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Polymeric flat-sheet membranes and hollow fibers were prepared via UV photo-initiated polymerization of ac-
rylic acid at the surface of commercial polyether sulfones (PES) membranes. These polymeric materials per-
mitted to immobilize efficiently palladium nanoparticles (PANP), which exhibited a mean diameter in the range
of 4—6 nm. These materials were synthesized by chemical reduction of Pd(II) precursors in the presence of the
corresponding support. We successfully applied the as-prepared catalytic materials in hydrogenation reactions

under continuous flow conditions. Flat sheet membranes were more active than hollow fibers due to the flow
configuration and defavorable operating conditions. Actually, various functional groups (i.e. C=C, C=C and
NO,) were reduced in flow-through configuration, under mild conditions (between 1.4 and 2.2 bar H, at 60 °C,
using 3.2mol% of Pd loading), archiving high conversions in short reaction times (12 —24s).

1. Introduction

Palladium is the metal of preference for many catalyzed organic
reactions, due to its ability in promoting a wide range of transforma-
tions (C-halide and C—H bond activations, carbonylations (CO activa-
tion), hydrogenations (H, activation), etc.) [1]. This versatile reactivity
is mainly attributed to the palladium ability for making different types
of well-defined metallic species: molecular complexes, small clusters,
nanoparticles, and extended surfaces [2,3]. Thus, appropriate tuning on
the nature of ligands or stabilizers, and reaction conditions, leads to
structures at molecular and nanometric scale [4]. Furthermore, sup-
ported palladium catalysts have been largely studied and efficiently
applied for synthesis of both fine [5] and bulk chemicals [6]. Especially,
working under continuous flow conditions represents a sustainable tool
in terms of safety, diminution of reaction time, process intensification
and scale-up [7,8]. In this frame, polymeric catalytic membranes have
proven to be outstanding tools for catalytic reactions in the fine che-
mical industry, generally working under mild conditions (< 150 °C)
[9-12]. Efficient catalytic membranes containing metal nanoparticles
(MNP) have been reported for different reactions, mainly involving
noble metals such as Pd, Au and Ag (C—C coupling reactions [13,14],
hydrogenation of nitrates in water [15-17], hydrogenation of

* Corresponding authors.

unsaturated organic compounds [18-27] including the reduction of 4-
nitrophenol [28-32], among others). In polymeric catalytic mem-
branes, the catalyst can be incorporated in all the membrane (during or
after its synthesis) or in a grafted polymeric layer at the surface of the
membrane which stabilized the MNP by steric or electro-steric effect.
This membrane modification is carried out by photo-polymerization in
order to obtain polymer chains covalently linked to the membrane
surface. The use of a cross linker during this step permits to control the
porosity and swelling properties of the layer, leading to a polymeric gel.
MNP can be prepared via an ex-situ or in-situ method. The in-situ method
is based in two steps, an impregnation of the grafted layer by a metallic
salt solution following by a reduction step. This last strategy is used in
this work permitting the use of commercially available membranes,
leading to a high experiment repeatability and high local MNP con-
centration at the membrane surface without aggregation. This high
local concentration is the key aspect to obtain high conversions and the
most relevant advantage comparing to other catalytic supports [33]. As
they can be produced as either flat sheet or hollow fiber membranes,
high production capacity in the order of hundred or thousand ton/year/
m?® are achievable, in particular with hollow fiber membrane module
[28].

Regarding the possible configurations for catalytic membrane
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reactors, an important increase of the catalytic efficiency of the mem-
branes has been already achieved before by our group when using
membranes in forced flow-through configuration for the Suzuki-
Miyaura C—C cross-coupling reaction compared to batch configuration
under the same conditions [33,34]. Thus, we aim presenting here the
results obtained in hydrogenation reactions using polymeric catalytic
membranes, which contain immobilized PANP, under a forced flow-
through configuration. Moreover, we report innovative results on the
hydrogenation of nitroarenes using a polymeric hollow-fiber contactor.

2. Materials and methods
2.1. Materials

Microfiltration PES flat sheet membranes MicroPES® were pur-
chased from Membrana-3M (Wuppertal, Germany) with a nominal
pore size of 0.2um. Microfiltration MicroPES® hollow fibers were
purchased from Membrana-3 M (Wuppertal, Germany), nominal pore
size of 0.2 um, inner diameter of 300 + 40 um and wall thickness of
100 + 25pm. All chemical reagents were obtained from Sigma-Aldrich
and used without further purification.

2.2. Methods

2.2.1. Membrane surface modification

Surface of flat sheet PES membranes (12.4 cm?) was functionalized by
UV photo-grafting radical polymerization using a Heraeus TQ 150 lamp
with a quartz filter. Membranes were dipped into monomer solutions
containing 5 wt% of acrylic acid as monomer and 1.5 wt% of diethylene-
di-acrylate as crosslinker (0.1 mol crosslinker /mol of monomer) and then
irradiated for 3 min (total energy dose received 6.3 J cm™3).

Surface of hollow PES membranes was functionalized by UV photo-
grafting radical polymerization as previously described [35,36] using
two high power Mercury lamps, UVA-PRINT LE, Hoenle UV France,
with a line rate of 10 m min~! and an intensity of the lamps of 110 %
(total energy dose received 21.3 J cm™). Monomer solutions containing
20 wt% of acrylic acid as monomer and 0.85 wt% of N,N’-methylenebis
(acrylamide) as crosslinker (0.027 mol crosslinker /mol of monomer).
The change on the cross-linker was simply due to follow a previously
established protocol for hollow fibers. Although both cross-linkers have
different nature, the polymer gel grafted on the membrane presented
the same swelling behavior in water and ethanol (probably due to si-
milar short distances between C = C, for diethylene-diacrylate: the
C = C to C = C distance is 1.012 nm; for bisacrylamide, the C = C to
C = C distance is 0.859 nm, according to molview modelling).

To evaluate the functionalization of the grafted membranes, ATR-
FTIR was performed using a Thermo-Nicolet Nexus 670 spectro-
photometer in the region of 400 to 4000 cm ™! and SEM images were
obtained with Tabletop Microscope Phenom XL after cryofracturation.
2.2.2. In-situ  synthesis and  their
characterization

The synthesis of PANP was carried out based on the intermatrix
method [37]. Grafted membranes were immerged at room temperature
in a 0.02M aqueous solution of [Pd(NH3)4]Cl,, H>O for 18 h. PANP
were then formed by reduction of Pd(II) ions through immersion of the
membrane in a 0.1 M aqueous solution of NaBH,4 for 1h. Membranes
were thoroughly washed (30ml of ethanol for 1h each time) and
stocked in ethanol before use.

Palladium content was determined by Inductively Coupled Plasma
Optical Emission Spectrometry analyses (ICP-OES, Ultima 2, Horoba
Jobin Yvon). The ICP-OES detection limit for palladium is 3 ppb.
Palladium loading is expressed as ug of Pd per cm? for flat sheet
membranes, the mean value was obtained for at least 3 membrane
samples of 1 cm? of surface; for hollow fibers, the mean value was
obtained for at least 3 membrane samples of 2 cm length.

of palladium nanoparticles
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Scheme 1. Experimental set-up for continuous flow hydrogenation reactions
using flat sheet membranes in flow-through configuration.

For PANP characterization, grafted membrane samples were first
embedded in resin and then thin slices (80 nm) were cut with a mi-
crotome. Micrographs of PANP were obtained by Transmission Electron
Microscopy (TEM, JEOL Jem 1400). For each membrane, at least 10
slices were analyzed. Size distribution of PANP were determined using
Image J software [38].

2.2.3. Catalytic experiments

2.2.3.1. Continuous flow hydrogenations using catalytic flat-sheet
membranes. Reactions were carried out in flow-through configuration
with the as-prepared catalytic flat sheet membranes. Solutions
containing the substrate were pre-saturated with H, using a hollow-
fiber contactor. The Gas/Liquid hollow-fiber contactor was designed to
assure H, saturation of solutions [39].

The experimental set-up developed to perform the hydrogenation
reactions in continuous mode is presented in Scheme 1.

A home-made stainless-steel filtration cell, equipped with a mag-
netic stir bar, was placed on a hot-plate at 65°C. The flow rate of
ethanol solution containing the substrate was controlled by a gear
pump (Scheme 1, (1)). The solution was sent into to a home-made
hollow fiber contactor module in counter-current to saturate the solu-
tion with H, using a hydrogen generator (Schmidlin-FDBS). The home-
made hollow fiber contactor module contained 15 fibers, an effective
length of 0.3 m and 4.0 103 m of diameter. The H, saturated solution
(Scheme 1, (2)) went into the filtration cell where it flowed through the
membrane. 25ml of permeate were taken for further analyses after
attaining steady-state (established when passing 4 times the total dead
volume: reactor volume + connection pipes volume, ca. 4x85 mL).

The reaction time is expressed as the residence time 7 of the re-
actant inside the membrane using the following equation:

L
TEEE )

with L as the membrane thickness (110-10~* cm), F the permeate
flow rate (mL s) and S the membrane surface area (12.4 cm?). The
membrane porosity € was taken as 0.8 [40].

If only the grafted layer of thickness [, where the palladium nano-
particles are found, is taken into account for the calculation, the re-
sidence time is defined as:
T = L €S

F (2)

Permeates (Scheme 1, (3)) were analyzed by gas chromatography (GC)
using an Agilent GC6890 instrument with a flame ionization detector
(FID), coupled to a Perkin Elmer Clarus MS56 mass spectrometer (MS),
with a SGE BPX5 column composed by 5% of phenylmethylsiloxane and
by 1H NMR using a Bruker Avance-III 300 (300 MHz) spectrometer. De-
cane was used as internal standard. The palladium content in the filtered
solutions and purified product was determined by ICP-OES.
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Scheme 2. Experimental set-up for the continuous flow hydrogenation reac-
tions using a catalytic hollow fiber contactor.

2.2.3.2. Continuous flow hydrogenations using G/L catalytic hollow fiber
membrane contactor. The flow of the solution containing the substrate
was controlled by a gear pump (Scheme 2, (1)) and sent it to the home-
made G/L catalytic hollow fiber contactor module where the reaction
takes place. Reaction solutions passed in the outer side of the hollow
fibers while the H, produced by the hydrogen generator (Schmidlin-
FDBS) passed in the inner side of the hollow fibers. Reactions were
performed at room temperature. 15ml of permeate (Scheme 2, (2))
were taken for further analyses after attaining steady-state (established
when passing 4 times the total dead volume: reactor
volume + connection pipes volume, ca. 4x5 ml).

For the G/L catalytic hollow fiber contactor, the reaction time is
expressed as the residence time 75/, of the solution inside the mem-
brane using the following equation:

2 2
‘/Cont ”Lcant [rCant — Rpple ]
Gl = — =

Q Q 3

Where Vg, is the volume of the contactor shell side (m®), Q; the vo-

lumetric flow rate of the liquid phase (m>s™Y), Leon: the lengh of the

module (0.1m), 7oy is the radius of the module (0.002m), ng, the

number of fibers (8), 7. the external diameter of fibers (3.0-10 m).
Products were analyzed as described in Section 2.2.3.1.

2.2.3.3. Catalytic hydrogenations under batch configuration. Reactions
were carried on in a Top Industrie autoclave. The catalytic membrane
was maintained on a glass support. The substrate (0.25mmol) was
dissolved in 25 ml of ethanol. Then, the reactor was purged with argon
and pressurized with H, (20 bar), heated at 60 °C in an oil bath and
magnetically stirred for 16 h. Products were analyzed as described in
Section 2.2.3.1.

3. Results and discussion
3.1. Membrane surface modification

ATR-FTIR analyses permitted to elucidate the functional groups of
the PES-based membranes after photo-grafting polymerization of ac-
rylic acid. In Fig. 1, the spectra of the flat-sheet membranes before and
after photo-polymerization are presented.

The most representative bands of the PES membrane were
1578 cm ™! and 1486 cm ™! which correspond to C=C bond stretching
of the aromatic groups of PES membrane [41]. Other characteristic
absorption bands attributed to SO, (i.e. asymmetric and symmetric
stretching, 1300 and 1150 cm ™! respectively) were also observed. The
analysis performed on the modified membrane showed an absorption
band at 1740 cm ™! attributed to the C=O vibration of the carboxylic
acid group of polyacrylic acid (PAA). A broad peak below 2100 cm ™!
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Fig. 1. ATR-FTIR spectra of grafted (-) and pristine (—) MicroPES® flat sheet
membranes.

corresponds to the asymmetric O—H stretching for the modified mem-
brane, attributed to both PAA and water trapped into the highly hy-
drophilic PAA layer. Spectrum of the grafted hollow fiber membrane
exhibited the same absorption bands that the flat-sheet grafted mem-
brane (see Fig. S1 in the Supplementary Information), pointing to the
same type of functionalization.

Membranes were also analyzed by SEM to estimate the thickness of
the grafted layers, thus corroborating the surface functionalization of
the pristine membrane. Actually, SEM images of the cross-section of the
modified membrane clearly showed a grafted PAA layer at the mem-
brane surface for both flat sheets and hollow fibers (Fig. 2).

It could be observed that both membrane supports (flat sheet and
hollow fiber) show highly porous structures. For the flat sheet mem-
brane (Fig. 2a), the mean thickness of the PAA grafted layer was esti-
mated to be ca. 3.1 um and for the hollow fiber membrane (Fig. 2b), ca.
5.6 um.

3.2. In-situ synthesis of palladium nanoparticles and their characterization

The PAA grafted gels on both supports, flat sheets and hollow fibers,
swelled by aqueous solutions, offered a large space between crosslinked
network which served for nucleation and further growth of PANP

a) Flat sheet

2
o

Fig. 2. SEM cross-section micrographs of: a) functionalized flat-sheet mem-
brane and b) functionalized hollow fibers.
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Fig. 3. TEM micrographs of PANP in the grafted PAA layer on a) Flat sheet membrane and b) hollow fiber.

[[42]]. The in-situ synthesis of PANP within the PAA was carried out in
aqueous medium by the treatment of the metal precursor [Pd
(NH3),4]Cl, followed by the addition of the reducing agent, NaBH,
[43,44]. The as-prepared materials were characterized by TEM (Fig. 3).
For both supports, flat sheet membranes and hollow fibers, the forma-
tion of PANP was evidenced showing a good dispersion and quasi
spherical shape. These PANP are efficiently immobilized on the mem-
branes within the PAA grafted gel.

Regarding PANP incorporated in the grafted flat sheets (Fig. 3a),
two zones could be identified: (i) Zone 1 corresponds to the grafted gel
where PANP are mostly well-dispersed with only few aggregates and (ii)
Zone 2 corresponds to the membrane pores where PANP form large
aggregates. Without considering the aggregates, the mean diameter of
PANP was estimated to be of 5.5 * 1.8 nm. Palladium loading was of
68 ug cm ™2 (i.e. 0.008 mmol Pd in a flat sheet membrane of 12.4 cm?).

For the hollow fibers (Fig. 3b), the mean diameter of particles was
found 4.8 + 1.4nm. PANP in the hollow fiber appeared more homo-
geneously dispersed than in the flat sheet membrane. Palladium content
was 520 pg- cm ™~ 2. The module prepared contains 8 fibers of 10 cm, and
then the total amount of palladium in the hollow fiber module is
3.93mg (i.e. 0.037 mmol Pd).

3.3. Catalytic experiments

3.3.1. Continuous flow hydrogenations using flat sheet membranes

For each reaction, a freshly prepared membrane was used. The total
palladium (0.008 mmol)/substrate (0.25 mmol) ratio was 0.032 (ie.
3.2mol% Pd), considering the whole catalytic material.
Hydrogenations in flow-through configuration were performed for
substrates containing different functional groups (Table 1): C=C bond
for both conjugated and non-conjugated compounds (entries 1-4), C=C
bond (entry 5) and NO, group (entries 6 and 7).

For the hydrogenation of alkene substrates, full conversion in 24 s
was obtained for the indene hydrogenation, selectively reducing the
conjugated C=C bond to the aromatic ring (entry 1), leading to a
turnover frequency ca. three times higher than other conjugated sub-
strates described in the literature [8]. However, for non-conjugated
C=C bonds, such as 1-dodecene, lower conversion was achieved (26 %

conversion after recycling 3 times (x12s) or 36s of residence time;
entry 2) with a low chemoselectivity, mainly obtaining isomerization
products (i.e. internal alkenes), what indicates that this catalytic system
selectively hydrogenate terminal but not internal C=C bonds; actually,
for limonene, the hydrogenation was selective towards the reduction of
the exocyclic C=C bond but with a low conversion (8% conversion for
24 s of residence time; entry 3). In agreement with this behavior, the
internal C=C bond of ethyl oleate could not be reduced (entry 4). The
hydrogenation of the C=C bond of diphenyl acetylene mainly led to the
semi-hydrogenation product, i.e. (Z)-stilbene (53 % conversion in 24 s
with a (Z)-stilbene/1,2-diphenylethane ratio = 80/20; entry 5). This
catalytic system was also efficient for the reduction of NO, of ni-
trobenzene (41 % conversion in 12s, entry 6); but, for nitrobenzene
containing an electron-withdrawing group, such as 4-nitrobenzonitrile,
the activity dramatically decreased (21 % conversion, entry 7). Un-
fortunately, the reduction of aromatic aldehydes and ketones (such as
benzaldehyde and acetophenone), and nitrile derivatives (benzonitrile)
did not work under flow conditions even after recirculating the
permeate, in contrast to batch configuration.

No Pd leaching was observed in any of the filtered solutions (i.e. Pd
content below 3 ppb from ICP-OES analyses), which indicates that
PANP are suitably stabilized by the PAA grafted gel, permitting an ef-
ficient recycling.

With the aim of studying the effect of hydrogen pressure, hydro-
genations in batch mode configuration were carried out. For this pur-
pose, benzaldehyde, acetophenone and ethyl oleate were selected
(Table 2). Reactions were performed under similar conditions than
those described in flow conditions, but under 20 bar H, pressure for
16 h (cy, , = 0.073 M; ie. 10-15 times more than under flow-through
configuration). In this case, conversions were calculated based on the
substrate (limiting reagent).

Full hydrogenation of benzaldehyde to benzylic alcohol was
achieved (entry 1, Table 2); for acetophenone, moderate conversion
was obtained (46 % conversion, entry 2). However, a low conversion
was attained for ethyl oleate (10 % conversion, entry 3, Table 2). These
results proved the catalytic efficiency of the flat sheet membranes at
high pressure. Traces of Pd were detected by ICP-OES (less than 60 ppb
in the extracted organic products).



Table 1
Pd-catalyzed hydrogenation reactions in flow-through configuration in ethanol at 60 °C.

Entry  Substrate® Product Py, [bar] (cHy 5  Reaction time® (Liquid flow Conv. [%)] (selectivity [%])"
™MD rate [mL/min]) [TOF (s~ )1#
1 l 1.4 (0.0051) 8s5x3 (2.0) 100 (100) [1.3]
2 o NN NN~ 2.2(0.0080) 125x3 (0.8) 26 (7)° [0.2]
3 \@\’( \@\( 1.4 (0.0051) 85x3 (2.0) 8 (100) [0.1]
4 o - 1.4 (0.0051) 85x3 (2.0) 0 (0)
})/\/\/\/\AO/\
x. f
5 AN 2.2 (0.0080) 85x3 (2.0) 53 (80)' [0.7]
=Z
6 : NH2 2.0 (0.0073) 125 (0.8) 41 (100) [1.07]
N02 NH2 2.2 (0.0080) 125 (0.8) 21 (100) [0.55]

z
\\<\>
Z
2?9

z

.

2 0.25 mmol of substrate in 25 mL of ethanol (substrate concentration of 0.01 mol L™1). The total palladium to substrate molar ratio was 0.032.

b H, absolute pressure.

¢ Residence time of substrates in the catalytic membrane. 8s x 3 indicating 3 successive filtrations of 8 s each.

4 Conversions were calculated based on H, concentration (see Supplementary Information) and determined by GC-MS and 'H NMR using decane as internal
standard.

¢ Main products correspond to internal alkenes formed by isomerization of the terminal C=C bond.

f In addition to (2)-stilbene, 1,2-diphenylethane was also obtained (ca. 20 %).

& TOF = turnover frequency; TOF = conversion/(Pd load*time).

Table 2
Pd-catalyzed hydrogenation reactions in batch reactor, in ethanol at 60 °C.
Entry Substrate® Product Conversion” [%] (yield [%])
1 100 (100)
_0O OH
2 0] OH 46 (46)

I 10 (100)
a o /H/’J/VV\MO/\

3 0.25 mmol of substrate in 25 ml of ethanol (substrate concentration of 0.01 molL ™ !). The total palladium to substrate molar ratio was 0.032.
> Conversions and yields determined by GC-MS and 'H NMR using decane as internal standard- Conversions were calculated based on the substrate.




Table 3

Pd-catalyzed hydrogenation reactions using a G/L catalytic hollow fiber contactor in ethanol at room temperature.

Entry  Substrate® Product Puy [bar] (cn, () [M])  Reaction time (liquid flow rate [mL/min]) Conv.” [%] (selectivity[%])¢ TOF (s™1)
1 1.4 (0.0051) 1.3 min (0.8) 23 (100) 0.72
NH2 1.4 (0.0051) 2.2min (0.5) 22 (100) 0.41

%9
%2

Y

Selectivity towards the aniline derivative.
TOF = turnover frequency; TOF = conversion/(Pd load*time).

As indicated in Table 1, short reaction times were required to obtain
high conversions for some of the evaluated substrates (i.e. between 12 s
and 24 s) under sustainable conditions in terms of temperature (60 °C),
hydrogen pressure (1.4-2.2 bar) and solvent (ethanol). Even more, if we
assume that the catalytic activity is only attributed to PANP trapped on
the PAA grafted layer, the reaction time 7" is in fact smaller (ie. 7*
between 0.34 and 0.68 s). This remarkable activity is mainly due to the
high local concentration of Pd in relation to substrate (i.e. 120 mol of Pd
per mol of substrate), while having a relatively low total Pd loading in
the membrane (i.e. 0.008 mmol of Pd). The total palladium to substrate
molar ratio was 0.032 considering the whole catalytic material.

3.3.2. Continuous flow hydrogenations using G/L catalytic hollow fibers
contactor

A G/L catalytic hollow fiber contactor module was settled as a proof
of concept for hydrogenation reactions. The objective was to develop
simpler, more compact and efficient process by performing in the same
device the hydrogenation reaction and the continuous supply of hy-
drogen to the catalyst surface to circumvent the low solubility of hy-
drogen in ethanol. The contact of the reacting phases should improve
using hollow fibers in contactor mode, thanks to their high specific
surface [45]. In this case, the limiting reagent is the substrate to be
hydrogenated, therefore conversions were calculated based on the
substrate concentration. The total palladium to substrate molar ratio
was 0.246.

Encouraging results were obtained for the hydrogenation of NO,
group using the G/L catalytic hollow fiber contactor (Table 3). Actually,
the activity observed is as efficient as reported data using PANPs im-
mobilized on imidazolium-functionalized polymers. [46]

However, it was not possible to fairly compare catalytic perfor-
mance of the G/L hollow fiber contactor (entry 1, Table 3) and the flat
sheet membrane (entry 6, Table 1), since reaction conditions greatly
differ and most of them are not favorable for the G/L catalytic hollow
fiber (lower temperature, H, pressure, higher palladium content).

4. Conclusions

To sum up, new polymeric materials were prepared for the im-
mobilization of metal nanoparticles, in this case PANP. These as-pre-
pared catalytic materials were applied in hydrogenations of different
functional groups (NO,, C=C, C=C) under flow-through (flat sheet
membranes) and G/L contactor (hollow fibers) configurations. For the
first configuration, reactions worked under smooth conditions: low
hydrogen pressure (1.4-2.2bar) and 60 °C for short residence times
(< 1 min), using relatively low Pd loading (3.2 mol%). For ketones and
aldehydes, hydrogenations were not efficient in flow-through config-
uration, but flat sheet membranes were active under batch conditions
by applying harsher conditions (20 bar Hp, 16 h). For the G/L catalytic

0.15 mmol of substrate in 15 ml of ethanol (substrate concentration =0.01 mol L™1!). Pd/substrate = 0.246.
Determined by GC-MS and 'H NMR using decane as internal standard. Conversions were calculated based on the substrate.

hollow fiber contactor, promising results were obtained for the hydro-
genation of nitro-arenes.

In order to enlarge the applications scope for both flow modes, we
are currently working in tuning experimental conditions (e.g. increasing
temperature and/or residence time by decreasing liquid flow rate or
increasing H, pressure; tuning the design of the contactor module with
higher packing density).
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