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Abstract

Today thechemical and process engineeriagpecially involvingchemical reactor engineeringas to answer to the changing needs of the
chemical and related process industries such as petroleum, petrochemical, bituminous, pharmaceutical and health, agro and food, environment
iron and steel, building materials, paints, glass, surfactants, electronics, cosmetic and perfume, etc., and to meet market demands. So being
a key to survival in globalisation of trade and competition, the evolution of chemical engineering is thus necessary. And to satisfy both, the
market requirements for specific end-use properties of the products manufactured in (bio)chemical reactors and the social and the resource-
saving and environmental constraints of the industrial-scale processes and technologies, it is shown that a necessary progress is coming via
multidisciplinary and time and length multiscale approach. In such a frame the future for the science and technologies of new materials can be
summarized by four main objectives: (1) a total multiscale control of the process (or the procedure) to increase selectivity and productivity, i.e.,
nanotailoring of materials with controlled structure; (2) a design of novel equipment based on scientific principles and new operation modes and
methods of production: process intensification; (3) product design and engineering: manufacturing end-use properties with a special emphasis
on complex fluids and solids technology; (4) an implementation of the multiscale and multidisciplinary computational chemical engineering
modelling and simulation to real-life situations: from the molecule to the overall complex production scale into the entire production site.
Moreover, chemical and process engineering will also be increasingly involved and concerned with the applititgioycté assessmeta
new material design and production and its use but also to the plant and the equipment together with the associated services.
© 2004 Published by Elsevier B.V.
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1. Introduction: the moving world necessary ing process industries such as petroleum, petrochemical, bitu-
requirements for chemical and related industries minous, pharmaceutical and health, agro and food, environ-
ment, textile, iron and steel, building materials, glass, sur-
The world moves forward. For the developing and indus- factants, cosmetic and perfume, electronics, are confronted,
trializing countries, there is low cost of manpower and less from the technological and scientific point of view with a
constraining local production regulations. For the industri- double challenge:
alised countries, there is a rapid development in consumer
demand and constraints stemming frpablic concerrover
questions of environment and safely response to these
changes, the world of chemistry and related industry includ-

(a) To research innovative processes for the production of
commodity and intermediate producBy no longer se-
lecting processes only on the basis of economic exploita-

mernational Conference on Chemical Reactors, Berlin, Germany. tlon- but by seeking 'cpmpensatl'ng gf?uns resulting from
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technologies, reduction of raw material and energy lossesa clearly defined physical shape or texture in order to meet
and product and by-product recyclability as well. The in- the designed and desired quality standards. This also applies
dustry will have to process with large plants supplying to paste like and emulsified products. Instead of classical
bulk products in large volumes. The customer will buy a basic and industrial chemicals, new developments increas-
process which is non-polluting, defect-free and perfectly ingly concern highly targeted and specialized materials,
safe. active compounds and special effect chemicals. These are
(b) To progress from the traditional intermediate chemistry much more complex in terms of molecular structure than
to new specialities and active material chemistry and re- classical chemicals and require a global approach for that
lated industries This concerns industries involved with  manufacturing.
food products, with products for human, animal and
vegetal health, with advanced materials, along with the
chemistry/biology interface, i.e., the postgenomic world 2. Le génie du triple “processus—produit—proede”:
involving proteomics and metabolomics. This concerns the integrated multidisciplinary and multiscale
also upgrading and conversion of petroleum feed stocks approach of chemical and process engineering
and intermediates, conversion of coal derived chemi-
cals or synthesis gas into fuels, hydrocarbons or oxy-  Thus chemical and process engineering is now concerned
genates. The aim is characterized by new market ob- with the understanding and development of systematic pro-
jectives, with sales and competitiveness dominated by cedures for the design and optimal operation of chemical and
the end-use properties of a product linked to its quality process systems, ranging from microsystems to industrial-
or shape and size (i.e., chemical and biological stabil- scale continuous and batch processes, as presenfagl ih
ity, degradability, chemical, biological and therapeutic in using the concept of chemical supply chHih This chain
activity, aptitude to dissolution, mechanical, rheologi- startswith chemical and other products thatindustry mustsize
cal, electrical, thermal, optical, magnetic characteristics and characterize at the molecule level. Subsequent step ag-
for solids and solid particles together with size, shape, gregates the molecules into clusters, particles, and thin films
colour, touch, cohesion, friability, rugosity, tasks, succu- as single or multiphase systems that finally take the form of
lence, aesthetics, sensory properties, etc.). Control of themacroscopic mixtures—solids, paste-like or emulsion prod-
end-use property and expertise in the design of the pro- ucts. Transition from chemistry or biology to engineering,
cess, its permanent adjustments to variety and changingone move to the design and analysis of the production units,
demand along with speed in reacting to market condi- which are integrated into a process that in turn becomes part
tions will be the dominant elements. Indeed for these of an industrial site with multiple processes. Finally this site
new specialities and active materials the consumer buysis a part of the commercial enterprise driven by market con-
the product which is the most efficient and the first on siderations and demands involving product quality.
the market. He will have to pay high prices and expecta  In this supply chain, it should be emphasized that product
large benefit from these short life time and high-margin quality is determined at the micro- and nano-level and that a
products. product with a desired property must be investigated for both
structure and function. This involves a thorough understand-
Being a key to survival in global markets including the ing of the structure/property relationship at both molecular
previous needs and challenges, chemical and process engife.g., surface physics and chemistry) and microscopic levels.
neering necessitates the today evolution in teaching and rev-And the ability to control microstructure formation to obtain
olution in research. Indeed the objective of petroleum engi- the end-use properties of a fluid or solid product is the key to
neering, then of chemical engineering broadened to processsuccess and will help design and control product quality and
engineering, is the synthesis, design, scale-up or scale-downmake the leap from the nano-level to the process level.
operation, control and optimization of industrial processes  This necessitates an integrated system approach for a mul-
that change the state, microstructure and (bio-agro)chemicaltiscale and multidisciplinary modelling of the complex, si-
composition of material through physico(bio)chemical sepa- multaneous and often coupled momentum, heat and mass
rations (distillation, absorption, extraction, drying, filtration, transfer phenomena and processes taking place at differ-
agitation, precipitation, fluidization, emulsification, crystal- ent time scales (10"° to 10 s) and length scales (18 to
lization, agglomeration, etc.) as well as chemical, catalytic, 10* m) encountered in industrial practisgig. 2) involving
biochemical, electrochemical, photochemical or agrochemi- approaches at the different length scales presenteir8.
cal reactions. It involves the whole of scientific and techni- So organizing scales and complexity levels in process en-
cal knowledge necessary for physico-chemical and biological gineering is now necessary to understand and to describe
transformations of raw material and energy into the targeted the relationships between events at nano- and microscales
products necessitated by the customer. to better convert molecules into useful products at the pro-
But it is important to note that today 60% of all products cess scale. And organizing levels of complexity by translating
that a chemical company sells to its client are crystalline, molecular processdthat | define by the nangocessugnto
polymeric or amorphous solids. These products need to havephenomenological macroscopic laws to create and to control
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Fig. 1. Chemical supply chaid].

the end-use properties and functionalitpaiductsmanufac-
tured by a continuouprocessunderlie the today new views
of chemical and process engineering. This can be defined byical engineering, that is, in addition to the fundamentals
le Genie du triple “processus—produits—piate” (the triplet
molecular processes—product—process engineering, 3P engireaction engineering, catalysis, transport phenomena, op-
neering) with an integrated system approach of complex pro- timization and process controlthis integrated multidisci-
cesses and phenomena occurring at different time and lengttplinary andmultiscale approacks a supplementary and con-
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Fig. 2. The length and time scales covered in the multiscale approach.

This explains why, in addition to the basic notions of unit
operations, coupled transfers and classical tools of chem-

of chemical engineering (separation engineering, chemical

siderable advantage for the development and the success of
this engineering science in terms of concept and paradigms.
This approach is of a great help in order to analyze, design
and operate processes able to manufacture a product—first
on the market—(often having a short life cyclejth the
desired propertyand optimally thanks toprocessesin-
volving if possible zero defect, zero pollution and zero
accident.

And it will be possible to understand and to describe
the relationship between events at nano-scale and micro-
scale to better convert molecules into useful products at
the zero pollution and zero accident process scale thanks
to the large breakthroughs (a) in molecular modelling (both
theory and computer simulation), (b) in scientific instru-
mentation and non-invasive measurement techniques (NMR,
TAP, tomographic techniques, spectroscopic or monochro-
matic ellipsometry, i.e., diffusing wave spectroscopy, etc.)
and related micro- and nanotechnologies in connection with
image processing and (c) in powerful computational tools and
capabilities, necessary for the treatment of generalized local
information (increasing use of computational fluid dynamics
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Fig. 3. Organizing levels of increasing complexity underlie new view of chemical engineering.

or mixing, e.g. CFDLIB, FLUENT, PHOENICS, FLOW 3D,  both possess an ultrahigh surface-to-volume ratio, which of-

FIDAP, FLOWMAP, etc.)2]. fers a greatly increased number of active sites for carrying
out catalytic reactions.

Nanocrystalline processing includes the tailoring of size-

3. Chemical and process engineering: quo vadis? dependent electronic properties, homogeneous multicom-

ponent systems, defect chemistry, and excellent phase
The previous general considerations on the futuohem- dispersion. This provides nanocrystalline catalysts with
ical engineeringconcern four main objectives. greatly improved catalytic activity over conventional systems
and multifunctionalities necessary for complex applications.

3.1. Total multiscale control of the process (or the For example for structure-sensitive reactions such as pho-
procedure) to increase selectivity and productivity tocatalysis over titania used for decomposition of chemical

wastes such as chloroform or trichloroethylene, catalytic ac-

This necessitates the “intensification” of operations and tivity depends not only on the number of active sites, but
the use of precise nano- and micro-technology design. Thisalso on the crystal structure, interatomic spacing and crys-
is the case of molecular information engineering encounteredtallite size of the catalytic material. By varying crystal size
for the supported organometallic catalysis or for supramolec- and phase through molecular engineering, it is possible to
ular catalysis where instead of using porous support for manipulate and optimize the catalyst design of titania crys-
heterogeneous catalyst, synthetic materials with targetedtals of controlled size (4—100 nm) and phase which are sys-
properties are now conceived and designed. Indeed, centratematically synthesized by sol-gel hydrolysis—precipitation,
to a successful catalytic process is the development of anfollowed by hydrothermal treatmef8]. Specifically, 10 nm
effective catalyst which is a complex system in both compo- anatase crystallites due to their greater redox potential
sition and functionality. And the ability to better control its presents the best photonic efficiency for the photodecom-
microstructure and chemistry allows for the systematic ma- position of chloroform and trichloroethylene.

nipulation of the catalyst's activity, selectivity, and stability. Also through supramolecular templating, nanoporous sys-
tems can be derived with well-defined pore size and struc-
3.1.1. Nanotailoring of materials with controlled ture, as well as compositional flexibility in the form of par-
structure: opportunities for molecular engineering in ticles and thin films. Microporous materials including zeo-
catalysis lites and tailored with well-defined pore structures for excel-

Indeed through the control of pore opening and crystal- lent surface areas and product selectivity are now typically
lite size and/or a proper manipulation of stoichiometry and derived through templating with individual molecules. The
component dispersion there exists now ability to engineer via resulting zeolitic structure which consists of pore opening
nanostructure synthesis novel structures at the molecular and1.5 nm allows only small molecules to enter and react, this
supramolecular levels, leading to the creation of nanoporousproviding shape and selectivity in separations and catalytic
and nanocrystalline material8] (Fig. 4). These materials  reactions.
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Fig. 4. Tailoring of materials with controlled structUa.

Particularly noteworthy is the possibility of creating ductivity than does the conventional approach, which im-
mesocellular foams produced by templating with triblock poses boundary conditions and let a system operate under
copolymers and trimethylbenzene. The resulting materials spontaneous reaction and transfer processes. Finding some
are composed of uniformly sized, large spherical cells up to means to convey energy at the site (supplying the process
35 nm, which are interconnected by windows to create a con-with a local “informed” flux of energy) where it may be uti-
tinuous three-dimensional pore network. They are attractive lized in an intelligent way is therefore a challenge. Such a
for use as catalyst supports in pharmaceutical synthesis agocused energy input may be achieved by using ultrasonic
they will permit the diffusion of large substrates through their transducers, laser beams or electrochemical probes. And to
large open-pore architecture. These porous matrices can alsdrive the elementary processes within the unit is a chal-
host oxide clusters and active metal and fixate organometalliclenge but combining microelectronics and elementary pro-
ligands, offering new possibilities for creating heterogeneous cesses, e.g. tuning the selectivity by controlling catalytic
catalyst usefulin selective fine chemicals synthesis and asym+eactions at the surface of electronic chips is a track being
metric catalysig§3,4]. explored.

We could also add that in the field of homogeneous
catalysis a supramolecular fine chemistry has been recently3 1.3, More clearly recognized is the necessity to
established extending the principle of self-organization of increase information transfer in the reverse direction,
the enzyme (catalyst/molecule) to non-biological systems from process to man
in using supramolecular compounds as catalysts for the  Thjs means developing all kinds of intelligent sensors,
shape selectivity of molecules. Such catalysts are formedyjsyalization techniques, image analysis and on-line probes
in situ by self-organization, i.e., chemical bionife. So  giving instantaneous and local information about the pro-
the latest advances in nanotechnology have generated macess state. This opens the way to a new “smart chemical
terials and devices with new phySical characteristics and and process engineering" requiring close Computer CO”trOl,
Chemica|/biOChemica| functiona"ties f0r a W|de Variety Of relevant modelS, and arrays of |0ca| sSensors and actuators.
applications. And chemical engineers and researchers arerje|d-programmable analog arrays coupled with microreac-
uniquely positioned to play a pivotal role in this technolog-  tor technology promise to change the way plants are built, as

ical revolution with their broad training in chemistry, physi- \yell as the methods by which their processes are designed
cal chemistry, processing, systems engineering, and producind controlled.

design.

3.2. Process intensification: design of novel equipment
3.1.2. Increase selectivity and productivity by supplying based on scientific principles and new operating modes
the process with a local “informed” flux of energy or and methods of production
materials
At a higher microscale level, detailed local temperature  The progress of basic research in chemical engineering
and composition control through staged feed and heat sup-has led to a better understanding of elementary phenomena
ply or removal would result in higher selectivity and pro- and now makes it possible toimagine new operating modes of
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equipment or to design novel equipment based on scientific ~ An alternative reaction—separation unit is the chromato-

principles. graphic reactor which utilizes differences in adsorptivity of
the different components involved rather than differences in

3.2.1. Process intensification using multifunctional their volatility. Itis, especially, interesting as an alternative to

reactors reactive distillation when the species involved exhibit small

Such is the case with the “multifunctional” equipment volatility differences or are either non-volatile and sensitive
that couple or uncouple elementary processes (transfer-totemperature, asinthe case, forexample, in smallfine chem-
reaction—separation) to increase productivity, selectivity with ical or pharmaceutical applications. In all these applications,
the desired product or to facilitate the separation of undesiredspecial care has to be devoted towards the choice of the solid
by-products. Indeed in recent years, extractive reaction pro-phase (sorption selectivity, sorption capacity and catalytic ac-
cesses involving single units that combine reaction and sepa-tivity). Typical examples for the adsorbents used are activated
ration operations have received considerable attention as theycarbon, zeolites, alumina, ion-exchange resins and immobi-
offer major advantages over conventional processes: due tdized enzyme$7].
the interaction of reaction and mass and energy transfer, ther-  Concerning the coupling of reaction and crystallization
modynamic limitations, such as azeotrope, may be overcomethere exist myriads of basic chemical, pharmaceuticals, agri-
and the yield of reactions increased. So the reduction in thecultural products, ceramic powders, pigments produced by
number of equipment units leads to reduced investment costgeactive crystallization based processes (i.e., processes that
and significant energy recovery or savings. Furthermore im- combine crystallization with extraction to solution mine
proved product selectivity leads to a reduction in raw material salts). These separation processes are synthesized by bypass-
consumption and, hence, operating costs. So globally, processng the thermodynamics barriers imposed on the system by
intensification through use of multifunctional reactors per- the chemical reactions and the solubilities of the components
mits significant reductions in both investment and plant op- in the mixture. By combining crystallizers with other unit
erating costs (10—20% reductions) by optimizing the process.operations, the stream compositions can be driven to regions
In an era of emaciated profit margins, it allows chemical pro- within composition space where selective crystallization can
ducers more leverage in competing in the global market place.occur[8al.

There exists a great number of reactive separation pro- The complementary nature of crystallization and distil-
cesses involving unit operation hybridisation. lation is also exploredindeed the hybrids provide a route

The concept of reactive or catalytic distillation has been to bypass thermodynamic barriers in composition space that
successfully commercialized, both in petroleum processing, neither the distillation which is blocked by azeotropes and
where packed bed catalytic distillation columns are used, hindered by tangent-pinches in vapor—liquid composition
and in manufacture of chemicals where reactive distillation space nor the selective crystallization which is prevented by
is often employed. Catalytic distillation combines reaction eutectics and hampered by solid solutions and temperature-
and distillation in one vessel using structured catalysts asinsensitive solubility surfaces, can overcome when used sep-
the enabling element. The combination results in a constant-arately [8b]. Extractive and adductive crystallization are
pressure boiling system, ensuring precise temperature consolvent-based techniques that require distillation columns.
trol in the catalyst zone. The heat of reaction directly vapor- They are applied to high melting, close-boiling systems.
izes the reaction products for efficient energy utilization. By Membrane technologies respond efficiently to the re-
distilling the products from the reactants in the reactor, cat- quirement of so-called process intensificatiBecause they
alytic distillation breaks the reaction equilibrium barrier. It allow improvements in manufacturing and processing, sub-
eliminates the need for additional fractionation and reaction stantially decreasing the equipment-size/production-capacity
stages, while increasing conversion and improving product ratio, energy consumption, and/or waste production and re-
quality. Both investment and operating costs are far lower sulting in cheaper, sustainable technical solutions. The paper
than with conventional reaction followed by distillation. The by Drioli and Roman¢9] documents the state of the art well
use of reactive distillation in the production of fuel ethers such involving progress and perspectives on integrated membrane
astert-amyl-methylether (TAME) or methytert-butyl ether operations for sustainable industrial growth. This technology
(MTBE) or methyl acetate clearly demonstrates some of the can respond to the strongly increasing demand for food addi-
benefits. Similar advantages have been realized with the pro-tives, feeds, flavors, fragrances, pharmaceuticals, agrochemi-
duction of high purity isobutene, for aromatics alkylation, for cals, etc. Phase-transfer catalysis can also be realized in mem-
the reduction of benzene in gasoline and in reformate frac- brane reactor configurations, immobilizing the appropriate
tions, for the selective production of ethylene glycol which catalysts in the microporous structure of the hydrophobic
involves a great number of competitive reactions and for se- membrane. Catalytic membrane reactors are also proposed to
lective desulphurization of fluid catalytic cracker gasoline selective product removal to remove equilibrium limitations,
fractions as well as for various selective hydrogenations. Thei.e., catalytic permselective or non-permselective membrane
next generation of commercial processes using catalytic dis-reactors, packed bed (catalytic) permselective membrane
tillation technology will be in the manufacture of oxygenates reactors, fluidized bed (catalytic) permselective membrane
and fuel additive$6]. reactors. For more general applications material scientists
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3.2.3. Process intensification using microengineering
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ereviaing TuFbetrreRclor T seamoining o reaclors operaons pecially in Germany (i.e., IMM, Mains and Forschnungszen-

trum, Karlsruhe) and in USA (i.e., MIT and DuPont) lead
to microreactors, micromixers, microseparators, micro-heat-
exchangers, and microanalyzers, making possible accurate
control of reaction conditions with respect to mixing, quench-
ing, and temperature profile.

Catalyst particle in a reacting medium
Where do the integration of functionalities occur?

Fig. 5. Process intensification using multifunctional reacfbi$.

must solve the problem of providing inorganic membranes
of perfect integrity involving mechanical and thermal stabil- Miniaturization of chemical analytic devices in micro-

ity and which Wi|| aIIovy large quxes_ of desired species and total-analysis-systemuTAS) represents a natural extension
second, che_mlcal engineers must figure out the heat transfegs i-o faprication technology to biology and chemistry
proplerrl} WT"Ch nr?w trll(?ater}s sulccessful scale-up. with clear applications in combinatorial chemistry, high-
Finally, t ough multifunctional reactors are not quite new throughput screening, and portable analytical measurement
to the process industries, i.e., absorption or extraction with yo.ices. Also the merging fTAS techniques with microre-
chemical r_eactio_n, only recently reactors incorporating sev- action technology promises to yield a wide range of novel de-
e_ral func'_uons In one _reactor have been formglly cla§S|- vices for reaction kinetic and micromechanism studies, and
fied as being multifunctional and the large benefits obtained . jine monitoring of production systerf2]
in integrating progress of knowledge at different scale and  vsicroreaction technology is expected to have a number of
time-lengths have been acknowledged by the process indusyy\antages for chemical productifir8, 14] as the high heat
tries. This was illustrated by the first international Sympo- 504 mass transfer rates possible in microfiuidic systems allow
siumon multifunctional _reactlor_l in 19990]' Butto achl_evg reactions to be performed under more aggressive conditions
optimal performance with multifunctional reactors, it is im- it higher yields that can be achieved with conventional re-
portant to lead a scientific approach to understand where, .5 °Also new reaction pathways considered too difficult
do the integration of functionalities occurs, as explained in ;, ¢onyentional microscopic equipment, e.g., direct fluorina-
Fig. 5 [11]in the case of a catalyst particle in a reacting s, of aromatic compounds, could be pursued because if the
medium. _ ) microreactor fails, the small amount of chemicals released
prever, we W'" mention more generally that the use Of accidentally could be easily contained. And the presence of
hybrid technologies encountered in a great number of multi- e ated sensor and control units could allow the failed mi-
functional reactors is limited by the resulting problems con- ¢, reactor to be isolated and replaced while other parallel
cerning control and simulation, i.e., the interaction between i continued production. Also these inherent safety char-
smultaneogs reaction and dlst|ll_at|on mtroduces_ MOTE COM- 4 cteristics could allow a production scale systems of multiple
plex behaviour mvolvmg Fh_e_ existence of mulnple _steady microreactors enabling a distributed point-of-use synthesis
states and output multiplicities corresponding to different of chemicals with storage and shipping limitations, such as

conversion and product selectivity, compared to conventional highly reactive and toxic intermediates (cyanides, peroxides,
reactors and ordinary distillation columns. This leads to inter- azides)13].

esting challenging problems in dynamic modelling, design,

: ) Moreover, scale-up to production by replication of mi-
operation, and strong non-linear control.

croreactors units used in the laboratory would elimi-
nate costly redesign and pilot plant experiments, thereby
3.2.2. Process intensification using new operating modes shortening the development time from laboratory to
The intensification of processes may be obtained by new commercial-scale production. This approach would be par-
modes of production which are also based on scientific prin- ticularly advantageous for pharmaceutical and fine chemicals
ciples. Indeed new operating modes are in the laboratoryindustries where production amounts are often less than a few
and/or pilot stage: reversed flow for reaction-regeneration metric tons per year.
energy efficient coupling of endo- and exothermic reactions,  Also it was proposed a hew concept for high-throughput
countercurrent flow and induced pulsing flow in trickle beds, screening (HTS) experiments for rapid catalyst screening
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Width of microchannel 40 um

Experimental set up : a water reservior, b.n-heptane reservior, c.high pressure liquid pumps, d and e, HPLC
type injection valve equipped with 200ml and 1ml loop, f. MICROMIXER. G thermoregulated bath, h.

tubular stainless steel reactor (80cm, lenght, 0,4cm i.d), i outlet analytics, | SEM image of the mixing

micro element showing the 2x15 interdigited microchannels (25?m width corrugated walls.

Fig. 6. The IMM micromixer for high-throughput screenific).

based on dynamic sequential operations with a combinationthen screened. The results led to the selection of the best
of pulse injections and micromachined elemg¢b$. The au- catalyst showing activity towards a large class of allylic alco-
thors describe a new concept to achieve HTS of polyphasichols. Similar results which were obtained in a microreactor
fluid reactions for two test reactions, a liquid—liquid isomer- and in traditional well mixed batch reactor (40¥nproves
ization of allylic alcohols and a gas-liquid asymmetric hy- the validity of the conceptHig. 7).
drogenation. The principle used for the test microreactorisa Interm of catalyst and time consumption per test, the nu-
combination of pulse injections of the catalyst and the sub- merous tests for the liquid—liquid isomerization were per-
strate, a IMM static micromixer with negligible volume and formed twice, to test for reproducibility, using only 1 or
residence time less than19s, and a tubular reactor. Thetwo 2 wmol of metal and over a total screening time of 1 h. The
scanning electron microscopy images show the micromixer, test for the gas—liquid asymmetric hydrogenation showed
in which 2x 15 interdigitated microchannels (25 width) similar features (down to 042mol of catalyst, and 3—-5min
with corrugated walls are cleaFig. 6). The pulses mix per-  per test). Throughput testing frequencies of more than 500
fectly in the micromixer and the liquids or the gas—liquid per day are achievable, albeit with computer control of the
mixtures thereby emulsify and behave as a reacting segmentapparatus. Using these microreactors for dynamic, high-
which then travels along the tubular microreactor. throughput screening of fluid—liquid molecular catalysis offer
Collection at the outlet of the reactor and analysis afford considerable advantages over traditional parallel batch oper-
the conversion and selective data. The catalyst library wasations: ensuring good mass and heat transport in a small vol-

(1) One catalyst against several substrates

80 1

lod N
70 —HO Batch
o 5 ] Micro

] N
50 ™1 HO
40 -

OH
2’
30 -+ AN
S HO
20
10
. 1| ]

Catalyst pulse 0.2 cm?of a [RH] 0.004 kmol/m?® sclution equivalent to 80ug of Rh for each test. Catalyst
RhC13/TPPTS/NaCH. RWTPPTS = 5. Selectivity . 95%.70°C. Flow rate : Aqueous phase 5 cm*min Organic
phase 1 cm®/min [substrate] 0.1 km ol/m* Residence time 100 s.

Conversion

Fig. 7. Comparison with traditional equipment (batch readtis).
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ume, reduced sample amountsy{plevels), alarger range of For illustration, we may cite the control of the quality
operating conditions and simpler electro-mechanical moving of microemulsions for foodstuffs containing microorganisms
part. that could spoil and whose growth can be prevented by en-
closing them in a water-in-oil emulsion of aqueous droplet
3.3. Product design and engineering: manufacturing size not significantly larger thanuylm and of a narrow size
end-use properties: development of multidisciplinary distribution, which namely characterizes the product qual-
product-oriented engineering with a special emphasis on ity [16]. Such miniemulsions can only be generated in high-
complex fluids and solids technology pressure homogenizers with a high-energy input and cus-

tomized nozzle geometry. However, the droplets generated

This is the answer for the nowadays ever-growing market must not coalesce during emulsification which makes it nec-
place demand for sophisticated products combining severalessary to find emulsifier systems which also stabilize the
functions and properties: cosmetics, detergents, surfactantsdroplets sufficiently fast. So, in modelling the emulsifica-
bitumen, adhesives, lubricants, textiles, inks, paints, paper,tion process, the overall process has to be divided into two
rubber, plastic composites, pharmaceuticals, drugs, foods,substeps: generation of droplet by mechanical energy and
agrochemicals, and more. stabilization of the droplets before they re-coalesce. The re-

This product design and engineering (synthesis of prop- sulting product quality is determined not only by how well
erties), is the translation of molecular structure into macro- the dispersed phase has been broken up into small droplets
scopic phenomenological laws in terms of state variables andbut also by how well the equipment, process conditions and
in practice it mostly concerns complex media and particu- emulsifier have been matched to one another. Thus, the ki-
late solids. Indeed complex media such as non-Newtoniannetics of the molecular process determines whether the de-
liquids, gels, foams, hydrosoluble polymers, colloids, dis- sired end-product properties will really be achieved, even
persions, emulsions, microemulsions, suspensions for whichif the required droplet size had been achieved in the first
rheology and interfacial phenomena play a major role are substep.

often involved. Also involved are the so-called “soft solids”, Complementary in topics such as microemulsions for
systems which have a detectable yield stress, such as ceramichemical, food and pharmaceutical industries (drug delivery
pastes, foods or drilling muds. systems), it should be emphasized recent investigations on

Product design concerns also particulate solids encoun-monodisperse emulsion formation with micro-fabricated mi-
tered in 70% of the process industries. This involves the crochannel (MC) array, called straight through microchannel,
creation and the control of the particle size distribution in i.e., silicon array of elongated through-holes for monodis-
operations such as crystallization, precipitation, prilling, gen- perse emulsion droplef&7]. Such oblong straight through
eration of aerosols and nanoparticles as well as the controIMC equipment allows to get monodisperse oil in water
of the particle morphology and the final shaping and pre- emulsion droplets with average diameter of 32m% and
sentation in operations such as agglomeration, calcination,a coefficient of variation of 1.5% verifying their excel-
compaction, encapsulation. Both types of operations need dent monodispersityKig. 8). Such monosized droplets in
better understanding as they control the end-use property and
quality features, such as taste, feel, smell, colour, handling
properties, sinterability or biocompatibility. Product design
and engineering concerns also solids considered as vehicle
of condensed matter from the perspective of solventless pro
cesses or non passive “intelligent solid” to accomplish intel-
ligent functions such as controlled reactivity or programmed
release of active components that may be obtained by multi-£
ple layer coatings.

The quality and properties of emulsified or past like and
solid products is determined at the micro- and nano-level. &
Therefore to be able to design and control the product qual- &
ity and make the leap from the nano-level to the process
level, chemical and process engineering involved with struc- §
tured material have to face many challenges in fundamentals
(structure—activity relationships on molecular level, interfa-
cial phenomena, i.e., adhesive forces, molecular modelling, |
i.e., equilibria, kinetics, product characterization techniques,
etc.), in product design (nucleation growth, internal structure,
stabilization, additives, etc.), in process integration (simula- -

tion and design tools based on population balance) and infig. 8. Monodispersed emulsion formed with micro-fabricated microchan-
process control (sensors and dynamic models). nel array.
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Fig. 9. Multiple W/O/W emulsion manufactured by partial-phase soluinver-
sion technology18].

Fig. 10. Solid lipid nanoparticles.

emulsions have advantages for control of their physical andto the solid character of this carrier, active ingredients can
functional end-use properties, stability and application to either be protected against oxidation and hydrolysis.
other processings. For other illustration we may cite the control of the shape
For topical delivery especially on the skin, novel multiple and size of crystals in an industrial crystallization process. It
lipidic systems account for sustained release and optimizedhas been shown that much improved process control, both in
stabilization of active ingredients as well as drugs. Topical terms of crystal purity and a defined size distribution could
delivery for cosmetic products combine aspects of optimized result by detailed computer studies of the crystallization pro-
skin release of actives and an optimized match to sensorialcessus which can be remarkably changed by the presence
features of a product. Prominent examples for preparation of of small traces of foreign substances such as unwanted by-
such kind are multiple emulsions of the water-in-oil in water products in the feed solutidi9,20]
type (W/O/W type), produced by the partial-phase soluinver-  Indeed in order to understand the mechanisms causing
sion technology (PPSIT), and solid lipid nanoparticles (SLN, these changes in crystals size and shape so that it is possi-
lipopearls) and multicompartment solid lipid nanoparticles ble to utilize them in a controlled manner, one must explain
(MSLN). the structure—activity relationships on a molecular level. And
Multiple emulsion based on the PPSIT technoldgig(9) with computer simulations, diagrams of the molecular struc-
combine protecting and occluding effects of classical W/O ture of the most important crystal surfaces can be generated
emulsions and easy application feature of classical O/W for- from X-ray crystal structure data.
mulations. Besides, the W/O/W base as such already shows Also in the same computer simulations, contaminant
excellent skin caring properties, as exemplified by improving molecules or molecules with an expected beneficial effect
skin’s microrelief, short-, mid-, and long-term moisture hold- on crystallization processus can be placed on each crystal
ing capacity (adaptogenic moisturization) and skin firmness surface and their adsorption energy calculated. If the hypoth-
improvement. Such multiple emulsions are manufactured by esis is that the growth rate of surface decreases with increas-
novel one step manufacturing technology even facilitating ing adsorption energy, and by comparing relative adsorption
industrial scaling up to large scale (up to 1t batches). energies the modified crystal shape to be expected can be
Formulation of oxidation-instable ingredients such as predicted. This was illustrated with the results of crystal-
lipoic acid and retinol are preferentially stabilized in solid lization from a feed ammonium sulphate solution containing
lipid nanoparticles (SLN) suspensions, which can either dye amaranth. It was shown that the molecule amaranth is
coat the instable materials as solid shell or even can en-adsorbed onto 00 1 surface of ammonium sulphate crystals
trap additional solving oil compartments to be detected active with the highest adsorption energy in comparison with the
(Fig. 10. SLN particles can be manufactured based on pro- other crystal surface. And according to the calculations, the
loxamer derivatives as well as non-ethoxylated lipids, such assomewhat block-shaped crystal produced in the pure system
compritol or dynasan. High-pressure homogenization revealsbecomes aflat shaped crystal having a large 0 0 1 surface area,
also ultra narrow particle size distribution in the nanometer which was experimentally verifiedrig. 11 [19). Compara-
range and an excellent stabilization of lipophilic ingredients ble prediction were obtained in the case of a feed ammonium
such as Ubiquinone Q10 and Vitamin E and derivatives. Due sulphate solutions containing 50 ppreA[20].
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Modification of Crystal Shape
by Additives

Uie Ryaban 2 i ol ai il

Block-shaped crystal in pure ammonium sulphate solutions and flat
shaped crystal having a large 001 surface area in a solution containing
dye amaranth

Fig. 11. Product-oriented engineering: controlled crystallization prdd&gs

So many quality features can only be designed in a tar- design or optimization problems completely by theoretical
geted way if the molecular processus are understood at thismethods. For example it should be possible to treat, first, the
level. And as shown by this example the analysis—both by kinetic questions such as to find sets of conditions producing
theoretical and by experimental means—must be carried outthe desired thickness with the desired degree of uniformity.
down to the molecular level to obtain results of real value for In a second step, one could solve the questions of material
understanding the relationship between a certain set of prod-structure (amorphous, partially or totally crystallized silicon)
uct qualities and the physical product state: indeed it is well end-use properties.
known that two pain killing tablets may have the same chem-  The thin CVD layers were produced in the so-called hot
ical composition, but different routes of production may lead wall tubular reactor (2 m length, 2.2 m in diameter). Numer-
to different crystallinity and porosity profiles and therefore to ous characterization methods have been used by the authors
totally different dissolution and solubility properties, namely to study the layers microstructural evolutions in function of

different bioavailabilities.

their elaboration conditions. The local state of the reactor

New approaches offer now the possibility of accurate pre- was simulated by a model CVD including the gaseous flow
dicting the effect of solvents or impurities on crystal shape hydrodynamic and the mass transfer and chemical reaction
[21] and recent models recognize the significance of interfa- parameters both in heterogeneous phase (gas—solid interface)
cial phenomena in crystal shape modelling, and lead the wayand in homogeneous phase (solid phase). Mechanism exist-
for future developments, such as new simulation and/or grouping at surface substrate and nucleation and crystal growth
contribution methods for interfacial free energy production.

Another illustration of this multilevel research effort in
crystallization has been proposed in the area of electrical G) @

engineering: microelectronics. It concerns correlations be-
tween operating conditions and microstructure of low pres- GLOBAL
sure chemical vapor deposit (LPCVD) silicon based films
prepared from silane, Sid The main aim is the develop-  Engng

ment of a rigorous simulation model for the interpretation Specia; operating conditions » Chemical reaction rates
of the layer growth experimental data by taking into account iist * Deposit thickness rate, growth
both the mass transfer resistance at boundary layer and the Q) G)/ @
solid layer growth kinetic expressid@2]. The four blocks /
of accessible knowledge for a LPCVD process are presentec Mete | MICROSTRUCTURE PROPERTIES

rial OF THIN FILMS OF THIN FILMS

in Fig. 12 Specialists in material sciences may relate mi-
crostructure and properties of thin films while specialists in Scienc|  *Crystalised fraction. size — "awrss | *Shear siress, interface
chemical engineering can correlate and simulate the macro-° defecs... —
scopic operating conditions of a CVD reactor and the local 5*“?] ity
conditions inside the reactor. It is clear that any relation- st
ship established between blocks 2 and 3 affords an intrin-

LOCAL
Chem | PROCESS PRESENTATION PROCESS PRESENTATION

& [MODELISATH L

* Equipment geometry ™« Velocities, temperatures and
e i ncentrations fiel

*Control process paramenters for —— Spscies conceratiofs kalds

[EXPERIMENTA
and orientation of crystallities, rugosity, aptical, electrical properties
» End-use properties

Fig. 12. The four blocks of an accessible knowledge for a CVD process: the

sic prop_erty of the system ar!alyzed which is independent of aim, relation between 2 and 3 intrinsic property of the system (independent
the equipment used and which allows to treat the complete of the reactor geometrjip2].
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SIMULATIONS results
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Fig. 13. Microstructure of silicon LPCVD films from silafi22].

phenomena together with the dynamic characteristic of the  Finally, much progress have been realized these last
microstructure formation were modellized with simple geo- few years for the product design and the control of the
metric and statistic approach based on concepts of the meprocess using the scientific methods of chemical engi-
chanics of continuous media (instead of using molecular dy- neering Thermodynamic equilibrium states are examined,
namic models requiring too much computer power). The final transport processes and kinetics are analyzed separately
model that necessitates the local conditions of elaborationsand these are linked again by means of models with or
at surface substrate and nucleation and crystal growth lawswithout the help of molecular simulation and finally with

is able to calculate the thickness, the fraction of crystallized the help of computer tools for simulation, modellization
silicon and the space distribution of silicon crystallites inthe and extrapolation at different scales for the whole sup-
deposit layer. So with such a model it is possible to predict ply chain (BASF, Unilever, Degussa, Astra Zeneca, Negstl
the microstructure of LPCVD films from operating condi- etc.).

tions such as gas phase components, temperature, pressure But how can operations be scaled up from laboratory to
and initial substrate nature or surface state. A comparison be-plant? Will the same product be obtained and will its prop-
tween the transmission electronic microscopy micrographieserties be preserved? What is the role of equipment design
of the experimental silicon films from pure silane for dif- in determining product properties? How can the optimal in-
ferent temperatures and deposit durations and the simulatiorteractions between product and process design be explored?
of the model has shown a good approximation for the crys- How can we validate and test the desired functional properties
tallized fractionx; and the space distribution of crystallites (i.e., controlled drug release, enhanced bituminous or textile
(Fig. 13. The results also emphasize the dynamic character-behaviour, skin improvements in using cosmetic creams, etc.)
istics of film microstructure. Similar results were obtained of the product in use? Indeed as underlined many times, the
for complex SIPOS SiQdeposit elaborated from silane and control of end-use properties is a key issue for which general
nitrogen protoxide and in situ boron silicon deposits from scale-up rules are still lacking. This requires for chemical
silane and boron trichlorid@3]. It is interesting to note that  engineering specialists and their systemic approach a close
the quality of such simulation results demonstrates the va- cooperation with specialists in physical chemistry, biology,
lidity of the approach proposed and suggests the way nowmechanics and mathematics to develop this new “systemic”
opened to develop a complete product design and engineerphysical chemistry and biology where qualitative explanation
ing or engineering of materials elaboration, able to predict will be translated with the help of fine modellization into for-
the kinetic and structural characteristics of LPCVD films by mal laws for process development. This leads to the fourth
numerical simulation. main objective.
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Fig. 14. Moore’s law number of transistors on a silicon would double every 2 years.

3.4. Implement multiscale and multidisciplinary ular modelling based on information from thermodynamic,
computational chemical engineering modelling and kinetic and rheological data banks.

simulation to real-life situations: from the molecule to There is no doubt that molecular modelling is now playing
the overall complex production scale into the entire an increasingly important role in future chemical and process
production site engineering research and practj2d]. Recent advances in

the fundamental molecular sciences and in computer hard-
We have emphasized the necessary multidisciplinary ware and numerical algorithms have greatly accelerated its
and multiscale integrated approach applied to the triplet development (se€igs. 14 and 15where it is shown that
processus—product—process to scale from the nano- andhe number of transistors on a sliver of silicon would double
microscales of end-use properties of the product to the every 2 years).
mesoscale of the equipment manufacturing the product. And through the interplay of molecular theory, sim-
Computers have opened the way for chemical and processulation, and experimental measurements evolves a better
engineering in the modelling of molecular and physical prop- quantitative understanding of structure—property relations,
erties on the nano- and microscopic scalesr the molecular ~ which, when coupled to macroscopic chemical engineer-
modelling, application of the principles of statistical molec- ing science, can form a basis for new materials and process
ular mechanics computational techniques (Monte Carlo anddesign.
molecular dynamics) and quantum mechanics constitute an
area for the problem-oriented approach of chemical and pro-

X A K v(t)/v(1970)

cess engineering. Indeed molecular modelling starts from a 1E+12
consideration of microscopic structure and molecular interac- 10,000,000,000
tions in a material system and derives thermodynamic, trans- 100,000,000
port, rheological, mechanical, electrical, electronic or other 1,000,000
properties through rigorous deductive reasoning bases on the 10.000
principles of quantum and statistical mechanics. Compared to ’100
more phenomenological approaches (e.g. correlations of the 1 1 \ ,
group contribution type) it offers the advantages of greater, Y910 1980 1990 2000 2010
generality and reliability. Year

It is clearly impossible to cover all directions of present- Hardware Hardware + Software
day molecular modelling researches involved in a wide . 8

spectrum of problems in the chemical and material sci- * Speed of Electronics computation (H+S development) roughly doubled every year
L L i L . since 1970 and is expected to continue in the coming decade
ences. Vapor-liquid equilibria, vapor—liquid—liquid equilib-
ria, liquid—solid equilibria, supercritical solution properties; s Iidem about hard-disk drive capacities :
amphiphiles; polymers at interfaces; adsorption on surfaces 02 gigabyte /em* (1999) 15 gigabytes /cm? (2010)
dinfluence of impurities: micronorous materials or ceram- 150 gigabytes /cm? (after 2010) with holographic memory technology
fan Influ Impurities; mi . porou 3 ! > . . substitute magneto-resistive technology
ics structures; transport properties such as viscosity, diffusiv-
ity, thermal conductivity can be calculated today by molec- Fig. 15. Computing speed acceleration.
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Furthermore, turning to the macroscopic scale, dynamic processes allowing the customers to integrate the informa-
process modelling and process synthesis are being also in-tions from any simulator onto another one. For the future,
creasingly developethdeed one mustrememberthe targeted the global CAPE-OPEN (GCO) project is expanding and de-
products in question are generally not mass-produced prod-veloping interface specification standards to insure interop-
ucts but ones which are produced in small batches and justerability of CAPE software components. And a standardiza-
in time for delivery to the customer whose needs are con- tion body (CAPE-OPEN Laboratories Network, CO-LaN)
stantly changing and evolving. And to be competitive under has been established to maintain and disseminate the software
these conditions, it is particularly important to analyze and standards in the CAPE domain that have been developed in
optimize the supply chains for which we are interested in the the international projects CAPE-OPEN and Global CAPE-
time that individual process steps take, and these have to beDPEN. The CO-LaN ensure that software tools used by the
simulated and evaluated also in terms of costs. But in chemi- process industries reach a level of interoperability that will
cal and related processes, the location of a particular compo-help ensure sustained growth and competitive [B526].
nent in the supply chain at a given time is not well defined.

Indeed a batch can be found in a stirred tank, a filter, a dryer,

a pump, a mill and a storage container simultaneously. New 4. Conclusions: chemical and process engineering
event-driven simulation tools help solve these problems by mainly concerned by the production of new materials
simulating both material flows and states within the individ-

ual pieces of equipment. This dynamic simulation may enable  The production of new materials to satisfy consumer needs
to see in a matter of seconds whether bottle-necks may occurand market trends requires the development of chemical and
in the plant over the course of days, months or years. Theseprocess engineering involving an integrated multidisciplinary
can be eliminated by using additional pieces of equipment and multiscale approach from the molecular-scale and mate-
or by making additional resources available such as energyrial surface-scale-up to the scale of entire production site. This
or manpower. The event-drive simulation also shows which multidisciplinary and multiscale approach (3P engineering,
alternative plant and storage strategies provide the greatestolecular processes, product, process engineering) is nec-
cost—benefif19]. essary for the understanding and modelling of the complex,

Moreover, the ability to use a series of coherent tools (i.e. simultaneous and often coupled phenomena and processes
software) during the process life cycle is now well estab- taking place on the different scales of the chemical supply
lished: integration and opening of modelling and event-driven chain. Itis clear that this integrated approach is possible today,
simulations environments as answers to the current demandhanks to considerable progress in the use of molecular mod-
for diverse and more complex models in process engineer-elling [27], scientific instrumentatiof28—30] and powerful
ing is taking today a more and more important place, see, computational tools and capabilities, as illustrated with the
for example the Computer Aided Process Engineering Euro- determination of physical and (bio)chemical parameters nec-
pean Brite Euram program CAPE-OPEN. The aim is to pro- essary for the modelling at different time and length scales.
mote the adoption of a standard of communication between  Therefore for the production of classical or new materi-
simulation systems at any time and length scale level (ther-als it seems clear that the future of chemical and process
modynamic, unit operations, numerical utilities for dynamic, engineering is heading in four directions: (1) increase selec-
static, batch simulations, fluid dynamics, process synthesis,tivity and productivity by a total multiscale control of the
energetics integration, control process) in order to simulate processes, a good illustration is the nanostructural tailoring

Table 1

Trends in European chemical engineering 1999, 2001, 2002, Praha, 2003, 2003, Berlin,
Montpellier, Nurnberg, CHISA (%)  Granada, CHEMREACTOR
ECCE2 (%) ECCES3 (%) ECCE4 (%) 16 (%)

1 Increase productivity and selectivity: 33 15 22 24 33

through multiscale control of the process,
molecular information engineering and
nanotailoring of porous and crystalline
materials
2 Process intensification: multifunctional 25 39 30 22 31
reactors, new operating modes,
microengineering, microtechnology

3 Formulation product design and 22 25 14 18 5
engineering: emphasis complex fluids
emulsion solids technology

4 Multiscale and multidisciplinary: 20 21 34 36 31

computational chemical engineering,
modellization and simulation and
optimization—control-safety
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of required materials with controlled structure or in obtain- [9] E. Drioli, M. Romano, Progress and new perspectives on integrated
ing physico-chemical and mathematical bases of processes membrane operations for sustainable industrial growth, Ind. Eng.
occurring on catalyst surface, (2) process intensification by €hem. Res. 40 (2001) 1277-1300. .
. . .~ [10] J.A. Moulijn, A.l. Stankiewic, in: Proceedings of the 1st International
the de.SIQ.n of novel process apd equment based on scien- Symposium on Multifunctional Reactors, Chem. Eng. Sci. 54 (10)
tific principles and new production operating methods, exam- (1999) 1297 (special issue).
ples concern new types of chemical processes and reactorg11] F.M. Dautzenberg, M. Mukherjee, Process intensification using mul-
(3) synthesize structured products combining several func- tifunctional reactors, Chem. Eng. Sci. 56 (2001) 251-267.
tions and properties required by the customer with special [12] KF Jensen, Microreaction engineering—is small better? Chem. Eng.
. . . Sci. 56 (2001) 293-303.
gmphass on co'mplex fluid and_(S.Oft_) SplldS technology, (4) [13] W. Ehrfeld, V. Hessel, H. Lowe, Microreactors: New Technology for
implement multiscale and multidisciplinary computational Modern Chemistry, Wiley/VCH, Weinheim, 2000.
and simulation to real-life situations with an emphasis on the [14] A. Gaviilidis, P. Angeli, E. Cao, K.K. Yeong, Y.S.S. Wan, Technol-
understanding of the physics, chemistry and biology of the ogy and applications of microengineered reactors, Chem. Eng. Res.
interactions involving control and safety considerations. Des. 80 (2002) 3-30.

s [15] C. de Bellefon, N. Tanchoux, S. Caravieillhes, P. Grenouillet, V.
Table 1shows the distribution of the contents of the Hessel, Microreactors for dynamic, high throughput screening of

lectures and posters presented during the recent European  fiidfiquid molecular catalysis, Angew. Chem. Int. Ed. 39 (19)
congress in chemical engineering including the XVI Inter- (2000) 3442-3445.

national Conference on Chemical Reactors in Berlin, 1-5 [16] H. Schubert, Advances in the mechanical production of food emul-
December 2003. It may be seen the increasing part of the sions, in: R. Jawitt (Ed.), Engineering and Food at ICEF, vol. 7, Part

demi dindustrial tigati . dellizati . 1, Sheffield Academic Press, Sheffield, 1997, pp. AA 82—-AA 87.
academic and industrial Investigations in modeillization, sim- [17] I. Kobayashi, M. Nakajima, K. Chun, Y.H. Kikuchi, Silicon array of

ulation, optimization, control and safety. elongated through-holes for monodisperse emulsion droplets, AIChE
And in the future within the frame of its four pre- J. 48 (8) (2002) 1639-1644.

cited objectives, chemical and process engineering will [18] S.H. Gohla, Simple and multiple lipidic systems in cosmetic for-

be more and more concerned and involved especially mulation, in: Proceedings of the 3rd World Congress on Emulsions,

. L . . vol. 290, Theme 4, Lyon, France, 24-27 September 2002.
with the appllcatlon ofife CyCle assessmet the t”plet [19] K. Wintermantel, Process and product engineering—achievements,

“processus—.product—pro.cess’.', i.e., application not only to present and future challenges, Chem. Eng. Sci. 54 (11) (1999)

product design and engineering and its use but also to the  1601-1620.

plant and equipment together with the associated services. [20] M. Rauls, L. Bartosch, M. King, R. Lacmann, A. Mersmann, The
Thus, this multidisciplinary and multiscale integrated ap- influence of impurities on crystallization kinetics—a case study on

. . . . ammonium sulfate, J. Cryst. Growth 213 (2000) 116-128.
proach will also be of great help, in responding to the increas- [21] D. Winn, M.F. Doherty, Modeling crystal shape of organic materials

ing environmental, societal and economic requirements and  grown from solution, AIChE J. 46 (7) (2000) 1348-1367.

to the transition towards sustainability. [22] A. Dollet, B. Caussat, J.P. Couders, B. de Mauduit, Elations en-
tre conditions claboration et microstructures de depots. Partie 4.
Dépdts de silicium pum partir de silane: @vision de la microstruc-
ture des films par simulation niérique, Entropie 226 (2000) 3—-11.
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