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A novel catalytic membrane has been synthesised, characterised and
evaluated for the selective hydrogenation of furfural to furfuryl
alcohol. Unlike conventional methods, involving high pressure and
high H, : feed ratios, this work proposes an innovative ruthenium
based Catalytic Membrane Reactor (CMR) to overcome mass transfer
limitations, resulting in low H; requirements, high catalytic activity and
high selectivity towards furfuryl alcohol. A UV-curable hydrophilic
anionic monomer acrylic acid was used as a coating material on
a commercial PES membrane and subsequently Ru nanoparticles were
added. The hydrogenation of furfural was carried out in a customised
catalytic membrane reactor under mild conditions: 70 °C and 7 bar,
exhibiting high catalytic activity towards furfuryl alcohol (selectivity
>99%) with turnover frequency (TOF) as high as 48 000 h™%, 2 orders of
magnitude higher than those obtained so far.

The production of bio-fuels or chemicals from biomass deriv-
atives, such as by pyrolysis/liquefaction of bio-oils or cellulose
hydrolysis, is a promising pathway to reduce the dependence on
fossil fuels and reduce the emission of greenhouse gases. Bio-
oils are obtained by fast pyrolysis of lignocellulosic biomass,
marine biomass and bio-waste."? Bio-oil is a dark brown liquid
with high viscosity and high oxygen and water contents, which
limit its use as a fuel in common engines. To decrease the
oxygen content and convert highly reactive functionalities into
more stable ones, bio-oils can be subjected to hydrogenation
reactions®*® resulting in compounds with a higher economic
value that can be used for the production of polymers,
cosmetics, food additives or drop-in fuels. Furfuryl alcohol is an
important chemical intermediate for the production of chem-
ical products, such as vitamin C, lysine, plasticizers, dispersing
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agents and lubricants.” Furfuryl alcohol can be manufactured
by the chemoselective hydrogenation of furfural, which is an
aldehyde with a heterocyclic structure and a common product
of lignocellulose pyrolysis and/or cellulose hydrolysis.*** The
production of furfuryl alcohol from renewable sources has
recently attracted great interest.

Furfural is mainly derived from a variety of agricultural prod-
ucts, including corn, oats, wheat, bran and sawdust. Industrially,
the hydrogenation of furfural is used to obtain furfuryl alcohol, an
intermediate product for the industrial production of resin.™
Fig. 1 shows the reaction pathway for the hydrogenation of
furfural. Furfuryl alcohol formation is in competition with tetra-
hydrofurfural formation via the saturation of different functional
groups, aldehyde and the heterocyclic group, respectively.

Other undesirable products derived from the hydrogenation/
dehydration of furfural are 2 methylfuran, 2 methyltetrahy-
drofuran on further hydrogenation and pentanol on consecu-
tive hydrogenation. Furthermore, decarbonylation reactions are
favoured under the same conditions of the hydrogenation
reaction, leading to the formation of furan and subsequently,
butanol.’* All these competing reactions render it difficult to
control the selectivity of the desired product.

The hydrogenation of furfural has been studied in both gas
and liquid phases,”™ in the presence of metal catalysts, in
particular the elements of IX (Co, Rh, and Ir) and X (Ni, Pt, and
Pd) groups and Cu, on supports such as SiO,, C or Al,05."*¢*°

O'Driscol et al.*® synthesized a Pt-Sn/SiO, catalyst to study
furfural hydrogenation at different reaction temperatures
between 25 and 150 °C at 20 bar and with different solvents in
a batch reactor. The authors obtained a complete conversion
after 48 h at 100 °C in the presence of toluene. Chen et al.™
achieved a complete conversion after 5 h at 100 °C and 10 bar in
the presence of Pt supported on g-C;N,. Rh and Pt nanoparticles
stabilized by phosphine-functionalized silica were studied by
Llop et al for the hydrogenation of different bio-oil
compounds.* At 80 °C and 40 bar, furfural was completely
converted into furfuryl alcohol in the presence of Pt, while the
conversion was about 16% using Rh.
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Fig. 1 Reaction pathways.

The above studies indicate that a high pressure (>10 bar) and/
or long residence time (hours) are required for the successful
selective conversion of furfural into furfuryl alcohol, using
traditional reactors (continuous and batch). The main disad-
vantage of hydrogenation reactions is represented by the mass
transport limitation, due to the reactions taking place in
gaseous, liquid and solid phases. The system must operate under
high pressure, which improves the gas solubility in the liquid
system, and at high temperature, which benefits the kinetics.
However, the hydrogen solubility decreases under those condi-
tions. The choice of reaction temperature and pressure is
dictated by the conversion of the limiting reagent and the
selectivity of the desirable product. With the purpose of over-
coming the mass transfer limitation, the use of a membrane
reactor (MR) represents a valid choice.”*?* According to the
IUPAC definition, a MR is a device for simultaneously carrying
out a reaction and a membrane-based separation, in the same
physical enclosure.*® The membrane can have extractor,
distributor or active layer functionalities. For example, Bagnato
et al*® used a dense Pd-Ag membrane to extract H, from the
reaction zone during the steam reforming of a model bio-ethanol
in the presence of the Ni/CeO, catalyst. They compared the
performance of a MR and a packed bed reactor (PBR) at 400 °C,
at a gas hourly space velocity (GHSV) of 800 h™", obtaining the
best conversion and hydrogen yield by using the MR. Catalytic
membrane reactors were recently proposed for the conversion of
biomass substrates into bio-chemicals. The hydrogenation of
levulinic acid was carried out using a porous expanded poly-
tetrafluoroethylene (ePTFE) membrane with Ru catalyst particles
by Stanford et al” Different membranes, with and without
a dense Matrimid layer, were tested to evaluate the hydrogen flux
through them. The hydrogenation reaction was studied in the
reaction temperature and pressure range of 40-90 °C and 0.7-5.6
bar, respectively. Furthermore, the authors compared the results
obtained with a PBR considering the kinetic rate of the gamma-
valerolactone product over grams of Ru. The MR without the
Matrimid layer resulted in the best performance (rate was 4
times higher than that of the PBR), but with a low conversion of
0.0065%, while the MR with the control layer (Matrimid) showed
a kinetic rate 2 times lower than that of the PBR. Two different
MRs were studied by Liu et al.,*® who compared (i) a MR plus
a catalytic packed bed, where the membrane acted as a H,
distributor in the reaction zone (where the catalyst was allocated)
and (ii) a catalytic MR, where the membrane was modified by
adding a catalytic layer. The two systems were tested for the
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hydrogenation of nitrobenzene in the presence of the Pd/y-Al,O;
catalyst. The authors noted that the membrane with the cata-
Iytically active layer showed the best performance in terms of
conversion and catalytic stability, ~85% for 10 hours. Instead,
the MR with the separate catalytic packed bed achieved
a conversion of about 20% and 60%, respectively, after 4 and 6
hours. A limited number of studies have been focused on the
specific catalytic hydrogenation of furfural and all of them were
done using batch reactors.'''” The outcomes of these studies
are discussed and compared to the findings of this work in the
last part of this work. The aim of this work was to develop and
test a novel catalytic membrane reactor in order to selectively
hydrogenate bio-oil derived compounds by reducing the amount
of hydrogen wused. To the best of our knowledge, Ru-
functionalised PES membranes have never been synthesized
and tested for hydrogenation reactions. Recently, Mengistie
et al.*® used a Pd-PES membrane for the hydrogenation of the
-NO, group in nitrophenol in a flow-through catalytic membrane
reactor, denoting the stability of PES as a support for Pd.

In this work, a novel catalytic membrane with an active layer
was synthesised by modifying a commercial PES membrane by
photochemical graft**** polymerization of acrylic acid and
doping its surface with Ru nanoparticles. The modified
membrane was characterized in terms of morphology, porosity,
pore size diameter, contact angle and Ru content. After that, the
catalytic membrane was tested for the hydrogenation of furfural
under mild process conditions for evaluating its turnover
frequency (TOF). The commercial PES membranes (supplied
from Hangzhou Cobetter Filtration Equipment Co., China),
with different pore sizes (from 50 to 800 nm), were dipped in
a grafting solution composed of 25 wt% acrylic acid, 2.83 wt%
N,N'-methylene-bisacrylamide and 0.0753 wt% 4-hydrox-
ybenzophenone in water. The PES membrane exposed to UV
light (two lamps from General Electric, UV output: 2.2 watt, gap
from the samples: 6 cm), and in the presence of photo-
initiators, led to the dissociation of free radicals with consecu-
tive polymerization of acrylic acid on the membrane surface.

The irradiation time was between 5 and 30 min, equivalent
to 4.84-14.53 ] cm™> energy flux. Subsequently, the grafted
membranes were washed with distilled water to remove the
excess grafting solution and dried. The modified PES
membrane was dipped in hexaammine-ruthenium(u) chloride
solution (0.01 M) for 18 hours at room temperature.?® The
solution reacted with the carboxyl group of acrylic acid on the
PES membrane (Fig. 2).

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Precursor loading.

ANa,BH, 0.1 M solution was added for reducing the Ru from
ions to metallic form for 3 hours (Fig. 3).

After that, the membrane was washed with distilled water
and dried at 80 °C. Three different commercial PES membranes
(pore sizes of 50, 220 and 800 nm) were modified by different UV
light exposure, from 5 to 30 min. The modified membranes
were then characterized by SEM analysis and the Ru was
quantified. The catalytic membrane with an initial pore size of
220 nm was selected to perform furfural hydrogenation tests. In
order to evaluate the effective presence of the acrylic layer and
the Ru content on the PES membrane, different character-
isation techniques were employed (ESIT). The FTIR analysis was
used for measuring the effectiveness of UV grafting, with the
acrylic acid polymerization promoted by UV in the presence of
compounds such as N,N-methylenebisacrylamide and hydrox-
ybenzophenone. Fig. 4 shows the mid IR spectrum of a modified
and unmodified PES membrane with an initial pore size of
50 nm. The presence of acrylic acid on the membrane is high-
lighted by the peaks at 1720, 1620 and about 1100 cm ™. These
peaks represent the stretching of C=0, C=C and =C-O-
bonds. The different time periods of exposure to UV light
resulted in different polymerization grades of acrylic acid on the
membrane. The presence of the acrylic layer led to the loading
of different amounts of Ru on the membrane and different
transport phenomena. The morphological changes in the
membrane and the formation of the active layer were evaluated
by SEM (see Fig. 5).

A longer UV light exposure involved a larger absorption of
energy by the PES membrane, and the presence of photo-
initiators led to the dissociation of free radicals with consecu-
tive acrylic monomer addition. Fig. 5 shows the modified PES
membranes using different UV light exposure. A thicker acrylic
layer was obtained using an UV energy flux of 4.84 ] cm >
(20 um) rather than 2.42 J em ™2 (15 pm), which is due to a major
concentration of free radicals.

The hydrophilic properties of the modified membrane were
quantified by the contact angle between the membrane surface

n n
CH, O CH, 0
HC—C=0_ NH HC—C=0-
| HNNT RH, N2, IRUNHa) 2"
CH, O Ru-yp, +2Na’ CH, O IRuNH)e!
AN 125
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|

Fig. 3 Redox reaction.
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Fig. 4 FTIR spectrum of modified PES.

and a water drop. The measurement confirmed the presence of
a coating layer on the PES membrane which resulted in changes
in the contact angle, as shown in Fig. 6. For the 50 nm PES
membrane and for the bottom layer of the 200 nm PES
membrane, there was an increase of the contact angle (decrease
of hydrophilic properties). This phenomenon is linked to the
presence of Ru nanoparticles on the membrane surface and to
their relative orientation.**** The bubble point, pore size
distribution and overall porosity were determined, as reported
in the ESI,T before and after the UV light exposure.

The formation of the acrylic layer resulted in a slight
decrease of the porosity from 83 to about 77% and from 85 to
about 81%, respectively, for the PES membranes with 50 and

Fig. 5 SEM surface and cross-section analyses of the PES-220 nm
modified membrane: (a) UV = 2.42 J cm™2 and (b) UV = 4.84 J cm 2.
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Fig. 7 Porosity of PES before and after the coating (UV light
7.26 3 cm™?).

800 nm pore size, as can be seen in Fig. 7. Instead, the porosity
did not change for the PES-220 nm. The distribution of the pore
size is reported in Table 1, indicating that the presence of the
coating layer has no significant effect on the pore size for the
PES-50 and 220 nm, while it has the contrary effect on the PES-
800 nm. In order to study the effect of acrylic acid and Ru
doping on the mechanical properties of the PES membrane
structure, the tensile stress was analysed by calculating the
Young's modulus and the elongation at break, which resulted to
be in the range of ~150-250 N mm > and 17-32%, respectively.
Fig. 8 shows a considerable increase of the Young's modulus
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after the coating of the membrane PES-220 nm, while it was
almost unchanged for the PES-50 nm and diminished after the
coating of the 800 nm PES membrane.

This different behaviour can be attributed to the different
morphological structures of the pristine PES membranes,
symmetric for the 50 and 220 nm ones and asymmetric for the
800 nm one.

The PES-220 nm also presented an increase of the elongation
at break compared to the other two membranes that showed
a decrease of the elongation at break after treatment (Fig. 9).
The Young's modulus and the elongation break results have
been used to assess how the mechanical membrane structure
changed after the coating. The high values of Young's modulus
for 50 and 220 nm membranes indicate a better resistance to
deformation from stress, therefore resulting in a more rigid
structure. The elongation at break instead indicates how the
membrane absorbs deformation without breaking. For the 50
and 800 nm membranes there was a clear ductility reduction
after the coating.

The inductively coupled plasma optical emission spectrom-
etry (ICP-EOS) analysis was used to determine the Ru content
loaded on the coated PES membranes with different pore sizes.
Fig. 10 shows the concentration of Ru for the tested
membranes: 50, 200 and 800 nm. A constant Ru content of
about 9 pg cm ? was detected for the PES membranes with
a pore size of 800 nm at different UV energies supplied
(depending on the UV exposure time). An increase of Ru
concentration on the PES membrane surface was noted for
the PES membrane with a pore size of 220 nm, with about
15 pg em > for the maximum exposure time of UV light (cor-
responding to the maximum energy used).

An unusual trend was instead observed for the PES-50 nm,
with an initial decrease in the amount of Ru deposited on the
membrane up to an energy flux of about 10 ] cm~> and an
increase in the amount of the metal deposited at longer UV
exposure times up to 15 ug cm 2. From the SEM analysis (see
Fig. S21), it is possible to note that for energy flux lower than
9.69 ] cm ™ (intermediate UV exposure time), the pore sizes on
the membrane surface are relatively larger compared to those
obtained with longer UV exposure times. For the longest UV
exposure time, corresponding to an energy flux of 14.53 J cm ™2,
the Ru content on the modified membrane was almost equal to
that obtained for an exposure of 2.42 J cm ™2, but the pore size
distribution was different, five times bigger for the lower energy
flux. This difference was caused by the different exposure of UV

Table 1 Bubble point, pore size and maximum pore size distribution for PES before and after the coating (UV light 7.26 J cm™)

Bubble point

Mean flow pore Diameter at maximum pore

Membrane [bar] diameter [nm] size distribution [nm]
PES-50 nm not coated 1.55 120 70

PES-50 nm coated 0.78 110 72

PES-220 nm not coated 1.14 280 240

PES-220 nm coated 0.62 240 220

PES-800 nm not coated 0.51 850 740

PES-800 nm coated 0.54 770 700

J. Mater. Chem. A
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Fig. 8 Young's modulus before and after the coating (UV light 7.26 J
-2
cm™9).

light. The increased number of free radicals produced at high
energy flux influenced the amount of acrylic deposited and thus
the final membrane structure. The pore size reflects the capacity
of the membrane to work as a contactor among the phases.
Small pore sizes increase the mass transfer resistance of the
liquid phase, with consequently reduced contact of the organics
in the liquid with the active layer. On the contrary, large pore
sizes lead to short contact in the reaction system (liquid/
catalyst/gas), and thus a low conversion. The PES-220 nm
modified membrane showed an intermediate pore size
(maximum pore size distribution of 240 nm). More specific
analyses were conducted for the Ru NPs on the PES membrane
by Transmission Electron Microscopy (TEM) and X-ray photo-
electron spectroscopy (XPS).

The surface composition of the Ru-PES membrane was
studied using an XPS technique, as shown in Fig. 11a. The
survey-scan XPS spectrum shows all the framework elements of
the Ru-PES membrane, which is in agreement with the SEM-
EDS data. The high-resolution XPS spectrum shown in
Fig. 11b shows two significant bands at 284.2 and 280.6 eV,
which can be readily assigned to Ru(0) and Ru oxide, respec-
tively.** The presence of Ru oxide can be attributed to Ru

100 M Not coated
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= 80
=
=L
3
5 60
®
=
2 40
©
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w20
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50 nm 220 nm 800 nm

Fig. 9 Elongation at break before and after the coating (UV light
7.26 Jcm™2).
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oxidation during the sample preparation for the XPS analysis.*
TEM images show the internal structure of the uncoated and
coated active layers of Ru-PES membranes. As shown in Fig. 12,
in all cases the presence of Ru nanoparticles is clearly visible,
and the coating is homogeneous. In respect to the unmodified
membranes, the coated membranes present a thin darker
(electron dense) Ru-rich part of the skin and penetration of the
Ru nanoparticles into the pores of the support, according to
pore size and porosity measurements. Energy-dispersive X-ray
analysis was also performed, using the coated and uncoated
membranes. The spectra demonstrate that the coated
membranes are rich in ruthenium. The additional peaks belong
to copper used for TEM grids.

In order to evaluate its activity, once characterised, the PES
220 nm modified membrane (UV light grafting at 7.26 ] cm ™ ?)
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Fig. 10 ICP analysis of modified (a) PES-50 nm, (b) PES-220 nm and (c)
PES-800 nm.
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Fig. 11 (a) XPS spectrum of Ru-PES-220 nm and (b) the Ru 3d XPS
spectrum of Ru—PES-220 nm.

was tested for the hydrogenation of furfural. The test was
carried out in duplicate at 70 °C with a pressure of 7 bar in the
gas and liquid zones, a liquid flow rate of 0.497 mL min ,
a water feed with 5 wt% furfural and a hydrogen/furfural molar
ratio of 1.

For a complete evaluation and comparison with previous
studies, the conversion of furfural, the selectivity for the prod-
ucts (i-compound) and the turn over frequency (TOF) have been

defined as:

_ Furfuraly, — Furfural,, e
B Furfural;, molar x 100[=]% @
'7 i-compound,, e
' Furfuraly, — Furfuraley|,,.,, x 100[=]% )

mole of furfural reacted

TOF = - -
mole of catalyst x reaction time

[=h"  ©

Among the potential reaction products reported in Fig. 1,
only furfuryl alcohol was detected under the tested conditions
(selectivity >99%), with a furfural conversion of 26% after 30
minutes. The conversion and selectivity remained constant for 4
hours. Fig. 13 shows the conversion of furfural for the whole
reaction test, where the conversion achieved the steady state
condition after 30 min. After 4 h, the conversion of furfural
decreased to 17%. A potential contribution to the furfural
conversion from homogeneous reactions in the absence of

J. Mater. Chem. A
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a catalyst under the studied conditions was excluded a priori
based on previous assessments. Chen et al.* did not observe
any conversion (less than 1%) at 10 bar and 100 °C without
a catalyst.

Moreover, Sanna et al.,* who investigated the homogeneous
(without the presence of a catalyst) continuous flow hydroge-
nation of furfural at 125 °C and 51 bar H, for 36 h, did not
observe any change in the furfural concentration at 125 °C.

In order to compare the hydrogenation reaction of furfural
with previous studies, the operating conditions, conversion of
furfural, product selectivity and TOF present in the literature,
are summarized in Table 2.

Since all the previous studies were carried out using batch
reactors, similar process conditions can be used to generally
compare a PBR reactor vs. a CMR. However, a precise compar-
ison of the catalyst properties is difficult due to the different
reactor set-ups and hence the use of TOF should be preferred. In
eqn (3), the TOF represents the reactant converted per catalyst
mole per unit time (typically the second), with the number
being a function of the operating conditions. Analysing the
TOFs obtained in the available studies on furfural hydrogena-
tion, the highest value of 48 000 h™" was obtained in this work,
mainly due to different factors: (i) the high hydrogenation
activity of Ru at low temperature; (ii) a good stability of Ru in the
aqueous phase and (iii) the high hydrogenation selectivity
towards the carbonyl group.'®'®* Ru catalysts are widely used
for hydrotreating biomass-derived substrates at low tempera-
tures.* Tan et al.** studied the Ru activity on different supports
for the hydrogenation of levulinic acid to y-valerolactone from
—10to 100 °C, with a complete selectivity in y-valerolactone and
a conversion of levulinic acid of about 70 and 100%, respec-
tively. (iv) The enhanced contact between the H, and the Ru
active sites due to the reduced mass transfer limitation®® in the
presence of the modified PES membrane. Under the studied
conditions, the presence of three phases is due to a series of
mass transfer limitations, where the main limitation step is
represented by the hydrogen absorption to the catalyst surface.
A method to improve the driving force of the solubility process
is increasing the pressure, very common for hydrogenation
reactions in the liquid phase, or the enhancement of the contact
surface area between the liquid and gas phase. For a PBR, the
contact surface area is about 100 m? per m® of the reactor, while
the contact surface area is in the order of 1500-7000 m” per m?
of module for hollow fiber membranes.*”**®* PES was mainly used
as an enhanced contactor because of its chemical resistivity in
the presence of furfural under the used conditions. Since H, in
the gas phase has low solubility in the other phase, a higher
surface area contact between these phases decreases the need
for higher pressure that could have been applied to less soluble
components. Moreover, supplying H, through a porous
membrane allowed the hydrogen to be adsorbed directly onto
the Ru surface, and partly solubilised in the liquid phase. The
catalytic MR favoured the reaction in terms of TOF; 48 000
moles of furfural have been converted in 1 hour by using 1 mol
of Ru catalyst. The conversion of furfural was obtained to be
about 26%, a value that is lower than some data reported in the
literature, but reasonable if the low ratio of hydrogen/furfural

This journal is © The Royal Society of Chemistry 2018
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Fig.12 TEM and EDX analysis of the PES-220 nm membrane (a) not coated and (b) coated (magnification x2000 and x20k, scale bar: left, 5Sum;

right, 500 nm).

(1:1) and the fact that only about 780 pg (2-3 orders of
magnitude less than the literature data) of Ru was loaded onto
the membrane are considered. Moreover, it has to be stressed
that the residence time of the reactants in the membrane layer
was very low, at about 1 s, compared to typical residence times >
1 hour in PBRs. For comparison, Nakagawa et al.'® reported
a similar conversion (14%) using 2% Pd and 2% Ru on silica
with 49% selectivity on furfuryl alcohol after 1 h, but a much
higher pressure (80 bar) and H, : furfural molar ratio (125) were
used, resulting in a TOF of 337. In the same study and under the

80
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Fig. 13 Furfural conversion vs. time and Ru content before and after
the reaction test.
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same conditions, 4% Ir/SiO, was the most selective to FOL
(96%) with a conversion of 14% and a TOF of 67. Fang et al.*®
loaded different amounts of Ru nanoparticles, from 1 to 5 wt%,
on an acidic MOF material (MIL-101) obtaining a total conver-
sion of furfural at 160 °C and 40 bar and in the presence of
3 wt% Ru/MIL-101, but with a furfuryl alcohol selectivity of only
1%. A complete conversion and selectivity to furfuryl alcohol
was obtained by Yang et al.*® at 20 °C and 5 bar in the presence
of Ru on an aluminium-based MOF (Al-MIL-53-BDC). However,
the TOF in this case was 21 h™*, indicating that a large amount
of catalyst was used for converting furfural (to convert
21 mol h™" of furfural, 101.7 gr of Ru was used, which corre-
sponds to 3.5 kg of 2.9 wt% Ru/Al-MIL-53-BDC). Chen et al.**
also achieved a 99% selectivity to FOL at a comparable
temperature (80 °C) and pressure (10 bar) with 32% conversion
and a TOF of 120 using 5% Pt on g-C3;N, nanosheets, but with
a H, : furfural molar ratio of 2. In order to improve the furfural
conversion, other reaction tests were carried out at the same
temperature and reaction pressure, but varying the H,/furfural
feed molar ratio to 4 : 1. A maximum furfural conversion of 21%
was obtained after 1 hour with a virtually complete selectivity to
tetrahydro-furfuryl alcohol. This can be explained by the
complete hydrogenation of the heterocyclic ring due to the H,
excess. Moreover, the absence of tetrahydrofurfural among the
products indicates that an increase of H, favoured further
hydrogenation of furfuryl-alcohol to tetrahydrofurfuryl alcohol,
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rather than the formation of tetrahydrofurfural and then its
hydrogenation to tetrahydrofurfuryl alcohol, as shown in Fig. 1.

After 150 min from the beginning of the 4:1 test, the
furfural conversion was reduced to 12%, suggesting that the
modified Ru-PES membrane was not stable for the furfural
hydrogenation. As can be seen in Fig. 11, the furfural conversion
was relatively stable for the first 3 h and then declined to 12%
after 6.5 h. To understand the reason for the decreased
conversion, the presence of Ru in both (i) the membrane (before
and after the experiments) and (ii) the product-solutions was
analysed.

The Ru concentration was detected in the product stream in
the whole experimental campaign by ICP-EOS and GC-MS
analyses, as shown in Fig. 14.

The highest Ru concentration of 40 pg L™ " was found in the
product solution after 30 min, while only half of that concen-
tration (18 ug L~ ') was in the product after 180 min. At the same
time, the GC-MS data did not show the presence of the Ru-
Acrylic acid (AA) residue in the product solution. Instead, the
Ru-AA residue started appearing from the product sampled
after 240 min as shown in Fig. 14.

This suggests that the large presence of Ru in the product
after 30 min (about 50% of Ru lost in solution) is most likely
related to the removal of “Ru metal clusters” not bonded to the
AA that were not removed by the water pre-washing step under
ambient conditions. This explains the stability of the catalytic
membrane in the first three hours, while the appearance of the
Ru-AA residue from the forth hour suggests that the active layer
(acrylic monomer and Ru) was also partially removed in the
liquid phase, so that a more resistant metal support rather than
acrylic acid would need to be used for the furfural hydrogena-
tion process. Moreover, from the TEM image after the hydro-
genation test (Fig. 15), it is possible to see the presence of Ru on
the membrane, which appears to have preserved the homoge-
neity and dispersion of Ru in the coated layer. However, the EDX
confirms that overall, the amount of Ru is lower than that before
the hydrogenation test. To further elucidate this, at the end of
the hydrogenation tests, the metal on the membrane was

45 .1016
. intensity Ru-AA 1-10%°
40 —@-Ru concentration [ug/L]
35 ]
30 1.10%
25
20
15 1.1012
10

5 \\:
0 ! o 1.101°

30 180 300 330 390
Overall reaction time [min]

Ru concentration [ug/L]

Intensity Ru-AA [-]

Fig. 14 Ru concentration in product solutions.
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PES 220 coated — after hydrogenation

Fig.15 TEM image after the hydrogenation test (magnification x2000
and x20k, scale bar: left, 5um;right, 500 nm).

quantified before and after the reaction, confirming a decrease
from 10.9 ug m™~> to 5.76 pg m >, half of which can be linked to
the active layer degradation. In conclusion, Ru nanoparticles
were added onto the surface of the modified PES membrane
using a UV source.

The catalytic membrane was characterized with different
techniques in order to evaluate the effective presence of the
active layer and the Ru nanoparticles. The membrane with an
initial pore size of 220 nm and 10.9 pg cm™ > of Ru catalyst was
tested for the hydrogenation of furfural under mild conditions
(7 bar, 70 °C) resulting in >99% selectivity towards FOL with
a TOF of 48 000 h™*, when a H,/furfural molar ratio of 1 : 1 was
used. The resulting TOF was considerably higher than those
reported in the literature suggesting that the catalytic
membrane reactor enhances the catalytic activity of Ru in the
selected reaction, while, a >99% selectivity to THF was obtained
by increasing the H,/furfural molar ratio to 4 : 1 under the same
process conditions. The use of the CMR also resulted in a resi-
dence time of the reactants in the membrane layer of less than 2
seconds, compared to a residence time higher than 1 h for
conventional PBRs. Therefore, this work indicates that selective
hydrogenation of furfural to FOL can be successfully performed
using CMRs under mild conditions, but alternative polymeric
support materials need to be developed/tested and the recy-
clability of the catalysts need to be addressed for rendering this
pathway commercially viable.
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