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Preface

For a long time, chemical engineering focused on the characterization, understanding,

and designing of chemical processes for the manufacture of commodity chemicals.

These processes typically contain several unit operations, which are continuously

operated. The products generally consist of a single phase and their quality is usually

defined in terms of, e.g., purity, hardness, calorific value, boiling point/range, and/or

melting point/range. Typical examples are processes in the oil industry for production

of gasoline, etc. As a result of the extensive chemical research in the twentieth century,

knowledge and understanding of the general relationships between chemical structure

of components and their properties significantly improved, and more complex

products arose by formulation with different ingredients, each of which serving

specific performance goals. A good example is the development of detergents from

classical soaps via synthetic detergents and powders to detergent pearls, containing

active material, enzymes, whiteners, etc.

Gradually, the focus changed to consumer products, often produced in batch

processes, and product complexity increased through the presence of different

phases. Also, particulate materials were more and more incorporated in these

products. Nowadays, particulate products make up about 80 % of all chemical

products. Here, performance properties no longer solely depend on chemical

composition and structure but also on particle size, size distribution, and particle

shape (and resulting microstructures). Although the field of particle technology has

existed for several decades, in which several basic principles have been elucidated

and many instrumental measurement techniques developed, it still offers many

major challenges. Catalysts are a good example. Particulate properties, such as

size, pore structure, and surface area, not only influence activity (reaction rate) and

selectivity (ability to form the desired product) but also mechanical strength

(attrition), pressure drop, deactivation, and regeneration possibilities. Concrete

and paints are other examples, as can be seen in Chaps. 7, 12 and 13.

Consequently, good design of such products is not only science but also still

an art. Besides knowledge and understanding of the basic relationships, a lot

of creativity is required to combine component properties and technological

capabilities into a commercial product that is desired or accepted by the market.
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Design and development of these complex products is a complex process in itself.

Thus, several books have been written on its basic principles as well as on how this

process can be managed in an optimum manner. They typically contain some

molecular structure – property relationships for chemical components and some

historic cases of product innovation in addition to a general management scheme.

However, very limited insight is given so far for particulate products.

Therefore, we invited experts in different product fields to write a chapter in this

book that presents the state of the art for each specific type of complex particulate

product. We are very pleased that many of them accepted this invitation and

indebted for their contribution in which they share their experience. Their names

and background has been listed separately. We hope and trust that the leads in one

product field will promote advances in other fields.

Henk G. Merkus

Gabriel M.H. Meesters
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Chapter 1

Introduction

Henk G. Merkus and Gabriel M.H. Meesters

When you can measure what you are talking about, and express
it in numbers, you know something of your subject.
But if you cannot measure it, when you cannot express it in
numbers, your knowledge is of a meager and unsatisfactory kind.

Lord Kelvin.

Abstract There is a great variety of industrial particulate products. Quality and

performance of such products as well as their production processing depend upon

the characteristics of the particulate ingredients and of product processing. These

characteristics should be selected with due care in direct relation to product quality

aspects. Measured data should be capable to discriminate between different product

qualities, and the measurement quality should be sufficient. The last decades have

shown a vast expansion and differentiation of measurement techniques as well as

strong improvement of their quality. The design and selection of optimum particle

characteristics for a variety of commercial products is the subject of this book. Its

goal is to improve future product development. This chapter gives an introduction

on product types, relevance of particle characteristics for product performance,

schemes and statistical tools for optimum product development and design, and

preferred particle characteristics in relation to product quality.
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1.1 Objective of This Book

Particulate products make up around 80 % of all chemical products. Particle

characteristics play an essential role in their quality and performance. The design of

such products is the subject of this book. It can be used for improving existing products

as well as for designing new products. Often, particulate products are composed of

several ingredients. The particulate ingredients are not only solid particles, but they

include all entities that have a difference in phase with their surroundings. Thus,

products for consideration include dry powder mixtures, suspensions, emulsions and

creams (liquid droplets in an immiscible liquid), sprays (droplets in gas) and foams

(gas bubbles in a liquid or a solid material), etc. The other ingredients in the final

products serve goals related to consistency, stability, taste, smell, etc.

Themain objective of this book is to guide optimumdesign of particle characteristics

of particulate ingredients in commercial products in relation to the required perfor-

mance characteristics, both during processing and for the final product. Such designs

start with good identification of the various performance aspects and understanding of

their relationships with particle characteristics, viz. particle size distributions (PSD),

particle shape, porosity and/or zeta-potential. The choice of optimum characteristic

parameters requires such knowledge, in relation to desired performance tasks as well as

for adequate specifications of both ingredients and products. Since very little seems to

be published on the basic parameter choices to be made for particulate products, we

asked various experts to write a chapter on this subject for a variety of important

particulate products. We trust that their views will provide the available insight in the

different, essential characteristics of composed particulate products. Their texts clearly

show the different approaches taken in different product areas. This may lead to better

understanding of the challenges in all product fields.

A further requirement for good product quality is that the particle parameters can

be measured with sufficient precision, sensitivity and resolution. In addition to the

information given for the products, a separate Chap. 3 deals with some major

techniques for measurement of the parameters. It includes the quality of sampling,

dispersion and measurement.

In the next sections of this introductory chapter, the relevance of particle

characteristics for product behavior and methods for product design and develop-

ment are illustrated.

1.2 Relevance of Particle Characteristics

for Product Quality

Product quality can be identified in different ways. A simple definition is “Confor-
mance to product specifications”. Such specifications, however, are far from always

sufficient to cover all performance aspects. Also, broader definitions have been

formulated, which can be combined in:

“The totality of features and characteristics of a product that bear on its
ability to satisfy stated or implied expectations, needs and requirements of
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customers in exchange for monetary considerations”. Features and characteristics
depend on product type. Typical examples are: performance, reliability, safety,

toxicity, medical effects, appearance, taste, nutritional properties, texture, shelf

life, etc.

The general concept is nicely covered in the following poem ([25] plus a little

extension):

Quality is . . . giving a customer what he wants today,
at a price he is pleased to pay,
at a cost we can contain,
again, and again, and again;
and when more desires develop for the future
giving him something even better tomorrow.

There is a large variety of commercial products that have a particulate nature or

contain particulate ingredients. Different industries produce such products.

Examples for simple products or ingredients are abrasives, coal, filter aids,

pigments, sand and sugar. Examples for composed products are polishers, agro-

products, ceramics, chocolate, concrete, emulsions (in both dilute and

concentrated form, e.g. milk, margarine and sunscreen), ice cream, medical

inhalers, paint (both powder coatings and suspensions), powders for pharmaceu-

tical tablets, sprays, toners, etc. Their chemical composition and possible specific

(crystal) structure are primarily responsible for the basic material properties, such

as hardness, color, taste, solubility, efficacy and safety. Particle characteristics

take a second position for product quality. They are involved in many quality

aspects, as illustrated in Table 1.1. A third important effect often comes from

structural effects in dispersions resulting from attractive or repulsive forces

between particles.

Particulate ingredients are either produced through a process of size reduction
(crushing/milling/breakage/attrition, spraying, emulsification, de-agglomeration)

or size enlargement (precipitation, crystallisation, polymerisation,

Table 1.1 Examples of quality aspects caused by particle characteristics

Product stability and ‘structure’ in dispersions

Dissolution rate, reactivity

Drying rate, efficiency

Rheological properties of powders, emulsions and suspensions: powder flowability,

dosability, fluidization, viscosity, (non-) Newtonian behavior

Air dispersability, inhalation possibility

Filtration rate, removal possibilities

Pharmaceutical efficacy and side effects

Safety, toxicity, dusting, explosion sensitivity/severity

Catalytic activity and selectivity

Concrete/ceramic strength

Taste, mouthfeel, skin feel

Gloss, hiding power, transparency

Abrasive/polishing quality

Packing density and product porosity
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compaction/granulation, extrusion, spray-drying). Often, a classification step in

(hydro-) cyclones or by sieving/screening is integrated in the production process,

for adequate control of the particle size distribution.

In order to obtain the desired quality at lowest possible costs, most products are

formulated. This means that they contain several ingredients, each of which has a

defined function or purpose, sometimes related to improved quality, sometimes to

cost reduction. In addition to particles, there are e.g. wetting agents, flavoring

agents and thickeners. Product quality and specifications are related to type,

concentration and specifications of all ingredients as well as on (the control of)

their production processes. Also, the choice of adequate process equipment is

important. A general block scheme that relates the specifications of the end

product to formulation ingredients, ingredient specifications, conditions of

production processes and production equipment involved is given in Fig. 1.1.

Some of the general relationships between the quality of ingredients and product

are known either from theory or from experimental results. Chapter 2 gives an

overview of available relationships. For many products, however, adequate quanti-

tative relationships are not (yet) available. There are several reasons for this lack

of knowledge:

1. Particulate properties depend upon the chemical composition and (crystal)

structure of the particles and, thus, upon their purity and route for preparation.

Specific relationships are often required which may or may not be known.

2. Some ingredients cause synergistic or antagonistic effects within different

product quality aspects, which complicates the relationships.

3. Some product properties are described in terms that do not yet allow an easy,

direct translation to particle characteristics. Examples are sensory characteristics

in ‘soft’ customer desires, e.g. ‘easy to swallow’, ‘mouthfeel’, ‘crispy’, ‘bite’,

‘creamy texture’ and ‘soft skin feeling’. Here, individual preferences and

psychological factors play an important role in human perception.

4. The width of the PSD affects product properties. This is far from always

incorporated in the PSD parameters chosen.

5. The results of size distributions of non-spherical particles may strongly depend

on the technique used for determination. Also the product performance may

Product Specifications
PS1, PS2, PS3….PSm

Formulation Ingredients
FI1, FI2, FI3….FIn

Ingredient Specifications
IS1, IS2, IS3….ISo

Production Process Conditions 
PPC1, PPC2, PPC3….PPCp

Process Conditions Ingredients
PCI1, PCI2, PCI3….PCIq

Process equipment

Fig. 1.1 Schematic of dependency of product specifications (PS) from formulation ingredients

(FI), ingredient specifications (IS), process equipment, process conditions ingredients (PCI) and
production process conditions (PPC)
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depend upon particle shape. Then again, application of a new ingredient or

measurement technique causes that a new relationship has to be established.

6. Moreover, compromises must be found for particle characteristics in view of

contradictory effects coming from different quality aspects or particle

characteristics. Different products typically ask for different compromises.

Product specifications are meant to guarantee that product quality/performance

corresponds to expectation. At present, many specifications seem to come from

subjective judgment based on experience. To our opinion, only a (semi)quantitative

(mathematical) model that accounts for all effects, gives an optimum basis for

setting the specification. This applies equally to the design and specification of both

single and composed products. This is a major challenge for the future.

1.3 Product Development and Design

At this moment, there seem to be three main lines for development of new, complex

products, viz. Technology Push, Market Pull and Quality Function Deployment/

House of Quality [22, 32]. Their main differences are the driving force for the

development of the new product and the way of organizing and planning the

development activities.

Technology Push is the conventional method for product design. Typically, all

activities are done by a single responsible person or a small expert team within the

same company. It is often based on the skills of that person or team. The individual or

teammay ormay not consult the marketing people, R&D experts, production engineers

and/or others, to define and develop the best products for that company. This should be

done in relation to the company’s strategic goals, while taking into account available

and newly developed technologies. Thus, it reflects the optimum possibilities for new

products in the view of the producer company to serve the market. The iPad is an

example of pushed products. Test panels may be used to assess product quality. In this

method, strict rules for planning and development are not prescribed and, often,

decisions are made implicitly. For products having clear performance requirements,

the method is adequate, provided that the above weak points are addressed.

Market Pull is the opposite approach for product design. Here, some group of

‘customers’ requests for a product with new properties. Examples are low-calorific

foods and the bicycle with electric support. Often, its basis is improvement of an

existing product, based on customer desires. However, for many products customer

desires are too often, poorly defined.

Quality Function Deployment (QFD) or its basic element, House of Quality
(HOQ), is a fairly new approach. It offers a good compromise between Technology

Push and Market Pull. A production company usually takes the initiative. A new

aspect is that all activities for the development of a new product are explicitly

described and planned. This includes collection of all customer desires, including

‘soft’ ones, and their translation into measurable characteristics. Typically, cus-

tomer input has a (much) stronger influence on product development than in the
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Technology Push method [4, 5, 9, 11, 19, 21, 23, 27, 29, 31, 33]. In comparison to

the Market Pull method, customer needs are more explicitly translated into measur-

able attributes. Consequently, it is useful in development of new products that the

customer input as well as valuable chemical and engineering knowledge are

combined. Note that different planning schemes are used, in relation to the type

of product to be developed. A general scheme for the House of Quality method is

presented in Fig. 1.2.

The basic steps are (for more details, see [9, 30]):

1. Prepare a clear, concise mission statement for the product and its development.

This should include a short description of the product, its critical advantages over

available products and its importance (priority) of the product for the producer

company. TheMission statement should also include costs and the organization of

the development, business goals for development time, profits and market share

targets as well as assumptions and constraints related to the development.

2. Assure management support, plan all activities and set up a multi-functional

expert team, in which as much expertise of colleagues as possible (marketing

and R&D) is brought together for brainstorming, discussions, evaluation and

decisions. Have a project leader appointed to lead the discussions effectively

and to promote that planning schedules are met.

‘WHAT’:

customer desires, 
potential safety hazards; 
Ranking for importance  

Analysis of market and 
competitors 

+ 
Priority for company 

Matrix relating 
customer desires and 

product characteristics 

‘HOW’: 
product/ingredient 

characteristics (PCh) 

PCh 

PCh relevance 

Design targets and 
Benchmark(s) 

Mission statement, 
planning and management 

support

Evaluation, optimization, 
documentation, 
final targeting

Fig. 1.2 Basic elements in House of Quality. (PCh, product characteristics)
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3. Collect information from potential customers on their qualitative desires

(needs, wants and benefits) for the stated product through interviews of indi-

vidual or groups of users/customers. Translate these into short ‘quality tools’

(the WHATs or NEEDS or Voice of the Customer). Make sure that the expert

team defines these tools as clearly as possible. For interpretation and translation

of ‘soft’ customer desires, product engineers and trained user panels may be

helpful.

4. Identify potential hazards of both product and ingredients with respect to

human and environmental safety and integrate these aspects in the group of

customer needs.

5. Give a ranking to all customer needs in view of their importance and list them

in order of importance (CN1, CN2, ... . ., CNn). Three levels of ranking will

generally suffice, e.g. 1 (low) – 3 (medium) – 9 (high) [9, 23, 26]; often these

levels are indicated by specific symbols or colors to allow a rapid overview.

Here too, trained user panels may be helpful.

6. Investigate and judge the market situation and competition. Select one or two

(competitive or own) products to act as ‘benchmarks’ for quality.

7. Translate all customer desires, including ‘soft’ ones, and any hazards into

measurable characteristic product parameters (the HOWs or Voice of the

Company).

8. Investigate and describe the positive (synergistic) and negative (antagonistic)

interrelationships between these characteristic product parameters and design

trade-offs (in a matrix in the roof of the House).

9. Investigate and set up quantitative relationships between customer desires,

potential hazards, importance for producer and characteristic parameters of

product and/or ingredients and give them a weighting (in the central matrix, the

Relationship Room).

10. Investigate the feasibility of (additional) ingredients and production processes

to meet the desired characteristic product parameters and estimate the produc-

tion costs.

11. Choose the best product and manufacturing process, and define the operational

goals for the characteristic product parameters, both values and margins.

12. Evaluate the results in terms of potential, risks and regulatory issues for the

producer company in the development team, and set targets. Address intellec-

tual property in terms of patents and/or secrecy.

13. Define targets, benchmarks and specifications for product and/or ingredients

and equipment and conditions for the production process.

14. Document all considerations and results well for eventual future use.

A major advantage of this approach is that it provides good planning

opportunities as well as an objective overview of customer desires and market

potential in relation to production possibilities and requirements. For example, the

relation between ‘soft’ customer needs and product/ingredient characteristics, such

as PSD parameters, is addressed explicitly. Another advantage is that it contains a

weighting for priorities and costs. Hence, it provides a repository for product
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planning information. However, full application of all aspects of Quality Function

Deployment/House of Quality requires a lot of time and money, although mathe-

matical procedures for effective judgment are available. Therefore, often only its

basic concept is used to improve planning and analysis of product development as

well as for reference in subjective judgments. Based on adequate knowledge and

planning, QFD has proven in several fields of application (e.g. ships, electronics,

cars and food) to decrease both cycle time and costs for product development,

despite the substantial expert time needed initially for collection, discussion and

translation of customer information [4, 5, 11, 23, 29].

The application of QFD can be extended through the sequential use of similar

schemes for planning, process design, production and process control, in a Planning

Matrix, a Design Matrix, a Manufacturing/Operating Matrix and a Control Matrix

[9, 26, 29].

It should be noted that the present QFD schemes seem to be used primarily for

improvement of existing products and not for development of highly innovative

products. A reason may be that customer needs are not yet clear for such products

and that production processes and/or product composition still have to be invented.

Here, the Technology Push approach with an open mind for applications seems to

be more appropriate.

QFD/HOQ design schemes are often rather abstract and seem to be mainly

directed towards management. For the design and manufacture of our complex

type of products, the core activities for chemists and engineers are expressed in the

following ten-step template [12, 34]:

I. Prepare a clear, concise mission statement for the product and its

development.

II. Identify needs for the envisaged product and translate them into measurable

attributes and (preliminary) specifications.

III. Generate product ideas (ingredient characteristics, ingredients and products)

that may satisfy these needs.

IV. Determine (or estimate) quantitative relationships between product

performance parameters and product composition and ingredient

characteristics.

V. Select the most promising product ideas, in relation to performance and

quality as well as to potential safety hazards.

VI. Generate ideas for manufacturing processes of both ingredients and

product.

VII. Investigate and set up quantitative relationships between product perfor-

mance and the manufacturing process(es) and process conditions.

VIII. Select the best manufacturing process possibilities (batch/continuous, flow

sheet, equipment and operating conditions), in relation to both least complex-

ity and costs.

IX. Evaluate most promising ideas and select the best combination of product

and process, plus final specifications and process control parameters.

X. Set up equipment and prepare a test portion of the product.
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A review for the management can be envisaged to get support and to enable a go/

no-go decision for the next steps, e.g. at the end of steps I, V, VIII and IX of this

template. Then, also costs and human and environmental safety can be considered.

The steps in this template fit well within the QFD scheme, but they are more

explicitly defined. In step II, product users are interviewed and their needs are

translated into measurable attributes and specifications. The emphasis in steps III to

V rests on specialized chemists. On the basis of knowledge, experience, literature

and experiments, they should select the most promising ingredients and products.

The same holds for specialized engineers in steps VI to VIII for the manufacturing

equipment and process conditions. Note that an existing plant may be the starting

point to ideas for a new product line. Optimum decisions in step IX depend on the

total group of chemists and engineers. Reference [34] provides examples and

background for some creams and pastes. References [12, 22, 32] give numerous

examples for a wide variety of chemical products, illustrating the choices to be

made in the design steps. Scientific and empiric backgrounds are discussed as well

as differences in the various steps for different types of products.

All approaches for design of composed chemical products show three

similarities:

• They require basic data that are necessary for optimum design of the new product

• They require basic data that are necessary for optimum design of the

manufacturing process

• They use similar ways for optimal application of these data in the design.

The basic product data are measurable, characteristic (particulate and other)

features that relate best to assumed or expressed customer desires. For ingredients,

they include the influence of wetting and stabilizing agents, fillers, viscosity

improvers, taste enhancers, etc. Their basic relationships may come either from

theory or from experiments. Chapter 2 gives examples of existing relationships.

The basic process data usually relate to equipment, such as crystallizers,

emulsifiers, homogenizers, (colloid) mills, mixers and sterilizers, where the influ-

ence of mechanical forces, shear forces and cooling/heating dominate in the quality

of the product.

1.4 Particle Characteristics for Product Quality

and Process Control

Relevant particle characteristics for particulate product performance include

aspects of the particle size distribution (PSD), particle shape, particulate concentra-

tion, porosity and/or zeta-potential. Sometimes, the relationship between perfor-

mance and particle characteristics are known from theory or literature. Often,

however, this is not the case and research is necessary to find both best characteristics

and functional relationships [15]. Characteristic parameters are preferred when
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their relationships with product quality and performance are based on both good

correlation and understanding of their physical background. The parameters that are

regarded essential must be laid down in specifications for ingredients and product,

which are meant to distinguish good and poor products. Thus, they should correlate

well with product quality and have adequate measurement possibilities. Note that

redundancy of specifications may lead to unnecessary costs for measurement and

contradictory results for quality. For control of the production process, sometimes,

alternative parameters are used in relation to process parameters. The relevant size

parameters depend on the product as well as on the precision with which they can be

measured.

Following PSD parameters for particulate ingredients seem logical choices from

the product point of view [20]:

– Mean size of the distribution, weighted according to number, area, volume, etc.,

depending on application and theoretical background. The mean value has the

advantage that the contributions of all particles to the performance are taken into

account.

– Size of the largest particle if this value is essential to product quality. Some-

times, the D90 or the fraction of particles larger than a stated size is used instead,

in view of easier determination.1

– Fraction of particles smaller than a stated size (e.g. 45 μm) or the D10 if these

smaller particles are essential to product quality1.

– The width of the size distribution, in addition to one or some PSD parameters

chosen, expressed as ratio D90/D10, D84/D16 or the width parameter of a modeled

distribution1.

– Stated volume fractions in given size classes to minimize voids, e.g. in sand for

concrete (see Chap. 7).

It is again remarked that particle size measurement of non-spherical particles,

which are normal in industrial products, may yield distributions of equivalent

sphere diameters that depend on the physical principle applied in the technique.

Thus, different techniques generally yield different PSD results, the more so when

the particles’ aspect ratios significantly differ from 1 (for more information see

Chap. 3). This weakens, of course, the physical basis for relationships between PSD

characteristics and product performance aspects.

Note that PSD’s are sometimes characterized by model equations, which contain

a size location parameter as well as a distribution width parameter. Typical

examples are: normal, log-normal, Rosin-Rammler (or Weibull) and Gaudin-

Schumann distributions. Such model parameters, however, seem to be more useful

for identification and explanation of particulate production processes and for

process control purposes in existing equipment than for relating PSD parameters

1 In all cases an indication has to be given for the type of weighting of the value, viz. by number,

area or volume, etc. and for the measurement technique.
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to product performance. For, often, real size distributions do not follow these

equations over their full range.

Note further that the median (D50) of a PSD is not suitable to qualify products,

since it is a statistical parameter that has no basic relationship to product quality.

For, it does neither reflect information about the width of the PSD nor about the

presence of outlying particles, which may damage product quality. In combination

with some other characteristic PSD parameters, however, the D50
1 can be suitable

for both process control and for testing measurement precision and bias of

instruments with standard samples.

Particle shape characteristics may involve [20]:

– Macro-shape features, related to the 3-dimensional form of the particles, as

expressed e.g. in aspect ratio

– Meso-shape features, related to the general aspects of roundness and angularity

– Micro-shape features, related to rugosity and smoothness as well as porosity and

other structural heterogeneities.

At this moment, typical shape characterization concentrates on only one or two

of the main shape features. Typical examples are aspect ratio, angularity, porosity

and surface area. Also, modeling is sometimes used. Examples are (1) evaluation of

the contours of two-dimensional particle projections in a so-called Fourier series,

specific coefficients of which being used in correlation with specific performance

features, and (2) expression in terms of fractal dimension [20]. So far, shape

characteristics are mostly used for qualitative characterization of product perfor-

mance. Only porosity features are used quantitatively.

For product specifications as well as process control, techniques and procedures

for sampling, dispersion and measurement should be applied that have a known,

fit-for-purpose quality. This means, for example, that both precision and sensitivity

for the selected parameters must be adequate to distinguish between different

product qualities. All procedures should be laid down in written form, for important

products preferably in international standards (ISO, EN, ASTM, etc.). This

simplifies international trade.

The following aspects should be addressed during development of particulate

products:

1. Product composition, basic data and application(s)

2. Consumer desires for product quality and translation into measurable attributes

3. Potential hazards and regulations with respect to human and environmental

safety

4. Critical behavior/performance aspects in quantitative terms for differentiation

between good and poor products

5. Production process(es) and equipment used for ingredients and product, e.g.

crystallization, (colloid) milling, mixing, polymerization, precipitation

6. Role of ingredients and/or production process conditions for product behavior/

performance, in qualitative relationships as well as quantitative property

functions for product and process(es)
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