Catalysis Today xxx (XXXX) XXX—XXX

Contents lists available at ScienceDirect

Catalysis Today

journal homepage: www.elsevier.com/locate/cattod

Catalytic Teflon AF-2400 membrane reactor with adsorbed ex situ
synthesized Pd-based nanoparticles for nitrobenzene hydrogenation

Baldassarre Venezia”, Luca Panariello®, Daniel Biri®, Juhun Shin®, Spyridon Damilos?,
Anand N.P. Radhakrishnan?, Chris Blackman®, Asterios Gavriilidis®*

& Department of Chemical Engineering, University College London, Torrington Place, London, WCIE 7JE, UK
Y Department of Chemistry, University College London, 20 Gordon Street, London, WC1H 0AJ, UK

ARTICLE INFO ABSTRACT

Keywords: Among the unconventional approaches of supporting catalyst nanoparticles, the layer-by-layer assembly of
Layer-by-layer assembly polyelectrolyte multilayers for nanoparticle adsorption represents an easy and convenient method. It enables the
Polydopamine deposition of singularly adsorbed nanoparticles and prevents them from aggregating. In this work, poly-

Tubular membrane
Flow reactor

Colloidal nanoparticles
Palladium catalyst

dopamine was grafted onto the internal surface of a Teflon AF-2400 tubular membrane, known for its excellent
permeability to light gases and inertness to chemicals. Poly(acrylic acid) and poly(allylamine hydrochloride)
were sequentially adsorbed onto the modified surface of the membrane. Ex situ synthesized spherical, cubical,
truncated octahedral palladium or dendritic platinum-palladium nanoparticles were then incorporated. The
catalytic membranes were assembled in a tube-in-tube configuration and tested over 6h of continuous ni-
trobenzene hydrogenation with molecular hydrogen. Stable conversion was observed for the truncated octa-
hedral and dendritic nanoparticles, while a progressive deactivation occurred for the other nanoparticles. Due to
their small size, the 3.7nm spherical nanoparticles exhibited the highest reaction rate, 629mol eactant/
(molcacatys-h), while the cubical nanoparticles showed the highest turnover frequency, ~3000 h™'. The reactor
concept developed in this work demonstrates how such a design can serve as a platform for conducting con-
tinuous multiphase catalytic reactions in flow using singularly adsorbed and finely tuned nanoparticles. The
small volume of pressurized gas present in the tube-in-tube reactor offers improved process safety compared to a
batch process, while the Teflon AF-2400 membrane provides control over the gas permeation during reaction.

1. Introduction

Nanocatalysis has attracted considerable attention over recent years
[1-3]. The large surface-to-volume ratio of catalyst nanoparticles offers
a higher catalyst activity with respect to their bulk equivalent [4-6]. In
addition to a size effect, nanoparticle morphology can be of interest in
catalysis, due to the different reactivity of crystalline facets [2,6-8].
However, because of their thermodynamic tendency to aggregate, it is
of paramount importance to stabilize them onto supports, inorganic or
organic [9,10]. Inorganic porous supports for catalytic nanoparticles
have been extensively used [10-12], including carbon [13], silica/
mesoporous silica [14-16], or zeolites [17].

However, the synthesis of these supports generally includes a high
temperature calcination process of the inorganic precursors [18]. Re-
cent trends in supporting nanoparticles on polymeric structures have
attracted attention due to the low temperature and environmental
friendliness of the preparation process [19]. The layer-by-layer (LbL)
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polyelectrolyte assembly has been proven to be a versatile method to
create nanocomposite structures [20]. This approach consists of alter-
nating polyelectrolyte layers that interact electrostatically via their
functional building blocks, creating ultrathin organic films [21]. Decher
in 1991 developed the concept of the consecutive adsorption of poly-
electrolytes, after reporting a method on the successive physisorption of
anionic and cationic bipolar amphiphiles onto charged surfaces
[22,23]. The layer-by-layer assembly method of polyelectrolytes has
been employed in different fields, for both fundamental and applied
research, and among these is the adsorption of nanoparticles [20]. In
this regard, the work by Dotzauer et al. showed that the LbL method can
be applied to porous membranes in order to adsorb nanoparticles for
catalytic applications [24,25]. The internal surfaces of alumina and
polycarbonate membranes were modified by the adsorption of poly
(acrylic acid) (PAA) and poly(allylamine hydrochloride) (PAH), which
provided binding sites for gold nanoparticles [24]. These were em-
ployed in the hydrogenation of 4-nitrophenol into 4-aminophenol by
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sodium borohydride, which flowed through the membrane pores. Re-
sults showed that the LbL method was effective in creating catalytic
sites inside the membrane and allowing for continuous operation.

Liu et al. applied the LbL method to deposit polyelectrolyte layers onto
the outer surface of a polypropylene hollow fibre membrane. Catalyst
particles were then immobilized onto the modified surface by reducing the
adsorbed precursor species [26]. Nitrobenzene hydrogenation to aniline
was studied by pumping it outside the tubular membrane, while hydrogen
was pressurized inside, in a membrane reactor configuration. The reactor
showed stable conversion over hours and process conditions were varied
to prove the flexibility of this catalytic membrane reactor. However, the
synthesis of nanoparticles performed in situ, showed a consequent loss of
control over the catalytic particle size and morphology. Ex situ synthesis
can provide better tuning of the nanoparticles [27,28]. The adsorption of
ex situ 12nm Au nanoparticles inside LbL-modified polyethersulfone
hollow fibre membranes was demonstrated by Ouyang et al [29]. This
study showed that the fibre surface modification led to a high density of
unaggregated nanoparticles that were highly active in the continuous li-
quid phase hydrogenation of 4-nitrophenol.

Dense, hydrophobic, gas-permeable membranes that show high li-
quid pressure breakthrough, like the Teflon AF-2400, have recently at-
tracted considerable interest, due to their high permeability to light gases
and chemical inertness [30,31]. Teflon AF-2400 has been employed in a
variety of gas-liquid and gas-liquid-solid reactions [32-37]. First in-
troduced by the group of Ley [38], Teflon AF-2400 has been employed in
a tube-in-tube configuration for both homogeneous and heterogeneous
continuous hydrogenations. Hydrogen was pressurized outside, while the
reacting liquid was directed inside the membrane [33]. In the case of
homogeneous catalysis, the catalyst was premixed with the substrate and
flowed in the tubular reactor, while when a heterogeneous catalyst was
employed, the catalyst was packed in a column placed downstream of the
tube-in-tube, which was used as pre-saturator.

In order to be able to support the catalyst on the surface of a tubular
Teflon AF-2400 membrane using an LbL approach, an initial surface
modification is required. The discovery in 2007 of the adhesive properties
of polydopamine (PDA) onto different materials by the group of
Messersmith [39], paved the way for applications of PDA coatings in ma-
terial science, chemistry and engineering [40]. PDA contains aminoethyl
and catechol functional groups, which respectively display a positive and
negative charge, making it suitable in the LbL assembly method [41].

In this work, the inner surface of a tubular Teflon AF-2400 mem-
brane was modified, via a PDA coating followed by the sequential de-
position of a PAA and PAH layers. Nitrobenzene hydrogenation with
molecular hydrogen was used as a model reaction and was carried out
over size- and shape-tuned ex situ synthesized palladium-based nano-
particles that were adsorbed onto the inner surface of the modified
tubular membrane. Palladium was chosen as the catalyst due to its high
selectivity in the hydrogenation of the nitro group [42]. Characteriza-
tion analyses and reaction tests were performed on different adsorbed
nanoparticles, demonstrating this reactor concept as an attractive
platform for nanoparticle catalyst testing.

2. Materials and methods
2.1. Nanoparticle synthesis

Sodium tetrachloropalladate(Il) (Na,PdCl, 99.99 %), potassium
tetrachloroplatinate(I) (KyPtCly, 99.99 %), polyvinylpyrrolidone (PVP,
Mn ~55,000), potassium bromide (FT-IR grade, =99 %), r-ascorbic
acid (reagent grade), citric acid monohydrate (ACS reagent, =99.0 %)
and Pluronic® P123 (PEG-PPG-PEG, Mn ~ 5,800) were purchased from
Sigma Aldrich.

2.1.1. Pd nanospheres synthesis
Pd nanospheres were synthesized according to Piao et al [43]. In
detail, 29.4 mg of Na,PdCl, were dissolved in 1 mL of deionized (DI)
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water. Separately, 200 mg of PEG-PPG-PEG were dissolved in 10 mL of
DI water. After the complete dissolution of the polymer, 0.1 mL of the
Pd precursor solution were injected in the polymer solution and stirred
for 24 h at room temperature.

2.1.2. Pd truncated nano-octahedra synthesis

Pd nano-octahedra were prepared according to Lim et al. [44]. In
detail, 68.4 mg of Na,PdCl, were dissolved in 3.6 mL of DI water. Se-
parately, 105 mg of PVP, 60 mg r-ascorbic acid and 60 mg of citric acid
were dissolved in 8 mL of DI water and heated to 100 °C under reflux in
a stirred three-neck flask placed in an oil bath. A volume of 3 mL of the
Pd precursor was then injected in the heated flask. After 3 h, the solu-
tion was removed from the oil bath and allowed to cool at room tem-
perature in open air.

2.1.3. Pd nanocubes synthesis

Pd nanocubes were prepared according to Lim et al. [45]. In detail,
67.1 mg of Na,PdCl, were dissolved in 3.6 mL of a 1.68 M KBr water
solution the day before the synthesis. On the day of the synthesis,
105mg of PVP, 60 mgr-ascorbic acid and 60 mg of citric acid were
dissolved in 8 mL of DI water and heated to 80 °C in a stirred three-neck
flask placed in an oil bath. Then, 3 mL of the prepared Pd precursor
stock were injected in the heated solution. After 3 h, the solution was
removed from the bath and allowed to cool at room temperature in
open air.

2.1.4. Pt-Pd nanodendrites synthesis

Pt-Pd nanodendrites were prepared according to Lim et al. [44]. In
detail, Pd nano-octahedra were prepared as previously described. Then,
1 mL of this solution was added to 6 mL of DI water. In this solution,
35mg of PVP and 60 mgL-ascorbic acid were dissolved. This solution
was heated to 90 °C in a stirred three-neck flask placed in an oil bath.
Separately, 27 mg of K,PtCl, were dissolved in 3 mL of DI water. This
solution was then injected in the heated solution containing the Pd
nano-octahedra, PVP and ascorbic acid. After 3 h, the solution was re-
moved from the heating bath and allowed to cool at room temperature
in open air.

After the synthesis, each colloidal solution was transferred into a
dialysis membrane (Mw cut-off: 12 —14 kDa, Medicell Membranes Ltd)
placed in a DI water bath for 24 h. This was performed in order to re-
move unreacted precursors and excess of reducing agent.

2.2. Membrane modification and nanoparticle adsorption

The tubular Teflon AF-2400 membrane (internal diameter, ID:
0.8 mm, outer diameter, OD: 1.0 mm, length: 30 cm, Biogeneral) was
functionalized with PDA. The polymerization of dopamine was per-
formed in a basic environment and triggered by oxygen dissolved in the
solution. The procedure was taken from Messersmith and co-workers
[39,40]. All polymeric solutions were pumped using plastic syringes
(20 mL, HSW) and a syringe pump (PHD ULTRA, Harvard Apparatus).
Polydopamine was prepared mixing 16 mg dopamine hydrochloride
(Sigma Aldrich) and dissolving it in a 8 mL buffer solution at a pH of 8.5
(Tris-HCI 0.010 M, 2BScientific). The solution was pumped at 17 pL/
min through the membrane for 8 h. Afterwards, the buffer solution was
pumped for 1h at a flowrate of 20 uL/min. The membrane was then
dried in an oven (Lenton) at 60 °C overnight. The procedure for the
adsorption of the following polyelectrolytes was similar to the one
adopted by Dotzauer et al. and Liu et al. [24,46]. The anionic poly-
electrolyte solution was prepared by mixing 0.67 mL of poly(acrylic
acid) (PAA, Mw ~ 5,000, Sigma Aldrich) with 3.33 mL of DI water and
117 mg of NaCl. The pH was increased by dropwise addition of 2M
NaOH (Sigma Aldrich) until a pH value of 3 was reached. The poly-
electrolyte solution was then pumped at a flowrate of 20 uL./min for 2h
through the PDA-modified membrane. Afterwards, DI water was
pumped at 40 pL/min for 1h and subsequently the membrane was
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1. Polydopamine coating 2. Polyanion adsorption

3.Polycation adsorption
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4. Nanoparticle adsorption

Fig. 1. Graphical representation of the PDA/PAA/PAH layer-by-layer modification of a Teflon AF-2400 tubular membrane followed by adsorption of palladium
nanoparticles (PDA: polydopamine, PAA: poly(acrylic acid), PAH: poly(allylamine hydrochloride)).

placed in the oven at 60 °C for 2h. The preparation of the cationic
polyelectrolyte was performed by dissolving 700 mg of poly(allylamine
hydrochloride) (PAH, Mw ~ 17,500, Sigma Aldrich) in 2 mL DI water
and 58 mg NaCl. The mixture was stirred until a clear and homogeneous
solution was obtained. The pH was raised to 6.5 by gradual dropwise
addition of 2M NaOH. The final polymeric mixture was pumped at a
flowrate of 20 uL/min through the membrane for 2 h. DI water was then
pumped at 40 pL/min for 2h, followed by drying in the oven at 60 °C
for 2h. Nanoparticle adsorption was carried out by pumping the na-
noparticle solution at 10 uL/min through the LbL-modified Teflon AF-
2400 tubular membrane for 12 h. Fig. 1 is a graphical representation of
the steps for making the Teflon AF-2400 membrane catalytic, involving
an LbL-modification of the internal surface followed by nanoparticle
adsorption.

2.3. Materials characterization

Prior to adsorption, the nanoparticles were characterized by trans-
mission electron microscopy (TEM, 2100 EXii, 120 kV acceleration
voltage, JEOL) in order to determine their average size and mor-
phology. Surface characterization analyses were performed before re-
action. Pieces from the membranes were cut along the axial dimension
and flattened. Atomic force microscopy (AFM, Dimension Icon, Bruker)
was used for the visualization of the Teflon AF-2400 membrane before
and after the LbL modification, and after nanoparticle deposition. The
AFM was used in Peak Force Tapping Mode at 2 kHz Peak Force
Frequency and 0.5-1 Hz line rate at 256 scans per line resolution. Post-
processing of the raw pictures was performed by a second degree
polynomial flattening. X-ray photoelectron spectroscopy (XPS, K-alpha,
Al source 1486.6 eV, Thermo Scientific) was employed in order to

NO, NHOH

detect the surface elemental composition and the palladium oxidation
state on the modified membrane. The XPS data were calibrated to an
ionization attributed to adventitious carbon at 285.0 eV. To determine
the metal loading of the catalytic membranes before and after reaction,
inductively coupled plasma mass spectroscopy (ICP-MS, 820, Varian)
was used. For this characterization, the membranes were cut into pieces
and aqua regia (3 volumes HCl, 1 volume HNO3) was used to dissolve
the metal nanoparticles to obtain a leachate, which was used for ana-
lysis.

2.4. Nitrobenzene hydrogenation

Nitrobenzene hydrogenation was employed as model reaction to
perform a comparative study of the catalytic performance of the pal-
ladium-based nanoparticles. Scheme 1 shows the generally accepted
reaction mechanism [47,48]. There are two relevant reaction pathways.
The first is the direct three-step reduction of the nitro group into the
nitroso, hydroxylamine and amine group. The second pathway involves
a condensation reaction of nitrosobenzene and N-phenylhydroxylamine
to produce azoxybenzene, which can be further reduced into aniline in
a three-step hydrogenation involving the consecutive production of
azobenzene and hydrazobenzene. However, the mechanism for ni-
trobenzene hydrogenation still represents a topic of research and a clear
reaction mechanism has not been established yet [47,49].

2.5. Reactor design and operation
The LbL-modified catalytic membranes were cut to a length of

20 cm, with an inner surface area of 5 cm? covered with nanoparticles.
They were assembled inside a 15cm long polytetrafluoroethylene
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Scheme 1. Reaction pathways for the reduction of nitrobenzene to aniline.
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(PTFE) tube (ID: 0.063”, OD: 1/8”, Thames Restek), in a tube-in-tube
configuration, using two polyether ether ketone (PEEK) T-junctions
(Upchurch) that sealed the membrane to the inlet and outlet tubes. Pure
hydrogen from a hydrogen generator (PH200, Peak Scientific) was
pressurized in a dead-end configuration outside the membrane (the gas
outlet T-junction was sealed). Hydrogen was delivered from the other
T-junction, permeated through the membrane and reacted on the pal-
ladium-based nanoparticles with nitrobenzene which flowed inside the
membrane. A solution of nitrobenzene in the concentration range of
30—100 mM in ethanol (both Sigma Aldrich) was placed inside an 8 mL
stainless-steel syringe (Harvard Apparatus) and was pumped by means
of a syringe pump (PHD ULTRA, Harvard Apparatus) at a constant
flowrate of 15 pL/min. This corresponded to a residence time of ~5 min
inside the reactor. The syringe was connected to the inlet of the tube-in-
tube reactor, while the outlet was connected to a pressure sensor
(P X 309, Omega) and to an adjustable back-pressure regulator (BPR-01,
Zaiput). These were used to keep the liquid pressure inside the mem-
brane at 6 bar, while the hydrogen was stagnant and pressurized at
5 bar outside the membrane. The lower gas pressure was used to pre-
vent the formation of bubbles into the liquid. Fig. 2 shows the sche-
matic of the set-up. The tube-in-tube reactor was kept inside a bath
filled with water and placed on a hotplate (US152, Stuart). A constant
and uniform water temperature of 30 °C was maintained and measured
by a thermocouple immersed inside the bath and connected to the
hotplate.

Samples were analyzed by a gas chromatograph (7820A, Agilent
Technologies) using a flame ionization detector (FID), a HP-INNOWAX
(19091 —133) capillary column and a liquid auto-sampler. The two
main products detected were aniline and nitrosobenzene. Taking into
account the nitrobenzene, aniline and nitrosobenzene species at the
outlet, the nitrogen balance was calculated relative to the concentration
of nitrobenzene at the inlet. This value ranged between 98 % and 102 %
for all the experiments. Nitrobenzene conversion, X, was calculated
using Eq. (1), where Cypi, and Cnpou are the concentration of ni-
trobenzene at the inlet and the outlet of the reactor. Egs. (2) and (3)

ol &
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Ethanol
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g
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define product selectivity for aniline, Spn, and nitrosobenzene, Sys,
respectively. Here Can our and Cns,oue are the concentrations of aniline
and nitrosobenzene at the outlet of the reactor.

X = Cnp.in — CNBout
Cig.in 1)
S, _ CAN,out
Sy =
Cnpin — CNB,out (2
SNS — CNS,out
Cng,in — Cng,out 3)

The average nitrobenzene consumption rate, r, was calculated ac-
cording to Eq. (4), where Fyg;, is the inlet molar flowrate of ni-
trobenzene and e the molar amount of palladium metal in the re-
actor. For the Pt-Pd nanodendrites the total amount of palladium and
platinum metal was taken into account, despite the latter being much
higher than the former. To estimate the activity of surface atoms, a
turnover frequency, TOF, was defined according to Eq. (5), where R is
the ratio between the number of bulk atoms below the first external
atomic layer to the total amount of metal atoms in the nanoparticle.
Hence, 1-R is the nanoparticle dispersion and its estimation is reported
in the Supplementary Information.

. X Fg,in
Nmetal (4)
r
TOF =
1-R (5)

3. Results and discussion
3.1. TEM characterization of nanoparticles

Nanoparticle size and morphology were analyzed via TEM and size
distribution was obtained using Pebbles [50]. At least 120 particles per
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Fig. 2. Experimental set-up schematic of the tube-in-tube LbL-modified Teflon AF-2400 membrane reactor for the continuous hydrogenation of nitrobenzene on

palladium-based nanoparticles.



B. Venezia, et al.

Table 1
Average particle size along with standard deviation of palladium-based nano-
particles, obtained by TEM.

Nanoparticle Average particle size, nm

Pd nanospheres 3.7 = 0.6
Pd truncated nano-octahedra 3.9 = 0.6
Pd nanocubes 249 = 3.7
Pt-Pd nanodendrites 6.2 = 1.2

sample were analyzed. Average nanoparticle sizes are presented in
Table 1 along with their standard deviation, while TEM pictures are
reported in the Supplementary Information.

3.2. Atomic force microscopy analysis of membranes

Atomic force microscopy micrographs of the membrane surface
before adsorption of the nanoparticles are presented in Fig. 3. The
pristine Teflon membrane surface presents a relatively smooth surface
with an elevation difference of around 10 nm between the lowest and
the highest point. Fig. 3 also displays the modified surface of the
membrane after the LbL sequential adsorption of the polyelectrolyte
multilayers. It is evident that the surface lost its smoothness after the
modification, presenting bulges with an average size of 100 nm and
elevation of ca. 25 nm. Fig. 4 shows the micrographs of the inner sur-
face of the membrane with the adsorbed palladium-based nano-
particles. The surface covered with spherical nanoparticles presented
scattered bulges, which can be ascribed to the polyelectrolyte assembly,
features with a characteristic size in the order of 10 nm and singularly
resolved nanoparticles. The surface covered with truncated octahedral
nanoparticles displayed homogeneously adsorbed singular nano-
particles. It is possible to observe that some bulges created during the
LbL modification provided higher adsorption surface and are covered
by the nanoparticles. For the case of the dendritic Pt-Pd nanoparticles,
these could be observed in the form of clusters of nanoparticles with
dimensions larger than 40 nm. The cubes, which were approx. 25 nm
were singularly resolved by AFM analysis. They were scattered over a
wavy surface and some of them were found buried inside the polymeric
support.

3.3. X-ray photoelectron spectroscopy analysis of membranes

XPS revealed palladium and platinum on the inner surface of the
catalytic membranes (see Supplementary Information). Fig. 5 shows the
high resolution Pd 3d overlay spectra of all samples. Despite the low
signal-to-noise ratio, it is possible to observe that the peaks of the
spherical, truncated octahedral and dendritic nanoparticles are shifted
to approx. 0.3eV higher energy as compared to the cubical

Height Sensor
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nanoparticles. The main Pd 3ds,» peak observed for the cubical nano-
particles was at 335.0 eV, attributed to metallic palladium. This sug-
gests that the Pd cubical nanoparticles displayed less oxidation com-
pared to the Pd spherical, truncated octahedral and dendritic
nanoparticles.

3.4. Hydrogenation of nitrobenzene in flow

3.4.1. Effect of substrate concentration

Continuous reaction experiments with the LbL-modified catalytic
tubular membrane were performed over more than 6 h. The effect of
two nitrobenzene concentrations, namely 30 mM and 100 mM, was
studied using palladium nanospheres. Conversion and product se-
lectivities are reported in Fig. 6. Nitrobenzene conversion for the lower
concentration reached completion over the whole reaction period,
along with a selectivity to aniline in the range of 95-100 %. Conversely,
for the case of 100 mM, conversion dropped from 36 % to 26 % after 6 h
of operation. Selectivity to aniline ranged between 85-88 % and ni-
trosobenzene selectivity increased to 15 % in the last hours of reaction.
This difference can be ascribed to the fact that at a higher concentration
of nitrobenzene, the nitrosobenzene produced in the first reaction step
could not be further hydrogenated under the same catalyst contact
time. However, at a lower substrate concentration the nitrosobenzene
produced could be fully hydrogenated into aniline. Moreover, using
around 3-fold higher substrate concentration, conversion dropped by
ca. a factor of three, from 95 to 100% to 30-40 %. The maximum
possible hydrogen supply rate through the membrane was estimated to
be 2.9 mL/min, assuming full consumption of hydrogen at the catalyst
location (see Supplementary Information). On the other hand, con-
sidering a conversion of 100 % of nitrobenzene to aniline at a flowrate
of 15uL/min and an inlet concentration of 100 mM, the hydrogen
consumption rate was assessed to be only 0.1 mL/min. It is therefore
reasonable to assume that there was no limitation of hydrogen supply.

3.4.2. Comparison of -catalytic performance of different types of
nanoparticles

Reaction experiments involving the use of palladium-based nano-
particles with different morphology and size were carried out over a
period of 6—7h of continuous reaction. The nitrobenzene inlet con-
centration was kept constant at 100 mM, along with a temperature of
30 °C and hydrogen pressure of 5 bar and results are presented in Fig. 7.

As seen in Fig. 7, the nanocubes showed 96 % conversion in the first
hour of operation, but this value steadily dropped to 54 % after 6.5 h.
Over the whole reaction period, selectivity to nitrosobenzene increased
from 5% to 12 % while aniline selectivity dropped from 95 % to 88 %,
possibly because of the simultaneous drop in conversion. The palladium
truncated nano-octahedra exhibited much lower but steady conversion
(7-8 %) after 2 h reaction time and higher selectivity to nitrosobenzene,

24.7 nm

(b)

Height Sensor 200.0 nm

Fig. 3. AFM micrographs of (a) pristine Teflon AF-2400 membrane and (b) LbL-modified PDA/PAA/PAH membrane inner surface before adsorption of nanoparticles.
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Fig. 4. AFM micrographs of the LbL-modified PDA/PAA/PAH tubular Teflon AF-2400 membrane inner surface after the adsorption of (a) Pd spherical, (b) Pd

truncated octahedral, (c) Pd cubical and (d) Pt-Pd dendritic nanoparticles.

Pd 3d,, Pd 3d;,

Nanodendrites
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Fig. 5. X-ray photoelectron spectra of the Pd 3d region of the spherical, trun-
cated octahedral, cubical and dendritic nanoparticles adsorbed over the LbL-
modified PDA/PAA/PAH Teflon AF-2400 tubular membrane inner surface.

with an aniline selectivity of 75 %. An even lower selectivity to aniline,
at higher conversion values, was recorded for the platinum-palladium
nanodendrites. Despite a first drop from 35 % to 21 % in the first 2h of
operation, conversion was stable for more than 4 h, with a selectivity to
nitrosobenzene and aniline equal to 40 % and 60 % respectively. In the
work of Kataoka et al. a similar selectivity of 40 % to nitrosobenzene
was achieved using platinum nanoparticles immobilized inside a cata-
lyst-coated capillary microreactor [48]. An inlet concentration of
50 mM nitrobenzene at a flowrate of 10 uL/min was employed along
with 100 pL/min hydrogen flowrate.

ICP-MS analysis revealed a palladium and platinum metal content
adsorbed in the modified tubular membranes in the range of
0.5—12ug/cm? These values were determined both before and after
the reaction and were used to estimate the consumption rate and the
turnover frequency of nitrobenzene reacting on the catalytic nano-
particles. Table 2 shows the results.

Palladium nanospheres showed a conversion of 36 % in the first hours
of reaction, with a loading of 1.09 ug/cm? which resulted in a con-
sumption rate of 629 mol;eactant/ (MOlcatalyse-h). However, after reaction the
nanospheres-loaded membrane presented leaching of around 12 % of the
initial loading and a nitrobenzene conversion decrease of 28 %. These
values suggest that deactivation cannot be only explained by a mere
leaching effect of the catalyst from the reactor, but to other parallel effects,
such as poisoning or particle restructuring. Similarly to the nanospheres,
but with half the catalyst loading, the truncated nano-octahedra showed
an initial rof similar value, 538 mol esctant/(MOlcagalysh). This can be as-
cribed to their similar average particle size. However, unlike the nano-
spheres, the truncated nano-octahedra exhibited almost no leaching
during reaction and their deactivation should be attributed to other effects.

The reaction rate of the Pt-Pd nanodendrites was assessed taking
into account both the platinum and the palladium loading. It decreased
from ~340 to ~260h~!, from the start to the end of the reaction.
However, a leaching of 29% from the original platinum loading of
3.38 ug/cm? was observed. The same relative drop was observed for the
palladium loading which decreased from 0.17 ug/cm? to 0.12 ug/cm?.
This effect might be among the possible causes for the drop in con-
version from 36 % to 19 % (-47 %). However, based on the external
layer of atoms and assuming the nanoparticle as a sphere, the nano-
dendrites exhibited an initial TOF of 1414h ™!, which was of the same
order of magnitude as the initial TOF of the palladium nanospheres
(1628 h 1) and truncated nano-octahedra (1457 h™1).

Results from batch hydrogenations of nitrobenzene using palladium
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Fig. 6. Nitrobenzene conversion, X, aniline selectivity, Say and nitrosobenzene selectivity, Sys, during the hydrogenation of nitrobenzene in the membrane reactor
with the Pd nanospheres. Nitrobenzene inlet concentration, (a) 30 mM, (b) 100 mM. Liquid flowrate, 15 uL/min; liquid pressure, 6 bar; hydrogen pressure, 5 bar;

temperature, 30 °C.

nanoparticles resulted in reaction rates in the same order of magnitude as
our work. In the work of Huang et al., 2.6 nm Pd nanoparticles stabilized
inside P123 micelles in water were tested at 45 °C and 30 bar hydrogen
pressure [42]. The reaction rate was 245 mol eactant/(MOlcatayseh) after
2h reaction time. Harraz et al. synthesized 4 nm Pd nanoparticles sta-
bilized by polyethylene glycol in ethanol and tested them at room tem-
perature and 1bar H, pressure. A reaction rate of 126 molcactant/
(MmOl qatyseh) after 180 min reaction time was observed [51].

To the best of our knowledge, comparative studies on the effect of
palladium nanoparticle morphology in the batch or continuous hydro-
genation of nitrobenzene are not reported in the literature. However,
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such a study was performed for 2-methyl-3-butyn-2-ol hydrogenation
over unsupported PVP-stabilized Pd nanocrystals [6]. In that work, it
was concluded that the activity of nanocubes and nano-octahedra had a
similar trend, while nanocuboctahedra had the lowest activity because
of the large presence of edge atoms, which disfavoured the 2-methyl-3-
butyn-2-ol hydrogenation.

In our work, estimating the turnover frequency based on the surface
atoms of the nanoparticle, we found that the cubical nanoparticles
demonstrated the highest TOF, in the order of 3000 h ™. This was two
times higher than the nanospheres and truncated nano-octahedra.
However, the reactor with adsorbed nanocubes exhibited a much larger
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Fig. 7. Nitrobenzene conversion, X, aniline selectivity, S4y and nitrosobenzene selectivity, Sys, during the hydrogenation of nitrobenzene in the membrane reactor.
The reactor contained (a) Pd nanospheres, (b) Pd truncated nano-octahedra, (c) Pd nanocubes and (d) Pt-Pd nanodendrites. Nitrobenzene inlet concentration,
100 mM; liquid flowrate, 15 pL/min; liquid pressure, 6 bar; hydrogen pressure, 5 bar; temperature, 30 °C.
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Table 2

Catalysis Today xxx (XXXX) XXX-XXX

Palladium and platinum metal loading per membrane inner surface, nitrobenzene conversion, X, consumption rate, r, and turnover frequency, TOF, before and after
reaction for the Pd spherical, Pd truncated octahedral, Pd cubical and Pt-Pd nanoparticles.

Nanoparticle Metal loading on the membrane, pg/cm? X, % 7, MOl eactant/ (MOlcatarys-h) TOF, h™!

Start End Start End Start End Start End
Pd nanospheres 1.09 0.96 36 26 629 515 1628 1332
Pd truncated nano-octahedra 0.56 0.53 15 7 538 239 1457 647
Pd nanocubes 12.18 4.08 96 54 150 252 2293 3854
Pt-Pd nanodendrites (Pt) 3.38 2.37 36 19 341 257 1414 1067
Pt-Pd nanodendrites (Pd) 0.17 0.12 36 19

conversion drop (—44 %), which can be attributed to Pd leaching of
66 % with respect to the initial loading of 12.18 pg/cm?. An interesting
aspect of the nanocubes adsorption was the 12-fold higher loading that
could be achieved compared to the nanospheres, possibly arising from
their larger average particle size. The ratio between the average volume
of nanocubes (25 nm) and nanospheres (4 nm) can be estimated to be
244. However, the palladium mass ratio between the adsorbed nano-
cubes and the adsorbed nanospheres was only ~12, which indicates
that that a lower number of nanocubes were adsorbed on the membrane
surface with respect to nanospheres.

The enhanced TOF of the nanocubes can be connected to the XPS
results. Their higher reduction degree, as evidenced by their 0.3 eV shift
to lower energy, might be the cause for the enhanced activity.
Palladium metal has in fact the important role of dissociating and
providing surface-reactive hydrogen atoms in the nitrobenzene reaction
[52,53]. The higher catalytic activity of the nanocubes can also be re-
lated to their larger size compared to the other nanoparticles. Carturan
et al. showed an increased TOF as the degree of metal dispersion de-
creased, in the batch hydrogenation of nitrobenzene [54]. The authors
attributed this to the fact that the larger palladium particles favoured
hydrogen dissociation and reduction of the metallic surface, oxidized by
the adsorption of nitrobenzene.

Palladium nanoparticles supported on the inner surface of tubular
membranes can represent a suitable alternative to packed-bed reactors
where internal mass transfer resistances occur inside catalyst particles
and the wetting liquid. Experiments with Au-Pd/TiO, catalyst packed
inside a Teflon AF-2400 tubular membrane were performed in our
group and indicated the presence of internal mass transfer resistance
[36]. Use of immobilized palladium nanoparticles in flow reactors for
the hydrogenation of nitrobenzene can be found in the work of Liu et al.
[26]. In that work, a polypropylene hollow fibre membrane was mod-
ified on its outer surface with PDA followed by poly(sodium 4-styr-
enesulfonate) and PAH. This was assembled in a tube-in-tube mem-
brane configuration and nitrobenzene hydrogenation was performed in
the annulus, while hydrogen was pressurized inside the tubular mem-
brane. The nanoparticles were synthesized in situ after adsorption and
reduction of the palladium precursor on the external surface of the
modified hollow fibre membrane. After 10 h continuous reaction, the
catalyst loading was ca. 47 pug, and the reactor could achieve a ni-
trobenzene conversion of 48 %. The inlet substrate concentration was
30mM with a liquid flowrate of 10 uL/min resulting in an average
consumption rate of around 19 molreactane/(MOlcatalysch), which was
significantly smaller than the one achieved by the nanospheres in our
work. This can possibly be due to the much larger average nanoparticle
size of 100 nm. In a similar work, using the same inlet nitrobenzene
concentration and liquid flowrate, nitrobenzene hydrogenation was
performed over a Pd/y-Al,O3 catalyst coated on a poly(dimethylsi-
loxane) flat membrane with hydrogen flowing on the other side of the
membrane [55]. This showed 52 % conversion at 110 mM nitrobenzene
inlet concentration, 10 uL/min liquid flowrate and using 1.9 mg catalyst
coated on the membrane. The catalytic layer produced in that work was
homogeneously distributed over the membrane with a depth of 1 um.

4. Conclusions

A Teflon AF-2400 tubular membrane was modified via adsorption of
polyelectrolyte multilayers onto which palladium-based nanoparticles
with different size and shapes were adsorbed. The use of a Teflon AF-
2400 membrane, allowed operating at high liquid pressure without gas
bubble formation in the liquid. AFM showed the presence of adsorbed
nanoparticles on the inner surface of the membrane, along with a wavy
topography of the membrane surface after modification with the
polyelectrolyte assembly. X-ray photoelectron spectroscopy highlighted
a shift to high binding energies for the palladium in the spherical,
truncated octahedral and dendritic nanoparticles with respect to the
cubical. This indicated a higher oxidation state for the these nano-
particles compared to the nanocubes. The catalytic membranes were
assembled in a tube-in-tube reactor configuration and tested for ni-
trobenzene hydrogenation in flow. The palladium nanospheres of 4 nm
size showed a stable conversion close to 100 % for over 6h of con-
tinuous reaction with almost no by-product formation, when using
30mM nitrobenzene inlet concentration; however, deactivation was
observed with 100 mM nitrobenzene concentration. A comparative
study of the performance of different palladium-based nanoparticles
revealed a high consumption rate of nitrobenzene of around
600 mol,cactant/ (MOlcatatys-h) in the first hours of operation using the Pd
nanospheres, attributed to their small size. However, the highest turn-
over frequency based on the nanoparticle surface atoms was observed
for the nanocubes, which was in the order of 3000 h~'. This was pos-
sibly due to the lower oxidation state of cubical nanoparticles. Leaching
of metals from the reactor was found to be the highest for the one
loaded with nanocubes, while almost no losses were recorded in the
case of the truncated nano-octahedra.
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