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Abstract: The integrated approach for the design of solid catalysts for process intensification is presented ad-
dressing simultaneously different levels of scale and complexity involved in the development starting from the 
molecular/nano-scale of the active phase optimization up to the macro-scale of the catalytic reactor design. The 
feasibility of this approach is demonstrated through case studies carried out in our group. 
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1. Introduction

Process intensifica-
tion is a vibrant topic 
in the field of chemi-
cal engineering which 
has attracted a lot of 
attention during the 
past few decades. It 
aims at the develop-

ment of novel equipment, processing tech-
niques, and operational methods to increase 
the efficiency of chemical plants and mark-
edly shrinking their size making the process 
cleaner, safer and less energy-consuming.[1]

Catalysis is a key technology for the 
economical and environmentally benign 
chemical transformation of raw materi-
als into useful products. Heterogeneous 
catalytic reactions account for over 85% 
of the industrial chemical processes and 
about 2 billion dollars in sales. In order to 
strengthen the competitiveness of chemi-
cal industries in Europe, a revitalization of 
the research on catalytic technologies and 
materials has been observed during the 
last decade.[2-4] Catalysts allow the desired 
products to be obtained with high selectiv-
ity, thus minimizing the material and en-
ergy loss and respecting the sustainability 
of their production. 

To fully exploit the high intrinsic activ-
ity and selectivity of a catalyst, the chemi-
cal reactor has to be designed and operated 
optimally, that is, any mass and heat trans-
fer resistances must be minimized, and the 
residence or contact time of the reactants in 
the reactor must be well defined. The con-
ditions within the reactor must be control-
lable at any location and at any time since 
the best reactor performance and highest 
product selectivity can only be ensured 
when the optimal reaction conditions are 
maintained throughout the reactor. 

In addition to the design of the reactor, 
the design of the shape and texture of solid 
catalysts is crucial to achieve the full ben-
efits of a catalytic process. In conventional 
fixed-bed reactors, catalyst particles of var-
ious sizes are often randomly distributed, 
which may lead to inhomogeneous flow 
patterns. Near the reactor walls the packing 
density is lower, making faster flow of the 
fluid near the wall unavoidable. As a result, 
reactants may bypass the catalyst particles, 
and the residence time distribution (RTD) 
will be broadened. Moreover, the non uni-
form access of reactants to the catalytic 
surface diminishes the overall reactor per-
formance and can lead to unexpected hot 
spots and even to reactor runaway in the 
case of exothermic reactions. Furthermore, 
pressure drop in randomly packed beds, 
i.e. energy consumption, is a crucial matter 
in process economics, in particular when 
large quantities of raw materials have to be 
converted. On the other hand, when reac-
tions are conducted in suspensions such as 
in fluidized beds or slurry reactors, pres-
sure drop is minimized, but catalyst abra-
sion and catalyst recovery become critical 
issues. 

To overcome the drawbacks of con-
ventional catalytic reactors, structured 
catalysts and reactors may be used.[5,6] 
Well-known examples are monolithic con-
verters, catalyst-coated static mixers, and 
arranged packing as applied in distillation 

and absorption columns. Further examples 
are catalytic grids, woven fabrics, felts, 
and foams.[7] Structured catalysts are char-
acterized by high porosities, in the range 
of 0.7–0.9, relative to packed beds with 
porosities of typically 0.5. The pressure 
drop in a structured packing is 2–4 times 
lower than in conventional fixed beds. The 
open cross-flow structure of arranged cata-
lysts facilitates intensive radial mixing and 
leads to narrow RTDs in tubular reactors.

In summary, in order to attain the in-
tensification of catalytic processes, an in-
tegrated approach has to be applied con-
jugating catalyst and reactor design over 
multiple levels as presented in Fig. 1: i) 
molecular and nano-scale of the optimal 
active center; ii) meso-scale of the cata-
lytic active phase and the support nature; 
iii) micro-scale of the support structure in-
cluding its microporosity; iv) milli-scale of 
the finished catalyst with its 3D structure; 
v) macro-scale of the catalytic bed within 
a reactor. 

This approach requires a combination 
of interdisciplinary competences of chemi-
cal reactor and catalytic engineering, syn-
thetic chemistry and surface science, as 
well as physics and modeling.

The following sections present select-
ed examples based on the work from our 
group illustrating an integrated approach 
for intensifying a catalytic process span-
ning from molecular to reactor scale level. 
The industrially important selective semi-
hydrogenation of 2-methyl-3-butyn-2-ol 
(MBY) over Pd-based structured catalysts 
was used as a model reaction. 

2. Molecular/Nano-scale Level of 
Active Site Design

Heterogeneous catalysis involves an 
active site (molecular scale) in chemical 
transformation via rupture and creation 
of bonds within the coordination sphere. 
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phase on a nano-level to achieve a superior 
activity and/or selectivity. 

To gain a fundamental understanding of 
structure-sensitivity of triple bond hydro-
genations,[8] three different shapes of Pd 
NPs have been synthesized, namely cubes, 
octahedra and cubo-octahedra of different 
sizes through a solution-phase method with 
poly (vinyl pyrrolidone) (PVP) serving as 
stabilizer. After the synthesis, Pd NPs were 
cleaned up from the stabilizing agents and 
tested per se (in unsupported form) in the 
water-assisted hydrogenation of 2-methyl-
3-butyn-2-ol (MBY) in order to compare 
the activity and selectivity of plane surface 
atoms, namely Pd

(100)
 and Pd

(111)
,
 
with that 

of edge surface atoms, Pd
edge

. Specifically, 
we examined Pd nanocubes of two differ-
ent sizes (6 nm and 18 nm in edge length), 
Pd octahedra of 31 nm in edge length, 
and Pd cubo-octahedra of 5.5 nm in size. 
Figs 3A, B show TEM images of the Pd 
nano-cubes (CUB 18), Pd nano-octehe-
dra (OCT), with 18 nm and 31 nm edge 
lengths, respectively. HRTEM imaging of 
each sample showed the nanocrystals to be 
monocrystalline and bounded by the ex-
pected crystallographic planes as seen in 
Figs 3C, D.

The statistics of surface atoms[9] for 
ideal face-centered cubic (fcc) nanocrys-
tals allow one to determine the relative 
numbers of different types of surface at-
oms on a nanocrystal with a given size and 
shape. 

The reaction network for 2-methyl-
3-butyn-2-ol (MBY) hydrogenation is de-
picted in Scheme 1. Two types of sites are 
assumed to be involved in the catalysis: 
σ

1 
– plane Pd atoms; σ

2
 – edge Pd atoms. 

MBY can be either semi-hydrogenated to 

However, contrary to homogeneous cataly-
sis by metal complexes, in solid catalysts 
active sites are present on the surface of 
nanocrystals and are, therefore, inherently 
heterogeneous (e.g. vertex, edge, and plane 
atoms, see example in Fig. 2). Therefore, 
if different surface atoms possess differ-
ent catalytic activity and/or selectivity, 
then the response will depend on nanopar-
ticle (NPs) morphology resulting in the so 
called structure-sensitivity of catalytic re-
actions. A relevant example of this type of 
reactions is the selective hydrogenation of 
triple bonds of unsaturated hydrocarbons 
catalyzed by Pd NPs.[8]

The fraction of atoms located on (111) 
and/or (100) crystallographic planes in-
creases with size at the expense of edge 
and vertex atoms. This change leads to a 
size effect, which manifests itself with an 
increase (antipathetic structure-sensitivity) 
or decrease (sympathetic structure-sen-
sitivity) of the turnover frequency (TOF) 
as a function of particle size. In addition, 
shape variation of Pd NPs can result in im-
portant morphological differences: for ex-
ample, Pd cubes only display (100) plane 
atoms on the surface while Pd octahedra 
only present (111) plane atoms and cubo-
octahedra have a mixture of both. This 
difference contributes to a shape effect, 

especially when each type of surface plane 
atoms possesses a different reactivity. For 
structure-sensitive reactions, such shape 
and size effects could be used to perform 
a rational design of the catalytic active 

Fig. 1. Levels of scale and complexity for catalytic process development.

Fig. 2. Three 
common shapes Pd- 
nanocrystals: • Pd(111), 
• Pd(100) and • Edge 
and vertex atoms.

Fig. 3. TEM and 
HRTEM images of 
the PVP-stabilized Pd 
nanocrystals used in 
this work. A and C) 18 
nm cubes and B and 
D) 31 nm octahedra. 
The inset in panels 
C and D show 
the FTT patterns 
of an individual 
nanoparticle where 
the lattice spacings 
can be indexed to 
reflections of face-
centered cubic Pd 
as depicted in each 
panel.
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no difference between cubic or octahedral 
nanocrystals, cubo-octahedra will be sig-
nificantly less active due to their lower dis-
persions. Therefore, if the productivity of 
MBE is to be maximized, then cubic nano-
crystals of approximately 3 nm would be 
the best choice. 

The structure-sensitivity of a chemi-
cal reaction is specific for each catalytic 
system. Therefore, such a modeling-simu-
lation approach combined with the experi-
mental kinetic data obtained from uniform, 
well-defined metal nanocrystals, gives a 
powerful tool for the rational design of 
catalytic active phases for a given chemi-
cal reaction. To the best of our knowledge, 
this is the first attempt to experimentally 
determine a catalytic action of different 
Pd surface sites by using model crystal 
nanoparticles and to apply for an active 
particles optimization.

3. Meso/Micro-scale Level of 
Catalyst Design 

During the long process of catalyst 
development the identification of a cata-
lytically active phase is the first but not 
the last step, which is usually followed 
by the choice of a suitable support. It is 
well known that the environment around 
the active site plays an important role in-
fluencing its activity, selectivity and sta-
bility, although often not enough care is 
given to this aspect. The optimal support is 
often based on the catalyst screening in the 
form of powders, which properties can be 
changed after catalyst’s shaping as pellets, 
monoliths or any other form.

Our approach is based on a deposi-
tion of the pre-optimized nano-sized cata-
lytically active phase on micro-structured 
materials with tuned surface properties 
(acidity/basicity) as well as its morphol-
ogy and micro/meso-porosity. The goal is 
to achieve an optimal spatial distribution 
of active nano-particles together with its 
strong anchoring to the support surface.

Herein we report as an example the 
development of an active/selective struc-
tured catalyst for the hydrogenation of an 
acetylenic alcohol (MBY) in aqueous me-
dia and represents a valuable alternative to 
the commercial Lindlar’s catalyst (powder 
of Pd,Pb/CaCO

3
). The latter is known to 

be unsuitable for hydrogenations in aque-
ous media due to irreversible deactivation 
caused by support hydroxylation. 

Three-dimensional sintered metal fi-
bers (SMF) were chosen in this work as 
a structured support for the deposition of 
Pd NPs (mean diameter of 6–7 nm, syn-
thesized beforehand) as the active phase. 
The SMF filters have high permeability, 
mechanical strength and high thermal con-
ductivity being advantageous for exother-

2-methyl-3-buten-2-ol (MBE) over both 
types of sites (path A, A’), directly hydro-
genated to 2-methyl-3-butan-2-ol (MBA) 
over sites σ

1
, (path B) or MBE can be 

over-hydrogenated in consecutive reac-
tion (path C) to MBA over sites σ

2
. In this 

work oligomerization (path D) was not ob-
served, and thus, was eliminated from the 
network for simplicity. 

Comparing activity of cubes with octa-
hedral of different sizes led to the conclu-
sion that Pd

(100)
 and Pd

(111)
 plane atoms have 

a similar activity. Therefore, the following 
model was suggested to describe catalytic 
activity:

���� ���� �������������� ���� (1)

The application of the model (see Table 
1) simultaneously to all four samples al-
lowed the estimation of the specific plane 
and edge TOFs, which were found to be 
19.3±2.4 s–1 and 4.7±0.8 s–1, respectively. 
This result suggests that MBY adsorbs on 
all types of surface atoms, but its reactivity 

depends on the coordination number of the 
active site.

The TOF data obtained can be com-
bined with the statistics of surface for com-
mon nanocrystal shapes to yield the graphs 
presented in Fig. 4A and B. 

As expected, shape does not exert 
a considerable effect on TOF for MBY 
transformation since both (111) and (100) 
planes behave similarly. Cubo-octahedra, 
however, are slightly disfavored due to the 
larger fraction of edge atoms (or σ

2
 sites), 

which are considerably less active in the 
hydrogenation of MBY relative to plane at-
oms (or σ

1
 sites). The most significant size 

effect is observed in the 3–20 nm range, 
after which the reaction becomes size and 
shape independent with respect to TOF. 
Nanocrystals smaller than 3 nm in size 
start to lose their bulk properties[10,11] and, 
consequently, the catalytic behavior may 
not follow the prediction. This region is 
depicted with dotted lines.

If, on the other hand, MBE productiv-
ity is used as optimization criterion, then 
both size and shape effects change sub-
stantially (Fig. 4B). While there would be 

Scheme 1.

Table 1. Activitya model applied to the catalytic responses of differently shaped Pd nanocrystals to 
account for the structure sensitivity of the reaction.

Sample
-RMBY

[mol×molPd
–1×s–1]

TOFobs

[s–1]
TOFplane

[s–1]
TOFedge

[s–1]

CUB6 2.55 15.3

19.3±2.4 4.7±0.8
CUB18 1.05 17.5

OCT 0.53 14.6

COT 2.25 12.3
aReaction conditions: 1 g of MBY, MBY:Pdsurf = 140000, 200 mL of H2O, 60 °C, 0.3 MPa of H2.

Fig. 4. Optimization of Pd nanocrystal size and shape based on MBE productivity TOF (A) and 
total Pd (B).
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mic hydrogenations. The SMF surface was 
coated by ZnO since for MBY hydrogena-
tion selectivity to MBE has been found to 
increase in the following order: Pd black < 
Pd/C < Pd/Al

2
O

3
 < Pd/BaSO

4
 < Pd/MgO < 

Pd/ZnO ≅ Pd/CaCO
3
.[12] 

Rational synthetic procedure[13,14] ap-
plied to the SMF coating led to the active/
selective catalytic phase of Pd/PdZn/ZnO 
(Fig. 5) with improved stability in aque-
ous media as compared to the commercial 
Lindlar’s catalyst. The catalyst was tested 
in a semibatch reactor and the results are 
shown in Fig. 6. 

The catalyst exhibited one order of 
magnitude higher activity compared to the 
commercial Lindlar catalyst and provided 
95.3% yield of MBE at 308 K, 5 bar. The 
consecutive MBE hydrogenation to the 
saturated alcohol was suppressed. The 
structured catalyst could be reused after ul-
trasonic regeneration contrary to Lindlar’s 
catalyst which deactivates completely in 
aqueous reaction media during the first 
run. Therefore, the Pd/ZnO/SMF catalyst 
has been shown as suitable for continuous-
ly operation and could be incorporated in a 
Staged Bubble Column Reactor (SBCR). 

4. Milli/Macro-scale Level of 
Reactor Design 

Milli/macro-scale of catalyst design 
is closely linked with the reactor design 
and refers to the macro-structured mate-
rial conjugated with the development of 
a complex devise (such as a reactor with 
integrated heat exchanger and mixers, etc.) 
aimed at process intensification via im-
proved multiphase contact and heat trans-
fer management. 

Below we report the example using the 
same model reaction of MBY hydrogena-
tion over a structured Pd-based catalyst.[15] 
A novel reactor based on a bubble column 
staged by structured catalytic layers of Pd/
ZnO/SMF with integrated cross flow mi-
cro-heat-exchangers (HEX) was designed 
and tested. As the diameter of a single fi-
ber in SMF material is in the micrometer 
range, internal and external liquid/solid 
mass-transfer limitations can be effectively 
avoided, while the open macrostructure of 
the SMF material gives a low pressure drop 
during the passage of fluids. It also helps 
for micro-mixing and enhances bubble 
redistribution on each stage. Due to the 
variable distance between catalyst lay-
ers, staged bubble column reactors can be 
easily adjusted to process requirements in 
catalyst loading, reactor volume and phase 
mixing intensity. Therefore, integrated heat 
exchange (HEX) elements were designed 
to be placed between adjacent catalyst lay-
ers within the bubble column, forming an 
integral unit of a reactor stage. Thus, reac-

tion heat produced in each catalyst layer is 
directly evacuated in the adjacent upstream 
heat exchange element. Fig. 7A shows a 
setup scheme containing a 10-staged bub-
ble column reactor with integrated cooling 
elements (Fig. 7B).

To keep the compactness of the SBCR, 
the HEX element has to present a minimal 
additional reaction volume and at the same 
time provide a high heat-exchange perfor-
mance. To meet these requirements, the 
HEX was designed as vertical micro-slits 
cut through a circular stainless steel plate 
of 7 mm thickness. One element contains 
17 slits of 300 µm width, cut though the 
plate at equal distances of 2.4 mm over the 
internal reactor cross section. Horizontal 
cooling water channels of 800 µm diam-

eter were subsequently drilled through 
the remaining parallel bars. The result is 
a stack of cooling tubes of equal length 
aligned horizontally at a distance of 300 
µm, forming a micro-heat exchanger stage 
with cross flow configuration. Fig. 7B 
shows a vertical cross section through the 
resulting element geometry of the stainless 
steel HEX. This design combines low vol-
ume with small heat transfer distances. 

The performance of the SBCR reac-
tor with integrated micro-heat exchanger 
was determined for the hydrogenation of 
2-methyl-3-butyn-2-ol (MBY) using a 
high pressure loop setup with the reactor 
shown in Fig. 7A. The hydrogenation reac-
tion was carried out in the SBCR under dif-
ferent temperatures, H

2
-pressures and flow 

Fig. 5. High 
resolution SEM 
images at different 
magnifications of Pd-
cubes supported on 
SMF coated by ZnO 
grains.

Fig. 6. Concentrations 
of MBY and products 
vs. reaction time 
during hydrogenation 
over 0.2 wt.% Pd / 
6 wt.% ZnO / SMF 
catalyst in water as 
solvent.

Fig. 7. A) Staged 
bubble column 
reactor with 
integrated catalyst 
layers and micro heat 
exchanger; B) Vertical 
cut through the heat 
exchanger element 
and C) Sintered metal 
fiber catalyst.
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rates. Particular attention was paid to avoid 
any mass transfer resistance, and the liquid 
reactant mixture was always saturated with 
hydrogen at the corresponding temperature 
and pressure. 

The results are presented in Fig. 8 to-
gether with the heat production q

r 
calcu-

lated as: 

�� � �����
�� ������� (2)

� � ����� � ���� ������ ���� (3)

where the heat of reaction is –170 kJ mol–1, 
m

cat
 the mass of the catalyst and V

R
 the vol-

ume of the reactor.
The heat evacuation q

ex
 is calculated for 

volumetric gas-flow of Q
G
 = 1.400·10–3 m3 

min–1 and volumetric liquid-flow of Q
L
= 

0.2·10–3 m3 min–1, based on a mean temper-
ature difference between reaction mixture 
and cooling medium of ∆T

m 
= 15 K. The 

operating region of the SBCR lies under 
the horizontal line in Fig. 8 corresponding 
to q

ex
, where q

ex
 ≥ q

r
 and means that the pro-

duced reaction heat can be fully evacuated.
The micro-HEX integrated within 

SBCR with catalytic layers made of Pd/
ZnO/SMF showed high specific produc-
tivity in a hydrogenation of MBY under 
isothermal conditions. The attained spe-
cific reactor performance was found to be 
several orders of magnitude above the val-
ues reported for conventional multiphase 
reactors. Adjusting the hydrogen partial 
pressure can increase the productivity up 
to the limits governed by the heat transfer 
performance of the HEX element. Thus, 
the SBCR with integrated micro-HEX is a 
suitable design for continuous multiphase 
hydrogenation leading to significant (two 
orders of magnitude) process intensifica-
tion.

5. Conclusions

The integrated approach for the design 
of solid catalysts for process intensifica-
tion is presented. This approach addresses 
simultaneously different levels of scale 
and complexity involved in the develop-
ment starting from a molecular/nano-scale 
with the active phase optimization up to a 
macro-scale of the catalytic reactor design. 
Therefore, it requires a combination of in-
terdisciplinary competences of chemical 
reactor and catalytic engineering, synthetic 
chemistry and surface science, as well as 
physics and modeling. 

The feasibility of this approach has 
been demonstrated herein via case studies 
of an industrially relevant selective semi-

hydrogenation of 2-methyl-3-butyn-2-ol 
over Pd-based catalyst structured over 
multiple levels. The catalysts properties 
have been ‘tuned-on-demand’ by master-
ing Pd nanoparticles with controlled size 
and shape, synthesis of a support which al-
lowed strong anchoring of these NPs with-
out leaching/deactivation, and incorpora-
tion of final structured catalyst into a com-
pact reactor with integrated micro-heat 
exchanger. The performance increased up 
to a few orders of magnitude as compared 
to conventional reactor using industrial 
powder catalyst. 

Whatever the future holds for this novel 
structured catalyst,[16,17] its development 
has provided a fascinating scientific puzzle 
and indicated a future direction to imple-
ment catalytic processes intensification. 
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