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As many as 40 years ago, P.V. Danckwerts already 
recognized that, "It will be a great mistake to think 
of the content of chemical engineering science as 

permanently fixed. It is likely to alter greatly over the years 
in response to the changing requirements of industry and to 
new scientific discoveries and ideas for their application."[IJ 
This statement clearly draws the bipolar nature of chemical 
engineering: Just like any other field of engineering, chemi­
cal engineering has to face a permanent dilemma: 

i) To be open to the challenges and problems of the chemi­
cal process industries (CP!s) 

ii) To simultaneously produce its own tools, usually referred 
to as paradigms,121 based on fundamental scientific 
grounds and covering various disciplines (Figure I) 

Such a subtle equilibrium between applied and fundamen­
tal aspects is very delicate to maintain, both for teaching and 
research purposes. As a consequence, controversial debates 
periodically arise when our discipline tends toward either ex­
treme - too practical (see, for instance, References 3 and 4) 
or too fundamental (e.g., References 5 and 6). 

We do not want to enter into this debate, but we have ob­
served that the evolution of the training of chemical engi­
neering students in the last decades has been stimulated by 
changes in both science and industry. [7l The somewhat simple 
analysis presented above has been our guide for the teaching 
project which we describe in this work. 

We began with an analysis of the current and future needs 

and problems of the CPL Based on this analysis, we selected 
a series of topics among a broad spectrum of disciplines to 
serve as the essential building blocks for a training program 
targeted at the equivalent of first-year graduate students. The 
final structure of the proposed academic project is detailed 
as an illustrative example in the last part of this paper. 

COMMODITY VS. SPECIALTY PRODUCTS: 
EDUCATIONAL SPECIFICITIES 

Chemical process industries have undergone profound 
modifications during the last 20 years. CPis are nowadays 
defined essentially in terms of applications (e.g. , paints, ad-
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( 
hesives, pharmaceuticals) rather than chemicals (such as coal, 
aniline, etc.).l8·91 At the same time, a strong trend toward so­
caJled specialty products has been observed, to the detriment 
of commodity products. Even though this dichotomy, sum­
marized in Table 1, is oversimplified, it remains useful when 
identifying educational targets. 

This evolution has induced significant changes in terms of 
jobs for chemical engineers. In place of traditional sectors 
such as oil refineries, petrochemical plants, or base-chemical 
production, an increased ratio of our engineers find jobs in 
companies that produce mainly specialties and products.(1 11 

Table 2 contains an overview of these industrial sectors. En­
gineers in these companies are faced mainly with problems 
issued from the product, rather than from the process. As a 
consequence, there is a crucial need for a chemical engineer 
to understand the specificities of a given product and to see 
how to solve problems, for instance, in terms of structure 
and/or quality.f 121 Moreover, in place of conventional unit op­
erations which are still mainstays in the commodity sector 
(e.g., distillation , extraction, absorption), process flow 
schemes in product engineering involve operations such as 
granulation, emulsification, and extrusion, which are often 
neglected in the traditional chemical engineering curriculum. 

The changes listed above give a strong incentive to extend 
the scope of chemical engineering to include a new field, 
alternatively named "(chemical ) product engineering" or 
"product design."11 2- 151 

TABLE 1 
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INDUSTRY 

Energy 

Chemical~, t /, ; aterials 

Petroleum , , Pharmaceutical 

Chemica' 
jrngineeri,ltg 

Chemistry /J t \' Biology 

Physical Mathematics 
chemistry Physics 

SCIENCE 

Figure 1. Chemical engineering "family tree." 

TABLE2 

A Simplified Classification of Commodity and Specialty Products An Overview of Some of 
the Major Areas Involved 

in the Production 
(Adapted from References 8 and JO) 

Commodity 

Base Products 

Examples (ethylene, ammonia , chlorine , etc.) 

+ 

Intermediates 

(urea , acetic acid, acrylonitrile, etc.) 

Number of molecules Around 20 base product.s + 200 
intermediates 

Product specificity Remains unchanged on the market 
over many years 

Competition Price 

Ratio sales/investment 0.5 

Product type Mainly small molecules 

Production process Single product, high tonnage, 
continuous production 

Selling price 0.1 to I $/kg 

Fall 2005 

Specialty 

Pigments 

Surfactants 

Insecticides 

Aromas 

Antioxydants 

> 30,000 

Rapid turnover 

Quality+ Performance 

2 

Surfactants, polymers, 
particulate solids 

Batch production, low tonnage 

2 to 500 $/kg 

of Formulated Products 

Adhesives 
Crop protection 
Cosmetics 
Lubricants 
Food (aromas, etc.) 
Paints and coatings 
Surfactants and cleaners 
Metal surface treatment 
Oil products (gas, bitumen, etc .) 
Cement and plaster 
Photography 
Packaging and plastic materials 
Inks and varnishes 
Rubber 
Textile fiber 
Paper 
Drugs and pharmaceuticals 
Corrosion inhibitors 
Water treatment 
Leather treatment 
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To specify the content required to create a product engi­
neering program, we must examine what we mean by "prod­
uct." A sample of three different product compositions (in 
liquid and solid forms) is given in Table 3 to help illus­
trate this point. 

Clearly, these types of products differ strongly from the 
traditional chemicals commonly described in chemjcal engi­
neering textbooks. These new products are invariably based 
on a combination of different molecules, each of wruch plays 
a specific role in creating the desired end-use properties. The 
art of combining various compounds based on chemical 
knowledge (and still quite a bit of empiricism) is often called 
formulation. 1161 Formulation is largely and capably covered 
in CPI by physical chemists and chemists, who play a lead­
ing role in product-design projects. 

Nevertheless, we believe that a large number of products 
cannot be designed based solely on composition. Thjs is simi­
lar to the traditional thermodynamics versus kinetic rate-con­
trolled classification in chemical reaction engineering. In fact, 
most, if not all, final forms of a formulated product are mul­
tiphase and often metastable. As a consequence, the manner 
in wruch mechanical and/or thermal energy is provided to 
the mixture during production is key. 

This means that the careful selection of production pro­
cesses is absolutely necessary to obtain the expected struc­
ture and, by extension, end-use properties. Even in the early 
stages of a product-design project, we must account for the 
interplay between the formula and the process. In fact, food 
and pharmaceutical companjes, whjch have been acting in 
the product design and engineering field for centuries, often 
follow trus strategy. Figure 2 gives a schematic representa­
tion of this approach, which will be the cornerstone of our 
teaching program in product engineering. 

NEW CURRICULUM 
DESCRIPTION 

) 
Generally speaking, the problems encountered in product 
engineering are extremely complex and require a previous, 
sound understanding of basic phenomena. In that respect, the 
more general approach of chemical engineering, which is 
well-suited to commodity production, remains essential at 
the beginning of the curriculum. 

The overall framework of the new teaching program in our 
department at Ecole Nationale Superieure des Industries 
Chimiques (ENSIC), part of the Institut National 
Polytechnique de Lorraine, is sketched in Table 4. 

Undergraduate students follow a traditional chemical en­
gineering curriculum for the first three semesters to get used 
to the methodology of the discipline (i .e., chemistry, physi­
cal chemistry, thermodynamics, balances, transport phenom­
ena, kinetics). After three semesters , the students should have 
mastered the "toolbox" needed to produce a given molecule 
in a continuous process (i.e ., synthesis scheme, reactor and 
unit operations design, physical properties estimation, numeri-

Chemicals 

\_ 

I 
Processes 

Structure 

' End-use properties 

I 
Physico-chemical 

Properties 

Figure 2. Overview of product engineering framework. 

TABLE3 

Overall Framework 
Illustrative Composition Forms of Three Products: 

While product engineering 
sounds appealing, it is still in its 
infancy in terms of educational pro­
grams. No unified methodology, 
ready to be taught to the student, is 
currently available. 

On the other hand, a large number 
of detailed engineering analyses can 
be found in the literature for various 
transformations of colloidal or com­
plex mixtures , for instance granula­
tion , 1171 drying ,1181 and coating. 11 91 
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a Suspension (Crop Protection), an Emulsion (Painting), and a Powdered Solid (Pharmaceutical) 
The main function contributed by each compound of the formula has been added in italics. 

Ready-to-Use 
Crop-Protection Suspension 

Phenylurea (active compound) 

Phenolethoxyphosphate 
(dispersing) 

Fatty alcohol (wetting) 

Silicone (antifoam) 

Propyleneglycol (antifreeze) 

Water (solvent) 

Water-based Emulsion Paint 

Titanium oxide (opacifying) 

Calcium carbonate (filler) 

Ye!Jow hanza (pigment) 

Polyacrylic ac id (dispersing) 

CMC (viscosity enhancer) 

Water (so lvent) 

Pharmaceutical Tablet 

Active compound 

Lactose (film forming) 

Cellulose (diluting) 

Talc (filler) 

Magnesium stearate 
(lubricaling) 
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C 
cal techniques, and overall flowsheet simulation). 

It is worth mentioning here the differences between the 
higher-education progression in France versus elsewhere. For 
example, in the United States, students can begin a four-year 
undergraduate program in chemical engineering following 
high school. The fust year typically focuses on establishing a 
solid base in mathematics and the physical sciences; students 
then shift to the traditional chemical engineering curriculum 
described above. In contrast, the French system begins with 
a two-year intensive training period in mathematics and the 
physical sciences. Following this period, successful students 
switch schools and begin a chemical engineering program. 
As described above, the first three semesters of thi s pro­
gram follow the U.S. system fair ly closely. At the end of 
this period, students could be considered the equivalent 
of mid-year "seniors." 

French students in Nancy are asked at this point to choose 
from one of two options: advanced chemical engineering or 
product engineering. The fourth semester is dedicated to in-

Graduate Education ) 

troductory lectures in this elective, in combination with a cap­
stone design project, humanities, and project management. 

Finally, the last two semesters are dedicated to each op­
tion. This fifth year of the French program can be considered 
equivalent to the first year of a graduate program in the United 
States. The advanced chemical engineering lectures focus 
mainly on the extension of the undergraduate approach to 
nonideal systems: non-Newtonian and multiphase fluids, and 
nonideal and multicomponent mixtures. To that respect, a 
large amount of simulation is necessary, and Computational 
Fluid Dynamics (CFD) is essential. Process intensification, 
process control and optimization, large plant operation, and 
energetic analysis are also included in the package. We now 
turn to the development of the product engineering program. 

Teaching Product Engineering: Overview and 
Tentative Generic Issues 

While generic issues can be identified for the chemical 
engineering approach thanks to decades of educational expe­
rience, the same does not hold for the product engineering 

TABLE4 
Teaching Calendar at E SIC: Overview 

Level Semester# Content Target and Keywords 

Chemistry (mineral , organic, analytical ), Master the chemical synthesis, analysis, continuous 

physical chemistry, thermodynamics, numerical production, and design 
Undergraduate 1,2, and 3 methods, and basic chemical engineering 

(reaction + purification) of a given molecule 

(transport processes, chemical reaction 
Keywords: synthes is, analysis, selectivity, yield , engineering, unit operations) 
purity 

Project management 
Humanities 

Graduate 4 Capstone design 
Elective introductory 

Keywords: Advanced mass transfer, hydrodynamics , 
and chemical reaction engineering 

Elective I: Simulation and optimization tools 
Chemical Engineering 

Process intensification, energetic analysis 

Keywords: 

Graduate 5 and 6 Advanced physical chemistry 
(intermolecular forces , colloids, and surfaces) 

Elective 2: Characterization methods 
Product Engineering 

Mixing, drying, emulsification, granulation, etc . 

End-use properties 
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lectures. Although some topics can be proposed on a broad 
basis to the students, we decided to split the lectures in prod­
uct engineering according to the different states of matter 
that can be found as final forms of chemical products in 
industry. This simplistic but useful classification scheme 
is detailed in Table 5. 

The first category of products corresponds to particulate 
solids with solid final forms such as granules, tablets, and 
powders. A finely dispersed solid phase clearly constitutes 
the key compound in these products. The importance of par­
ticle shape and size distribution is paramount. Solid surface 
properties are also essential, since they will govern phenom­
ena such as wetting by liquids (e.g., for granulation) or adhe­
sion under compression. 

The second category of products is dispersed fluid phases, 
such as emulsions, foams, and micelles. For these products, 
surfactants play a key role in the attainment of the product 
structure. This is true both in terms of the process (emulsifi­
cation for instance, which depends strongly on surfactant dy­
namics) and product properties ( optical appearance, rheologi­
cal behavior, stability, etc.). 

The last category of products is soft matter, which includes 
gels, pastes , and creams. Here, polymers are key compounds, 
and the corresponding fields of macromolecular physical 
chemistry and process engineering of viscous solutions are 
developed in this topic. 

It is obvious that most of the final forms of products simul­
taneously include the three key compounds selected in Table 
4, namely particulate solids, surfactants, and polymers (see, 
for instance, the composition of the products detailed in Table 
3). Nevertheless, we do not see at the moment how to build 
an educational program that would encompass the overall 
complexity of product formulation 
and production, taking into account 

) 
Product Engineering Syllabus 

The overall content of the product engineering teaching 
program is detailed in Table 6. 

Generally speaking, a major part of the lectures consists of 
physical chemistry concepts (essentially colloids and sur­
faces), characterization techniques, and process engineering. 
It is obvious that lectures dedicated to end-use properties are 
also a key issue. This target is taken into account at the end of 
the curriculum via industrial case studies that can highlight 
how to combine methodologies both "hard" (e.g., physical 
chemistry and chemical engineering computations) and "soft" 
(e.g., needs identification, idea selection, and shortcut meth­
ods to help to choose the right manufacturing process). 

Table 6 shows an overview of the various chapters and con­
cepts, some of which are presented in a generic way (i.e., 
independent of the state of matter concerned) while others 
are exposed in close relationship to a defined state of matter. 
This classification is by no means systematic and has been 
adopted, somewhat arbitrarily, to offer the students some kind 
of "red line" among the vast assortment of information and 
theoretical approaches covered. These can be described as 
follows : 

Ingredients 

In the first series of lectures, attention is focused on the 
production of ingredients (i.e., molecules), which will be used 
in final forms. This topic is clearly another form of product 
engineering (see, for instance, Reference 20), dedicated to 
the design of a novel molecule to achieve defined function in 
the final form. A sample of molecular production techniques 
is presented for particulate solids (precipitation and grind­
ing), small organic molecules (modem synthesis techniques), 

TABLES 
the exhaustive content of a real prod­
uct. We hope the strategy developed 
through this simplified framework 

Tentative Classifications of Formulated Products Based on a State-of-Matter Approach 

is of interest to convince the student 
that scientific tools, even if they suit 
in principle much simpler systems 
than the complete composition it­
self, can be valuable in a product 
design scenario. 

Apart from these specific catego­
ries, a limited number of generic 
concepts (i .e., applying to any of 
the three product categories) have 
been identified and included in the 
final program. 
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Final form example 

Continuous phase 

Discontinuous phase 

Key compound 

Approximate ratio 
in pharmaceutical 
industriesl241 

Solid forms 

Tablets, granules, 
powders 

Solid 

Gas 

Particulate solid 

65% 

Dispersed fluid phase Soft materials 

Emulsions, Pastes, creams, 
suspensions, foams, gels 

micelles 

Liquid Solid 

Liquid or solid or Liquid or gas 
gas 

Surfactant Polymer 

20% 15% 
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and polymers (controlled chemical structure and heteroge­
neous polymerization). 

Understanding properties of complex media at 
a molecular level 

In the second lecture series, a string of generic concepts 
and tools to aid in the molecular description of complex sys­
tems follows. These include intermolecular forces and mix­
ing laws, as well as rudimentary coverage of molecular dy­
namics techniques. 

cate with specialists in synthetic, physical , or analytical chem­
istry. At the same time, they are, in principle, trained to ana­
lyze or predict the behavior or properties of complex media 
containing a limited number of compounds (e.g., emulsions, 
polymer solutions), both from the molecular and macroscopic 
point of view. Thus, they should be ready to tackle the design 
and phenomenological understanding of production processes. 

Mastering production processes 

Colloid and interface science is further developed quite 
heavily, with specific topics such as solid interfaces, liquid­
liquid interfaces, surfactants , and fluid systems involving 
polymers. We also focus attention on characterization tech­
niques for colloidal and complex mixtures (e .g. , size distri­
bution, rheology, RX, DSC, spectroscopy), which are of ut­
most importance in order to assess the structure. In parallel , 
colloidal statics (DLVO theory) and dynamics (flocculation) 
are explained on a broad basis. Students are expected to have 
in hand, at thi s stage, the basic toolbox needed to communi-

In this section, chemical engineering methodology is ten­
tatively applied to complex systems. Two emblematic pro­
cesses are treated on a generic basis: drying, including spray 
drying and mixing (especially for multiphase) , and/or non-

ewtonian media. 

Apart from these, a series of operations is presented and 
analyzed for each state of matter. Emphasis is put on the phe­
nomena taking place during the process, in relationship to 
the evolution of the structure of the product. Technological 
insights are also provided so that the students know the prin­
cipal technique used for a given operation. 

TABLE6 
Product Engineerng Graduate Syllabus, Detailed Content 

State of Matter (Product Final Form) 

Particulate solids Dispersed so lids Soft matter 

Introduction 

Raw materials (ingredients) Precipitation, grinding Advanced synthesis methods Heterogeneous polymerization 

production Solid state synthesis Controlled-architecture polymers 

Molecular acti vity of biomolecules 

Intermolecular forces • Mixing laws • Introduction to molecular dynamics simulation 

Interfacial forces Surface tension and interfaces Osmotic pressure 

Colloids and surfaces Interfaces (solid/gas) (l iquid/liquid and liquid/gas) Polymers in solution (molecular 

Surface angle, wetting Surfactants, phase diagrams approach and rheology) 

Surface angle, wetting Gels (fonnation and properties) 
Polymers at interfaces 

Colloidal solutions and dynamics: DLVO theory, aggregation, fl occulation 

Agglomeration Emulsification Gelification 

Process engineering Granulation Foaming Extrusion 

Compression Coating 

Freeze drying Prilling 

Spray coating 

Mixing (multiphase systems, non-Newtonian fluids, suspensions) • Drying and spray drying 

Characterization techniques 
Size distribution Rheology Rheology 

X-ray diffract ion Optical techn iques DSC, DMTA 

Poros imetry Spectroscopy (NMR, IR) 

End-use properties Case Studies (industrial lecturers): 
Pharmaceutical tablet • Water-based emulsion paint • Superabsorbent gel 
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Toward understanding and design of end-use properties 

At this stage, a major piece is still lacking in the product 
engineering puzzle: end-use properties. This aspect is very 
hard to develop since end-use properties are extremely dif­
ficult to link unambiguously to a quantifiable property of 
the product. Furthermore, academic researchers are se l­
dom familiar with situations where end-use properties are 
a key concern. 

In place of traditional 
sectors such as oil refineries, 
petrochemical plants, or 
base-chemical production, an 
increased ratio of our engi­
neers find jobs in 
companies that produce 
mainly specialties 
and products. 

Conversely, a great amount of knowledge, experience, and 
proficiency can be found in industry for a given product or 
application. As a result, we put emphasis at this stage on a 
broad and synthetic understanding of product engineering, 
based on case studies performed by lecturers from industry. 
These final synthetic lectures may sound frustrating compared 
to the academic presentations performed before. Neverthe­
less, we think that this strategy is necessary in order to famil­
iarize the student with concepts such as, "when to be careful 
and when to be careless," or "what can be computed and what 
cannot." Such concepts are based on real experiences in prod­
uct engineering projects. Starting from this industrial knowl­
edge, the major challenge would be to rationalize an inte­
grated approach to product engineering, maybe using a pro­
cess similar to that developed for material selection in me­
chanical engineering.'26• 271 The first point is to convert the 
end-use properties into phys ical properties (e.g., mechanical 
behavior, solvent resistance, sensitivity to salt or pH). This is 
probably the hardest point to teach but it is absolutely key for 
a product engineer. Then, the main components of the prod­
uct must be selected with particular attention to those which 
contribute the most to macroscopic properties. Another task 
of the product engineer is to select the best processes (e.g., 

270 
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type of emulsifying procedure, shaping process) according 
to the product 's physical properties and to the characteristics 
required (such as the size of the dispersed phase). We hope 
that the ENSIC teaching program could contribute to the 
elaboration of such a rationalized approach in product engi­
neering by unifying " industrial know-how," physical chem­
istry, and chemical engineering. 

FEEDBACK AND TENTATIVE GUIDELINES 

Even though significant feedback on this curriculum is 
extremely hard to collect, as it is only three years old, we 
think it is useful to add some comments on the project and 
the achievements at this stage. 

First, in terms of teamwork, the project has been immedi­
ately embraced, especially by the younger faculty, probably 
due to its novelty. By contrast, the advanced chemical engi­
neering project, which started from an already existing sylla­
bus, was more difficult to build. 

Nevertheless, it is obvious that the development of the prod­
uct engineering project had to overcome numerous difficul­
ties. First, given the number of disciplines which are con­
cerned, the vocabulary, techniques , and objectives had to be 
merged. A team-project approach, dedicated to one of the three 
states of matter (particulate solids, dispersed fluids , and soft 
matter) was proposed in order to help the identification of 
clearly defined chapters. For one year, meetings have been 
organized for the three sub-project teams and the full com­
mittee in order to define, step by step, the overall road map 
(Table 6). Additionally, the lack of knowledge among the fac­
ulty concerning practical product case studies was also a 
major drawback. A series of conferences and meetings 
with industrial experts has been initiated in order to over­
come thi s lim itation . 

It is also worth mentioning that the possibility to simply 
include product engineering as an option within the classic 
chemical engineering syllabus was initially planned and tested 
for two years in our department (in 2001 and 2002). This 
trial convinced us that it was very difficult to condense such 
a broad domain into one unit (around 60 hours) . Moreover, it 
was almost impossible for the students to assimilate the nu­
merous facets and variety of situations underlying the prod­
uct engineering discipline. For these reasons, we felt it was 
necessary to cover product engineering with a long, struc­
tured, teaching block. 

In terms of the students ' response, we were encouraged to 
observe a nearly equal split between the two options (prod­
uct engineering and advanced chemical engineering). 

Furthermore, we recently had the opportunity to collect 
evaluation forms from the first students who followed the 
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complete product engineering syllabus. Generall y speaking, 
the students initially found the "hard-core" chapters taught at 
the beginning of the program (e.g., intermolecular forces, col­
loids, interface) to be too heavy and lacking a clear link with 
the objective of the course. Nevertheless , the final evaluation 
pointed out that this first impression had (hopefull y) van­
ished. We must stress the key role of a product-des ign project, 
performed as a team project during the last semester, as well 
as the case-study conferences, to help convince the students 
of the (occasional but decisive) role of these hard-core top­
ics. We believe that this situation is similar to the hard fluid 
mechanics chapters in a classic undergraduate program, which 
students often perceive as extraneous before they discover 
the overall picture of chemical engineering methodology -
typically at the graduate level. 

CONCLUSIONS 

Generally speaking, we feel that, apart from its challeng­
ing nature, product engineering can act as a melting pot of 
the numerous paths already suggested as the new frontiers in 
our discipline, such as: 

[I Facing complex and non.ideal media181 

[I Taking into account chemical structure in a systems ap­
proachf2/J 

[I Understanding phenomena on a multiscale view1221 

[I Dealing with soft materials which, to some extent, covers the 
peculiarities of biological systems (i.e., metastable state, pre­
dominancy of weak bonds, and complex function due to a 
specific structure)_/21 

Product-oriented process development offers stimulating 
challenges from the research point of view, and chemical en­
gineers can play a crucial role in this field .r251 Unfortunately, 
the writing of a product engineering text encompassing the 
methodology of chemical engineering has yet to be achieved. 
Following Cussler, we think that the changes of industry 
should induce changes in the curriculum .1231 We have pro­
posed in this work a framework and content for a teaching 
program dedicated to product engineering, which is more an 
evolution than a revolution in terms of educational concepts. It 
is obvious that this first trial will necessitate modifications and 
improvements; for now, we await the feedback from industry. 
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