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Mass transport effects in gas-phase selective
hydrogenation of 1,3-butadiene over supported
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Selective hydrogenation reactions are essential in the purification of light olefins by removal of
polyunsaturated hydrocarbon impurities (alkynes/alkadienes). Pd-based catalysts are typically used because
of their high activity at ambient temperatures. Unfortunately, retaining high selectivity at high conversion
using a Pd catalyst is challenging, resulting in more undesired alkane formation, which is often ascribed to
intrinsic properties of the Pd metal. However, in this work we show that heat and mass transport effects
strongly impact the catalytic activity and selectivity of Pd nanoparticles on carbon catalysts (Pd/C) in the
selective hydrogenation of butadiene. By systematically varying the Pd loading and catalyst grain size, we
show that higher loadings and larger grains strongly decrease the butene selectivity. This is ascribed to an
effect of internal diffusion limitations, arising from butadiene depletion in the core of the catalyst grains,
and not by intrinsic properties of Pd. The comprehensive assessment of heat and mass transport
phenomena is essential to reliably relate experimental observations to catalyst properties such as Pd
particle size, support or promoter effects. It contributes to the understanding and rational design of
catalysts for selective hydrogenation of butadiene and can be extended to other reactions and/or
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1. Introduction

Selective hydrogenation is of great interest both for academic
research as well as for industrial applications."™ Examples of
selective hydrogenation reactions are (i) the semi-
hydrogenation of alkynes or alkadienes to alkenes, (ii) the
partial hydrogenation of a,B-unsaturated ketones or
aldehydes to unsaturated alcohols and (iii) the selective
hydrogenation of substituted nitro-arenes." These reactions
are essential for the industrial production of fine chemicals,?
food additives, flavours, fragrances and pharmaceuticals.” A
large-scale industrial application of selective hydrogenation is
the semi-hydrogenation of polyunsaturated hydrocarbons
(e.g., alkynes or alkadienes) for the purification of alkenes,
such as ethylene, propylene and butenes.” These alkenes
(light olefins) are chemical building blocks for the production
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of polymers (plastics) with varying applications. It is essential
to reduce these alkyne or alkadiene impurities from the %-
level down to parts per million (ppm) to prevent deactivation
of the polymerisation catalyst and minimise uncontrolled
crosslinking in the polymer product.*”

Typical industrial catalysts for selective hydrogenation
reactions are supported Pd-based nanoparticles, because of
their superior activity at moderate temperatures.””” Of the
platinum group metals (Rh, Pd, Pt), Pd shows the highest
selectivity to alkenes.® The high activity of Pd, however, also
induces challenges in retaining good selectivity, as Pd often
leads to unwanted alkane production, which decreases the
total yield of the desired alkenes. The poor performance of
monometallic Pd is ascribed to properties such as strong heat
of adsorption of the reactant’ and/or the formation of Pd-
hydride.® Therefore, commercially available Pd-based catalysts
for selective hydrogenation are typically modified with
secondary metals such as Ag (ref. 10) or Pb (ref. 11) and/or
molecular adsorbates.™> Proposed explanations for the
increased selectivity of modified Pd include geometric'*™*®
and/or electronic®'®™? effects. Such modifications increase
the selectivity but often come at the expense of the
conversion. The surface- or mass-normalised activity roughly
decreases by 1 to 2 orders of magnitude compared to
monometallic Pd, which is undesirable considering the
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scarcity and costs of Pd metal."**®>! This raises the question
of how improved selectivity can be disentangled from the
effects of reduced activityy Hence, a fundamental
understanding of Pd-based catalyst intrinsic performance is
valuable.

In addition to the chemical properties of a catalyst, a
considerable influence on the catalytic performance is related
to its physical and structural properties in combination with
the reaction conditions. For example, the heat generation in
exothermic reactions can induce local temperature effects on
or near the active metal nanoparticle surface if the overall
heat conductivity of the system is not sufficient. Early
attempts by Luss to model the heat generated by an
exothermic reaction over platinum nanoparticles predicted a
temperature increase with an upper bound as high as 200 to
500 °C.**> Sharma et al. spectroscopically showed that the
surface temperature of a 1% Pt/SiO, catalyst increased by 119
°C, from 98 to 217 °C, upon continuous exposure to a CO/O,
mixture.”® Similarly, a temperature difference of 130 °C
between the metal nanoparticle and the reaction gas was
found during steady-state oxidation of 2% CO over a Pt/Al,O;
monolith.>* Geitenbeek et al. showed by Iuminescence
thermometry that a sharp increase in temperature is induced
during methanol-to-hydrocarbons (MTH) reactions.>® Upon
exposure of the reaction gas (18% methanol in He) over H-
ZSM-5 zeolite catalyst, a temperature increase of 100 °C was
observed, from 500 to 600 °C, which took up to 2 hours to
stabilise to steady-state conversion. This illustrates that
exothermic reactions can cause local heating effects that can
be deliberately applied to induce higher catalytic activity,*®
but should be avoided when determining the intrinsic
structure-performance relationships of a catalyst.

In heterogeneous catalysis, the activity scales with the
concentration of the reactants and the reaction order. Hence,
the reactant concentration at the catalyst active site is highly
relevant. In typical reactors (e.g. plug flow), unless operating
in differential conversion mode, a significant concentration
gradient over the catalytic bed exists due to the difference in
reactant concentration at the beginning (inlet) and end of the
catalytic bed (outlet). This concentration gradient increases
with the increasing conversion. If a catalyst reaction rate
surpasses the reactant diffusion rate, a concentration
gradient is generated in the vicinity of the catalyst, which is
referred to as mass transport or diffusion limitations. With
external mass transport limitations, the reaction rate is
limited by the reactant supply from the bulk gas or liquid
phase to the catalyst grains. Internal mass transport
limitations describe the limitations of diffusion within a
catalyst grain, as a gradient is induced from the surface to its
interior. A framework for assessing the effect of these mass
transport limitations has been developed by Thiele, Weisz
and Prater.>”®® For selective hydrogenation reactions, the
presence of diffusion limitations can negatively influence not
only the activity but also the selectivity.>*° This is aggravated
by the presence of micropores,®® larger catalyst grain sizes,*>
and/or coke build-up.***® The Barreto group studied the
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kinetics of selective hydrogenation of butyne- and butadiene-
butene trickle bed reactors.’”?®* They
demonstrated that the local concentration of polyunsaturated
molecules sharply dropped inside the catalyst grains due to
internal mass transfer limitations. These results gave
valuable insights into some parameters determining
selectivity during selective hydrogenation reactions. However,
the literature has been focused on liquid-phase
hydrogenation in batch operation, whereas academic
selective hydrogenation of alkynes and alkadienes mostly
occurs in the gas phase during continuous operation.'
Liquid-phase and gas-phase hydrogenation differ from a
kinetic viewpoint, as the effective diffusion of gasses is orders
of magnitude faster than in the condensed phase.*”
Moreover, in liquid-phase hydrogenation reactions, the
reaction kinetics depend on the solubility of molecular
hydrogen, which complicates the comparison of literature
with gas-solid heterogeneous catalysis.

Therefore, the objectives of this work were to assess the
influence of local temperature and reactant concentration
gradients for selective hydrogenation of hydrocarbons using
Pd-catalysts. As a model system, we tested the catalytic
removal of 1,3-butadiene (butadiene hereafter) traces from a
propylene-rich gas mixture. We describe the influence of heat
and mass transport on the catalytic performance during the
gas-phase selective hydrogenation, over a wide range of Pd
weight loadings (from 2.5% to 0.02%, decreases in catalyst
activity) and average catalyst grain sizes (from 180 to 19 pm,
increases in reactant diffusion). We demonstrate that
diffusion limitations, induced by high metal loading and
large grain sizes, strongly affect the catalytic performance of
Pd/C catalysts and explain how these effects are identified
and avoided.

mixtures in

2. Methodology
2.1 Chemicals and gasses

For the preparation of Pd/C catalysts, 10 wt% tetraamine
palladium(u) nitrate solution (99.99%, Sigma Aldrich) and
graphene nanoplatelets (GNP, xGNP®C-500, 500 m”> g,
1-20 nm average thickness, 0.5-1.0 um average width, XG
Sciences) were used.

For the heat treatments and -catalytic testing,
1,3-butadiene (>99.5% purity, Air Liquide Benelux, 0.21%
cis-2-butene impurity), propylene (>99.5% purity, The Linde
Group, 0.04% propane impurity), hydrogen (>99.9990%
purity), helium (>99.9990% purity) and nitrogen (>99.9990%
purity) were used.

2.2 Catalyst preparation and characterisation

Carbon-supported Pd-catalysts were prepared by incipient
wetness impregnation of Pd-precursor onto graphene
nanoplatelets (GNP) support. It was shown before that this
carbon material is effective in (selective) oxidation and
hydrogenation reactions.>"**** In short, 2 g of carbon was
dried under a dynamic vacuum at 180 °C for 1 hour.
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Subsequently, a Pd-precursor solution with a volume equal to
support pore volume (0.8 cm® g ') was added dropwise to the
dried carbon material. The desired metal weight loading
(2.5 wt%) of the Pd/C catalyst was achieved by dilution of
the 10 wt% tetraamine palladium(u) nitrate with purified
water (18.2 MQ cm resistivity at 25 °C, Direct-Q® 3 UV), while
the lower weight loadings (0.5 wt%, 0.1 wt% and 0.02 wt%) were
prepared by successive further dilution of the impregnation
solution of the 2.5%_Pd/C catalyst with purified water. The
range of Pd loadings was chosen in line with typical selective
hydrogenation catalysts (e.g.,, 5% Pd/CaCO; with Pb- and
quinoline-modifiers and  0.01%  Pd/ALO; with Ag
additive)."™"  After incipient wetness impregnation, the
solids were homogenised by gentle stirring for 1 hour. The
impregnated support was dried under a dynamic vacuum
overnight at room temperature. Subsequently, the material
was heat treated in N, at 250 °C (1 °C min™, 1 hour
isothermal, 100 mL min™" flow) and cooled to room
temperature. Pd nanoparticles were grown to the desired size
using a high-temperature reduction step at 500 °C in 10% H,
(1 °C min™, 1 hour hold, 10 and 90 mL min™" H, and N,
ﬂOW].21‘44

Transmission Electron Microscopy (TEM) of the as-
synthesised Pd/C catalysts was performed on a Talos L120C
(Thermo Scientific) electron microscope operated in bright
field mode at 120 kV. Images of the post-catalysis samples
were acquired by scanning TEM (STEM) on a Talos F200X
(Thermo Scientific) electron microscope operated in dark
field mode at 200 kV. Pd/C catalysts were loaded into Cu-
grids (300-micron mesh, Holey Carbon Film, Agar Scientific)
by dry-dipping the grid into the catalyst powder. Nanoparticle
sizes were determined by manually measuring the diameters
of 100-400 Pd particles in different regions of the sample
using Image] software. The number-averaged particle
diameter (drgy), as derived from TEM, is defined as:

VoY)’ ()

1N
drem = :—E d; +
TEM T OTEM N[:o i N -

where d; is the measured diameter and o the standard
deviation. From the individual measurements a mean
(dya or
calculated, assuming spherical nanoparticle shape and fcc
structure, as follows:*®

volume-area diameter Sauter-diameter)*> was

N
Fo
dys toyp = l;]() + —Z (dl - dVA)2 (2)
Z &P N-1 =
=0 !

The dispersion of the Pd nanoparticles is determined from
the Sauter diameter as

_ 1.112 3)

dva

6 Vpq

apq dya

where vpq is the volume (14.70 A%) and apq the area (7.93 A?)
of a Pd atom.”® Accordingly, the available surface area of Pd
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(SA, mpg® geat ) is calculated from the dispersion (D) and Pd
weight loading (wt%) as

 Wt% Nay apg D
- Mpq

SA (4)
where Ny, is Avogadro's constant (6.022 x 10** mol™) and
Mpq is the molar mass of Pd (106.42 g mol ™).

X-ray diffraction (XRD) measurements were performed on
a Bruker D2 Phaser equipped with a Co,K, radiation source
(4 = 0.179 nm). Diffractograms were obtained by measuring
0.2 g of undiluted catalyst in Bruker powder specimen holder
from 20 to 70° 26, with 0.05° step size and 1 second time step
under 15 rpm rotation. Scans were continuously accumulated
for at least 60 hours to improve the signal-to-noise ratio. Pd
crystallite sizes (dxrp) were determined from the width of the
Pd(111) diffraction signal using the Scherrer equation:*’

k2

pcost (5)

dxrp =
where k is a dimensionless shape factor (0.93),*® 1 is the
incident X-ray wavelength (Co-K,, 0.179 x 10~° meter), f is
the integral breadth of the peak, related to the full width at
half maximum (1.06 x FWHM) for a Gaussian peak shape,*’
and 0 is the position of the diffraction peak (23.3° for
Pd(111)) with angles of # and 0 in radians.

2.3 Catalytic testing

The catalytic performance was assessed in a custom-built
gas-phase hydrogenation set-up using a glass U-shaped fixed-
bed reactor of 4.0 mm internal diameter, as previously
described by Masoud et al>® A thermocouple was pressed
into a glass notch directly after the catalytic bed to measure
the temperature of the catalytic bed as accurately as possible
without interacting with the reactant gasses. During the
selective hydrogenation, a gas flow of 50 mL min™" was used,
consisting of 0.3% butadiene, 30% propylene, 20% hydrogen
and helium as a balance, to mimic typical industrial front-
end concentrations.>*

The as-prepared catalysts of 2.5%, 0.5% and 0.1% Pd/C
(by weight) were diluted in bare carbon (GNP), so the final
weight loading of all Pd/C-C mixtures was 0.02% Pd (Fig. 1).
Of the (diluted) catalysts, 1.0 g was pressed into a pellet
(74 MPa), which was then gently crushed over a set of sieves
to obtain sieve fractions of 1-37 pum, 38-74 um, 75-149 pm
and 150-211 pm. The chosen sieve fractions resulted in
broad range of catalyst grain sizes, from very fine particles to
more coarse grains, in line with typical catalysts in academic
studies.”® For each catalytic test, 2.50 mg of (diluted) catalyst
was mixed with 0.30 g of SiC (212-400 pm), which resulted in
a constant metal loading of 0.50 ug Pd in the reactor. Prior
to the introduction of the reaction gas, the reactor was
flushed for 30 minutes with N,, to remove traces of air.
Simultaneously the reaction gas composition was analysed
on bypass by an on-line GC (Thermo Scientific TRACE 1300,
FID detector, hydrocarbons detected: C; to Cs). During the
catalytic test, the product and reactant concentrations were

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematic representation of selective hydrogenation reactor at different length scales. From left to right: 4.0 mm internal diameter fixed
bed reactor with inlet gas mixture of 0.3% butadiene (BD), 30% propylene (PP), 20% hydrogen and 49.7% helium. Pd/C catalyst grains (black) are
mixed with nonporous and inert SiC particles (grey). Reactant and product concentrations are analysed by on-line gas chromatography (GC).
Middle: catalyst grains with non-diluted 0.02% Pd/C or 0.1% Pd/C diluted in GNP to achieve equal Pd weight loading in each reactor. The greyscale
schematically indicates the reactant concentration in the grains during catalysis, as it is converted over the active Pd nanoparticles, but not over
the inert carbon dilutant. Right: Selective hydrogenation of butadiene over Pd nanoparticles, in an excess of hydrogen and propylene. Drawings

not to scale.

measured every 15 minutes, calibrated using a known
mixture of 1,3-butadiene, 1-butene, trans-2-butene, cis-2-
butene, n-butane, hydrogen, helium, propylene and propane
(The Linde Group).

From the GC injections, the conversion (X;) was calculated
as:

Xl,.’%-butadiene

Ci-butene T Ctrans-2-butene T Ceis-2-butene T Cr-butane

Ci-butene T Ctrans-2-butene + Ceis-2-butene + Cr-butane + Cl.,s-butadiene

(6)

for butadiene conversion where C; is the concentration in
ppm of the individual hydrocarbons.

The selectivity (S;) of the reaction to butenes is defined as:
Sbutenes

C1-butene + Crrans-2-butene + Cris-a-butene

Ci-butene 1+ Crrans-2-butene + Ceis-2-butene + Cr-butane + Cpropane

)

considering both butane and propane as the unselective
products. The selective butenes yield (Q) of the reaction
was determined as product of conversion and selectivity
as:

Qbutenes = X1,3-butadiene Sbutene (8)

Table 1 Properties of reactor and catalyst

2.4 Calculations of transport phenomena

Estimations of heat and mass transfer effects in catalytic
fixed-bed reactions were calculated using the Eurokin web-
tool’* and the references therewithin. As criteria for mass
and heat transport limitations, a deviation of more than 5%
from the non-limited activity is considered as a transport-
limited reaction.>”®°>% A detailed description of the
calculations is provided in the supporting information. The
calculations are based on the diffusion and thermal
properties of the gasses as obtained from the literature
(Table S17). Temperature-dependent values are determined at
the relevant reaction temperature during the catalysis. The
density of the gas mixture is based on the ideal gas law,
assuming constant pressure (1 atm). The properties of the
reactor and the catalyst materials are listed in Table 1. The
pellet density was calculated by measuring the thickness of a
13 mm catalyst pellet with known mass prior to sieving,
pressed at 74 MPa. The porosity was calculated by adding a
known amount of material to catalytic reactor and measuring
the height of a catalyst bed.

For the diffusion criteria, butadiene is taken as the
limiting reactant (0.3 mol%) in the gas mixture. The
calculated bulk diffusivity (Dgpgu, eqn (S1)-(S3)t) of
butadiene in the mixture was 1.5-2.5 x 10°° m> s between
25 and 100 °C (Table S1t). Taking in consideration Knudsen

Pressure 1.01325 x10° Pa
Molar inlet flow (F) 3.44 x107> mol s™*
Internal diameter 4.0 x107% m

Bed porosity (¢) 0.37 m® mMpeq
Tortuosity (z) 1.64 —
Reaction-order (n) -0.25%" —

Pellet porosity (&) 0.82 m® Meye °

Pellet density (pp) 657 kg My

Catalyst density (pcar) 1045 kg Mpeq >

Mass catalyst (M¢q() 2.5 x107° kg

Catalyst grain size (dp) 19, 56, x107° m
112, 180¢

Catalyst surface area 500 x10° m* kg™

¢ Average grain size from 1-37, 38-74, 75-149 and 150-211 um sieve fractions.

This journal is © The Royal Society of Chemistry 2024
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diffusion, the effective diffusivity (Dgp s, €qn (S4)-(S6)) was
estimated to be between 3.5 x 1077 and 3.9 x 107 m” s™" (see
ESIT for details), in line with other estimations on gas-phase
diffusion in porous solids.* In this calculation, cylindrical
pores were assumed for the support, for which the pore
diameter was estimated from the catalyst density and the
surface area of the carbon (Table 1). This geometrical
assumption overestimated the microporosity of the carbon,
which had a relatively open catalyst structure (vide infra,
section 3.1). For the carbon support, porosity arises from the
stacking of graphitic plate-like sheets and not from channel-
like micropores. Hence the provided values for D¢ should be
considered as a lower limit for butadiene diffusion rates.

External and internal heat transfer phenomena were
calculated based on the rate and exothermicity of the
reactions and the thermal properties of the gas mixture
(Table S17t) or the solid catalyst. The heat of the reaction was
determined from the hydrogenation reaction enthalpy of
each reactant (butadiene, butene, propylene). In the
butadiene hydrogenation reaction, the different butene
products have slightly different reaction enthalpies (-110,
-120 and -116 k] mol" for 1-butene, trans-2-butene and
cis-2-butene, respectively). An average value of -113.8 K]
mol ' is obtained for the typical product distribution of
Pd-catalysed butadiene hydrogenation (60% 1-butene,
37% trans-2-butene and 3% cis-2-butene).>*' For the
hydrogenation of propylene —-124 kJ mol™ is used, and
-125 kJ mol™" for the over-hydrogenation of 1-butene to
n-butane. External temperature gradients were calculated as
the temperature difference over the gas film that surrounds
the catalyst grain (eqn (S16)-(S20)). The difference between
the average temperature of the catalyst grain and the external
surface temperature of the grain was calculated as the
internal temperature gradient (eqn (S21)). The temperature
differences were compared to the dimensionless activation
energy of butadiene hydrogenation to check the activity
criterion (<5% deviation) as a result of heat transfer
limitations.

External and internal mass transfer limitations were
assessed by comparison of the effective diffusion of
butadiene and the observed rate of consumption of
butadiene molecules. The volumetric reaction rate of the
catalyst grains, ROg° (mol m™ s7%), is defined as:

Fx; X; pe,

Ob: Obs 147 t

RvolS Rmass Pear = m < (9)
cat

where RQ%. is the observed gravimetric reaction rate

(mol kg™ s7), pear is the density of the catalyst grains

(1045 kg m?), F is the reaction gas flow (3.44 x 10~ mol s7),
x; is the reactant inlet fraction (0.003 for butadiene, 0.3 for
propylene), X; is the conversion of the individual reactant
(eqn (6)) and My, is the loaded mass of catalyst (2.5 x 107° kg).
External diffusion limitations were assessed based on the
Carberry number, which describes the difference between the
bulk gas-phase concentration (C%p, 0.3 mol%) and the

surf

concentration at the external surface of a catalyst grain (Cpp ,

1730 | React. Chem. Eng., 2024, 9, 1726-1738
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see ESLi eqn (S22)-(S27)t). Internal diffusion limitations
were calculated by the Weisz-Prater criterion.”® The Weisz-
modulus (®) was defined as:

o (T12)E (4,/6)°

2 Dgp et CUIt

(10)

where Cii' was be determined from the Carberry number

(eqn (S23)f). To fulfil the Weisz—Prater criterion (deviation
less than 5% due to diffusion limitation in small pores), the
Weisz-modulus should be less than 0.08.>* Analogous to the
Weisz-Prater modulus (&) is the Thiele modulus (p)*” which

is defined as:

The Thiele- and Weisz-moduli are related by @ = Ninep >,
where 7, is the effectiveness factor, which is a measure
for the catalyst utilisation between 0 and 100%. The
effectiveness factor is defined as the ratio between the
observed average reaction rate and the rate of reaction at
the catalyst surface (in absence of any diffusion
limitations).>>>® It provides an average fraction of the
catalyst material which is used in the catalysis to its full
potential. Without any limitations, 7, = 1, which decreases
as a result of increasing mass transport limitations, when
part of the catalyst interior will contribute less to the total
reactions. For a first-order reaction #;,. is derived from the
Thiele modulus as:

i 1
Tint =5 tanh(3p) 3¢

Since the catalyst reaction rate depends on the reactant
concentration, we define the internal effectiveness factor to
be related to the concentration profile inside a catalyst

Obs
Rvol Csurf n—1

DBD eff

n+1

(11)

(12)

grain. Here, the mathematical integration of the
concentration profile as function of penetration depth, f(d, x),
over the entire grain represents the value of 7y

Assuming spherical grains, this means:

dy/2
J 4n
0

where d is the penetration depth inside the catalyst grain,
dp/2 is the centre of the grain at half the diameter and
f(d, x) is the concentration profile as a function of the
penetration depth. For f(d, x) multiple functions can be
assumed, such as an exponential decrease

(@ 2 10,00 = x| 4 (a2
(13)

fld, x)=e™ (14)

which is valid for a reaction with positive reaction order (n), a
linear concentration-depth profile

fd, x)=1-dx (15)

This journal is © The Royal Society of Chemistry 2024
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which describes a zero-order reaction, or a concentration
profile which is expected for n < 0 such as

fld, x)=1-e¥ (16)
where the values for x can be determined if 7, is known,
using a numerical solver and eqn (13).

3. Results and discussion
3.1 Structural properties of supported Pd catalysts

Pd-catalysts of different weight loadings were prepared by
incipient wetness impregnation followed by a reduction
treatment at 500 °C to induce Pd particle growth.>"** Fig. 2A
shows the Transmission Electron Microscopy (TEM) image of
a typical Pd/C catalyst grain of roughly 1 micron. Fig. 2B-E
depict higher magnification images of the supported Pd
nanoparticles of four selected catalysts. The images show Pd
particles of similar size dispersed over the carbon support.
The number of visible particles per image decreased with
decreasing weight loading, showing just a single Pd particle
in the TEM image with the lowest Pd loading (Fig. 2E,
0.02 wt%). Average Pd particle sizes between 4.4 and 9.6 nm
in diameter were found for the different catalysts, resulting
in a specific Pd surface area between 0.01 and 2.6 m> g™*
(Table 2). An increasing trend in size was observed with
decreasing weight loading, contrary to expected loading-size
correlations, where higher metal loadings typically result in
more agglomeration and thus larger particles.”’®® The
observed trend in particle size might be attributed to a slight
instability of the diluted Pd-precursor, as the catalysts were
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prepared from high to low weight loading in successive order
(see section 2.2), although more a more detailed study into
the catalyst synthesis mechanism would be required to
confirm this interpretation. Regardless of the slight trend,
the nanoparticles in the different catalysts were of a suitable
size (>4 nm), so minimal effects due to size-dependent
catalytic performance are present.”’ For the catalytic results,
the catalysts will be referred to according to their specific Pd
surface area (SA) as X_Pd/C, where X is the exposed surface of
the Pd nanoparticles, in mp4> gcatalyst'l.

X-ray diffraction (XRD, Fig. S11) showed diffraction peaks of
graphite (support) and metallic palladium nanoparticles and
no indication of other crystalline phases, such as Pd-oxide,
between 20 and 70° 26. Fig. 2F shows the Pd(111) diffraction at
46.6° 26, which increased in intensity for higher Pd weight
loading. The carbon-subtracted spectra in the inset of the
figure gives the isolated Pd(111) peak. The crystallite size of Pd
particles was determined from the full width at half maximum
(FWHM) of the carbon-subtracted Pd(111) diffraction peak,
according to the Scherrer equation.*”™*° Average crystallite sizes
between 3.8 and 5.8 nm were found for the catalyst between
2.5 and 0.1 wt% Pd, respectively (Table 1). For the 0.02 wt%
catalyst, the diffraction signal was too weak to observe any Pd
diffraction. The trends in crystallite size from XRD corroborate
the particle sizes obtained by TEM (Table 2), suggesting that
the Pd particles are single crystalline.

3.2 Conversion and catalyst activity

The catalytic activity was tested in the selective hydrogenation
of 0.3% butadiene in a 100-fold excess of propylene and 20%

lparc=lcaron

o

0.1 wt.%
0.02 wt.%
Carbon

[N

44 46 48

o
®

o
~

42

Diffraction intensity (a.u.)

40 48 56 64
Diffraction angle 26 (°)

Fig. 2 Catalyst characterisation. (A-E) Transmission Electron Microscopy (TEM) images of Pd/C catalysts with Pd weight loading of (AB) 2.5 wt% at
low (A) and high (B) magnification, (C) 0.5 wt% (D) 0.1 wt% and (E) 0.02 wt%. Insets shown size histograms of the individually measured diameters
from TEM and lognormal fit to the distribution. (F) X-ray diffractogram of the Pd/C catalysts. The inset shows the carbon-subtracted intensity,

highlighting the Pd(111) diffraction at 46.6° 26.
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Table 2 Palladium nanoparticles properties

Catalyst Pd“ wt% drem (nm) dya (nm) Dispersion” SA (Mpg”® Cear V) dxgp (nM)
2.6_Pd/C 2.51 4.4 +1.1 49 +1.2 22.6% 2.55 3.8
0.4_Pd/C 0.49 5.3+1.2 5.8+ 1.3 19.3% 0.42 4.3
0.06_Pd/C 0.10 6.6 + 2.0 7.8+2.5 14.2% 0.064 5.8
0.01_Pd/C 0.019 9.6 £2.1 10.4 + 2.3 10.6% 0.0091 n.d.¢

“ Determined from precursor amount in incipient wetness impregnation. ? Determined by Dispersion = 1.112/dy, (eqn (3)). © Not determined
due too low weight loading.

H, (He balance). Fig. 3A depicts the conversion of butadiene Fig. 3A also shows that at 25 °C, the activity for 2.6_Pd/C
as a function of temperature for 0.01_Pd/C and 2.6_Pd/C for = was roughly 3.5 times higher than for 0.01_Pd/C with an
the smallest (19 pm) and largest (180 um) average grain size. ~ equal amount of metal loaded in the reactor. The activity
The conversion increased with temperature and showed an  ratio between these two catalysts (3.5) was larger than their
S-shaped curve. This shape reflects an initial exponential  corresponding metal dispersion ratio (2.1, Table 2).
increase followed by saturation when approaching full  Therefore, the particle size difference cannot explain the
conversion. A complete overview of all combinations of Pd  activity increase of 2.6_Pd/C. The trends in higher activity
loadings and grain sizes is provided in Fig. S2.f with higher Pd loading were ascribed to more local heating
Surprisingly, the observed activity at 25 °C was different  of the catalysts with higher Pd loading. In the undiluted
for the different catalyst grain sizes within the same catalyst ~ 0.01_Pd/C (Fig. 1), the distribution of Pd is uniform over the
sample (comparing triangles to circles), even though an  catalyst grain. In contrast, for 0.06_Pd/C, the specific Pd area
identical amount of Pd metal was loaded in each reactor is 7 times more concentrated and more heterogeneously
(0.50 pg Pd). For example, the activity of the 180 um grains  distributed throughout the catalyst grain since it is mixed
was 1.4-1.5 times higher than the 19 pm grains at 25 °C. A in a 1:4 ratio with bare carbon (Fig. 1). Such local
local heating effect can explain this phenomenon. With the  concentration effects also contributed to local heating in the
larger grains, the same amount of catalyst is concentrated in ~ 0.4_Pd/C and 2.6_ Pd/C catalysts, with 25 and 125 more
fewer grains. For example, decreasing the radius of one  concentrated Pd in parts of the catalyst grain.
spherical grain by a factor of 2, results in 2° = 8 times smaller From the initial exponential increase with temperature,
grains with a combined volume equal to the single larger  the apparent activation energies (E,.) were derived between
grain. Therefore, with larger grain size, the generated heat 25 and 47 °C. The Arrhenius plots (Fig. S37) yield E,. of
from the exothermic hydrogenation reactions was retained in ~ 45.9 + 0.4 and 43.4 + 0.3 kJ mol ™" for 2.6_Pd/C and 0.01_Pd/C
fewer particles, in a smaller fraction of the catalyst bed. The  with 19 pm grain size, respectively, in line with previous
generated heat within the vicinity of the catalyst grains  studies on Pd-catalysed butadiene hydrogenation.>”" For the
resulted in a higher local temperature, which induced higher ~ 0.01_Pd/C catalyst with 180 pum grains, a similar E,
apparent activity. The 1.4-1.5 times increase corresponds to a  (43.3 = 0.7 k] mol™") was found, whereas for 2.6_Pd/C, the
temperature increase of 5-6 ©°C assuming Arrhenius  obtained value is only 25.8 + 2 k] mol™. The lower apparent
behaviour and 50 kJ mol™ activation energy (eqn (S14)f), activation energies for higher loadings and larger grains
which is less than 9.1 °C adiabatic temperature increase  suggested the occurrence of mass transport limitations
estimated at 100% butadiene conversion (eqn ($15)t).>* already below 47 °C and 40% conversion.
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Fig. 3 Impact of Pd loading and grain size on the catalytic activity. (A) Butadiene conversion as function of temperature for 2.6_Pd/C (solid line,
filled symbols) and 0.01_Pd/C (dashed line, open symbols) catalysts with an average grain size of 19 um (circles) or 180 um (triangles). Conversion
was stabilised for 1.5 hours at 25 °C before heating to 100 °C with 0.5 °C min. (B) Comparison of conversion of all catalyst-grain size combination
at 25 °C and 100 °C. Reaction conditions: 0.50 ug Pd, 50 mL min™ reaction gas mixture of 0.3% butadiene, 30% propylene, 20% hydrogen, He
balance.
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At higher conversion, the 19 um grains were more active
than the 180 um grains, and an inverted trend was observed
compared to at 25 °C (Fig. 3A and B). The decrease in activity
for the larger grains originated from mass transfer
limitations becoming more prominent, as evidenced by the
decreasing slope in the Arrhenius plot (Fig. S31). Because of
the increasing activity of Pd/C at elevated temperatures, the
diffusion rate of butadiene became limiting. Hence, a part of
the volume of the catalyst grains was deficient in butadiene
concentration, resulting in a lower average activity. As a
result, none of the tested catalysts with 180 um grains
showed 100% conversion at 100 °C, whereas for the smaller
grains, full conversion was obtained (Fig. 3B).

In short, reactors with equal Pd mass loading showed
variable catalytic activity, which cannot be explained by an
effect of particle size.”’ Local heating effects induced higher
activity over Pd/C catalysts with higher Pd loading and/or
larger grain size, especially at low conversion. At higher
conversion, the activity trend as a function of grain size was
inverted due to increasing mass transfer limitations. Here,
smaller grains outperformed the larger grains, as depicted by
the cross-over point of the catalysts in Fig. 3A and S2.f Local
concentration gradients as a result of diffusion limitations,
have a large influence in obtaining active catalysts.>
However, this only describes the activity of the catalyst,
whereas selectivity is of essential importance, especially in
selective hydrogenation applications.

3.3 Selectivity to butenes

Fig. 4A shows the selectivity to butenes as of function over
butadiene conversion of 2.6_Pd/C and 0.01_Pd/C catalysts for
the smallest (19 pm) and largest (180 pm) tested average
grain size. The complete overview of tested catalysts is shown
in Fig. S47 In Fig. 4A, the 19 um grains show a selectivity
close to 100% at low (e.g. <25%) butadiene conversion levels.
The high butene selectivity is explained by the strong
adsorption of butadiene, in comparison to butenes or
propylene (adsorption energy of -1.7 eV for butadiene,
between —0.7 and -0.9 eV for propylene and butenes on
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Pd(111)).°"%* Therefore, as a result of strong competitive
adsorption, the Pd nanoparticle surface is covered by
butadiene, which effectively blocks propylene adsorption and
limits the residence time of the butene that is formed. Only
at higher butadiene conversion levels (e.g., >85%), the
selectivity decreased due to a decreasing concentration of
butadiene at the nanoparticle surface.

The 0.01_Pd/C catalyst with larger grains (180 pm) also
showed a high selectivity at low conversion levels (e.g., >90%
selectivity below 50% conversion), whereas, for 2.6_Pd/C, the
selectivity was below 80% at 26% conversion. For the butane
selectivity, similar trends were observed as a function of Pd
loading and grain size (Fig. S5AT). The combination of high
loading and large grains resulted in a poor selectivity, which
is ascribed to internal mass transfer limitations as a result of
high activity (increases with higher loading) and lower
butadiene diffusion rate (decreases with larger grain size).
This combination induced an intraparticle butadiene
concentration gradient, which decreases from the edge of the
grain toward the interior. As a result, near the edge of the
grain, butadiene is converted selectively, whereas further
inside the grain, butane and propane formation occur due to
the lower butadiene concentration and hence higher coverage
with alkenes. A more detailed discussion of internal mass
transfer limitations is provided in section 3.4. For the
combination of the tested highest Pd loading and grain size,
this selectivity was already limited at low temperatures (25 °C,
26% conversion), where smaller grain and lower loading
retained their selectivity up to higher conversion. For
example, the 19 um grains retained a selectivity above 90%
up to 75% conversion.

Fig. 4B depicts the butene yield as a function of butadiene
conversion, where yield was calculated by multiplication of
conversion and selectivity (eqn (8)). At low conversions, the
yield increased linearly, following the diagonally (i.e., 100%
selectivity) dotted lines because the total reaction selectivity
is constant and near 100% (Fig. 4A). The yield slowly deviated
from the diagonal line upon increasing temperature and
hence conversion as selectivity declines. Eventually, the yield
even decreases with increasing conversion. Thus, the
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Fig. 4 Grain size affects the butene selectivity. (A) Selectivity as function of butadiene conversion of 2.6_Pd/C (solid line, filled symbols) and
0.01_Pd/C (dashed line, open symbols) catalysts with an average grain size of 19 pm (circles) or 180 um (triangles). (B) Butenes yield during the

selective hydrogenation of butadiene.
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interplay between increasing butadiene conversion and  the outer surface of the catalyst grain, had little to no
decreasing butene selectivity induced an optimum butene  influence on catalysis. Even at 100 °C, a Carberry number of
concentration in the gas mixture. This optimum was close to  0.03 (Table S2t) was calculated, well below the 0.2 criterion
80% butene yield (95% conversion) for the 0.01_Pd/C with  for a 5% activity deviation (eqn (S22)f). However, internal
19 pm grains, whereas lower values for the optimum yield and  mass transfer limitations were present already at 25 °C, as a
conversion were found for the larger grains (Fig. 4B). For = Weisz-modulus (@) of 0.09 was calculated, just above the
example, over the 2.6_Pd/C catalyst with 180 pm grains, a = Weisz-Prater criterion of 0.08 (eqn (10), dashed horizontal
maximum yield of only 32% was obtained at 58% butadiene  line). At higher temperatures, the increased activity led to

conversion. more diffusion limitations of the reactants (@ = 0.3),
Thus, the selectivity of the reaction strongly depended on  resulting in an effectiveness factor of 87% at 100 °C.
the Pd loading and catalyst grain size, especially at higher Since internal diffusion limitations were the main

conversion levels. All tested catalysts showed a decrease in  contributor to transport-limitations, they were examined in
selectivity with increasing conversion. The smallest tested  more detail. Fig. 5A shows the calculated Weisz-modulus of
grains (19 pm) showed good butene selectivity up to ~100%  0.01_Pd/C and 2.6_Pd/C catalysts, with either 19 pum or
butadiene conversion, in line with the requirements for 180 um average grain size. The 19 pm grains showed a small
selective hydrogenation."*® On the contrary, the largest  Weisz-modulus (& < 0.005 at 100 °C) and internal mass
tested catalyst grains (180 um) showed a steep decrease in  transfer limitations can be neglected. More severe limitations
selectivity already at moderate conversion levels (<50%), as  were observed over the larger grains, with @ = 0.02 or 0.09 at
was also observed in liquid-phase selective hydrogenation 25 °C for 2.6_Pd/C or 0.01_Pd/C, respectively. With increasing
reactions.”® The strong dependence of the selectivity on  temperature, the Weisz-moduli increased to values above
catalyst grain size showed that internal mass transfer 0.3 at 100 °C, indicating strong internal diffusion limitations.
limitations can greatly influence catalyst selectivity. Fig. 5B provides an overview of the derived Weisz-moduli of
tested Pd loadings and grain sizes, at the lowest (25 °C) and
highest (100 °C) tested temperature. For the 180 um grains at
3.4 The influence of heat and mass transport 25 °C, only the 0.01_Pd/C catalyst showed a sufficiently low
To better understand the experimental observations in  Weisz-modulus below the Weisz-Prater criterion (@ < 0.08,
sections 3.2 and 3.3, potential heat and mass transport dashed horizontal line). At 100 °C, catalysts with 56 um or
limitations were assessed. First, the catalyst of which the  smaller grains were needed to satisfy this criterion. The
performance was most affected by transport limitations  internal effectiveness factors (eqn (12)) are depicted in Fig. S6.}
(180 um grain size, 2.6_Pd/C) was studied in more detail. An ~ The calculated values of @ for the catalysts in Fig. 5A
overview of all the heat and mass transport calculations is  clearly indicate the importance of internal mass transfer
presented in Table S2.f In short, heat transport limitations  limitations for both the experimentally observed activity
were negligible, as the estimated temperature gradients  (Fig. 3A) and selectivity (Fig. 4A), which both decrease with
(external and internal) were less than 0.7 °C (eqn (S16) and  increasing Weisz-modulus.
(S21)f). This low value is related to the high thermal The internal effectiveness factor, 7., can be used to
conductivity of the reaction mixture (50% He and 20% H,,  estimate the butadiene concentration gradient within the
>150 mW mK " (ref. 63)) and the solid catalyst material  catalyst grain (eqn 13). Fig. 6 shows the calculated butadiene
(Pd and C, >70 and >400 W mK*, respectively).*** concentration in a spherical 180 um grain of the 0.01_Pd/C
External mass transfer limitations, resulting in a  catalyst. The values for 7, were taken at the lowest (25 °C)
butadiene concentration gradient from the bulk gas phase to  and highest (100 °C) catalysis testing temperatures (Fig. S67),
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Fig. 5 Larger grains induce internal diffusion limitations. (A) Weisz-modulus of 2.6_Pd/C (solid line, filled symbols) and 0.01_Pd/C (dashed line,
open symbols) catalysts with average catalyst grain size of 19 um (circles) or 180 um (triangles). (B) Overview of the Weisz-moduli for the tested
combinations of Pd loading and grain size at lowest (25 °C) and highest (100 °C) tested temperature.
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a spherical catalyst grain with 7, = 84% (n < 0).

and the Pd loading was assumed to be uniformly distributed
throughout a spherical grain. At 25 °C, an effectiveness factor
of 98% was obtained, resulting in a relatively flat
concentration profile (black lines in Fig. 6). This means the
average butadiene concentration in the grain equalled 98%
of the concentration at the surface of the grain (d = 0,
eqn (13)). At 100 °C, the bulk concentration was slightly
lower, following the ideal gas law. Moreover, a lower
effectiveness factor of 84% was obtained. Accordingly, a
steeper decrease of the butadiene concentration gradient was
calculated (red lines in Fig. 6). For a linear concentration
gradient (assuming zero-order reaction, n = 0), the butadiene
concentration in the middle of the grain was calculated to be
less than 37% of the surface concentration. When a negative
reaction order (n < 0) is assumed (as observed for strongly
adsorbing butadiene®?'), the reaction rate increases with
decreasing reactant concentration, resulting in a faster
declining gradient towards the middle of the -catalyst
grain.®® As a result, in this example, part of the grain (31%
of the diameter, 3.0% of the volume) is completely free of
butadiene, which enables alkane formation in the interior.
Although near the external surface of the grain,
hydrogenation is selective due to the high concentration of
butadiene,®” the unselective alkane formation in the interior
of the grain will strongly decrease the overall selectivity. Note
that this concentration profile is a one-dimensional
representation of the grain, and for a spherical shape, half of
the volume is located in the outer 21% radial distance.
Moreover, this analysis assumed uniformly distributed Pd
throughout the catalyst grain, which in practice is only valid
for the undiluted 0.01_Pd/C catalyst. For the higher weight
loadings, the Pd/C catalyst was mixed with inert carbon (see
Fig. 1), resulting in locally higher Pd concentration and
steeper local butadiene concentration gradients.

From the experimental data in sections 3.2 and 3.3 and
the calculations in section 3.4, it is evident that internal mass
transfer limitations strongly affect the performance in
selective butadiene hydrogenation. Fig. 7 depicts the

This journal is © The Royal Society of Chemistry 2024

dependence of the butene selectivity (taken at 85% butadiene
conversion) as a function of the calculated Weisz-modulus
for different Pd loading and grain size combinations. All
catalysts showed a steep decrease in selectivity with
increasing @, already at @ < 0.05, well below the generally
accepted criterion of @ < 0.08,>”?%°>°* indicating that the
selectivity was more strongly affected than the activity by
internal diffusion limitations. The 0.01_Pd/C showed higher
selectivity than the catalyst with higher Pd loading, even at
similar estimated diffusion limitations. This is ascribed to
the preparation of the catalyst grains, where the catalysts
0.1%, 0.5% and 2.5% Pd/C were diluted with inert carbon
powder (5, 25 and 125 times, respectively) to obtain a final
weight loading of 0.02 wt% Pd (Fig. 1). Therefore, within
these catalyst grains, there is a heterogeneity of Pd-rich and
purely inert (carbon) regions at the scale of the support
sheets (0.5-1.0 um, Fig. 2A). The calculations of the Weisz-
modulus do not take into account these local Pd
concentrations. As a result, the Pd-rich regions of the grain
will have a steeper butadiene concentration gradient at the
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Fig. 7 Weisz-modulus as selectivity descriptor. Comparison of the
experimentally measured selectivity (taken at 85% conversion) and the
calculated Weisz-modulus of the tested catalysts. Lines as a guide for
the eye.
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Table 3 Maximum catalyst grain size (dp) for other metal catalysts from the literature

Catalyst NP size (nm) Wt% TOF (s7) T (°C) n dp? (um)
Pd/C (ref. 21), this work 5.0 0.1% 20 25 -0.25 53
Cu/C (ref. 41) 7.3 6.3% 6x107° 125 0.25 268
Cu/SiO, (ref. 41) 7.3 5.7% 5x107° 125 0.25 309
Ag/SiO, (ref. 50) 2.9 1.8% 0.2x107° 120 0.75 (ref. 69) 1807
Au/SiO, (ref. 50) 2.6 3.7% 4x107° 120 0.2 (ref. 70) 437

¢ Calculated so that @ < 0.03. Catalyst properties, intrinsic activity (TOF) and reaction order in butadiene (n) taken from the literature.
Calculations based on selective butadiene hydrogenation (20% conversion, 0.3 mol% inlet).

same conversion and internal effectiveness factor, which is
associated with lower selectivities, especially at high
levels. This analysis provides a qualitative
understanding of the selectivity trend, which depends on
meso- and microscopic properties such as Pd loading and
catalyst grain size. More sophisticated kinetic modelling
could offer a more precise quantification of the impact on
selectivity.®®

Lastly, these findings can be extended to different
catalysts (such as supported coinage metal nanoparticles) for
the selective hydrogenation of butadiene, or to other
reactions (such as acetylene semihydrogenation). From the
previous section, some insights into the selectivity trends
were determined for metal catalysts other than Pd. If a metal
turnover frequency (TOF) is measured or estimated, the
volumetric reaction rate of the catalyst (Ris) can be
calculated from eqn (S7f). Analogous to section 2.4, the
Weisz-modulus can be calculated (eqn (10)) and compared to
the effective diffusion rate required for good selectivity. Fig. 7
indicates that a Weisz-modulus smaller than 0.03 is necessary
for retaining higher selectivity above 70% at 85% butadiene
conversion. Table 3 provides an overview of various metal
catalysts for the selective hydrogenation of butadiene in
large excess of propylene that are reported in the
literature.*>*"**%>7® For Pd/C, a maximum grain size of ca.
50 um is required, in line with the experimental results from
Fig. 7. The coinage metals (Cu, Ag, Au) show orders of
magnitude lower intrinsic metal activity (TOF), even at the
higher reaction temperature. Therefore, the critical grain
sizes for internal diffusion limitations are 5 to 34 times larger
than for Pd catalysts, even at higher weight loading and
smaller nanoparticle (NP) size.

Our findings emphasise the need to assess internal mass
transfer limitations during selective hydrogenation of trace
amounts (e.g. 0.3%) of butadiene over highly active Pd, and
show the importance of carefully evaluating if experimental
trends are not partially due to heat or mass transfer effects.
The same supported Pd nanoparticles showed a broad range
of catalytic performances, which could wrongfully be ascribed
to intrinsic catalyst properties rather than due to diffusion
limitations. Therefore, for academic research, the occurrence
of any of these effects should be carefully discarded before
ascribing trends to various catalyst properties such as metal
nanoparticle size, weight loading and/or promoters.
Diffusion-related effects also rely on catalyst geometry,

conversion
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accessibility, meso- and/or microporosity, grain size and/or
gas-solid interaction with the support. The impact of a
variation of the thermal properties should also be carefully
assessed, for example, when comparing conductive to
insulating catalyst supports or when varying inert dilute
gasses such as Ar and He, which have a tenfold difference in
thermal conductivity.”*

More generally, this manuscript its experimental
observations and calculations can be extended to any
heterogeneous catalysis system. One can estimate the
associated transport phenomena by adapting some of the
properties of Table 3 for the desired application, as typical
industrial catalysts operate at very different reaction
conditions than those discussed for selective hydrogenation.
For example, in Cu-catalysed hydrogenation of CO/CO, to
methanol, metal weight loadings up to 60 wt% Cu and
temperatures around 230 °C are used, greatly increasing the
catalyst volumetric activity.”> The effective diffusion, however,
is also much higher due to 20% CO/CO, reactant feed and
50-100 atm operation pressure. However, reactants might
condense inside the catalyst pores, which greatly lowers
diffusion rates. In short, the mass transport limitations have
a strong influence on the catalytic performance, especially for
the combination of highly active metals, such as Pd, and
trace amounts of reactants. Metals with lower activity, such
as Cu, are less affected by this, especially when the inlet
reactant concentrations are higher.

4. Conclusions

The influence of heat and mass transport limitations was
investigated for the gas-phase selective hydrogenation of
butadiene in a large excess of propylene with Pd/C
catalysts. At low temperatures and conversions, higher Pd
loading and larger catalyst grains led to enhanced activity
due to local heating by the exothermic reactions. However,
at high conversions, the activity of larger grains was
lowered due to mass transfer limitations. The selectivity
towards butenes strongly depended on internal diffusion
limitations and strongly decreased with increasing Pd
loading and catalyst grain size. The combination of
catalytic  results and calculations highlighted the
importance of diffusion-induced concentration gradients
inside catalyst grains. The impact on selectivity was much
more severe than the impact on activity according to the

This journal is © The Royal Society of Chemistry 2024
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Weisz-Prater criterion. Our insights provide guidelines for
the understanding of the influence of catalyst structure for
Pd-catalysed hydrogenation reactions and can be extended
to other catalysts and reactions to better understand
catalytic materials and design reliable catalytic testing
conditions.
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