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Process intensification (PI) is an exciting area of chemical and process engineering with increasing impor-
tance in the design and development of cleaner, more efficient, and more sustainable processes. The
present contribution reviews work from the author’s laboratory on catalytic partial oxidation of methane
rocess intensification
atalytic partial oxidation
ethane

yngas
ntegrated reactors
anocatalysts

(CPOM) as example for a multiscale approach to process intensification. It is shown that regenerative
heat-integration via flow reversal is an efficient way to overcome thermodynamic limitations present at
autothermal reactor operation, and that “nano-engineered” catalysts can complement and enable these
reactor concepts by combining high activity with exceptional catalyst stability. Most significantly, the
combination of heat-integration with nanostructured catalysts yields synergies which are characteristic
for multiscale process intensification, resulting in the present case in strongly increased syngas yields of

utoth
80% in a simple, air-fed a

. Introduction

The foreseeable end of fossil energy resources combined with
he rapid industrialization of the developing world and the unsus-
ainable level of anthropogenic greenhouse gas emissions have
esulted in an accelerating push for new ways of providing the
nergy for our modern way of life. However, the range of recom-
endations and predictions of future energy production diverges

trongly: while some scenarios require a transition to direct solar
nergy as the dominant, or even sole, energy source, others pre-
ict that a broad technology mix of nuclear energy, biofuels, wind
nd solar energy, and even a (limited) continued use of fossil fuels,
ill offer a sustainable solution both in economic as well as envi-

onmental terms [1]. In view of this transition and the associated
ncertainty regarding the long-term economical and political via-
ility of different technologies, the paradigm of the “economy of
cale” has become increasingly questionable and is sometimes
ven regarded as a major hurdle for implementation of novel
echnologies [2]. For example, biofuels require utilization of com-
aratively small, distributed resources, rendering large-scale plants
neconomical [3]. Similarly, efficient utilization of small-scale local

esources is quickly becoming a necessity for domestic chemi-
al industry to remain competitive in an increasingly globalized
arket. These trends are motivating the design of small(er)-scale,

ecentralized processes and plants, which offer multiple advan-
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920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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ermal CPOM process.
© 2010 Elsevier B.V. All rights reserved.

tages, since they cannot only utilize such small-scale distributed
resources more efficiently, but can also react much more flexi-
bly to changes in political climate, resource availability, cost, and
competition. Furthermore, the reduced cost of building small-scale
facilities helps to lower the economic hurdle towards implement-
ing new technologies, and reduces the fear of being “locked in” to
technologies for many decades, in particular in view of the uncer-
tainty of political and other frameworks that might render these
technologies obsolete or uneconomical.

In chemical process engineering, this development is often
summarized by “process intensification”, i.e. the development of
smaller, safer, more flexible, more efficient, and less costly pro-
cesses based on the utilization of novel equipment and devices,
and through the development of novel technologies and method-
ologies. The present contribution aims to illustrate this approach by
giving a review of results on catalytic partial oxidation of methane
to synthesis gas from the author’s laboratory. A particular empha-
sis is put on the often neglected aspect of multiscale engineering in
process intensification, i.e. on an approach in which the application
of reactor-scale measures (here: the utilization of a heat-integrated
reactor concept) is combined with the simultaneous development
of catalyst- or reactant-level measures (here: nanostructured cat-
alysts) in a way that results in strong synergies.
2. Process intensification—definition and tools

Process intensification (“PI”) is still a fairly young area and cor-
respondingly no broadly accepted definition of this term exists

dx.doi.org/10.1016/j.cattod.2010.04.040
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:gveser@pitt.edu
dx.doi.org/10.1016/j.cattod.2010.04.040
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ig. 1. Multiscale reaction engineering toolbox for process intensification, ranging
rom nanostructured materials, over microchemical reactors, to fully integrated,

ultifunctional reactor concepts.

o-date. The term “process intensification” is usually attributed to
amshaw who defined it in the mid-1980 as the development of
ew processes with a substantial reduction in plant size by “at

east a factor of 100” [4]. The reduction of plant size results in sub-
tantial cost reduction and improved reactor safety due to better
ontrol over reaction conditions and reduced inventory and hold-
p of chemicals. Due to this early definition, process intensification

s often reduced to the development of microchemical reactors
“microreactors”) and other “microprocess equipment”, which is
nique in indeed offering the potential of reducing reactor size by
rders of magnitude. However, such drastic size reduction may be
verly ambitious and restrictive for industrial practice, and a more
ecent definition from the “European Road Map for Process Inten-
ification” hence defines PI much more broadly as “a set of often
adically innovative principles (“paradigm shift”) in process and
quipment design, which can bring significant (more than factor
) benefits in terms of process and chain efficiency, capital and
perating expenses, quality, wastes, process safety, etc.’ [5,6]. It is
oteworthy that this definition does not explicitly mention size at
ll anymore, but rather focuses on the effect of the “innovative prin-
iples” on various aspects of process efficiency, i.e. it focuses on the
utcome rather than the means of these process improvements.

Specifically, this more recent definition lends itself to tak-
ng full advantage of the multiscale nature of catalytic processes,

hich leads naturally to a broadening of the toolbox for PI engi-
eering (see Fig. 1): in addition to “microprocess engineering”
6–8], which allows in particular optimization of heat and mass
ransport processes, characterized by length scales in the microm-
ter to millimeter range, strong improvements can be achieved
rom integration of multiple unit operations into a integrated,
r “multifunctional” reactor on the macroscale, as well as from
arvesting the emerging potential of functional materials on the
anoscale. Process intensification is thus becoming a true multi-
cale endeavour which integrates novel materials (nanomaterials),
ovel equipment (microprocess equipment), and novel method-
logies (multifunctional reactors).

Multifunctional reactors have already developed into an area of
ery active research [9–11], although the label “multifunctional” is
ore aspirational than factual as virtually all concepts that have

een realized to-date are of the “reaction plus one” type, i.e. they
re bi- rather than multifunctional and “integrate” the reaction with
ne additional unit operation. The most investigated concepts to-

ate are:

Reaction plus separation: these concepts are usually used to break
equilibrium limitations or avoid further reactions of desired
intermediates by withdrawal of the respective reaction product.
157 (2010) 24–32 25

Examples include reactive distillation [12], membrane reactors
[13], or chromatographic reactors [14], where in particular the
first has already found some impressive industrial application
[15].

• Reaction plus mixing: examples here include the spinning disk
reactor [16,17], where an artificial force field is imposed in order
to achieve more intense mixing, and membrane reactors in which
the membrane is utilized to achieve a distributed reactant feed.
Targets are typically increased conversion and/or selectivity in
the first case, and increased process safety in the second case
(by avoiding the mixing of potentially flammable or explosive
mixtures), although selectivity improvements can occasionally
also be the target.

• Reaction plus heat-exchange: in this case, heat-exchange is inte-
grated directly into the reactor, either via regenerative or
recuperative heat-exchange, with the aim to increase the energy
efficiency of a process, extend the limits of autothermal reac-
tor operation, or break (autothermal) thermodynamic limitations
[18,19].

Illustration of these principles is well beyond the scope of the
present article, and the reader is referred to a number of recent
monographs for more detailed information [20–22]. The present
article will restrict itself to using results from the author’s labo-
ratory to illustrate the “reaction plus heat-exchange” principle via
application of a heat-integrated reactor concept to syngas produc-
tion from methane.

Beyond the above mentioned two reactor engineering-based
principles of PI, a new area for process intensification is emerg-
ing with the dramatic advances in nanotechnology, specifically
the control of catalyst properties on the nanometer and sub-
nanometer scale. While changes in catalyst are often explicitly
excluded from definitions of process intensification in order to
avoid confusion with entirely new reaction pathways and/or new
process chemistries, we consider “nano-engineering” of catalysts
– i.e. using nanostructuring to affect catalyst properties without
changing the chemical composition of the catalyst – an exciting
emerging area which needs to be included in the PI toolbox in order
to fully harvest the potential of a true multiscale “intensification” of
chemical processes. Again this article will use selected results from
the author’s laboratory on the development of novel catalysts for
CPOM to illustrate how nanomaterials can complement and enable
reactor engineering approaches towards intensified processes, and
how the combination of these multiscale measures can result in
strong synergies for the resulting process.

3. Application: hydrogen and syngas from methane

Conversion of methane to syngas and/or hydrogen has been the
focus of much research and development over the past two decades
[23,24]. At present, the main industrial route for the production of
syngas is steam reforming of methane (SRM):

CH4 + H2O → CO + 3H2 �HR = +206 kJ/mol

SRM is a highly endothermic process which requires a large
amount of energy, typically supplied via methane combustion in
externally fired tubular reformers. This results not only in signifi-
cant emissions of CO2 from SRM, but also limits its overall thermal
efficiency, in particular for small-scale, decentralized processes
[25].
Autothermal reforming of methane (ATR) is an alternative to
SRM which avoids these limitations [24,26]. In ATR, methane com-
bustion is directly integrated with the steam reforming reaction
inside the tubular reformer by adding oxygen to the reactor feed in
order to couple the endothermal steam reforming with the highly
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xothermal combustion of methane.

H4 + 2O2 → CO2 + 2H2O �HR = −802 kJ/mol

The resulting process is energetically quite efficient, but it
equires a fairly complex redesign of the reactor in which a burner
s placed in front of a homogeneous reaction zone followed by a
ingle catalyst bed. Hence, ATM technology is rather expensive and
oes not lend itself easily to adaptation for small-scale processes.

Catalytic partial oxidation of methane (CPOM) is a third alter-
ative for synthesis gas production, which has emerged as a strong
andidate for small-scale processes in recent years [27–29]. The
ost attractive features of CPOM are the extremely high reaction

ates, which allow residence times in the millisecond range, and
he mildly exothermicity of the reaction, which allows autothermal
peration:

H4 + 1/2O2 → CO + 2H2 �HR = −37 kJ/mol

Furthermore, in contrast to non-catalytic partial oxidation pro-
esses, the very high reaction rates of CPOM allow operation of
he process at comparatively mild temperatures (∼1000 ◦C) and
ence open up the possibility of an air-blown process without
ignificant NOx problems. This makes this reaction route particu-
arly attractive for small-scale decentralized processes: the reaction
an be conducted in simple, single-pass tubular flow reactors
ith extremely high space-time yields and hence highly compact

eactors. However, a thermodynamic analysis shows that the adia-
atic temperature rise for the partial oxidation of a stoichiometric
ethane/air mixture is only about �Tad ∼ 250 ◦C, well below the

emperatures which are thermodynamically required for optimal
yngas yields (>900 ◦C). The temperatures in excess of 1000 ◦C
hich are experimentally observed in this reaction are therefore
ot due to the partial oxidation reaction itself, but rather due to
ombustion of some of the methane feed. The reaction yield is thus
etermined by a complex interplay between partial and total oxi-
ation reactions [30,31]: the combustion of methane results in high
emperatures which shift the reaction equilibrium towards the par-
ial oxidation route. At the same time, however, this formation of
otal oxidation products also results in reduced syngas selectivity.
verall, this interplay thus limits attainable synthesis gas yields at
utothermal operation.

.1. Heat-integrated reactors

The above discussed autothermal limitation in methane par-
ial oxidation constitutes a classical example for the application of
eat-integrated reactors: in such reactors the catalytic reaction is
oupled with an internal heat-exchange between the hot product
ases and the cold feed gases, resulting in a highly efficient use of
he mild exothermicity of the partial oxidation reaction [19,32].
his internal heat-exchange can be achieved in a very straight-
orward way via recuperative heat-exchange in a counter-current
eat-exchange reactor [33,34]. A somewhat more complex, yet
ore efficient way of heat-integration is the regenerative heat-

ntegration via periodic flow reversal [35–37]. The principle of this
eactor concept is illustrated in Fig. 2: the top panel shows the cat-
lytic reactor in which a catalyst is surrounded by inert zones and
he flow direction can be switched via three-way valves on either
nd of the reactor; the bottom panel shows the development of the
emperature profile through the reactor during one flow reversal:
nitially, the reactor feed enters the reactor via ‘F1

′, i.e. reactants

ow through the reactor from left to right. Upon entering the cat-
lyst zone, the reaction occurs and the heat of reaction is released,
aising the temperature of the catalyst, of the product gases, and
hus of the downstream inert zone. At reverse-flow operation, the
as flow through the reactor is reversed at a certain time so that
Fig. 2. (a) Reactor concept of a reverse-flow reactor and (b) corresponding schematic
temperature profiles through the reactor upon one flow reversal (gases flowing from
right to left, corresponding to schematic valve position in (a)).

cold feed gases are now entering via ‘F2
′ and get pre-heated by

exchanging heat with the hot inert zone. The reactants thus hit
the catalyst at already elevated temperature which is then fur-
ther raised via release of the heat of reaction. When exiting the
catalyst zone, the hot product gases now exchange heat with the
downstream inert zone, cooling down the gases and heating up this
inert zone. Upon the next flow reversal, this cooling–heating cycle
is repeated again, this time in the opposite direction. If this flow
reversal is repeated at an appropriate cycling frequency, a so-called
“periodic steady-state” is eventually reached which is character-
ized by temperature and concentration profiles which are mirror
images of each other during two subsequent half-periods. Over-
all, this concept hence results in two very advantageous thermal
characteristics: it is possible to attain super-adiabatic temperatures
in the reaction zone without any additional external heat supply,
while both reactor ends and the effluent gas stream remain at com-
paratively mild temperatures, reducing the materials demands on
the reactor periphery in high-temperature reactions significantly.

The effect of this efficient heat-integration is shown exemplarily
in Fig. 3 [38]: Fig. 3a (left) shows experimentally measured tem-
perature profiles during reverse-flow operation of catalytic partial
oxidation of a stoichiometric mix of methane with air over four
half-cycles in the catalyst zone (z = 0–10 mm) and in one of the two
inert zones (z = 10–40 mm) after attaining the periodic steady-state.
One can see how the flow switching results in an almost instanta-
neous jump of the reaction front inside the catalyst zone from one
end to the opposite end of the catalyst (see location of the dark red
maxima in the temperature profile), while the temperature in the
inert zone is reacting comparatively slowly to the changes in flow
conditions. The reactor temperatures in the catalyst zone are about
1000 ◦C, i.e. well above the adiabatic temperature rise, while the
temperature at the end of the inert zone remains comparatively
cold, demonstrating efficient heat integration.

As a result, the syngas yields during reverse-flow operation of
the reactor are strongly increased in comparison to conventional,
steady-state reactor operation: Fig. 3b shows strong improve-
ments in CO and H2 yields when reactor operation is changed
from steady-state (open symbols) to reverse-flow (filled symbols).
These improvements are particularly pronounced at high flow
rates: while syngas yields show a maximum around 3 slm at steady-
state operation, they increase continuously all the way up to 9 slm

(which constitutes the limit of the experimental set-up) during RFR
operation. This again reflects the nature of the heat-integration: at
steady-state operation, increasing flow rates eventually result in a
convective cooling of the catalyst, pushing the reaction front fur-
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Fig. 3. (a) Typical temperature profiles in the catalyst (z = 0–10 mm) and one inert zone over four subsequent half-cycles during reverse-flow operation. (b) Syngas yields vs.
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olumetric feed gas flow rate for an Rh/Al2O3 catalyst. CO (squares) and H2 yields
hown in comparison with results in a reverse-flow reactor (RFR, filled symbols an
ow rate (left graph): 2 slm.

her into the catalyst, and hence reducing the effectively usable
atalyst length. Heat-integration avoids this effect by internally
re-heating the cold feed gases. Hence, the catalyst cooling is
voided and the full catalyst length remains available for the cat-
lytic reaction. Additionally, the increasing heat generation with
ncreasing flow rate results in hotter inert zones and hence further
mproves the heat-integration, i.e. it results in further increased
re-heating and hence further improved syngas yields. The regen-
rative heat-integration thus allows much higher through-puts
han steady-state operation without loss of yield, making this con-
ept particularly well-suited for compact reactors and distributed
rocesses.

However, the detailed design of integrated, multifunctional
eactors requires careful consideration of other effects of the inte-
ration of multiple unit operations into one apparatus, since the
nterplay between these unit operations can have effects beyond
he intended ones. For heat-integrated reactors, for example, the
ffect of the strong pre-heating on possible pre-catalytic gas-
hase reactions needs to be considered, since these must usually
e avoided due to selectivity losses and safety concerns [39,40].
his is of particular concern for fuel processing, where potentially
ammable or even explosive mixtures of fuels and oxidizing gases
eed to be handled. However, the availability of fairly robust and
eliable homogeneous reaction kinetics for many of these systems
llows calculation of reactor operating envelopes within which safe
nd efficient operation is possible [39,40].

Another issue in the development of PI concepts regards the
uantification of the ‘intensification’ or efficiency of the integra-
ion which is achieved with these novel reactor concepts. Process
ntensification can have many different, specific targets (as dis-
ussed in Section 1) – such as increased space-time yield, waste
inimization, reduced reactor size or cost, improved efficiency of

roduct separation, reduced overall process operating cost – and
t is necessary to define clearly quantifiable measures to capture
he efficiency or degree of the respective “intensification”. For heat-
ntegrated reactors, we have previously proposed a straightforward

easure of efficiency [32]. The concept is illustrated in Fig. 4a which
hows schematically the (standard) enthalpy of a reactor efflu-
nt from a conventional reactor and a heat-integrated reactor. The

nthalpy, H(T) = H� + Cp�T, can be separated into the “latent heat”,
� , and the “sensible heat”, i.e. Cp�T (where �T = T − T�). In the
onventional process, the effluent leaves the catalyst at relatively
igh-temperature (Texit,SS) and relatively low standard enthalpy
H�

SS), i.e. low selectivity. In comparison, heat-integration results
s) for a conventional ‘steady-state’ reactor (SS, open symbols and dotted lines) are
lines). Conditions: stoichiometric feed of CH4/air, RFR periodicity: 25 s, total feed

in a lowering of the effluent temperature (Texit,RFR) and an increase
in enthalpy (H�

RFR) due to increased reaction yields, as seen above.
The difference between the two effluent temperatures, Texit,SS and
Texit,RFR, represents the amount of sensible heat which is available
for heat-integration (represented by the horizontal line in Fig. 4),
which can be calculated from:

Ḣsh =
∑

i

ṅi,SS · (cp,iTexit,SS − cp,iTexit,RFR)

where Ḣsh is the flow of sensible heat, ṅi,SS is the molar flow of
component i, cp,i the heat capacity of species i, Texit,SS the catalyst
exit temperature in the conventional (“steady-state”) process, and
Texit,RFR the reactor exit temperature in the heat-integrated (“RFR”)
process. Ḣsh thus represents the maximum amount of heat per unit
time which is available for heat-integration.

On the other hand, the difference between the enthalpies of
the conventional and the heat-integrated process at temperature
Texit,RFR (the vertical line in Fig. 4) is equal to the difference in latent
heat of the product gases (i.e. the difference in chemical energy). It
is calculated with the respective product gas compositions at the
exit temperature of the heat-integrated reactor as:

�ḢRFR−SS =
∑

i

ṅi,RFRHi(Texit,RFR) −
∑

i

ṅi,SSHi(Texit,RFR)

The heat-integration hence results in a conversion of sensible heat
into latent heat or ‘chemical energy’, the efficiency of which can
now be calculated as a ratio of the two heat flows:

� = �ḢRFR−SS

Ḣsh

Using this definition, Fig. 4b shows the calculated the efficiency
of the RFR concept as a function of flow rate for a stoichiometric
methane/air mixture [38]. The strong increase in efficiency with
increasing flow rate again emphasizes that the heat-integrated
reactor concept is particularly well-suited for small-scale, com-
pact reactors with high-throughput, as already seen above in the
increasing syngas yields with increasing flow rate (cp Fig. 3b).
3.2. Heat-integration and catalyst stability

The above discussed results demonstrate the efficiency of a heat-
integrated reactor concept for high-temperature fuel processing.
However, the discussion has so far neglected a key concern in
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ig. 4. Quantifying “process intensification”. (a) Schematic diagram of standard ent
eat-integrated reactor. (b) Calculated efficiency of heat-integration for a stoichiom

igh-temperature catalysis, namely catalyst stability [41]. Catalyst
tability is a significant concern in virtually all industrial catalytic
rocesses, and this concern is strongly exacerbated by the high
emperatures characteristic for short contact-time fuel processing
pplications since most catalysts show rapid deactivation at tem-
eratures in excess of ∼600–800 ◦C. Based on the above discussion
f heat-integrated reactors, one can expect that the increased reac-
or temperatures and continuous temperature oscillations inside
he catalyst zone, which characterize RFR operation, result in accel-
rated catalyst deactivation.

Surprisingly, a cursory look at experimental results seems to
uggest that catalyst stability is in fact unaffected by the periodic
eactor operation: Fig. 5a shows the hydrogen selectivity for CPOM
ver a Pt-based catalyst [42], where open diamonds show results
t RFR operation and filled squares show results from SS opera-
ion of the same reactor. As seen above, RFR operation results in
trongly improved hydrogen selectivity, but, counter to expecta-
ions, catalyst deactivation is comparable in both reactor operation

odes, with a decrease from ∼91% to 82% at RFR and from ∼75% to

8% at SS operation, i.e. about 10% decrease in both cases. A closer

ook, however, reveals that the true catalyst deactivation is indeed
trongly accelerated at RFR conditions: when temporarily switch-
ng off the periodic flow reversal during RFR operation and allowing
he system to attain a steady-state, one observes a strongly exac-

ig. 5. Effect of heat-integration on catalyst performance and stability. (a) H2 selectivity as
ine, open diamonds), conventional steady-state (SS) reactor operation (middle line, filled
b) H2 selectivity for several different catalysts vs. methane/oxygen ratio at RFR and SS op
H� vs. temperature, illustrating the conversion of sensible heat into latent heat in a
mix of methane/air in a tubular reactor at reverse-flow vs. steady-state operation.

erbated catalyst deactivation, as shown by the filled diamonds in
Fig. 5a. Clearly, the catalyst does deactivate much more rapidly
at the elevated temperatures and demanding conditions of RFR
operation—but the heat-integration in the RFR reactor compen-
sates virtually entirely for this deactivation! It is a well-established
procedure in the industrial practice of catalytic reactor opera-
tion to increase reactor temperatures in order to (temporarily)
compensate for catalyst deactivation. Unlike this deliberate con-
trol measure in a conventional reactor, the heat-integrated reactor
is self-compensating: catalyst deactivation results in increasingly
unselective (total) oxidation, and hence in increasing heat release.
The RFR immediately re-integrates this additional heat into the
reaction zone via the above described regenerative heat-exchange,
hence intrinsically adjusting to the worsening performance of the
catalyst. This self-adjusting characteristic again makes the reactor
concept highly attractive for decentralized processes, where con-
tinuous monitoring capabilities and the availability of operating
personnel might be limited.

This interesting phenomenon has further implications which

can be seen when comparing the performance of different cata-
lysts in CPOM: Fig. 5b shows again hydrogen selectivities for four
metals commonly used in partial oxidation catalysis (Pt, Rh, Ir, Ni)
[42]. One can see that at SS operation strong differences exist in the
performance between these metals (up to 35% difference), with

function of time for a Pt-based catalyst at reverse-flow reactor (RFR) operation (top
squares), and for steady-state measurements in-between reverse-flow operation.
eration. Total feed flow is 3 slm, and RFR periodicity is 15 s.
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Fig. 7. Methane conversion, CO selectivity, and H2 selectivity during catalytic partial
oxidation of methane with air (=1.7) over a nanostructured Pt-BHA catalyst vs. time.
ig. 6. Synthesis pathway for nanostructured high-temperature catalyst via a

everse-microemulsion templated sol–gel process. The TEM image shows a typical
atalyst material.

t showing the lowest hydrogen selectivities and Ni and Rh the
est. However, at RFR operation, all four catalysts show very simi-

ar performance (within <10%). The heat-integration hence not only
ompensates for a deactivating catalyst, as seen above, but also
ompensates for the poor performance of intrinsically less selective
atalysts by re-integrating the strong heat release from unselective
otal oxidation and hence improving overall syngas yields. This sug-
ests that catalyst robustness might ultimately be the more critical
atalyst development target for this reaction system than selectiv-
ty, since the reactor concept can efficiently compensate for the lack
f the latter, but only temporarily “bridge” the decaying activity of
deactivating catalyst.

.3. Nano-engineered catalysts

The results from the reactor studies discussed above suggest
hat – not surprisingly – heat-integrated reactor systems require
articularly robust catalyst systems. This demand for new, “tai-

ored” catalysts may in fact apply to many intensified processes
nd integrated reactor concepts: microreactors typically require
he development of new catalyst coating techniques or at least
he fine adjustment of existing techniques to the demands of
he new materials and dimensions of micromachined units, and

embrane reactors for dehydrogenation reactions and/or hydro-
en production, for example, are notorious for the occurrence
f drastic catalyst coking issues due to the hydrogen removal.
t is hence desirable – if not necessary – to develop PI reac-
or concepts in conjunction with suitable catalysts systems, and,
s mentioned in Section 1, the artificial distinction between the
ore “engineering-oriented” process intensification and the more

chemist-dominated” catalyst development is, at best, not helpful.
In this context, the emergence of “nano-synthesis” pathways

ver the past two decades is beginning to offer an unprecedented
egree of control over catalyst properties from the nanoscale up
43]. While the prediction of selectivity changes with catalyst size
s still largely impossible at this point in time, “nanoscaling” the
ctive component of a catalyst can be expected to result in increased
ctivity due to the strong increase in active surface area, if not due
o true nanoscale phenomena [44]. However, with decreasing par-
icle size the stability of materials is typically compromised due
o the well-established melting-point depression for nanomate-

ials which leads to strongly increased sintering [45,46]. Despite
he vast amount of work in the area of nanocatalysis over recent
ecades and the obvious importance of this aspect for the applica-
ion of nanomaterials as technical catalysts, this lack of stability of
anomaterials has found surprisingly little attention to-date.
Operation is in a conventional steady-state flow-tube reactor with a total feed flow
rate of 3 slm. Selectivity is calculated as SH2 = 2 × FH2,out/(FCH4,in − FCH4,out) and SCO =
FCO,out/(FCH4,in − FCH4,out).

In order to overcome the stability limits of nanoscaled catalysts
in the present case, we developed a pathway to nanostructure both
the active metal as well as the ceramic support in order to stabilize
the metal nanoparticles via a robust embedding into the ceramic
matrix [47,48]. The synthesis is based on a reverse-microemulsion
templated sol–gel synthesis of nanometer-sized catalyst particles
[49,50]. We limit the brief discussion here to platinum as the active
component of the catalyst – although extension onto a broad range
of metals [51–53], including metal alloys [54], is fairly straight-
forward – and to a high-temperature stabilized alumina support
(barium hexaaluminate, BHA), a material which was developed
originally by Arai and Fukuzawa for high-temperature combus-
tion applications and is hence well-suited for high-temperature
catalysis [55].

The steps in the catalyst synthesis are summarized in Fig. 6. A
reverse-microemulsion is formed by combining an aqueous metal
salt solution (here: hexachloro-platinic acid), an aliphatic solvent
(such as iso-octane), and one of a range of commercially avail-
able non-ionic surfactants. Then, a stoichiometric mixture of the
oxide precursors (here: Al- and Ba-alkoxides) is slowly added to
the microemulsion, starting the hydrolysis reaction. After aging and
thermally-induced phase separation, the resulting gel is washed
several times, vacuum-dried, and finally calcined at temperatures
above 500 ◦C to remove any residual surfactant and carbona-
ceous deposits. The resulting powders are loosely agglomerated
nanocomposites of homogeneously distributed metal particles in
a hexaaluminate matrix and were typically used as synthesized.
Due to the controlled nanostructure with a highly interconnected
mesopore network the materials not only show very high specific
surface areas (in excess of 100 m2/g after calcinations at temper-
atures as high as 1000 ◦C) but also allow easy access to the active
component, which is a critical aspect in order to avoid mass trans-
fer limitations at the very high reaction rates of high-temperature
catalysis.

Fig. 7 shows a typical result of the performance of these catalysts
in CPOM in a conventional, steady-state flow-tube reactor [56]: one
can see that not only the syngas selectivity and methane conver-
sion are significantly improved in comparison to the performance
of a conventional catalyst, but the catalyst performs without any
signs of deactivation over the entire duration of the experiment

(∼100 h) while the conventional catalyst showed significant deac-
tivation even after ∼20 h operation (compare to the SS curve in
Fig. 5a). Clearly, nanostructuring the catalyst resulted not only in a
highly active, but also in an exceptionally stable catalyst.
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Fig. 8. Pt particle size as a function of calcination temperature. The inset shows Pt
particle size distribution (determined from TEM images, red bars) and BHA pore size
distribution (calculated from BJH evaluation of N2 sorption experiments, blue dots)
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Fig. 9. Pt-BHA coated silica felt catalyst, illustrating the hierarchical structuring of
the catalyst across many length scales from the nano- to the macroscale. Counter-
fter calcination at 600 ◦C. The duration of the calcination was in each case 2 h. (For
nterpretation of the references to color in this figure legend, the reader is referred
o the web version of the article.)

This stability can indeed be traced back to the embedding of the
t nanoparticles in the mesopore structure of the hexaaluminate.
ig. 8 shows the development of the Pt particle size vs. calcina-
ion temperature, as determined from TEM measurements. The
anoparticles are initially very small (<5 nm) up to calcination tem-
eratures of ∼500 ◦C. Above this temperature, the nanoparticles
ecome sufficiently mobile that particle growth occurs. However,
urprisingly, the sintering process stops at ∼14 nm average parti-
le size, and the particle remain essentially stable at this size up to
emperatures above 900 ◦C. (Further experiments confirmed that
he particles remain indeed stable at this size for extended duration
f the calcinations up to at least 20 h.)

The inset shows the statistical particle size distribution (from
EM, bars) along with the pore neck size distribution of the same
aterial (from a BJH analysis of the desorption branch of a N2

orption experiment, dots) after calcination at 600 ◦C [57]. One
an see that there is virtually perfect agreement between the two
ize distributions, suggesting that the particle size is determined
y the size of the pore necks. This confirms the original concept

n stabilizing the metal nanoparticles: when the calcination tem-
erature (or the reaction temperature) becomes sufficiently high,
he metal nanoparticles start to migrate and agglomerate, result-
ng in sintering of the active component in the catalyst. However,
his sintering is stopped once the particles grow beyond a certain
ize, since they do not fit through the relatively narrow pore necks
nymore and their mobility is hence restricted. This stabilization
emains functional until, with further increasing temperature, the
ore structure of the oxide matrix starts to soften and/or collapse,
r until the metal nanoparticles start to melt and are hence not
estricted by the rigid pore structure any more. Since this stabiliza-
ion is based on a purely mechanical ‘caging’ of the particles and is
ence independent on the nature of the metal nanoparticle or on
pecific metal–support interactions, it is applicable to a wide range
f metals and support materials.

Beyond stability, an additional concern in utilizing these cat-
lysts in a technical reactor environment is the final catalyst
ormulation: while in our simple laboratory experiments the
anostructured catalysts were used as synthesized, i.e. as fine
owders with particles in the micrometer size range, technical

pplication will typically require supporting the nanostructured
etal/support system on a “macroscopic” support structure. In

articular for the short contact-time, high-throughput conditions
hat characterize many fuel processing applications, monolithic
clock wise from bottom left: TEM image of Pt nanoparticles embedded in BHA; TEM
image of Pt-BHA nanocomposite particle; SEM image of the macropore structure of a
nanocomposite particulate; SEM image of particulates, SEM image of Pt-BHA-coated
silica fibers; photo of the Pt-BHA coated silica felt catalyst.

structures have found much interest recently due to low pressure
drop, relatively high surface areas, and easy handling. Support-
ing nanostructured catalysts onto such supports without loss of
their carefully controlled structure and properties is an area which
needs further development as more and more “nanocatalysts”
emerge from laboratory studies. For the present catalyst system
we have been able to demonstrate supporting the nanostruc-
tured Pt-BHA material on different support structures, including
monolith and felt structures (Fig. 9), without significant loss in
activity or stability, by a simple dip-coating procedure [51]. This
demonstrates that such a hierarchical structuring of a technical
catalyst from the nanoscale to the macroscale is possible and
may in some cases even be achievable with comparatively simple
means.

3.4. Combining nanocatalysts and reverse-flow operation

A final test for a true “multiscale process intensification”
is the combination of the nanostructured catalyst with the
heat-integrated reactor system. Key concern for this multiscale
integration is the robustness of the individual process improve-
ments, i.e. that the individual improvements based on the catalyst
and the reactor development, respectively, are maintained upon
integration, while the combination should additionally yield
“synergetic” improvements that exceed the individual advances
achieved based on either concept alone.

For the present system, this robustness upon combination of the
nanostructured catalyst with the reverse-flow reactor operation
mode was confirmed in that the nanostructured catalyst main-
tained its outstanding stabilility even at the demanding conditions
of reverse-flow operation [25]. More importantly, a comparison of
results obtained with (a) a conventional Pt/Al2O3 catalyst in the
RFR, (b) the nanostructured catalyst in a conventional steady-state
flow-tube reactor, and (c) the combination of the nanostructured
catalyst with the RFR operation shows that the latter combination
indeed results in strong synergies (Fig. 10): while the combined
concept “inherits” the high CO selectivity from the heat-integrated
reactor concept and the excellent H2 selectivity from the nanocat-
alyst, it exceeds both significantly in CH4 conversion. This can
be explained by the fact that oxygen is the limiting reactant in
this reaction system, so that selectivity improvements result in
increased availability of oxygen for further partial oxidation of
methane and hence in increased methane conversion. Further-
more, only by combining the nanostructured catalyst with the
heat-integrated reactor concept equal selectivity to both syngas

components and the desirable ratio of CO:H2 = 1:2 is obtained,
which is the stoichiometric ratio for many typical fuel synthesis
reactions (such as Fischer–Tropsch or methanol synthesis). The
combined approach hence yields significant synergies and achieves
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Fig. 10. Comparison between CO selectivity, H2 selectivity, and CH4 conversion in
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atalytic partial oxidation of a stoichiometric methane/air mixture utilizing (a) a
onventional catalyst in a heat-integrated RFR (left group), (b) a Pt-BHA nanocatalyst
“NC”) in a conventional steady-state reactor (center), and (c) combining the heat-
ntegrated reactor with the nanostructured catalyst (right).

yngas yields in excess of 80% in a simple, compact, autothermal
onfiguration operated with air feed.

. Summary and conclusions

Process intensification is an exciting area of chemical and pro-
ess engineering which is becoming increasingly important in the
earch for cleaner, more efficient, and more sustainable process
esign. The present contribution aimed specifically to draw atten-
ion to the opportunities of true multiscale process intensification
n the field of catalytic fuel processing by reviewing results from
he author’s laboratory on catalytic partial oxidation of methane to
ynthesis gas (CPOM).

We demonstrated that heat-integrated reactors allow over-
oming thermodynamic limitations typical for partial oxidation
f hydrocarbons at autothermal conditions, and that “nano-
ngineered” catalysts complement the reactor concept by enabling
he necessary catalyst stability as well as offering further increased
atalyst activity. The combination of the integrated reactor concept
ith the nanostructured catalyst resulted not only in a “linear”

uperposition of the advantages of each PI principle (specifically
he high CO selectivity of the RFR and the high H2 selectivity of
he nanocatalyst), but in a strong synergetic effect as reflected in
ncreased methane conversion and improved CO:H2 ratio. Such
ynergies are a characteristic element of successful multiscale
rocess intensification and can form a guiding principle for the
evelopment of multiscale PI principles.

While the present discussion was limited to CPOM, similar
esults for oxidative dehydrogenation of ethane to ethylene, where
inetic rather than thermodynamic limitations have to be over-
ome [40], and for autothermal reforming of methane, where the
pplication of the reverse-flow reactor concept results in a strongly
xpanded reactor operation range [58], demonstrate that heat-
ntegration is not only beneficial for catalytic partial oxidation
f methane, but that the presently discussed principles can be
pplied to a wide range of related catalytic fuel processing appli-
ations. Similarly, the importance of designing catalysts which
nable to exploit the full potential of intensified reactor concepts

s increasingly being acknowledged [59–61]. The presently dis-
ussed nanostructured materials have already found application in
elated processes, such as chemical looping combustion, an emerg-
ng clean combustion technology which shows many analogies to
he technologies discussed here (such as a periodic process oper-

[
[
[
[
[
[

157 (2010) 24–32 31

ation principle and the need for highly active and robust carrier
materials) [52,53,62–64].

Overall, “process intensification” has come of age, as reflected,
for example, in the dedication of an entire research journal to this
topic [65]. At the same time, industrial implementation of pro-
cess intensification is taking place at a rapid pace across a broad
range of chemical industries, led by microreaction technology
and reactive distillation processes [66–69]. By acknowledging the
multiscale nature of catalytic processes and hence extending the
conventional PI approach towards the “nanoscale” design of novel
catalysts, PI is set to advance towards the next stage of develop-
ment. This systematic pursuit of multiscale process intensification
principles will be key for cleaner, more energy- and resource-
efficient production of energy, fuels, and chemicals, in particular for
small(er)-scale, decentralized processes with increased utilization
of local resources.
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