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Heterogeneous catalysis is widely exploited by the chemical industry, both in batch reactors and in

continuous flow, the latter via the use of packed bed reactors. Unfortunately, the transfer of commercially

available heterogeneous catalysts to high pressure flow systems is often difficult, with challenges such as

catalyst deactivation through metal leaching, and the crushing of pelleted supports. Thus, the limited

availability of suitable catalysts for heterogeneous flow processes, which can satisfy all the requirements for

its application, is a major bottle neck in the commercial implementation of these systems. Polymer-based

spherical activated carbon beads (diameter = 474 ± 96 μm) offer a promising solution: these small,

spherical and monodisperse beads have high mechanical strengths and large surface areas (1583 ± 8

m2 g−1), offering desirable properties for this task, such as reproducible packing and low pressure drops

across packed catalyst beds. Two series of Pd/C spherical bead catalysts were synthesised and compared

to a commercial catalyst from Johnson Matthey (1 wt% Pd/C pellets), in small scale screenings (20 mg) via

a recirculating batch platform, for their activity in a model nitro reduction reaction. It was observed that

small, robust, highly active palladium nanoparticles (PdNPs) supported on spherical carbon beads with a

narrow size distribution (e.g. 1e – Pd – dNP = 5.0 ± 1.4 nm) can be synthesised via solution phase

deposition. In contrast, the NP catalysts made via gas phase deposition were much larger (e.g. 2e – Pd –

dNP = 22.8 ± 13.1 nm), less active and unstable due to metal leaching. The applicability of these NP

catalysts for use in continuous flow was subsequently demonstrated on a larger scale (0.5–1 g), with a high

activity and stability achieved over a two day operating period. This work demonstrates the production of

an active, stable heterogeneous catalyst suitable to be employed in a pilot scale continuous flow packed

bed reactor, for the production of APIs.

Introduction

Catalysis has become fundamental and essential to the
production of a vast number of chemical processes and is
involved in at least one step for the production of over 90% of
all chemical products.1 Catalysis is exploited in a wide variety
of industrial applications from fine chemicals (i.e.
pharmaceuticals, agrochemicals etc.) to the production of
fuels and polymers,2 offering an alternative chemical pathway
which requires a lower activation energy toward product

formation.3 Creating novel, active, but also stable catalysts is
a pivotal and growing area of research, which has led to the
enhancement of new and existing chemical processes that
maximise yields and reduce waste in order to make industrial
processes more efficient and use fewer raw materials.4 The
majority of applied catalysis performed, homo- and
heterogeneous, uses precious metals due to their activity and
selectivity for key reaction steps.5,6 The immobilisation of
these metal catalysts onto supports promotes catalyst stability
and recyclability, with the ease of separation and regeneration
of the catalysts, improving the purity of products in many
cases. This ease of separation is particularly beneficial when
the catalysts are used in continuous flow, with packed bed
reactors being well documented for their use in the
pharmaceutical industry for the production of active
pharmaceutical ingredients (APIs).7–9 The advantages of flow
chemistry are well defined in the literature,10 these include
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improved heat and mass transfer, easier scale up and better
process control, leading to less waste and improved safety of
the reactor systems. However, the transfer of heterogeneous
catalysis to high pressure flow systems is known to cause
significant problems including metal leaching and crushing
of the catalyst support, ultimately leading to blockages, and
reducing the efficiency of the overall process.

Ideally, catalysts need to be supported on an appropriate
material to benefit fully from the advantages of continuous
flow operation. Supports are required to have a large active
surface area and maintain chemical and physical stability,
whilst also limiting the pressure drop across the reactor bed.11

Carbon-based supports, especially when used with precious
metals such as Pd, Pt or Rh, have been reported to provide a
highly active and chemically stable catalyst support
surface.12–14 Many types of carbon supports have been
documented in the literature, including powders, foams, and
pellets.15–17 Larger supports lead to lower pressure drops across
the reactor but typically cause a decrease in the active surface
area, as well as inhomogeneity in the flow path through the
catalyst bed, both decreasing the efficiency of the catalyst.18

Pressure drops have been modelled for different flow regimes
and guidelines, outlined by Hickman et al. in 2016, suggest
that a maximum pressure drop of 20% of the reactor inlet
pressure is acceptable for successful operation.19 The ratio
between particle size and reactor column internal diameter has
been identified as an important factor to consider when
designing reactor systems.20

Polymer-based spherical activated carbon beads (PBSAC)
are a relatively new and promising support; with highly
tuneable and controlled pore sizes, a high mechanical
strength, and large surface areas.21,22 These polystyrene–
divinylbenzene based materials are available commercially
and a number of studies have reported their use for the
adsorption of dyes and toxins in the treatment of water23 and
as catalyst supports for reactions in continuous flow.24,25

They pack regularly and show comparatively smaller pressure
drops across packed bed reactors, as well as a high activity
when combined with metal NP catalysts.26 In order to
improve upon existing catalysts, the NPs must be stable and
available for reactions on the support material.27 For this to
be achieved, the NPs must be effectively bound to the
support surface. Munoz et al. reported the development of
1 wt% Pd/PBSAC catalysts for application in
hydrodechlorination to treat contaminants in wastewater.
The PBSAC support was first oxidised with H2SO4 to remove
their hydrophobic properties, allowing for their use in
aqueous conditions and providing oxygen rich sites for Pd
anchorage before functionalisation of the beads with Pd via
ion-exchange. The group reported reaction kinetics similar to
commercial powdered catalysts and noted their long-term
stability in continuous conditions.28

This work aims to investigate how the method of PdNP
deposition affects the catalyst activity for a known, well
understood, pharmaceutically relevant model reaction.
Additionally, the stability of the catalyst will be monitored

and characterised for extended use, to study their industrial
applicability. A heterogeneous hydrogenation will be used to
investigate activity of the catalysts, as this reaction is
prevalent in industry and used in the production of APIs,
with GSK reporting that 77% of their fundamental gas–liquid
transformations are heterogeneous hydrogenations.26

Hydrogen gas has been utilised in this three-phase
hydrogenation which is atom efficient, and safer when used
in continuous flow, with the benefit of smaller amounts of
hydrogen being used at one time.29

Materials and methods
Materials

The unfunctionalized PBSAC beads used in this work were
supplied by IBUtec, Germany. A commercial egg-shell catalyst
with PdNPs supported on extrudate carbon pellets (product
code: 113784) (1 wt%) was supplied by Johnson Matthey (JM).
Tris(dibenzylideneacetone)dipalladium, palladium(II)
hexafluoroacetylacetonate, methanol (>99%) and biphenyl
(99.5%) were purchased from Sigma Aldrich. Nitrobenzene
and aniline (99.5%) were purchased from Acros Organics.
Hydrogen gas (99.9%) was purchased from BOC. All reagents
were used without further purification.

Pd/C bead catalyst preparation

Two methods of deposition on to the carbon beads were
evaluated: solution phase deposition (impregnation); and gas
phase deposition (sublimation–deposition). These procedures
were adapted from those reported by Aygün et al. for the
deposition of palladium on graphitised carbon nanofibers
(GNFs).30

Solution phase deposition (1a–e). PBSAC beads were
heated in a furnace at 300 °C for two hours and cooled to
room temperature. A portion of beads (100 mg) was then
sealed in a flask and stirred with chloroform (1 mL).
Pd2(dba)3 (4.35 mg, 9.49 μmol), equivalent to 1 wt% Pd was
dissolved in chloroform (9 mL) and added dropwise to the
flask over 10 minutes, and then heated to 40 °C for 24 hours.
The beads were filtered, washed with chloroform, and dried
under reduced pressure for 24 hours to give 1a (108.6 mg,
107.5%). This procedure was repeated at varying Pd loadings
(2, 3, 4 and 5 wt%, 1b–e respectively).

Gas phase deposition (2a–e). PBSAC beads were heated in
a furnace at 300 °C for two hours and cooled to room
temperature. The beads (75 mg) and Pd(HFAc)2 (3.71 mg,
7.12 μmol) were sealed in an ampule under reduced pressure
(3.5 × 10−2 mbar), and subsequently heated to 180 °C for 72
hours in an oil bath. The ampule was removed from the bath
and rapidly cooled in ice. The material inside the ampule
was transferred to a clean ampule and placed under nitrogen
at a reduced pressure (7.1 × 101 mbar). The ampule was
heated in a furnace at 500 °C for one hour to give 2a (74.2
mg, 97.9%). This was repeated at varying Pd loadings (2, 3, 4
and 5 wt%, 2b–e respectively).
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Material characterisation

ICP-MS. Inductively-coupled-plasma-mass-spectrometry
(ICP-MS) was conducted using a Perkin Elmer ELAN DRC-e
ICP-MS instrument, to determine the Pd loading onto the
carbon beads using both deposition techniques. Samples (5
mg) were heated to 600 °C in a muffle furnace for two hours
to remove the carbon support. Aqua regia (5 mL, HCl, 35%:
HNO3, 65% in a 3 : 1 ratio) was added to dissolve the Pd and
the solution was diluted with ultrapure (99%) water (45 mL).
Calibration solutions (2, 4, 6, 8, 10 mg L−1) were prepared
from a Pd standard purchased from Sigma Aldrich.

Brunauer–Emmett–Teller (BET). The pore structure and
surface area of the Pd/C materials were characterised by nitrogen
adsorption–desorption using a Micrometrics Tristar at −77 K.
Samples were dried by heating under nitrogen at 100 °C for 6
hours before samples were analysed on a Tristar instrument.

Mastersizer. The average particle size of the
unfunctionalized beads was determined using the Mastersizer
3000. The beads (1 g) were suspended in water and stirred
using a Hydro MV at 3500 rpm. The beads were then pumped
through the Mastersizer, and the particle size distribution
was determined from the scattering angle of the laser.

SEM, TEM, and STEM. Scanning electron microscopy
(SEM) was performed using a Nova NanoSEM 450.
Transmission electron microscopy (TEM) and scanning TEM
(STEM) were performed using a FEI Titan3 Themis 300
microscope, to investigate the average size and size distribution
of the PdNPs deposited using the two deposition techniques.
The catalyst samples were ground into a fine powder and
dispersed in isopropyl alcohol before being drop cast onto a
200-mesh holey carbon supported copper TEM grid. 200
nanoparticles were sized for each sample using ImageJ.

Plasma FIB-EDS. An AmberX Xe plasma focused ion beam
(PFIB) from Tescan, with an Oxford instruments 170 mm2

XMAX EDS detector and a Tofwerk time-of-flight secondary
ion mass spectrometer was used to conduct PFIB analysis on
the catalyst materials. The material was immobilised on
carbon paint and the data analysed using Oxford Instruments
Aztec software.

XPS. X-ray photoelectron spectroscopy (XPS) analysis was
conducted on a SPECS EnviroESCA system with an Ar cluster
source, charge neutralisation and sample heating and
cooling, with samples immobilised on carbon tape and
analysis completed under 3 mbar of nitrogen pressure.

The data has been processed using CasaXPS software. The
spectra were calibrated against the adventitious C 1s peak,
which was set to a binding energy of 284.8 eV. The angular
distribution correction was set to 54.7°. Survey spectrum
quantification was performed using the quantify tool in
CasaXPS. Shirley-type backgrounds were applied to the
elemental peaks, subsequent integration of the peaks
enabled quantification of the atomic concentrations at the
surface of the sample. Default RSF values for each element
contained within the software were used to scale the peak
areas. A Shirley background was also defined for the high-

resolution spectra. When deconvolving the Pd 3d high-res
spectra, the Pd(0) contributions were assigned an asymmetric
LA (1.9, 7, 2) line shape. All other peaks were then fitted with
GL(30) line shapes. The area of the Pd 3d3/2 peaks were
constrained to two-thirds the area of the Pd 3d5/2 peaks. The
position of the Pd 3d3/2 peaks was constrained to +5.3 eV of
the corresponding Pd 3d5/2 peaks.

Crush testing. The mechanical strength of the PBSAC
spheres and commercial JM pellets was tested according to a
modified version of the ASTM D-4179 standard test for single
pellet crush strength using an Instron-5566.31 The catalysts
were heated at 250 °C under dynamic vacuum for 3 hours to
remove water and then stored under nitrogen in a desiccator
until analysis. For measurements, increasing force at a
uniform rate of 0.05 N s−1 was applied until crushing of the
particle occurred. The JM pellets were crushed in a radial
orientation. For each sample, 50 particles were crushed.

Catalyst testing

Recirculating batch platform – typical procedure. See ESI†
for full platform design (Section S1). The Omnifit column was
packed with the catalyst with the remainder filled with glass
beads (further details and packing shown in Section S2 of
ESI†). In a typical experiment, the system was flushed with
nitrogen gas to remove air from the system, and then flushed
with hydrogen gas (20 mL min−1) at 35 °C for 90 minutes at 7
bar pressure. The reactant solution of nitrobenzene (150 mg,
0.08 M in methanol) and the internal standard biphenyl (75
mg, 0.03 M) were then pumped through the reactor (along with
the hydrogen gas) at 1 mL min−1 for six hours. Samples were
taken at one, three, five and six hours during the reaction and
analysed by gas chromatography-flame ionization detector (GC-
FID) – method shown in Section S3 of ESI.†

Packed bed reactor – typical procedure. See ESI† for full
platform design (Section S4). The stainless-steel column was
packed with the catalyst, with the remainder of the column
filled with glass beads. The reactor was first flushed with
nitrogen gas and then hydrogen gas at 50 °C and 40 bar
pressure. The reactor was then flushed with MeOH at 1 mL
min−1 and hydrogen at 50 mL min−1 at 50 °C for 45 minutes
before starting the reaction to activate the catalyst. The
solvent pump was then turned off and the reaction pump
was started at 1 mL min−1, with the starting material
reservoir concentration the same as the recirculating batch
experiments (0.08 M). The reaction was allowed to reach
steady state for 60 minutes and then sampled and analysed
by GC-FID.

Results and discussion

The PdNPs were formed on the carbon beads using solution
phase deposition and gas phase deposition with a range of
loadings (1–5 wt%) as described above and shown in Fig. 1.
This was based on previous work by Aygün et al., who used
similar deposition techniques to deposit Pd and Pt on
GNFs.30 The catalysts for ease of identification are labelled 1
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for solution, and 2 for gas deposition, and a–e for the various
loadings for each deposition technique, with a being the
lowest Pd wt% and e being the highest. The Pd content of
the beads produced was quantified by ICP-MS with the
expected and actual loadings for each batch illustrated in
Fig. 2. Gas phase deposition produced catalyst particles with
a greater Pd content than solution phase deposition at all Pd
loadings, however, both contained less Pd than theorised.
When forming catalysts 2a–e, the ampule containing the
beads and Pd precursor is rapidly cooled, and the Pd is
deposited where it is located within the ampule at that time,
including on the inside of the glass. This results in some of
the Pd precursor being deposited on other surfaces,
decreasing the Pd loading on the carbon beads. The Pd
loading on catalysts 1a–e was much lower than expected,
possibly due to a low affinity of the Pd precursor to the
carbon beads, however, this is not well documented in the
literature. No optimisation of either technique was performed

in this work, but variables such as temperature and the
amount, and type of solvent used could be varied to increase
the Pd loadings onto the beads.

Catalyst characterisation

N2 adsorption/desorption was used to characterise the pore
structure and surface area of the carbon beads and supported
catalysts. BET analysis showed a high surface area for the
unfunctionalized carbon beads of 1583 m2 g−1, with other
details including pore size and crush strength summarised in
Table 1. The surface area of both the supports and Pd loaded
catalysts were comparable to other PBSAC beads in the
literature (1160–1946 m2 g−1).23,33 However, their surface area
was much larger than alternative carbon supports (such as
the activated carbon supports – 890 m2 g−1 and carbon
nanotube supports – 531 m2 g−1 reported by Pikna et al.).15

This shows there is a potentially larger active surface area
with the possibility for more catalytically active sites upon NP
deposition. The BET surface area of the catalysts decreased
with the deposition of PdNPs, likely due to the blocking of
some of the smaller micropores within the carbon bead,
causing these to become inaccessible. This is in keeping with
observed decrease in pore volume and an increase in the
average pore size measured for all functionalised catalysts,
which both occur to a larger extents with increasing Pd
loading (see ESI† Section S6 for summary).

The crush strength of the PBSAC beads, functionalized
PBSAC catalysts, and commercial Pd/C pellets was tested to
assess their applicability for use in high pressure packed bed
reactors (Table 1). The data shows that the mechanical
strength of all four materials were similar and within the
error calculated by taking the standard deviation of 50
samples. However, the advantage of using catalyst supports
such as PBSAC beads for continuous flow applications is that,
due to their spherical shape, they pack into a column more
uniformly than extruded pellets, and therefore the catalyst
bed performance should, in principle, be more reproducible.

Fig. 1 Deposition techniques used to form PdNPs on to the surface of carbon beads. a) Solution phase, dissociative adsorption of Pd2(dba)3 from
CHCl3, and b) gas phase deposition of Pd(hexafluoroacetylacetonate)2, followed by thermal decomposition.

Fig. 2 ICP-MS data showing the actual vs. the expected PdNP
loadings for the different deposition techniques, black = 1a–e, and red
= 2a–e.
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SEM was utilised to show the topography and
characteristics of the surface and inner pore network of the

carbon beads – shown in Fig. 3a (see ESI† Section S7 for
more SEM images of beads). Cracks on the surface can be

Table 1 Summary of catalyst characteristics

Catalyst Average particle sizea (μm)32
Pore volumeb

(cm3 g−1)
SSAb,c

(m2 g−1)
Average pore
diameterb (nm) Crush strength (N)

1 wt% JM Pd/C pellets Length – 307, diameter – 165 0.16 1102 3.9 1.12 ± 0.55
PBSAC beads 465 0.66 1582 12.8 0.69 ± 0.27
1e 465 0.57 1136 17.3 0.79 ± 0.33
2e 465 0.62 1275 20.7 1.09 ± 0.34

a See Section S5 in ESI† for size distribution. b See Section S6 in ESI† for all catalyst BET data. c SSA = specific surface area.

Fig. 3 Characterisation data from SEM and TEM for 1a–e and 2a–e. a) SEM images of the external surface and internal pore structure of an
unfunctionalized PBSAC bead. b) TEM images showing the size of the nanoparticles made via the two deposition techniques, showing the smaller
nanoparticles of catalyst 1e, than 2e. c) TEM data showing the size of Pd nanoparticles for different Pd wt% loadings for 1a–e (left) and 2a–e (right)
showing the increase in the average size and size distribution of the PdNPs made via the two deposition techniques. d) SEM image, EDS maps and
line scans for carbon and palladium elemental content for 1e. * = surface of the bead.
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seen that are created during the production of the carbon
beads. An energy dispersive X-ray spectroscopy (EDS) map
shows that the PdNPs are homogeneously distributed over
the surface of the carbon beads but are more concentrated at
the defects (i.e., cracks) on the surface (see Section S8 in ESI†
for EDS map). The cracks offer beneficial sites for the
nucleation and growth of the NPs with strong binding to the
Pd achieved at these defects.34 Whilst this is anticipated to
enhance the stability of the PdNPs located here, it may also
have a negative effect on the mechanical strength of the
catalyst, thus making it an important parameter to control
during manufacture.35 Cracks in PBSAC beads are well
documented in the literature, with An et al. investigating
PBSAC preparation for supercapacitor electrodes, noting that
an increase in activator dosage and activation temperature
caused more cracks in the surface.36 Singh et al. developed a
method for producing activated carbon spheres using resole-
type cross-linked phenolic beads and showed the correlation
with an increase in surface cracks with an increase in burn-
off, leading to a detrimental effect on their mechanical
strength (120 N mm−2 to 3 N mm−2).37

TEM and STEM were used to investigate the size
distribution of the NPs deposited on the carbon beads. The
results of the TEM and STEM analysis are shown in Fig. 3
(more TEM images of each catalyst are shown in Section S9
in the ESI†). The data shows catalysts 1a–e possess NPs with
much smaller diameters and narrower size distributions than
2a–e. The average size of the NPs and size distribution
increased slightly with an increase in loading, but all
loadings gave NPs of less than 10 nm in diameter for
catalysts 1a–e. TEM data for 2a–e also showed an increase in
the average size and size distribution of the NPs as the Pd
loading increased. The increase in Pd content of the gas
phase deposition catalysts seems to suggest that any increase
in Pd content, preferentially promotes the growth of existing
NPs rather than the nucleation of new NPs. Aygün et al. also
found this trend with the deposition of 0.5 wt% Pd on GNFs
using these two techniques. The Pd-GNFs made via gas phase
deposition were larger in size and had a greater size
distribution (10.79 ± 3.86 nm) than those made with solution
phase deposition (2.26 ± 0.56 nm), suggesting that the
increase in size of the NPs is not due to the nature of the
support, but due to the deposition technique used.30

Plasma focussed ion beam SEM-EDS (PFIB-SEM-EDS) was
used to investigate the location and depth of the PdNPs on
both the PBSAC-based catalysts (PFIB data for catalyst 1e
shown in Fig. 3d and see Section S10 in ESI† for 2e). Catalysts
1e and 2e were analysed using this technique and both
showed only a slight decrease in Pd concentration below the
surface of the carbon bead; however, it showed that the Pd
concentration did not decrease to zero, showing consistent
amounts of Pd present throughout the entire carbon support.
FIB-SEM-EDX has previously been reported for the
commercial pellets by White et al. showing that the location
of the Pd is limited to the top 6 μm of the pellets.32,38 BET
data shows the pore diameter is much smaller for the

commercial pellets than the beads, likely making deposition
of Pd more difficult in the pores of the pellets.

Activity of the catalysts

Nitrobenzene hydrogenation experiments were performed in
a recirculating batch platform (Fig. 4a and b) designed to
enable screening of relatively small amounts of catalysts (20
mg) before they are scaled up and used in a larger packed
bed flow reactor system (0.5–1 g). The principle of our new
testing unit is to benefit from advantages of a continuous
flow of gaseous reagents (constant replenishing of the H2 in
the system over the course of the reaction), whilst
maintaining control the reaction conditions (pressure,
temperature, and both gas and liquid flow rates) and the
versatility of operation in batch. This platform allows the
nitrobenzene solution to pass over the catalyst bed multiple
times, and benefits from the ease of sampling at ambient
temperature and pressure. The column also contains a
hydrogen pre-saturation section of only glass beads before
the reactants meet the catalysts, to ensure that the reaction is
not mass transfer limited. The system and instrumentation
are detailed in Section S1 of the ESI.†

Pressure drop data were collected across the catalyst bed
to quantify the pressure drop for the smaller carbon bead
support compared to the commercial pelleted carbon support
(data shown in Section S11 of ESI†). The reactor pressure is a
highly influential factor on hydrogen solubility and reaction
rate, thus effecting reaction yields and selectivity.39 It was
found that there was a comparable pressure drop for both
the PBSAC and commercial pelleted catalysts, showing a 0.1
bar pressure difference (5%) and demonstrating the
applicability of carbon beads as a catalyst support for
industrial use and scale-up. This value also satisfies the
maximum pressure drop stated in the recommended
guidelines by Hickman et al. (<20%).19

Fig. 4c illustrates the difference in activities for the
catalysts at different wt% loadings. The data points were
fitted using a two-component model, the initial period (0–60
min) incorporates a hydrogen limited regime, as previously
been reported by White et al.32 A pseudo first order reaction
model is then fitted for the final five hours, with the
combined model enabling calculation of observed rate
constants for each synthesised catalyst, as well as the
commercial catalysts (Fig. 4d). The reactions with catalysts
1a–e all reached completion within the first five hours
showing a high activity for those synthesised via solution
phase deposition. The size of the metal catalyst nanoparticles
has been shown to be directly related to the catalyst activity.40

The smaller the nanoparticle size, the larger the active
surface area to volume ratio, providing more sites for
catalysis. The smaller NPs present in catalysts 1a–e were
shown to be much more active in the reduction of
nitrobenzene (cf. Kobs = 0.46–1.41 mol L−1 h−1), presumably
due to their larger catalytically active surface area. The larger
NPs observed in catalysts 2a–e have a smaller active surface
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area, which resulted in the decrease in activity for the
reduction of nitrobenzene, with their calculated rate
constants (Kobs = 0.13–0.24 mol L−1 h−1), much smaller than
those made via solution phase deposition. The difference in
catalytic activities appears to be primarily a result of the Pd
NP size in the two catalyst types, with smaller NPs (<5 nm)
shown to be more active for the reduction of nitrobenzene,
as there was no difference in the location of the PdNPs made
via the two deposition techniques.

The commercial pelleted JM catalysts showed a similar
activity to catalysts 2a–e over the 6-hour period. This is likely
due to a difference in the catalyst support and location of the
NPs, rather than NP size, as TEM analysis previously reported
by White et al. for the commercial JM catalysts showed similar
NP sizes and distribution s (dNP = 6.0 ± 2.0) to the solution
phase deposition catalysts (cf. dNP = 3.2–5 nm, see ESI† Section
S12 for TEM data).32,41 N2 adsorption/desorption showed that
the carbon bead support exhibited a larger BET surface area
and a greater pore volume and diameter than the commercial
pellets, which could mean more sites are available for catalysis.
The PdNPs are also not limited to the surface of the catalyst for
1a–e and 2a–e (as they are with the JM commercial pellets),
which may indicate that the pores are accessible for catalysis
and offer beneficial sites for catalysis during the reaction.

Turnover numbers (TON) and turnover frequencies (TOF)
were calculated using the equations outlined in Section S13 of

the ESI,† allowing for a direct comparison between the
catalysts for each deposition technique (summary of all TON
and TOF for all catalysts in Section S14 of ESI†). The TONs
showed a decrease with an increase in Pd loading, with 1a
having the largest TON at 2246 and a TOF after six hours of
reaction of 374.3 h−1. This can be compared to other catalysts
in the literature (summarised in Section S15 in ESI†). Wang
et al. reported a TOF of 108.8 h−1 for a Pd/C that used
activated carbon as a catalyst support.42 This is three times
less than the catalyst 1a reported here, but greater than 2a–e
(which displayed a TOF of 78.5–21.1 h−1 respectively). The
data shows that the TON for the commercial pelleted catalysts
was much lower than 1a–c, reflecting their lower activity. The
greater activity of catalysts 1a–c is beneficial as this allows
similar, or more importantly, a decrease in the amount of Pd
required. This leads to a reduction in the use of the limited
precious metal resources, while maintaining the same
catalytic activity and more reproducible packing in packed
bed reactors due to the spherical shape of the support.

Stability tests

It is also important for industrial application that the
catalysts prepared in this work are stable for extended
periods of time and research is still required in this area to
minimise the waste of precious metals used in catalysis due

Fig. 4 a) Nitrobenzene reduction with Pd/C catalyst and hydrogen gas to aniline. b) Schematic diagram of the recirculating batch platform for the
continuous hydrogenation of nitrobenzene for catalyst screening. c) A comparison of the activities of the catalysts 1a–e (red) 2a–e (blue) and the
commercial catalyst pellets (grey). d) Relationship between rate constant k and the palladium loading % on each catalyst, with solution phase
catalysts 1a–e in red, gas phase catalysts 2a–e in blue, and the commercial pellets in grey. Reaction conditions – 7 bar pressure, 35 °C, 1 mL min−1

liquid flow rate (0.08 M), 20 mL min−1 hydrogen flow rate, Pd/C catalyst (20 mg).
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to catalyst deactivation.43 The stability of both PBSAC
catalysts 1e and 2e was tested in the recirculating batch
platform; the reactor configuration was altered so the
reaction solution and hydrogen would only pass over the
catalyst bed once (see details in Section S16 of the ESI†). The
stability of the two catalysts was recorded over an 11-hour
period and is shown in Fig. 5.

The data shows no significant decrease in the activity of 1e
with the catalyst staying stable for the entire 11-hour experiment.
However, a decrease in activity was seen for 2e over the 11-hour
reaction, indicative of slow deactivation of the catalyst.

XPS was used to determine the oxidation state of the
PdNPs on the surface of the carbon beads before and after the
reaction to probe the deactivation mechanism of the catalysts
(see Section S17 in ESI† for survey and high res XPS spectra).
Samples 1e and 2e (the highest loading for each of the
different catalysts) were chosen for analysis to ensure the
signal to noise ratio was high enough for good fitting of the
data to be achieved. The results showed that in all samples,
the most abundant form of Pd is Pd(0), indicated by the large
peaks at 335.4 eV and 340.7 eV in the high-resolution Pd 3d
spectra, which correspond to characteristic binding energies
for the Pd(0) 3d5/2 and 3d3/2 peaks, respectively.44 The high-
resolution Pd 3d spectrum for catalyst 1e shows a relatively
large amount of Pd(II), as shown by the deconvoluted peaks at
higher binding energies. This is most likely in the form of
PdO; due to the small size of the nanoparticles, their surface
is prone to oxidation.45,46 Catalyst 2e exhibited a much lower
concentration of Pd(II). The Pd 3d3/2 peak has a long tail
compared to 1e, which was attributed to PdF2 from the
Pd(HFAc)2 precursor and the presence of a plasmon loss
peak.44 Following use in the catalytic reaction, the overall
concentration of Pd(II) decreases similar to 1e. This showed
there was no significant change in oxidation state for catalyst
2e showing mostly Pd(0), which is characteristic of PdNPs,
both before and after the reaction.47 Upon using the catalyst
in the reaction, the concentration of Pd(II) decreases as it is
reduced via the catalytic mechanism with H2 gas. This is
shown in the increase in the peak area of the Pd(0) species,

see ESI† Section S17. As the oxidation state of the PdNPs on
catalyst 2e did not change significantly during the reaction,
ICP-MS was subsequently used to investigate the deactivation
mechanism of the catalyst. This showed a large decrease in
the Pd% loading for the 2e catalyst from 3.8 to 1.5 wt% Pd,
showing the deactivation mechanism was likely to be due to
metal leaching form the carbon support. ICP-MS was also
performed for 1e and no change in Pd metal content was
seen, showing no loss of Pd via metal leaching from this
catalyst. Therefore, the stability of 1e was assessed for 24
hours at the same concentration and reaction conditions as
used previously. Catalyst 1e showed no deactivation, and the
data shows that under these mild reaction conditions, the
catalyst could be used with no user intervention for 24 hours
with no decrease in activity, generating 1.33 g of aniline using
only 20 mg of catalyst in relatively dilute concentrations. TEM
analysis was also performed to look at the PdNP size before
and after this reaction and showed no change in either the
size or size distribution (see ESI† Section S9). The data
showed that the most suitable catalyst candidate for scale-up
was 1a due to the high activity and stability of this catalyst.

Transfer and scale-up into packed bed reactor system

The activity of the catalysts for the reduction of nitrobenzene
was also evaluated on a large scale (0.5–1 g of catalyst) in a
packed bed reactor platform (Fig. 6a), information on the
system and instrumentation is explained further in Section
S4 the ESI.† This demonstrates the use of the catalysts on a
scale that is similar to that used in industry and is capable of
producing products on the kg per day scale.9 The most
appealing catalyst candidate for scale-up was chosen to be 1a
as it showed the a good activity and had the lowest Pd
loading, therefore limiting the volume of precious metal used
when the catalysts were made on a larger scale. The catalysts
could then be compared to the commercial JM pellets used
at the same reaction conditions (Fig. 6b). There is an initial
increase in the yield of aniline observed for both catalysts
before steady state is achieved. This is possibly due to an

Fig. 5 Comparison of the stability of the two different deposition catalysts, left – aniline concentration over 11 hours for 1e and 2e sampled every
30 minutes, right – concentration of nitrobenzene and aniline over 24 hours using 1e sampled every hour. Reaction conditions for all experiments
– 7 bar pressure, 35 °C, 1 mL min−1 liquid flow rate (0.08 M), 20 mL min−1 hydrogen flow rate, Pd/C catalysts (20 mg).
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initial reduction of the surface upon pre-treatment with H2,
however, we believe it to be result of the initial pre-treatment
with hydrogen cleaning the catalyst surface before the surface
becomes covered in adsorbed reactant, product and
intermediates, and an equilibrium is established. The data
shows that catalyst 1a was more active than the commercial
catalyst as more aniline was produced under the same
reaction conditions. This result agrees with those seen on a
smaller scale in the recirculating batch platform, with a TOF
of 261 h−1 achieved over the 10-hour experiment in the
packed bed reactor. This is lower than that seen in the
recirculating batch platform (374 h−1) and may be due to
other scale-up factors, such as a change in the reactor
pressure, hydrogen flow rate or temperature of the system, or
a change in the reactor dimensions, affecting mass transfer
rates. However, it is much greater than the TOF observed
with the commercial pellets when they were scaled up into
the packed bed platform – 59 h−1.

The stability of 1a was also evaluated (Fig. 6b), to
investigate if the harsher reaction conditions caused any
catalyst deactivation. The catalysts were used in a way to
mimic how they would be used on plant in industry, with a
solvent flush between days and the bed was kept under a
nitrogen atmosphere at pressure overnight. The 1a catalyst
showed no decrease in activity over both days, with TEM
confirming no change in NP size (see ESI† Fig. S13), showing
their applicability to be used for extended periods of time,
maintaining their productivity. Over the 10 hours, 4.6 g of
aniline was made, with the possibility of producing 11 g per
day under these reaction conditions. Increasing the flow rate
and concentration of the starting material would increase the
reaction throughput. However, no optimisation of reaction

conditions was performed for this study, with reaction
conditions kept constant to enable differences between
reaction performances relating to the catalyst used to be
determined.

Conclusions

Pd-PBSAC catalysts were made via two different deposition
techniques of varying Pd loadings and compared to
commercial JM 1 wt% Pd/C pellets. Catalysts 1a–e, prepared
by solution-phase deposition, had a greater activity for the
reduction of nitrobenzene than 2a–e, prepared by gas-phase
deposition. Characterisation of the catalysts showed that the
PdNPs made via solution phase deposition (e.g., 1e – dNP =
5.0 ± 1.4 nm) were much smaller than those made via gas
phase deposition (e.g., 2e – dNP = 22.8 ± 13.1 nm). This
smaller NP size led to a higher TON and rate constant for
this test reaction and outperformed commercial pelletized
Pd/C catalysts.

The catalysts synthesised by solution phase deposition
were shown to be stable under both mild conditions (7 bar
pressure, 35 °C) for 24 hours (1e), and when transferred into
a larger scale packed bed reactor, where they were used for
two days under harsher conditions (40 bar, 50 °C), a
productivity of 0.46 g h−1 was observed (1a). Catalyst 2e
showed a decrease in activity when assessed under mild
conditions for 11 hours, with the deactivation mechanism
found to be metal leaching of the PdNPs from the carbon
bead support.

This work demonstrates the high potential for PBSAC
supports to be used industrially to perform continuous
heterogeneous hydrogenations for the production of APIs

Fig. 6 a) Schematic diagram of the automated packed bed reactor platform for continuous flow hydrogenations with hydrogen gas. b) Top – Yield
of aniline produced in packed bed reactor platform with 1a showing the stability of the catalyst over two days, sampled every 30 minutes. Bottom
– Comparison of yield of aniline produced using commercial 1 wt% Pd/C and 1a. Reaction conditions – 40 bar pressure, 50 °C, 1 mL min−1 liquid
flow rate (0.08 M), 50 mL min−1 hydrogen flow rate, Pd/C catalysts (500 mg).
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and enable telescoping of reactions, leading to process
intensification. This is all in trend with the paradigm shift
towards the large-scale implementation of continuous
manufacturing within the pharmaceutical industry.
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