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100TH ANNIVERSARY
REVIEW

Structure, Energy, Synergy, Time—The Fundamentals of Process Intensification

Tom Van Gerven' and Andrzej Stankiewicz*

Process & Energy Department, Delft University of Technology, Leeghwaterstraat 44, 2628 CA Delft, The Netherlands

Process intensification (PI) is commonly seen as one of the most promising development paths for the
chemical process industry and one of the most important progress areas for modern chemical engineering.
Often illustrated with spectacular examples, process intensification struggles, however, with its definition
and interpretation. Instead of narrowing the scientific discussion down to finding a commonly accepted
definition of PI, it is more important to determine its position within chemical engineering and to identify
its fundamentals. Accordingly, the paper presents a fundamental vision on process intensification. The
vision encompasses four approaches in spatial, thermodynamic, functional, and temporal domains, which
are used to realize four generic principles of PI. The approaches refer to all scales existing in chemical
processes, from molecular to meso- and macroscale, and are illustrated with relevant examples with
special attention given to the molecular scale.

1. Introduction

The 100th anniversary of Industrial & Engineering Chem-
istry Research comes in the period when both chemical
process industry and chemical engineering face tremendous
challenges. For the industry, these challenges are mainly
related to the shrinking availability of nonrenewable feed-
stocks, rising energy prices, and a broad spectrum of
environmental and safety issues. On the other hand, the
chemical engineering community is searching for a new
paradigm.' ¢

Process intensification (PI) is nowadays commonly men-
tioned as one of the most promising development paths for
the chemical process industry and one of the most important
progress areas for chemical engineering research. However,
for more than two decennia, process intensification has been
merely considered as a kind of technological “toolbox”
containing some spectacular examples of process improve-
ment. Meanwhile, that simplistic view on process intensifica-
tion as a toolbox only has given room to more in-depth
discussions and interpretations. Numerous definitions of PI
have been proposed (see Table 1) which, apart from their
common focus on innovation, are often quite diverse in
nature. Equally diverse is the interpretation of process
intensification by various authors. For some, the miniaturiza-
tion is the fundamental issue of PL'*'* with microreactors
being the most typical example. For others, process inten-
sification is based on functional integration,15 16 with reactive
distillation as prominent illustration. Arizmendi-Sanchez and
Sharatt'” combine different approaches by identifying syn-
ergistic integration of process tasks and phenomena and
targeted intensification of transport processes, both on
multiple scales, as the main PI principles. On the other hand,
Moulijn et al.,'® in a comparison between PI and process
systems engineering, argue that PI has “a more creative than
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integrating character and primarily aims at higher efficiency
of individual steps in that chain, for instance by offering new
mechanisms, materials, and structural building blocks for
process synthesis”. They also see PI acting more on the nano-
(molecules) to macroscale (reactors) and less on the mega-
scale (plants, sites, enterprises). Finally Freund and Sund-
macher'® have very recently contributed with the suggestion
that PI should and does follow a function-oriented approach.
As in the previous references, they identify different scales
as to which this approach should be undertaken, from phase
level via process unit level to plant level (thus not taking
the molecular scale into account).

Looking at these valuable contributions cited in Table 1,
one feels that most of them only partly grasp the complete
picture of what exactly PI is. On the occasion of the 100th
anniversary of Industrial & Engineering Chemistry Research,
the time seems right to attempt a more comprehensive,
fundamental vision on process intensification.

Accordingly, in this paper, a fundamental view on process
intensification is proposed, which encompasses the underlying
generic principles and different approaches to realize these
principles at all relevant scales. We introduce and define here
four fundamental approaches of process intensification in four
domains: spatial, thermodynamic, functional, and temporal.
We investigate them in more depth and illustrate with relevant
examples on different scales. Finally, we discuss the location
of such described process intensification on the multidimen-
sional map of chemical engineering disciplines.

By this, we hope that more clarity can be achieved not
only on what process intensification is but also on where
chemical engineering should go in order to successfully
address the challenges we face.

2. Fundamentals of Process Intensification

2.1. Principles. The PI aim of “drastic improvement of
equipment and process efficiency” has been previously
translated to “achieve a process that is only limited by its
inherent kinetics and not anymore by transfer of mass, heat
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Table 1. Selected Definitions of Process Intensification over the Last Twenty-Five Years

process intensification...

reference (year)

“[is the] devising exceedingly compact plant which reduces both the ‘main plant item’ and the

installations costs.”

“[is the] strategy of reducing the size of chemical plant needed to achieve a given production

objective.”

“[is the] development of innovative apparatuses and techniques that offer drastic improvements in

Ramshaw (1983)7
Cross and Ramshaw (1986)%

Stankiewicz and Moulijn (2000)°

chemical manufacturing and processing, substantially decreasing equipment volume, energy

consumption, or waste formation, and ultimately leading to cheaper, safer, sustainable technologies.’
“refers to technologies that replace large, expensive, energy-intensive equipment or process with ones

3

Tsouris and Porcelli (2003)'°

that are smaller, less costly, more efficient or that combine multiple operations into fewer devices

(or a single apparatus).”

“provides radically innovative principles (‘paradigm shift’) in process and equipment design which

ERPI (2008)"!

can benefit (often with more than a factor two) process and chain efficiency, capital and operating

expenses, quality, wastes, process safety and more.”

“stands for an integrated approach for process and product innovation in chemical research and

Becht et al. (2008)'?

development, and chemical engineering in order to sustain profitability even in the presence of

increasing uncertainties.”

or momentum (hydrodynamics)”.?® However, this view
severely suffers from the drawbacks of using old paradigms
such as transport phenomena and unit operations for new
challenges. This is mainly the case for the two extreme ends
of time and length scales in which chemical engineering is
active:?! the plant and the molecules.

On the macroscale of reactor and plant, the concept of unit
operations cannot take into account the often positive effect
of integration. In reactive separations, for example, the
combination of reaction and separation can increase conver-
sion to 100% in the case of reversible reactions, by taking
advantage of the Le Chatelier principle.”” Freund and
Sundmacher'® quite rightly claim that knowledge of the
existing apparatuses that perform unit operations immediately
narrows our creativity in search for new solutions. Their
proposal to shift from unit apparatuses to unit functions,
however, does not completely solve the problem, as the
chemical process is still broken down in individual process
steps. Whether the advantage of synergy and integration can
be also taken into account in the scale levels smaller than
the plant level remains to be seen in the (not yet published)
second part of their paper.
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On the other hand, on the nanoscale of molecules and
electrons, the conventional concepts of mass, heat, and
momentum transfer become less appropriate. This is the area
of quantum chemistry and quantum mechanics. It is, however,
the nanoscale where current fundamental research focuses
and where substantial increase of chemical and physical
knowledge is expected. In agreement with Moulijn et al.,'®
but in contrast to Freund and Sundmacher,'® we feel that
this scale will be the most relevant scale for process
intensification in the future.

In view of the above, a question arises concerning the
generic principles, on which process intensification is based.
We distinguish here four such principles.

Principle 1: Maximize the Effectiveness of Intra- and
Intermolecular Events. This principle describes the aspect
of process intensification which until now has received the
least attention within the PI community, yet which in our
eyes may become the most important one in the future. This
principle goes beyond the earlier mentioned statement by
Bakker.?® It is not only about aiming at processes limited
only by their inherent kinetics; it is primarily about changing
that kinetics. It is about a kind of high-level snooker game
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Figure 1. Engineering challenges related to the first principle of process intensification.
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Figure 2. Stirred-tank reactor with a heating jacket (a) contradicting the second principle of process intensification. The residence time of molecules
is widely distributed, their trajectories vary, and both concentration and temperature nonuniformities are present. On the other hand, a plug-flow
reactor with a gradientless, volumetric (e.g., dielectric) heating (b) enables a close realization of that principle.

on the scale of molecules and electrons. This is where the
whole “evil” of low conversions and selectivities, unwanted
side-products, etc. has its roots. According to the simplest
collision theory, the factors responsible for the effectiveness
of a reaction event include: number/frequency of collisions,
geometry of approach, mutual orientation of molecules in
the moment of collisions, and their energy (Figure 1). Process
intensification should and will look for the engineering
methods to better control these factors. Some fundamental
works in that area have already been done by physicists and
chemists, and we will take a closer look at it further in this
paper.

Principle 2: Give Each Molecule the Same Processing
Experience. Processes, in which all molecules undergo the
same history, deliver ideally uniform products with minimum
waste. Here not only macroscopic residence time distribution,
dead zones, or bypassing but also meso- and micromixing
as well as temperature gradients play an important role. As
illustrated in Figure 2, a plug-flow reactor with gradientless,
volumetric heating (e.g., by means of microwaves) will
obviously be much closer to the ideal described by the above
principle than a stirred-tank reactor with jacket heating.

Principle 3: Optimize the Driving Forces at Every
Scale and Maximize the Specific Surface Area to Which
These Forces Apply. This principle is about the transport rates
across interfaces. The word “optimize” is used here on
purpose as not always is the maximization of the driving
force (e.g., concentration difference) required. On the other
hand, the resulting effect always needs to be maximized, and
this is done by the maximization of the interfacial area, to
which that driving force applies. Increased transfer areas (or
surface-to-volume ratios) can for instance be obtained by
moving from the millimeter to the micrometer scales of
channel diameters. A circular microchannel of 400 um in a
microreactor delivers a specific area of ca. 15 000 m?*/m?>.
The nature, however, still leads the race against the engineer-
ing: our capillary veins are ca. 10 um in diameter, have
specific areas of ca. 400 000 m*m?, and (most of the time)
do not clog!

Principle 4: Maximize the Synergistic Effects from
Partial Processes. It is evident that synergistic effects should
be sought and utilized, whenever possible and at all possible
scales. Most commonly such utilization occurs in form of

multifunctionality on the macroscale, for instance in reactive
separation units, where the reaction equilibrium is shifted
by removing the products in situ from the reaction environ-
ment. Some interesting possibilities for achieving synergistic
effects on molecular or meso-scales will be discussed in the
next section.

The above principles, in one form or another, are obviously
not entirely new to chemical engineering. In process inten-
sification, however, they are seen as explicit goals that an
intensified process aims to reach. Besides, the PI interpreta-
tion of these principles often goes beyond the boundaries of
the classical chemical engineering approach. This can be seen
for instance in the first principle, where process intensification
basically looks at the methods of improving (thus changing)
the inherent kinetics of chemical reactions, rather than
reaching them. On the other hand, if the second principle
had been consequently followed by chemical engineering,
we would not have seen any stirred tank reactors in the
industry today.

2.2. Approaches and the Scales. A completely intensified
process achieves success in realizing all the above-discussed
principles, making use of one or more fundamental ap-
proaches of process intensification. We distinguish four such
approaches in four domains: spatial, thermodynamic, func-
tional, and temporal. For simplicity, we name these four
approaches here “structure”, “energy”, “synergy” and “time”,
respectively.

The above-stated approaches should obviously be applied
on all the relevant time and length scales. As mentioned
before these scales may range from the molecules (down to
femtoseconds and -meters) to processing unit or even plant
level (up to days and hundreds of meters). Following
Westerterp and Wijngaarden,” we distinguish three scales
in the following paragraphs: the molecular scale (molecular
collisions, molecular diffusion), mesoscale (particles, bubbles,
films, phases), and macroscale (processing units, processing
plants).

The concept of principles, approaches, and scales is
schematically shown in Figure 3. In the present paper, special
attention will be given to the molecular scale since this is
the least documented scale so far in the process intensification
literature.
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Figure 3. Fundamental view on process intensification.

2.2.1. Structure: PI Approach in the Spatial Domain. In
general, a structure is introduced to avoid spatial randomness.
Although a chemical process can sometimes benefit from the
randomness (e.g., making use of the Brownian motion, which
is essentially a random phenomenon), it should in general
be harnessed by structure in order to be able to control it
and to direct it toward the preset goal. Secondary liquid
maldistribution and insufficient particle wetting in trickle-
bed reactors present a typical example of poorly controllable
unwanted phenomena in a random system. A “side-reason”
for structuring is to simplify the scale-up.?*

For process intensification spatial structuring can be
employed to realize any of the four PI principles. On the
molecular scale, the effectiveness of reaction events can be
affected (improved) by structural measures. Examples here
are the molecular reactors, which are miniature reaction
vessels that spatially control the assembly of reagents to affect
the outcome of chemical transformations at the molecular
level.”® As they are themselves not altered through the
chemical transformation, by definition they are operating as
catalysts. A wide range of these molecular reactors are being
studied, such as cyclodextrins®>® and zeolites (aka molecular
sieves).?”?8

The activity of molecular reactors is highly affected by their
structure. The toroid structure of cyclodextrins with hydrophilic
exterior and hydrophobic interior accepts molecules only in
specific orientations. The geometrical preference of cyclodex-
trins can change depending on the state they are in. Figure 4
shows as an example the entrance of nitrophenol in a perm-
ethylated o-cyclodextrin in solution and in the solid state.?
These properties can obviously be used to affect selectivities
of reactions. Another striking example is the reaction of indoxyl
and isatinsulfonate which gives in the absence of cyclodextrins
a mixture of indigo and indirubinsulfonate in yields of 25 and
1.4%, respectively. In the presence of a cyclodextrin dimer the
yields change to <0.1 and 22%, respectively.> A ratio change
by a factor of more than 3500! In zeolite science, the occurrence
of shape-selective catalysis has been well described, e.g., refs
28—30. It consists of the effect of the zeolite structure on
reactant selectivity, product selectivity, and restricted transition
state-type selectivity. Related phenomena include the inverse
shape-selectivity, where restricted transition state-type selectivity

Calalysl,"t eaction processes, particles,

- =

Processing
plant/site

cyclodextrin in solution cyclodextrin in solid state

7, N\\

o

Figure 4. Phase-dependent orientational preference of cyclodextrins (on
the basis of the work of Dodziuk>®).

arises from a positive discrimination of specific transition states,
and the cage or window effect, where products are trapped in
the cages or at the pore mouth of the zeolites and are not
observed as products.

Also the principle of molecularly imprinted systems, which
are nowadays investigated mainly in relation to racemic or
biomolecular separations, can be potentially applied for
improving the stereoselectivity of the reaction events.
Molecularly imprinted systems are highly selective due to
three structural characteristics of the cavities they incoporate:
size, shape, and functional group orientation.*! In theory use
of such systems should lead to 100% yield in separation and
synthesis processes. In practice, however, there are still
several problems associated with synthesis and use of
molecularly imprinted systems such as the difficult removal
of the template during synthesis, imperfect cavities, the
overall lack of understanding in the design and synthesis,
etc.’?> Nevertheless, promising advances have recently been
made. Trotta et al.>* report on preferential separation of
tetracycline hydrochloride over a similar compound by a
molecular imprinted membrane. Mosbach® opens up the
domain of selective synthesis by imprinting techniques such
as double imprinting and direct molding.

From the above, it is clear that further development of
molecular-scale structuring and its applications on the
commercial scale needs a multidisciplinary approach involv-
ing chemical engineering, chemistry, and materials science.
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Figure 5. Illustration of the energy distribution problem in molecules in relation to the yield of consecutive reactions. (A) Molecules have insufficient energy
to cause a reaction to occur. (B) Molecules have enough energy to form the required product Q. (C) Molecules have enough energy to form unwanted
byproduct R. (D) Desired level and distribution of the energy provided to molecules.

The remaining three PI principles are realized by introduc-
ing structures on meso- and macroscale. For instance, the
static mixer, a classical PI example, greatly improves the
uniformity of the processing experience of the molecules by
offering an almost-ideal plug-flow with very intensive mixing,
at the same time significantly enhancing the specific inter-
facial area for the mass transfer. Similar effects in transport
processes are seen also in various types of other structured
reactors,>’ including monoliths, gauzes, foams, and a variety
of milli- and microchannel systems. Spatially structured
environments also enable combination of various functions
to achieve synergy of the partial processes (thus realizing
the fourth PI principle), as it happens for example in the
reactive distillation units or in (catalytic) membrane reactors.

Fractal structures need a separate mentioning here as they
present in our eyes a very specific type of spatial structuring
with a high potential to intensify chemical processes. Fractals
are self-similar objects whose pieces are smaller duplications
of the whole object. Numerous systems found in the nature,
such as tree leave nerves or our lungs, have a fractal structure.
Such structures allow for uniform, energy-efficient, and very
intensive transport processes. In chemical engineering, fractal
concepts are found so far in the catalysis engineering®®-*’
and in transporting/distributing fluids. Fractal distributors
provide a uniform fluid distribution, enable reliable scale-
up, and exhibit a very low sensitivity to changes in feed flow
rate.*® *° The application of a fractal ion exchanger in the
juice softening process in the sugar beet industry has led to
substantial improvements compared to the use of a conven-
tional lateral orifice distributor: lowering of the resin bed
depth by a factor of 7, decrease of the pressure drop over
the bed by a factor of more than 35, and overall capital cost
reduction by a factor of 2.5—3.%

2.2.2. Energy: PI Approach in the Thermodynamic
Domain. Energy is the focus of the PI approach in the
thermodynamic domain. The basic question here is how energy
can be transferred from source to recipient in the required form,
in the required amount, on the required moment, and at the
required position. All energy that does not fit the requirements
(unable to be absorbed, more than needed, “wrong” form, too
early or too late, too far away) is not used optimally and (partly)
dissipates. Although heat is a major type of energy, the term

energy is by no means restricted to it. Pressure and movement
are examples of other forms of energy that often need to be
present at some stage in a chemical process.

Similar to spatial structuring, the thermodynamic approach
addresses all four principles of process intensification. On the
molecular scale, interesting works are reported in physics and
chemistry aiming at the control of the molecular orientation by
using magnetic fields,**** strong electric fields,***® or laser
fields.*”~* These works are still very fundamental in nature
but the ideas and methods there reported need to attract more
attention of the process intensification community.

The energy of molecules during collision is another factor
which determines the effectiveness of a chemical reaction event.
Improvement of the Maxwell—Boltzmann distribution in order
to bring more molecules at the energy levels exceeding the
activation energy threshold occurs conventionally via conductive
heating. However, conductive heating is nonselective in nature,
and so, other, nonreacting (bulk) molecules heat up together
with the reacting ones. From the PI point of view, it is of
paramount importance to deliver and remove exactly the
required amount and form of energy. We illustrate it with a
simplified example shown in Figure 5 inspired by the work of
Schwalbe et al.>® In a conventional system, such as one with
significant temperature gradients, the energy of molecules is
widely distributed. In case of a consecutive reaction of the type
shown in the figure, where Q is the required product, a part of
molecules (A) has energy insufficient to pass the transition state.
Another part (B) has sufficient energy to get over the threshold
and form product Q. A large portion of these molecules has in
fact more energy than it is needed to form Q. Finally, there are
molecules in our pool that possess enough energy to generate
also the transition state R* which eventually leads to the
formation of the unwanted product R. Ideally, one should
provide the molecules with a narrowly distributed amount of
energy, just exceeding the potential energy level of Q*, as it is
illustrated by the curve D.

Furthermore, the energy is ideally delivered to the reactants
only and not to other molecules, and remains with those
reactants until they collide. Microwaves provide an example
of a specific energy form which at least partially addresses
that problem. Materials couple with microwave energy mainly
by two mechanisms: dipole rotation and ionic conduction.”'~?
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hydroformylated product

Figure 6. Homogeneous Rh catalyst encapsulated by a porous and hollow
silica microsphere causing deliberate diffusion-limited input of reactants
leading to enhanced product selectivity (on the basis of the work of
Dautzenberg and Mukherjee'?).

Both mechanisms generate movement, and therefore molec-
ular friction, collisions, and heat. Because of the uptake of
microwave energy by specific components in a reaction
mixture, it is theoretically possible to heat up only the
required reactants and/or catalytic nanoparticles without
heating the bulk solvent or catalyst.

On the other end of the temperature scale, research groups
in the domain of atomic physics are investigating cooling of
molecules down to a few (milli)kelvin by using laser fields.>®
Unprecedented possibilities come into sight if these methods
could be scaled up and utilized in chemical reactions.

This brings us to localized energy transfer in the area of
photochemistry. Photochemical reactions are activated by the
energy of light. Because of this specific form of activation, the
selectivity of photochemical reactions can reach 100%.°* A
specific engineering problem for this type of reactors is the
photon transfer from illumination source to the molecules that
need to be activated.’® Optical fibers, light emitting diode (LED)
sources, and luminescent materials are currently investigated.

On the meso- and macroscale, alternative energy forms and
alternative ways of transferring the energy have been shown to
enhance mass and heat transport and to improve contact between
phases.>* Several energy forms appear promising such as electric
fields, e.g., refs 39 and 54, magnetic fields, e.g., refs 56—58,
and acoustic fields, e.g., refs 59—61. As mentioned earlier,
microwave irradiation results in the gradientless, volumetric
heating without heat-transfer surfaces, hence realizing the second
PI principle. Also, the energy transfer by creating artificial
gravity fields in the so-called high-gravity equipment, such as
spinning disc reactors or rotating packed beds, is reported to
deliver spectacular intensification effects, both on the research
and commercial scale, e.g., refs 62—64.

2.2.3. Synergy: PI Approach in the Functional
Domain. As stated earlier, looking for and maximizing the
synergistic effects from partial processes presents one of the
four generic principles of process intensification, and multi-
functionality is the key term here.'>'® Bringing multiple
functions together in one component (a molecule, a phase, or a
reactor) often leads to significantly better performance than the
separate functions executed sequentially.

On the molecular scale, the catalytic function can be
combined with a secondary or even tertiary function such as
an additional catalytic function (bifunctional catalysts, e.g., refs
65 and 66) or adsorption, e.g., refs 66—68. The cases of
encapsulating a homogeneous catalyst, e.g., ref 69, adhere
closely to the structural approach using molecular reactors,
described earlier, as shown in Figure 6. Catalytic functions can

also be synergistically coupled with an input of acoustic or
electromagnetic energy. Catalysts operating in ultrasound field
undergo in situ rejuvenation,’® while application of microwave
irradiation has been shown to selectively increase the temper-
ature of the active metal nanoparticles, leading to higher
conversions and selectivities at lower bulk temperatures.”"’*

Interesting synergistic effects on molecular and mesoscale
are observed when combining two different forms of energy.
For instance, a combination of high-gravity field and photo-
chemical processing was investigated. The spinning disc reactor
was studied for UV-initiated polymerization of butyl acrylate,”*"’*
as well as for TiO,-based photocatalytic oxidation processes.’>’®
Microwave-assisted photochemical processes were also inves-
tigated. Kataoka et al.”” observed an almost 2-fold increase of
conversion when a photocatalytic reactor for ethylene oxidation
has been subjected to microwave irradiation. Also sonophoto-
catalytic reactors were investigated, basically in application to
wastewater purification.” The role of ultrasound in such reactors
is not only to activate the reactions by implosions of micro-
cavities, but also to clean and sweep the catalyst surface (fouling
prevention) and to facilitate the reactants transport to it. Last
but not least, effects of simultaneous irradiation by microwaves
and ultrasound (“microwave sonochemistry””) were also studied.”®'
The application for example of microwave sonochemistry to
pyrolysis of urea resulted in 25% increase of the product yield
(cyanuric acid) as compared to both the conventional method
and to the microwave-only method. In case of the esterification
of propanol with acetic acid the corresponding improvements
were 24% and 9%, respectively.®®

On the macroscale search for synergy can be performed at
the reactor level by introducing multifunctional reactors. Process
intensification is achieved when the functions are integrated in
such a way that one or both of them benefit from the interaction
effect, for instance a shift of the reaction product composition
beyond the equilibrium by an in situ separation/removal, or an
enhancement of the separation efficiency by a chemical reac-
tion.®* Reactions are also combined with heat exchange (heat
exchanger (HEX) reactors), power generation (fuel cells), or
phase transition (reactive extrusion). Separations in turn can be
integrated with heat exchange'®®? or with each other that leads
to so-called hybrid separations.®*%

2.2.4. Time: PI Approach in the Temporal Domain. The
process intensification approaches in the temporal domain are
basically twofold and involve either manipulations of the time
scales at which different process steps proceed or the introduc-
tion of dynamic states into a process, usually in form of
periodicity. Obviously, both these approaches have important
consequences not only for process intensification itself but also
for a number of enabling chemical engineering disciplines, such
as process modeling or process systems control.

Manipulation of the time scales may mean for instance
bringing molecules under extreme temperature conditions for a
very short time, such as in the so-called millisecond reactors® %’
or sonochemical reactors.®**8% It may also mean a drastic
shortening of the mixing times, as it is done in microfluidic
systems using high-gravity fields where mixing times are
reportedly reduced by 2 orders of magnitude.”®

Periodicity, on the other hand, can be found on multiple
timescales in nature, varying from seasonal changes to the
pulsing flow in our lungs and veins. Also, a lot of “natural”
periodicity can be found in chemical processes operated in
stationary state in macroscopic sense. Among those “natural”
periodicities are processes taking place at active catalytic sites,
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ENABLING:
Process Systems Control
Process Safety
Cost Engineering

Table 2. Comparison between Process Systems Engineering and Process Intensification

process systems engineering

process intensification

aim multiscale integration of existing and new concepts

focus model, software, numerical method
interdisciplinarity modest (interface with applied mathematics and
informatics, chemistry)

formation, coalescence, and break-up of bubbles and droplets,

and various circulation phenomena in the equipment.

Also many of the PI methods exhibit “natural” periodicity.
Oscillations of molecules or ions induced by microwaves, was
already described in the section Energy. Microcavities produced
by the acoustic fields are also periodic in nature, with lifetimes
of around 50 us.

Introducing an “artificial”, purposeful periodicity on the other
hand can enable realizing all four principles of process
intensification.

« It can influence kinetics of the adsorption—reaction—desorption
processes on the catalyst surface and, hence, help in realizing
the first PI principle. The so-called periodic forcing of
catalytic processes (by oscillating pressures, concentrations,
or temperatures) has been widely described in the literature,
e.g., refs 91—93. It can also influence the effectiveness of
biochemical reactions, like those taking place in algae
subjected to a flashing light.**

« [t can change and improve mixing characteristics of the system
and, hence, help in realizing the second PI principle. For
example, the so-called variable-volume operation, i.e. oscil-
lating the liquid volume inside a continuous stirred-tank
reactor, brings its mixing characteristics close to those of a
plug-flow reactor.”® The so-called oscillatory baffled flow
reactor allows for a near-plug flow operation at low overall
flow velocities, thus long reaction times, by changing a pipe
into a large number of stirred tanks in series.”®%’

e It can increase interfacial mass transfer rates and, hence, help
in realizing the third PI principle. For instance, purposeful
pulsing of the feed in trickle-bed reactors has been shown to

development of new concepts of processing methods and
equipment

experiment, phenomenon, interface

strong (chemistry and catalysis, applied physics, mechanical
engineering, materials science, electronics, etc.)

bring significant improvement in the mass transfer rates, in
catalyst wetting, and in the radial uniformity of liquid flow.”®
e It can shift the process beyond the equilibrium limitation,
or it can improve heat management in multifunctional
systems and, hence, help in realizing the fourth PI
principle. Flow reversal in the reversed-flow reactors is a
typical example here.”®'°
A particular application of the temporal approach of process
intensification is the switch from batch to continuous
processing.'>'°! The temporal aspect lies in the fact that the
residence time distribution is reduced substantially as near-plug
flow is achieved.'®*'%® A significant problem with stirred tank
reactors is the occurrence of transport limitations, especially in
scale-up, leading to poor mixing and low efficiency at larger
scales.'? Heterogeneous mixing patterns have been shown
extensively in tank reactors. Switching to continuous processing
may therefore result in realization of the second and third PI
principles.

3. Process Intensification and Modern Chemical
Engineering

After defining the fundamentals of process intensification, it
is worthwhile to briefly look at its position within the broader
field of modern chemical engineering. That field can in our
opinion be seen as a three-dimensional matrix comprising three
classes of (sub)disciplines, as illustrated in Figure 7. First, we
have unit operation-oriented disciplines such as separation
technologies, chemical reaction engineering, or solids handling
and processing. These disciplines are the most “classical” ones
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as they originate from the age of the unit operations paradigm
in chemical engineering. The second class comprises funda-
mental and general disciplines such as transport phenomena,
engineering thermodynamics, fluid mechanics, or process sys-
tems engineering. These are the disciplines which are not unit-
operation-bound and which address issues or phenomena
occurring in various process stages and operations. Process
intensification also belongs to that category. Finally, enabling
disciplines such as process systems control, process safety, or
cost engineering provide auxiliary knowledge and tools neces-
sary for proper process design and operation.

Of special importance is here the synergistic relation between
process intensification and process systems engineering. Despite
clear differences in aim, focus, and interdisciplinary aspects
(Table 2), these two disciplines complement each other to a
large extent, with process intensification playing the role of a
“provider of building blocks” from which the process systems
are further developed. In this sense, process intensification opens
up new interesting opportunities for process systems engineering
in terms of model development and inclusion of innovative types
of equipment and processing methods in process and plant
design and optimization.

4. Conclusion

Process intensification presents a quickly developing field of
chemical engineering, characterized so far by a great variety of
definitions and interpretations. Instead of proposing one more
definition of process intensification, in this paper we have tried
to define its fundamentals. These fundamentals are in our
opinion based on four generic principles and include four
approaches within the spatial, thermodynamic, functional, and
temporal domains.

The PI approaches described in this paper refer to all scales
existing in chemical processes, from molecular to meso- and
macroscale. During the last two decennia, the meso- and
macroscale have been receiving the most attention within the
PI community. In our opinion, however, it is the molecular scale
where the research interest of PI in the coming years should
turn to and where the most crucial technological challenges are
waiting. Because of its strongly interdisciplinary character,
process intensification is perfectly fitted to meet those challenges
collaborating with other disciplines, such as chemistry, catalysis,
applied physics, materials engineering, electronics, etc.

Process intensification may never find a single, commonly
accepted definition. Many other fields of contemporary science
encounter the same problem—just to mention product engineer-
ing or nanotechnology. But, it is not the definition that will
eventually determine the importance of process intensification
in the history of chemical engineering. It is rather the societal
relevance of the issues it addresses when taking chemical
engineering on a creative journey beyond its established
boundaries. Because, as Professor Keil'® rightly wrote, in
process intensification the journey is the reward.
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