with respect to HMF, and as
such an effect of hydrogen flow rate on catalyst performance is not
expected. Thus, it more likely that this is due to mass transfer
issues when working at low hydrogen flow rates due to negative
effects on the volumetric mass transfer coefficients [61].

In conclusion, the selective hydrogenation of HMF to either
BHMF or BHMTHF in a flow reactor with the same commercial
catalyst Ru/C was demonstrated for the first time and their yields
were optimized [22,46–48]. Moreover, the selectivity to either
BHMF or BHMTHF resulted tunable with the CCT, keeping all other
reaction conditions constant (temperature, pressure, and hydrogen
flow rate).

Effect of HMF feed concentration

Froman economic perspective, it is advantageous towork at the
highest possible HMF feed concentrations, as this will reduce
purification and solvent recycle costs and increase the process
productivity (kg product/m3�h). Therefore, the syntheses of
BHMF and BHMTHF were carried out under the respective best
reaction conditions identified in the previous paragraph employ-
ing higher feed concentrations of HMF (max 2.0wt%).
390.e6
In both cases, higher HMF feed concentrations had a negative
effect on conversion and product selectivity. For BHMF synthesis
(Fig. 5A), an increase in HMF feed concentration led to a marked
drop in HMF conversion and BHMF yield, from 88.0mol% at the
HMF feed concentration of 0.1wt% to 17.5mol% at 2.0wt%. This is
likely due to a combination of a short contact time between the
substrate and the active sites and a higher formation rate of
humins promoted at higher HMF concentrations [62], confirmed
by a reduction in the carbon balance closure. A similar trend was
found when using process conditions optimal for BHMTHF
synthesis (Fig. 5B). Besides, by-products, such as 1,2-pentandiol
and tetrahydrofurfuryl alcohol, were detected in yields of about 4.0
and 3.0mol%, respectively. Moreover, other not quantified soluble
by-products were detected and identified by GC��MS analysis.
Examples are furfuryl alcohol, 1,5-pentanediol, 1,2,6-hexanetriol,
tetrahydropyran-2-methanol, 1,2-hexanediol, and 1,5-hexanediol.
These can originate from the decomposition/hydrogenation of
HMF and BHMTHF (Scheme S3). For instance as previously
reported, tetrahydrofurfuryl alcohol can be formed by C��C bond
cleavage of BHMTHF [59] and the hydrogenation of furfuryl
alcohol, originating from HMF decarbonylation [54,55]. Both
furfuryl alcohol and tetrahydrofurfuryl alcohol can undergo the
ring-opening reaction leading to 1,2-pentandiol and/or 1,5-
pentandiol [56,63–65]. On the other hand, also BHMTHF is prone
to ring-opening reactions leading, in this case, to 1,2,6-hexanetriol
[15,56,65–67], which can be converted to tetrahydropyran-2-
methanol [20,66,67] or 1,2-hexanediol and 1,5-hexanediol,
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through hydrogenolysis of the C��O bond [53,65,66]. Thus, when
using a more concentrated HMF feed, condensation reactions to
give humins as well as by-product formation reduce the chemo-
selectivity to the desired diols.

Internal mass transfer effects

HMF hydrogenation using a solid catalyst involves three phases
system and thus the observed rate is determined by the intrinsic
reaction rate and the rate of mass transfer of hydrogen and/or HMF
to the active sites of the catalyst. In particular, both external mass
transfer, responsible for the transport of soluble reagents in the
liquid phase to the surface of the catalyst, and internal mass
transfer, responsible for intraparticle transport, may limit the rate
of the overall reaction. Here, we have considered only the effect of
intraparticle mass transfer on the overall reaction rate, as it is
typically the most limiting for heterogeneous reaction systems
[68]. Possible intraparticle mass transfer limitations of hydrogen
and HMF were estimated using the Weisz–Prater criterium
(Eq. (6)) [69].

NW�P  ¼  
�Rexp � r2p
Cs �  Def f

ð6Þ

Here, Rexp is the experimentally observed reaction rate (mol/
m3

cat� s); rp is the radius of catalyst particle (m); Cs is the
concentration of the component at the catalyst surface (mol/m3),
Def f is the effective diffusion coefficient of the component (m2/s)
and their expressions are reported in the Supplementary Data. In
case the Weisz–Prater number is below 0.3, intraparticle mass
transfer limitation of reagents is negligible. We have evaluated the
Weisz–Prater number for all experiments and the details are
provided in the Supplementary data (Tables S1 and S2). Intra-
particle mass transfer limitations were shown to be relevant for
HMF and, in a few runs, also for hydrogen. Experimental
confirmation for intraparticle mass transfer limitations was
obtained by performing the reaction with Ru/C samples having
different average particle sizes. For this purpose, the catalyst was
sieved into two fractions, one having particles in the range of
25�75mm and the second one with particles in the range of
150�200mm. The two fractions were employed at the same
reaction conditions used for the experiment reported in Fig. 1 and
the results are shown in Fig. 6.

The use of the smaller catalyst particles gave an improvement of
HMF conversion of about 46.8mol% respect to the larger ones,
confirming that intraparticle mass transfer limitations affect the
[(Fig._6)TD$FIG]

Fig. 6. Conversion [61_TD$DIFF]in the presence of different catalyst particle sizes: 25–75 [62_TD$DIFF]mmand
150–200mm. Reaction conditions: catalyst contact time [63_TD$DIFF]=10gcat�min/gHMF;
T = 100 �C; P = 50bar; H2 flow=100ml/min; liquid flow=1ml/min.
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overall rates and thus the conversion/yield versus time-on-stream
profiles. Such intraparticlemass transfer limitations have also been
reported in the literature for several hydrogenations of biobased
platform chemicals using Ru-based catalysts. Moreno-Marrodan
et al. obtained a 10mol% higher LA conversion when the average
particle size of a Ru/DOWEX 50WX2 catalyst was decreased from
276 to 84mm [70], whereas Piskun et al. reported an improvement
of 34mol% for the LA conversion when a millimeter-sized Ru/C
catalyst (1.25–2.50mm) was crushed and sieved in a fraction
having particle sizes between 0.5 and 0.6mm [32]. More recently,
Hommes et al. employed two different Ru/C particle sizes (0.45 and
0.30mm) for the hydrogenation of LA to GVL in a packed bed
reactor and carried out the reaction at different CCT founding that
both LA conversion and GVL yield were higher for a certain CCT
when smaller catalysts particles were employed [71].

Catalyst stability and recyclability

The catalytic activity was shown to decrease during extended
time-on-stream (Fig. 1, 50h). The spent catalyst recovered from
this experiment was characterized in details to get a better
understanding of the deactivation mechanism. The surface area of
the spent catalyst (136m2/g) was significantly lower than that of
the fresh one (770m2/g). As ascertained in previous work [15], this
is likely due to the deposition of humins and other compounds,
such as HMF, on the catalyst surface that results in pore blockage.
This is also evident from the pore size distributions of the fresh and
spent catalysts (Fig. 7).

In fact, the corresponding pore size distributions derived by the
Barrett–Joyner–Halenda (BJH) model show a higher amount of
small pores, having a pore diameter of around 38Å, for the fresh
catalyst. After the reaction, these pores are extensively blocked by
the deposition of humins, thus their amount decreases and larger
pores become more relevant. As a consequence, the spent catalyst
is characterized by lower pore volume and higher pore diameter
respect to the fresh catalyst, being respectively the cumulative
pore volume 0.39 and 0.46 cm3/g and the average pore diameter
120.2 and 64.4Å. Another proof of the presence of humins on the
spent catalyst surface is given by the TGA analysis reported in
Fig. 8.

In fact, it shows that the spent catalyst has more weight loss
than the fresh catalyst due to the presence of carbonaceous
material adsorbed on the catalyst surface, as already reported in
the literature [17,72]. TEM analysis was carried out on the spent
catalyst to verify the occurrence of ruthenium particle sintering.
TEMmicrographs and the ruthenium particles distributions for the

[(Fig._7)TD$FIG]

Fig. 7. Pore size distributions for fresh and spent 5 [64_TD$DIFF]wt% Ru/C employed in the
experiment of Fig. 1.
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Fig. 8. Thermogravimetric curves of fresh and spent 5 [64_TD$DIFF]wt% Ru/C employed in the
experiment of Fig. 1.
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fresh Ru/C and the spent Ru/C catalysts are provided in Fig. S2. The
fresh Ru/C catalyst was characterized by an average ruthenium
particle size of 1.5 nm, in agreement with the results reported in
the literature [73,74]. In the spent catalyst, some sintering was
detected and the average ruthenium particle size increased up to
2.5 nm, in line with the Ru nanoparticle size of the spent catalyst
recovered from batch hydrogenation of HMF [15]. It has been
shown that water can facilitate Ru particle agglomeration and that
this process already occurs at room temperature [75,76]. Leaching
of ruthenium from the catalyst was also investigated through ICP
analysis by determination of the Ru content in the liquid samples
obtained during run reported in Fig.1. In all samples, the amount of
rutheniumwas below the detection limit, indicating that leaching
of Ru was negligible.

These results indicate that deactivation of the catalyst during
the time-on-stream is most likely related to the humin deposition
on the surface. To verify whether this process is reversible, the
spent catalyst was removed from the reactor, washed under
stirring with acetone, filtered, dried under vacuum at 40 �C, and re-
used in a subsequent run under the same reaction conditions of the
experiment reported in Fig. 1 (100 �C, 50 bar, 0.1wt% of HMF, H2

flow of 100ml/min and liquid flow of 1ml/min). The same
procedure was adopted for a second recycle. The results of these
recycling experiments are given in Fig. 9.

It is evident that an acetone wash led to a performance close to
that found for the fresh catalyst. This confirms that deposition of
[(Fig._9)TD$FIG]

Fig. 9. HMF conversion, products yields and carbon balance in the presence of the
fresh catalyst and after two recycles. Reaction conditions: catalyst contact time [65_TD$DIFF]=10
gcat�min/gHMFT = 100 �C; P = 50bar; [HMF] = 0.1wt%; H2 flow=100ml/min; liquid
flow=1ml/min.
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humins and other compounds ismost likely themajor deactivation
mechanism, whilst the slight increase in the ruthenium particle
sizes does not affect the catalytic activity, as already indicated by
previousworks [15,52,53]. Besides, TEM analyses of the catalysts at
the end of the first and second recycle did not show an appreciable
increase in the average Ru nanoparticle size. In this regard, the
washing reactivation procedure can be extended also to the
catalysts recovered from the reactions optimised for the synthesis
of BHMF and BHMTHF, which were carried out under the same
reaction conditions but at different CCT, a parameter that does not
significantly influence the humins formation as evidenced by the
almost analogous trend of carbon balance (Fig. 2).

Conclusions

We here report the selective hydrogenation of HMF to either
2,5-bis(hydroxymethyl)furan (BHMF) or 2,5-bis(hydroxymethyl)
tetrahydrofuran (BHMTHF) in a continuous flow reactor using a
commercial 5wt% Ru/C catalyst in water. The influence of relevant
reaction parameters for the selective synthesis of one of the diols
was determined and optimized. The highest BHMF and BHMTHF
yields of 88.0 and 93.7mol%, respectively, were obtained by tuning
the catalyst contact time (CCT), keeping all other reaction
parameters at the same values. This approach is very promising
from an application perspective, because the CCT can be easily
modified by changing the adopted feed flow, thus allowing for the
selective synthesis of each diol without changing the type of
catalyst and reaction conditions. TEM, ICP and nitrogen phys-
isorption analyses proved that the experimentally observed
deactivation of the catalyst after extended runtimes (>6h) was
mainly due to the deposition of humins on the catalyst surface.
However, recycle experiments showed that the catalyst can be
efficiently reactivated by an acetone wash.
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