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Preface

This book is a great collection of chapters, written by acknowledged experts,
providing up-to-date views on dairy ingredients manufacture, interactions
and uses. Today milk can no longer be considered as a commodity, but
rather as a source of value-added ingredients, both from the processing and
the nutritional point of view. In the past few years there has been a funda-
mental change in the way we process and develop dairy products and
ingredients.

Our knowledge of the structure and the structure—function changes of
dairy components with processing has significantly improved over the past
decade, and this has resulted in major advances in the production of ingre-
dients. Membrane filtration, for example, has resulted in significant changes
in the availability of whey, casein and milk protein concentrates and iso-
lates, and the optimization of this unit operation has created a number of
novel ingredients tailored to specific processing functionalities. Other pro-
cesses, as for example, use of high pressure, have been studied in great
detail, with possible commercial applications perhaps limited only by lack
of initial capital investment. Because of the major progress made in chro-
matographic techniques and membrane separation, isolation of minor com-
ponents in milk has become a reality, and studies on the functionality of
these ingredients are no longer only an academic exercise but an industrial
reality. For example, it is possible now to purify immunoglobulins from
bovine colostrums and whey on a large scale, to produce concentrates as
dietary supplements, and, with the application of high pressure processing
to these products, it will be possible to minimize the denaturation of these
molecules and therefore optimize their biological functionality.



xx Preface

The processing functionality of dairy ingredients continues to remain
important, and therefore research efforts continue to be carried out to
understand interactions and predict their behaviour during processing. In
particular, there is an emerging trend to use dairy systems as platforms for
the delivery of bioactive molecules in foods. Many milk components can
function as encapsulating agents. Micro and nano-encapsulation can protect
active components from the surrounding environment and tailor and
control their release.

Although the study of the extraction and potential utilization of the
various components in milk continues to be an important aspect of dairy
research, the focus has shifted in the past decade from processing to nutri-
tional functionality. A new generation of high-value, functional ingredients,
not only for the food but also for the pharmaceutical market are being
developed, as more and more evidence is brought forward of the beneficial
effect of their consumption to human health.

The positive health-promoting aspects of dairy ingredients, whey, caseins,
milk fat globule membrane material, oligosaccharides and glycoconjugates
have been so far tested mostly in vitro or in simple animal models, and more
work needs to be carried out to demonstrate their properties. However, the
evidence continues to accumulate on antimicrobial, anti-inflammatory,
hypocholesterolemic, hypertension controlling, anti-carcinogenic activities
of milk-derived products. This book attempts to summarize our current
knowledge in some of the most promising areas. In the future, milk ingre-
dients may play a complementary role to the pharmacological drugs in the
prevention and treatment of various chronic diseases. Epidemiological
studies have linked the consumption of dairy products to alleviation of
physiological characteristics associated with diabetes, cardiovascular dis-
eases, metabolic syndrome and obesity; however, the results are often
inconsistent, possibly because of the variety of composition of the dairy
products consumed. Milk proteins are also considered one of the most
important sources of bioactive peptides; however, their isolation and char-
acterization still need to be developed, especially to evaluate the synergy
occurring when consuming dairy products. In addition to simple enzymatic
hydrolysis, an emerging field is biogenics, the study of the formation of
bioactives as a result of tailored fermentations in dairy products. Another
area that shows great promise is the study of the biological role of glyco-
proteins in milk and their potential for applications. Glycans from milk
proteins may serve as recognition sites interacting with cell membranes,
viruses and microorganisms. There is an increasing evidence that these
molecules have beneficial effects within the gastrointestinal tracts, modu-
late the intestinal flora preventing attachment of pathogens and viruses,
and interact directly with immune cells. These molecules could soon find
therapeutic applications. Finally, the study of minor milk lipids derived
from the milk fat globule membrane is also at its infancy.



Preface xxi

As will become evident by reading the various chapters of this book, the
future of the use of dairy ingredients is an interesting one and we are cer-
tainly at a turning point in the development of value-added components
from milk. I am very grateful to the all the authors for their hard work on
this project and their excellent contributions.

Milena Corredig
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Novel approaches for the separation of
dairy components and manufacture of
dairy ingredients

U. Kulozik, Technische Universitit Miinchen, Germany

Abstract: Novel approaches regarding the separation of dairy components are
discussed in the light of continuous efforts to better understand boundary layer
phenomena in membrane separation. For instance, deposit formation by proteins
can be minimized only through crossflow filtration when the fluid dynamics along
the membrane surface are under control and chemico-physical effects controlling
adsorption are understood. Thus, even existing processes can be intensified by
means of more appropriate processing and milieu conditions, together with
selecting membranes with optimal membrane resistances relative to individual
application. Hybrid processes and novel techniques such as membrane adsorption
or electro assisted filtration are described as ways to expand the reach of current
membrane technologies.

Key words: membrane filtration, boundary layer phenomena, membrane
adsorption chromatography, dynamic membrane systems, electric field assisted
membrane techniques.

1.1 Introduction

Fractionation of milk components has traditionally been a strong founda-
tion for the production of a huge variety of dairy products. Centrifugation
is applied to separate cream and skim milk. Coagulation is induced to sepa-
rate protein from the aqueous phase in the manufacture of cheeses.
Chromatographic techniques have been established on an industrial scale
for the removal of lactose from milk to produce low lactose or lactose-free
milk in Finland and other countries.

This chapter focuses mainly on more recent insights and new develop-
ments in research, and on the application of membrane technologies in the
field of dairy production, with membranes applied alone or in combination
with other processes.
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Dairy components of relevance for separation and fractionation by
means of membrane technologies are major and minor proteins in the first
place and low molecular weight components such as ionic substances and
lactose. All these components are of influence in membrane separation
because of their molecular size or surface properties. Proteins, but also fat
globule membrane components, are macromolecules prone to adsorption
and formation of gel deposits on membrane surfaces. Ionic substances and
lactose are small and therefore can pass through porous membranes. In
contrast to that, they cannot pass through non-porous, homogeneous mem-
branes, typical for reverse osmosis, and are therefore mainly responsible
for the osmotic pressure of milk and whey. The osmotic pressure is a key
intrinsic factor of the product influencing flux in reverse osmosis. The reten-
tion or passage of components nominally depends on the membrane pore
size and structure. However, it is practically experienced that apart from
size, other properties of molecules, such as charge, structure, and shape,
play decisive roles in this respect. Beyond molecular weight, for instance,
proteins vary in their surface charge and hydrodynamic volume or diameter
as a function of pH and ionic composition of the aqueous phase environ-
ment. Depending on the physical properties of the membrane and other
solutes, this often results in unspecific interactions of compounds with the
membrane surface, causing adsorption or deposited layers, and these effects
are difficult to predict.

An example is given in Fig. 1.1, where the impact of pH on the permea-
tion of B-lactoglobulin through a microfiltration membrane is depicted. As
can be seen, the permeation qualitatively follows the changes occurring to
the quaternary structure of B-lactoglobulin, which, depending on pH, exists
as a monomer, dimer or octamer. The practical implication of this effect in
dairy technology is that B-lactoglobulin should have different permeation
patterns in the filtration of acid or sweet whey if microfiltration is applied
for the reduction of microorganisms in whey prior to the production of
WPC products.

Another key factor is the ionic composition of the solution, which has
an impact on the surface charge of colloidal particles such as proteins,
including whey proteins and casein micelles. This is schematically shown in
Fig. 1.2, where the effect of low or high ionic strengths on the electric double
layer of the particles is described. The electrical double layer around charged
particles (proteins carry a net charge depending on the composition of
charged amino acids) is thin in high ionic environments, and high at lower
ionic strengths. Thus, the hydrodynamic size of molecules is not constant
— it rather depends on environmental factors such as pH and ionic compo-
sition, i.e. on electrical shielding effects and collapse of the hairy layer of
protein residues protruding from the casein micelle into the outer phase.

In conclusion, despite its long history of application in dairy technology
and strong impact on production methods, membrane separation is still a
complex and not fully understood field because of various factors influen-
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Fig. 1.1 Permeation (p) of B-lactoglobulin (molecular diameter approx. 3-4 nm)
through a ceramic microfiltration membrane (nominal pore size 0.1 ym) as a
function of pH. p is defined as the ratio of the B-lactoglobulin concentration

found in the permeate relative to the concentration in the retentate (p = Cper/Crer)-

Since the B-lactoglobulin is small in comparison to the nominal pore size,
a permeation p = 1 could principally be expected.
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Fig. 1.2 Electrical double layer around a charged colloidal particle as a function
of ionic strength. At higher levels of ionic concentration in the outer phase, the
charge of particles is shielded at a closer distance from the surface such that the

hydrodynamic radius is reduced.

cing separation results, factors that are less specific and not fully predictable
when compared with other separation techniques. Nowadays, membrane
separations are often combined with other technologies such as centrifugal
or chromatographic separations, in hybrid processing modes.
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1.2 State-of-the-art separation techniques

1.2.1 Interfacial effects in the separation of dairy components by means
of membrane techniques

Membrane separation has become a widely-used unit operation in dairy
products manufacture. The concentration of proteins from whey in the
manufacture of so-called WPC products has been introduced during the
early 1970s and has since been established also in speciality operations.
Ultrafiltration is the most frequently used membrane process, mostly run
in the crossflow processing mode. In contrast to dead-end filtration as it is
applied in sterile filtration of biological media or in cake filtration in the
beverage industry, the product to be concentrated is passed along the mem-
brane surface to induce friction and, thus, a wall shear stress at the mem-
brane surface. It is desirable to remove deposited particles from the surface
of the membranes in order to avoid an overly strong effect of the deposited
layer on permeation and retention. Therefore, the volume stream or fluid
velocity is of great effect, as shown in an example in Fig. 1.3. It can be seen
that the permeation increases linearly as a function of the transmembrane
pressure difference when water is flowing across and permeating through
the membrane. The permeation of protein solutions, on the other hand, is
increasing less steeply and under-proportionally as the pressure goes up.
The flux is determined by the membrane only at low transmembrane pres-
sure differences (Apry). Above approximately Apry = 3 bar, depending on
flow rate, the flux values flatten off. Beyond this point, often referred to as
critical flux or critical Apry, the permeation is controlled by a compressed,
dense layer of deposited protein particles. These data demonstrate that,
despite high wall shear stresses, the aim of preventing deposit formation is
not fully reached and the deposit layer acts in fact as a secondary membrane
which may even dominate the separation process.

The question arises in this context why the deposition of particles cannot
be fully prevented. The answer lies in a dilemma situation of crossflow
membrane filtration: Apry and wall shear stress Tw are dependent factors:
the higher the wall shear stress (exerted by the volume flow along the
membrane), the higher is the static pressure on the retentate side of the
membrane. This, in turn, induces a high level of convective flow of solution
towards the membrane as result of the transmembrane pressure Apry. The
retained particles accumulate at the membrane surface, thus generating a
concentration increase in comparison to the bulk solution. This particularly
applies to the region at the front end of the membrane, despite the fact that
diffusional backflow and wall shear stress partially reduce the excess in
concentration of retained particles. Further to that, the pressure loss along
a flow path will create an inconsistent transmembrane pressure pattern
along the membrane surface. These factors, in combination, impair the full
control of processing conditions such that the membrane as a selective
barrier is fully responsible for retention and permeation.
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Fig. 1.3 Effect of transmembrane pressure difference Apry and wall shear stress
Tw at a membrane surface on permeation rate in the ultrafiltration of milk protein
solutions. The membrane material was poly sulfone (PS), nominal cut-off 25 kD.

An additional explanation for the difficulty of avoiding deposit forma-
tion is that dairy proteins, in particular casein micelles, are too large to be
able to diffuse back from the membrane into the bulk solution and too small
to be affected by lift forces imposed by the fluid stream. Calculations by
Altmann and Ripperger’ led to results presented in Fig. 1.4 explaining this
situation in more detail. The diagram depicts the flux rate as a function of
the size of the particles present in an aqueous model phase, water in this
case. The flux curve can be divided into two regions: (i) at small particle
sizes, the removal of deposited particles from the membrane surface is
influenced by diffusion as a mechanism for particle removal. The smaller
the dispersed particle, the higher the flux; (ii) the right wing of the graph,
with an inverse slope as compared to the left side of the graph, can be
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Fig. 1.4 Permeation rate as a function of particle size in model suspensions of
Al,0;, TiO,, SiO, and Kieselgur particles in sizes between 23-13200 nm. The
material, however, in this case is not of importance in relation to the size.!

explained by the fact that in this region, particles are affected by the shear
force exerted by the fluid stream across the membrane surface. The larger
the particles, the more effective they are influenced by hydrodynamic lift
forces. It can be seen that the filtration of particles around 200 nm leads to
a minimum of the curve. Neither diffusion nor lift forces are significantly
affecting the particles deposited at the surface in this region. Considering
these results, obtained for a model system consisting of inorganic particles
in water, one can gain a basic understanding of why the deposition of casein
micelles in milk, whose average size is in the area of 200 nm, can hardly be
prevented in the cross flow filtration mode. Nevertheless, separation of
casein micelles and native whey proteins has been investigated and success-
fully applied during recent years to obtain both protein fractions, without
precipitation of either of them. This allows exploitation of their individual
functional properties or shifting the ratio of both protein groups in order
to influence the resulting textural profile of gels after acid or thermal
coagulation.

A simplified processing scheme is shown as an insert in Fig. 1.5a. Skim
milk is passed through a microfiltration unit equipped with a ceramic
membrane (SCT membrane ZrO,/Al,O;. nominal pore size 0.1 um). The
MF-permeate containing the whey proteins is then concentrated by an
ultrafiltration unit concentrating the whey proteins. The UF-permeate con-
taining the soluble low molecular weight substances of milk (lactose, miner-
als) at the original concentration, in turn, is recirculated to the feed tank
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Fig. 1.5 Casein—whey protein ratio as a function of diafiltration steps in the
fractionation of caseins and whey proteins by microfiltration from milk: (a) linear
scale; (b) Logarithmic scale. The MF membrane used was a SCT membrane made

of ZrO,/Al,Os; the diafiltration was conducted using UF permeate from milk.
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of the MF-unit to wash out the remaining whey proteins in a diafiltration
mode. Using the UF permeate instead of water as a medium for diafiltration
allows one to avoid a change in the native aqueous environment of the
casein micelles. The number of volume turnovers to fully achieve a com-
plete separation of the milk protein main fractions depends on the degree
of permeation of the whey proteins through the MF-membrane. This is why
the expected separation effect has to be defined in the form of the permea-
tion value p, which is the ratio of this component in the retentate ¢, and in
the permeate c:

p=clc [1.1]

Theoretically, i.e. assuming unlimited permeation, the permeate concentra-
tion of substances passing through is equally as high as in the retentate, i.e.
c=c¢yand p = 1.

Since pressure-driven membrane processes principally separate accord-
ing to molecule size relative to the pore size of the membrane, the separa-
tion efficiency is driven by the amount of filtrate, which convectively carries
the permeating component through the membrane pores.

Figure 1.5 further demonstrates an experimental result from a fractiona-
tion process of casein micelles (medium size 150 nm) from whey proteins
(medium size 3—4 nm) by means of microfiltration (SCT membrane ZrO,/
AlL,Os, nominal cut-off: 0.1 um). It is obvious that, despite optimal choice
of the theoretically best membrane pore size, a diafiltration process is
required to wash out the whey proteins completely. The number of diafil-
tration steps actually required depends on the real permeation value p,
which is lower than the theoretical value of p = 1 due to unspecific retention
effects, and is depicted as the x-axis, while the y-axis shows the casein—-whey
protein ratio, starting from approximately 8:2 (close to the origin), which
is the original ratio of casein and whey proteins in milk.

As can be seen from Fig. 1.5, five to six diafiltration steps are required
to reduce the content of whey proteins in the casein retentate by 95%,
based on a permeation value p = 0.5, which is considerably lower than the
theoretically assumed value of p = 1. This can be easily explained by the
deposit formation of the retained casein micelles, as well as by an unspecific
adsorption of whey proteins at the membrane surface. These observations
confirm that we need to improve the understanding of the boundary layer
effects at the membrane surface in order to be able to minimize their
impact.

1.2.2 Separation of dairy components by means of chromatography

In contrast to its widespread use in the sugar industry, chromatography
is a separation technique less common in the dairy industry. The use of
chromatographic techniques for the fractionation of whey proteins,
however, has offered new ways for the extraction of highly effective protein
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components of a natural milk source, which are products with an important
role in promoting human health.> Together with the main fractions,
B-lactoglobulin and o-lactalbumin, present in whey protein isolate often
used in infant formula, immunoglobulins are also important food supple-
ments. Glycomacropeptide plays a growing role as a protein source in
phenylalanine-free food for phenyl-ketonuria patients. These are just a few
examples indicating that the functional properties of individual protein
fractions are appreciated more and more in the development of food
systems with improved structures or with bio-functional properties.
Chromatography has been continuously developed over the last twenty
years to remove lactose from milk, to serve a latently existing market for
products for lactose-intolerant consumers, across Europe and in developing
dairy markets in Asia.” Meanwhile, the principle of chromatographic sepa-
ration is being combined with the possibilities of other separation processes
to improve throughput and to optimize the ratio of throughput and specifi-
city, as will be shown below.

1.2.3 Separation of dairy components by centrifugal force

Beyond the standard separation of fat and skim milk, centrifugation as a
unit operation is applied, in combination with membrane technology, to
produce precipitated calcium salts from acid milk permeate.* According to
an industrialized process, UF-permeates of whey or milk are concentrated
by reverse osmosis to approximately 18 to 20% total solids. The pH is then
adjusted to alkaline and the solution heated to promote the precipitation
of calcium phosphate. While the reaction occurs instantaneously, a short
holding time is applied to stabilize the precipitate, which subsequently is
separated from the lactose solution either by centrifugation or cross-flow
membrane filtration. The lactose stream is available for further downstream
processing. The calcium phosphate slurry is further refined and concen-
trated by ultrafiltration with diafiltration to the desired end composition
and lactose recovery rate.

1.3 Process intensification by hybrid processes

1.3.1 Thermal separation of whey proteins in combination
with membranes

As mentioned above, chromatography can be applied on a large scale to
separate proteins. Nevertheless, chromatography may be limited in terms
of throughput, and also with regard to the cleaning process, which requires
high amounts of chemicals to restore suitable conditions for the next pro-
duction cycle. Therefore, alternative processes have been proposed to
enable the separation of two originally equally-sized molecules by mem-
brane separation, whereby the protein mixture is subjected to a thermal
process under conditions, such as specific pH, ionic strength, protein and
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lactose concentration, which selectively affect individual proteins leading
to their aggregation, while the target protein remains unaffected and native
in solution.” The aggregated protein can then be easily removed from the
solution by microfiltration. Figure 1.6 provides an example demonstrating
this concept by an assessment of the reaction rate constant of the thermal
aggregation process. The system heated is whey, ie. comprised of
B-lactoglobulin and o-lactalbumin, the two main whey proteins in the
natural aqueous phase of milk. It can be seen by comparing the reaction
rate constants, a measure for the rate of the aggregation, that the proteins
react differently,depending on lactose and protein contents. B-Lactoglobulin,
for instance, reacts relatively fast at low lactose and low protein contents,
while a-lactalbumin reacts more slowly under the same conditions. Other
regions on these graphs can be identified where the opposite is the case, or
where both proteins are fast in aggregating. From these fundamental data,
and from other results related to other thermal and milieu conditions,
optimized thermal processes can be derived which allow one of the proteins
to be converted into aggregates while the respective other protein remains
native. Therefore, microfiltration can be applied to remove the aggregated
protein as a so-called microparticulate (which has its own technological
value), while the native protein can be obtained from the microfiltration
permeate by ultrafiltration. Figure 1.7 depicts two examples related to this
selective whey protein separation process.

1.3.2 Enzyme-induced crosslinking and separation of
dairy proteins or peptides

Another example of the combination of other unit operations with mem-
brane filtration is the selective upstream treatment of caseinomacropeptide
(CMP) from sweet whey. The presence of CMP may sometimes be un-
desired; for instance, when a selective fractionation of whey proteins as
described above is wanted. Tolkach and Kulozik® developed an enzyme
assisted crosslinking process of CMP using transglutaminase (TG). A con-
dition for the crosslinking of proteins or peptides is the presence of two
amino acids, namely lysine and glutamine, between which TG creates iso-
peptide bonds. Thus, crosslinking the small CMP molecule is induced,
generating peptide aggregates large enough to be removed by microfiltra-
tion from whey, as shown in Figures 1.8 and 1.9. The remaining whey
proteins can be further fractionated either using chromatography or the
processing options presented in Fig. 1.7.

1.3.3 Membrane adsorption chromatography for the separation of
proteins and peptides from whey

As mentioned above, the permeation process in membrane technology is

influenced by a variety of factors still not fully understood and, in addition,



Novel approaches for the separation of dairy components 13

@
)
=

N
2
=

=
9]
8
[2]
c
S
o
)
o
©
8
c
k<]
=
@
(o))
o
o)
(o))
<

Fig. 1.6 Reaction rate constant of aggregation for (a) B-lactoglobulin (following
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which are relatively unspecific. This is why separation tasks are often
achieved in a more targeted way by chromatographic techniques. These
techniques, however, are often limited by the low velocity of the diffusional
processes which are responsible for the transport of substances into and out
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of the chromatographic beads. Therefore, novel hybrid systems have been
developed combining the features of both processes, namely specificity of
ligands in chromatography (quaternary ammonium ions in this case) and
high throughput of membranes. Such systems are called membrane adsorp-
tion chromatography units (MAC), which consist of natural polymers, such
as cellulose, as carrier material; these can be easily modified at their sur-
faces. Similar to adsorber beads, the surfaces can carry charged or other-
wise adsorptive ligands (in this study, again using quaternary ammonium
ions), which are convectively brought in contact with the substrates in the
filtrate stream passing along them. Therefore, diffusional processes are
much less limiting as compared to conventional chromatographic systems.

As could be shown in a study for the separation of fractions of casei-
nomacropetide (CMP), conventional ion exchange (IEX) chromatography
and MAC can successfully be applied to separate the glycosylated from the
unglycosylated parts, based on the fact that the glycosylated peptides are
negatively charged. This might be of practical importance because of certain
bioactivities and specific technological functionalities of CMP.” Without the
MAC technique, this separation would be only possible by standard ion
exchange chromatography (IEX). Figure 1.10 compares the separation
results of MAC and conventional ion exchange chromatography. The dia-
grams depicts the elution curves detected by a UV detector as a function
of elution time. As can be seen, the separation effect is very similar between
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Fig. 1.10 Elution curves from a separation process of aglyco- and glyco-CMP
from whey using ion exchange chromatography in comparison to membrane
adsorption chromatography, both carrying quaternary ammonium groups
as ligands.®
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the systems. They both achieve a base line separation of peaks. The IEX
chromatogram indicates that the glyco-CMP consists of various sub-
fractions (see also Fig. 1.8) which could be further separated. However,
the target here was to separate only the two bulk fractions, glyco- and
aglyco-CMP. More importantly, it was shown that, in fact, MAC achieves
the separation effect in a quarter of the time required by conventional
IEX chromatography. It can be predicted that MAC technology will have
further applications in the food industry or in pharmaceutical applications,
since different ligands can be linked with the carrier surfaces and that a
wide spectrum of separation tasks could successfully be solved by using
MAC units.

1.4 Alternative membrane processing concepts

At the beginning of membrane technology, only polymeric materials were
available and they are still dominating the market. Later on, ceramic or
other inorganic materials have been introduced, which allow more extreme
conditions of operation, cleaning and sterilization and have, partially, also
more specific separation capabilities, and therefore have occupied a signifi-
cant part of the membrane market. In addition, innovative technical solu-
tions have been developed allowing a better control of processing conditions
and, thus, of separation results, as will be shown below.

1.4.1 Membrane filtration with uniform transmembrane

pressure difference
As was shown above, high wall-shear stresses in combination with sub-
critical and uniform transmembranes pressure differences should yield
better separation results. Different approaches have been taken to achieve
improved situations with a better deposit control.

The first system was developed during the 1970s, achieving a uniform
transmembrane pressure difference Apry by means of pumping the perme-
ate in a circular mode through the permeate side of the membrane modules.’
The volume flow through the permeate side of the module can be adjusted
such that the pressure loss is equivalent to the pressure loss along the
retentate side of the membrane. By doing so, the pressure difference at
each point along the membrane is the same, i.e. uniform. This results in a
processing mode where, in contrast to conventional crossflow systems,
volume flow rate and transmembrane pressure are no longer dependent
factors delivering the same Apry. This, in turn, allows the control of deposit
formation through high levels of wall shear stress without simultaneously
creating highly convective transportation of deposit-forming material
towards the membrane surface. A processing scheme, as well as the related
pressure situations on the retentate and permeate sides, is schematically
depicted in Fig. 1.11 according to Sandblom.’
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Fig. 1.11 Uniform Transmembrane Pressure (UTP) mode membrane filtration.’
The pressure gradient on the retentate side of the membrane is equal to an
induced pressure loss on the permeate side, thus creating the same
transmembrane pressure along the membrane.

A result from a microfiltration experiment fractionating milk proteins is
shown in Fig. 1.12, comparing the UTP mode with the classical crossflow
mode. The permeation rate is strongly time-dependent in the case of cross-
flow MF, while for the UTP mode a much higher and constant flux can be
obtained, indicating that the control of deposition of the retained casein
micelles was more effective.

1.4.2 Gradient membranes

The positive effect described above stood behind the development of so-
called gradient membranes made from ceramic materials, which have
inbuilt gradients in permeation resistances. One of the concepts is based
on a gradient in porosity within the membrane support layer (System Pall
Exekia/France); another is based on the gradient in thickness of the selec-
tive front layer of the membrane (System TAMI/France). Either of the
gradients can be established during membrane manufacture such that the
permeation resistance along the flow path is inversely varied according to
the linear decrease of static pressure on the retentate side. Provided that
the respective gradient and the pressure loss on the retentate side are
ideally compensating each other, the result is the same flux along the
membrane. Figure 1.13 schematically depicts both gradient membrane
concepts.
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Fig. 1.12 Permeation rate in microfiltration-based fractionation of skim milk
comparing crossflow and UTP modes using ceramic tubular membranes
(ZIOZ/A1203).10
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Fig. 1.13 Schematic depiction of membranes (a) with a gradient in membrane
support porosity or (b) in the thickness of the selective layer at the membrane

surface.
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Gradient membranes should have the same effect (i.e. isoflux along the
membrane) as the UTP processing mode, provided that the fluid properties
(viscosity, concentration), which are varying according to the concentration
through the stages of a larger membrane plant and which are responsible
for the pressure loss, are compatible with the gradient of the respective
membranes confronted with these variable properties of the retentate
stream.

1.4.3 Dynamic membrane systems

Another approach in creating wall shear stress has been realized by the
development of dynamic membrane systems with either rotating or oscil-
lating membranes. The movement of the membrane, instead of high volume
throughputs of the product, allows one to disentagle pressure difference
and wall shear stress similar to the systems described above.

One of the first systems applying this concept has been the simple stirred
vessel membrane cell, mainly for laboratory scale applications. A truly
dynamic membrane system, the first of its kind, was the rotor—stator system
by Sulzer (Winterthur/Switzerland) with membrane equipped cylindrical
rotors and stators creating a circular gap between them, shear forces and
Taylor vortices producing the required wall shear stress and removing
deposited material. This concept has been later transferred to the develop-
ment of flat sheet circular membrane systems, and deposit removal or
control could be realized without large volume streams passing along the
membrane surfaces. Figure 1.14 schematically shows one of the presently
available systems with overlapping, rotating circular membranes. Figure
1.15 depicts results from a microfiltration experiment using an oscillating
membrane system (PallSep; Pall/NJ) for the fractionation of milk proteins,
i.e. whey proteins from caseins, with variations in the amplitude of the
oscillation. As can be seen, the permeation is strongly dependent on the
transmembrane pressure difference, despite the fact that a low volume
stream is applied. This clearly shows that the system is operated in a

Permeate
flow
Product —
flow
Retentate
flow

Fig. 1.14 Scheme of a dynamic membrane system with rotating membranes.
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Fig. 1.15 (a) Permeation rate and (b) protein mass flow in MF using an
oscillating membrane system for the fractionation of milk proteins.

membrane controlled region, where the deposit formation is negligible and
therefore does not influence the permeation in a major way. On the other
hand, the permeation is controlled by the deposited layer of retained
protein particles at higher levels of the transmembrane pressure difference,
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in particular when the amplitude of oscillation is low. Figure 1.15b depicts
the mass flow of smaller proteins, using B-lactoglobulin as an example,
showing that an undesired retention can obviously be prevented as long as
the critical value for Apy is not exceeded.

1.4.4 Electric field assisted membrane techniques

Electrodialysis has long been applied in the dairy industry to separate ionic
components, mainly from whey, using ion exchange membranes.
Alternatively, charged particles can be removed from solutions using other
kinds of membranes assisted by an electrical field, as has been demon-
strated by Weigert et al.'' The authors made use of the effect of an electrical
field to enhance the effect of fluid dynamical lift forces in removing charged
particles from membrane surfaces. The electrical field was polarized accord-
ing to the net particle charge such that the direction of the forces was
pointing away from the membrane surface. The results, depicted in Fig.
1.16, clearly show that submicron particles in a model system with anor-
ganic (crystobalite) particles were effectively forced away from the mem-
brane surface yielding a significantly higher flux rate as compared to the
same filtration without an electrical field. Although these results were
obtained for a non-food system, the potential of this principle for more
complex solutions in dairy or other food applications exists and should be
of interest to validate.

1500
150 V/cm
—. 1200
=
R
€
g 900
x
=]
o 600
©
£
&
300 |
0V/cm
0 T T T )
0 5 10 15 20

Time [h]

Fig. 1.16 Effect of an electrical field on the permate mass flow in crossflow
microfiltration of anorganic crystobalite particles in comparison to conventional
crossflow filtration."
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Understanding the factors affecting
spray-dried dairy powder properties
and behavior

P. Schuck, INRA, France

Abstract: In view of the increased development of filtration processes, the dairy
industry requires greater understanding of the effects of spray drying on the
quality of protein powders. Spray drying parameters have an important role in
the quality of dairy powders during drying, storage and rehydration. The
residence time of the droplet, and then of the powder, is so short that it is very
difficult to study the mechanism of the structural change in the protein without
fundamental research into relationships with the process/product interactions.
Following an introduction to spray drying, this chapter covers four areas, i.e. the
principles of spray drying, the properties and qualities of spray-dried dairy
powders, the effects of spray drying parameters on powder properties, and the
control and improvement of powder properties.

Key words: spray drying, powders, dairy products, physical properties,
rehydration.

2.1 Introduction

The purpose of the dehydration of milk and derivates is to stabilize these
products for their storage and later use. Milk and whey powders are used
mostly in animal feeds. With changes in agricultural policies (such as the
implementation of the quota system and the dissolution of the price support
system in the European Union), the dairy industry has been forced to look
for better uses for dairy surplus and for the by-products of cheese (whey)
produced from milk, and buttermilk produced from cream. Study of the
reuse of protein fractions in terms of nutritional qualities and functionality
has led us to believe that they could have several applications.

In the past 30 years, the dairy industry has developed new technological
processes for extracting and purifying proteins (e.g. casein, caseinates, whey
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proteins, etc.) such as milk protein concentrate (MPC), milk protein isolate
(MPI), whey protein concentrate (WPC), whey protein isolate (WPI),
micellar casein concentrates (MCC) and isolates (MCI), whey concentrates,
and selectively demineralized whey concentrates, mainly because of the
emergence of filtration technology (e.g. microfiltration, ultrafiltration,
nanofiltration and reverse osmosis). This recent emergence of new mem-
brane separation techniques and improvements in chromatographic resins
now provide the dairy technologist with several types of technique for the
extraction and purification of almost all of the main milk proteins. (Maubois,
1991; Fauquant et al., 1988; Pierre et al., 1992, Schuck et al., 1994a,b; Jeantet
et al., 1996).

The most frequently used technique for the dehydration of dairy prod-
ucts is spray drying. It became popular in the dairy industry in the 1970s,
but at that time there were few scientific or technical studies on spray drying
and, in particular, none on the effects of spray drying parameters or on the
effects of the physico-chemical composition and microbiology of the con-
centrates on powder quality. Manufacturers acquired expertise in milk
drying, and eventually in whey drying, processes through trial and error.
Because of the variety and complexity of the mixes to be dried, a more
rigorous method based on physico-chemical and thermodynamic properties
has become necessary. Greater understanding of the biochemical proper-
ties of milk products before drying, water transfer during spray drying, the
properties of powders and influencing factors is now essential for the pro-
duction of milk powder. The lack of technical and economic information
and of understanding of scientific methods prevents the manufacturer from
optimizing his plant in terms of energy costs and powder quality.

A dairy powder is characterized not only by its composition (proteins,
carbohydrates, fats, minerals and water) but also by its microbiological and
physical properties (bulk and particle density, instant characteristics, flow-
ability, floodability, hygroscopicity, degree of caking, whey protein nitrogen
index, thermostability, insolubility index, dispersibility index, wettability
index, sinkability index, rehydration time, free fat, occluded air, interstitial
air, particle size, water activity, glass transition temperature, etc.) which
form the basic elements of quality specifications, and there are well-defined
test methods for their determination according to international standards
(Pisecky, 1986, 1990, 1997; American Dairy Products Institute, 1990;
Masters, 2002). These characteristics depend on drying parameters (type of
tower spray drier, nozzles/wheels, pressure, agglomeration and thermody-
namic conditions of the air, such as temperature, relative humidity and
velocity), the characteristics of the concentrate before spraying (composi-
tion/physico-chemical characteristics, viscosity, thermo-sensitivity and
availability of water) and storage conditions. Several scientific papers have
been published on the effects of technological parameters on these proper-
ties (Baldwin et al., 1980; Pisecky, 1980, 1981, 1986; De Vilder, 1986; Tuohy,
1989; Jeantet et al., 2008a; Masters, 2002) (Fig. 2.1). Water content, water
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Fig. 2.1 Properties and qualities of powders.

dynamics and water availability are among the most important properties
for all these powder properties and powder characteristics.

The aim of this chapter is to provide information on four areas, i.e.
principles of spray drying, properties and qualities of spray-dried dairy
powders, effects of spray drying parameters on powder properties, and
control and improvement of powder properties.

2.2 Principles of spray drying

Drying is defined as the removal of a liquid (usually water) from a product
by evaporation, leaving the solids in an essentially dry state. A number of
different drying processes are in use in the dairy, food, chemical and phar-
maceutical industries, such as spray-drying, fluid bed drying, roller drying,
freeze-drying, microwave drying and superheated steam drying. Due to
considerations related to drying economics and final product quality, the
only processes of significance in milk protein powder manufacture are
spray-drying and fluid bed drying (most often in combination). Only these
two combined drying processes will be discussed in this section.

The basic principle of spray-drying is the exposure of a fine dispersion
of droplets, created by means of atomization of preconcentrated milk prod-
ucts, to a hot air stream. According to Pisecky (1997), spray drying is an
industrial process for the dehydration of a liquid by transforming the liquid
into a spray of small droplets and exposing these droplets to a flow of hot
air. The very large surface area of the spray droplets causes evaporation of
the water to take place very quickly, converting the droplets into dry
powder particles. The small droplet size created, and hence large total
surface area, results in very rapid evaporation of water at a relatively low
temperature, whereby heat damage to the product is minimized. (Refstrup,
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2003) In fact, when a wet droplet is exposed to hot dry gas, variations in
the temperature and the partial pressure of water vapor are spontaneously
established between the droplet and the air:

e Heat transfer from the air to the droplet occurs under the influence of
the temperature gradient;

e Water transfer occurs in the opposite direction, explained by variation
in the partial pressure of water vapor between the air and the droplet
surface.

Air is thus used both for fluid heating and as a carrier gas for the removal
of water. The air enters the spray drier hot and dry, and leaves it wet and
cool. Spray drying is a phenomenon of surface water evaporation main-
tained by the movement of capillary water from the interior to the surface
of the droplet. As long as the average moisture is sufficient to feed the
surface regularly, the evaporation rate is constant. If not, it decreases.

The drying kinetics are related to three factors:

(i) The evaporation surface created by the diameter of the particles.
Spraying increases the exchange surface (1 L of liquid sprayed in
particles of 100 um diameter develops a surface area of 60 m? whereas
the surface area for one sphere of the same volume is approximately
only 0.05 m?).

(i) The difference in the partial pressure of water vapor between the
particle and the drying air. A decrease in the absolute humidity of
the air and/or an increase in the air temperature tends to increase the
difference in the partial pressure of water vapor between the particle
and the drying air.

(iii) The rate of water migration from the center of the particle towards
its surface. This parameter is essential for the quality of dairy powders.
Indeed, it is important that there is always water on the surface of
the product so that the powder surface remains at the wet bulb tem-
perature for as long as possible. The rate of water migration depends
on the water diffusion coefficient, which varies according to the bio-
chemical composition, water content and droplet temperature. This
is why calculation of this coefficient is complex and the mathematical
models available are not easily exploitable by the dairy industry.

To define the components of a spray drying installation according to Masters
(1991), Pisecky (1997) and Westergaard (2003), the main components of
the spray drier shown in Fig. 2.2 are as follows:

® Drying chamber (Fig. 2.2, No. 7).
e Air filtration (Fig. 2.2, No. 17).
e Air heating system. The drying air can be heated in various ways: either

indirectly by steam, oil, gas or hot oil, or directly by gas or electricity
(Fig. 2.2, No. 5).
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e Air distribution. The air flow chamber can be in co-current, counter-
current or mixed mode. The system of air distribution is one of the most
vital points in a spray dryer. There are various systems, depending on
the plant design and the type of product to be produced. The most
common system is where the air disperser is situated on top of the dryer
ceiling and the atomizing device is placed in the middle of the air dis-
perser, thus ensuring optimal mixing of the air and the atomized
droplets.

e An atomizing device with a feed supply system such as a feed tank, feed
pump, water tank, concentrate heater and atomizing device. The aim of
atomizing the concentrate is to provide a very large surface area from
which the evaporation of water can take place: the smaller the droplets,
the greater the surface area; and the easier the evaporation, the greater
the thermal efficiency obtained. The ideal situation from a drying point of
view is a spray of droplets of the same size, where the drying time for all
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particles would be the same to obtain equal moisture content. As
mentioned previously, air distribution and atomization are key factors in
the successful utilization of a spray-dryer. Atomization is directly respon-
sible for many distinctive advantages offered by spray-drying: first, the
very short drying time of the particles; second, the very short particle
retention time in the hot atmosphere and low particle temperature (wet
bulb temperature); and finally, the transformation of the liquid feed into
a powder with long storage stability, ready for packing and transport.

In summary, the prime functions of atomization are:

e to produce a high surface-to-mass ratio, resulting in a high evapora-
tion rate
e to produce particles of the desired shape, size and density.

There are three types of atomizing device: nozzle atomizer (pressure,
pneumatic or sonic), rotary atomizer (wheel or disc) and combined
atomizer (rotary and pneumatic) (Fig. 2.2, No. 3).

The basic function of pressure nozzles is to convert the pressure energy
supplied by the high-pressure pump into kinetic energy in the form
of a thin film, the stability of which is determined by the properties
of the liquid, such as viscosity, surface tension, density and quantity
per unit of time, and by the medium into which the liquid is sprayed.

The basic function of a pneumatic nozzle, also called a two-fluid nozzle,
is to atomize the feed by high air velocity The energy available for
atomization in two-fluid atomizers is independent of liquid flow and
pressure. The necessary energy (kinetic) is supplied by compressed
air. Two-fluid atomization is the only successful nozzle method for
producing very small particles, especially from highly viscous liquids.
It is not normally used in the drying of milk products.

In rotary atomizers, the liquid is accelerated continuously to the wheel
edge by centrifugal forces produced by the rotation of the wheel. The
liquid is distributed centrally and then extends over the wheel surface
in a thin sheet and is discharged at high speed at the periphery of the
wheel. The degree of atomization depends on peripheral speed, the
properties of the liquid, and feed rate. According to Westergaard
(2003), to select an optimal atomizer wheel, the liquid feed rate,
peripheral speed and viscosity of the liquid should be taken into
consideration.

Powder recovery system. Separation of the dried product can be achieved
by a primary discharge from the drying chamber followed by a second-
ary discharge from a particle collector (using a cyclone, bag filter or
electrostatic precipitation), followed by total discharge from the particle
collector and finishing with final exhaust air cleaning in a wet scrubber
and dry filter.
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Authorities normally conclude that a powder loss of 250 mg m~ (obtained
classically by using only cyclones) is too high, and set a standard of
50 mg m~ (obtained by using cyclones plus bag filters or cyclones plus
wet scrubber which requires a final cleaning of the air). For these
reasons, i.e. authorities’ demand for reduced powder emission and
powder producers’ demand for lower energy consumption and reduced
space requirements, a new powder recovery system has been developed,
the cleanable-in-place (CIP-able) bag filter, which replaces the cyclones/
bag filter (Westergaard, 2003).

According to Sougnez (1983), Masters (1991) and Pisecky (1997), the sim-
plest types of installation are single-stage systems with a very short resi-
dence time (20-60 s). Thus, there is not enough residence time to obtain a
real equilibrium between the relative humidity of the outlet air and water
activity of the powder. The outlet temperature of the air must therefore be
high, reducing the thermal efficiency of the single-stage spray drier. Gener-
ally, installations without any post-treatment system are suitable only for
non-agglomerated powders not requiring cooling. If necessary, a pneumatic
conveying system could be added to cool the powder while transporting the
chamber fraction and the cyclone fraction to a single discharge point.

The two-stage drying system consists of limiting the spray drying process
to a process with a longer residence time (several minutes) to provide a
better thermodynamic balance. This involves a considerable reduction in
the outlet air temperature (to increase the powder moisture content), and
also an increase in the inlet air temperature, and in the concentrate and
powder flow rate without risk of thermal denaturation due to the increase
in moisture content of the powder during the first stage (thermal protec-
tion). A second, final drying stage is necessary to optimize the moisture
content, by using an integrated fluid bed (static) or an external fluid bed
(vibrating), the air temperatures of which are 15-25°C lower than with a
single-stage system to improve and/or preserve the quality of the dairy
powder (Fig. 2.2, Nos 11 and 14). Consequently, the surrounding air tem-
perature at the critical drying stage and the particle temperature are also
correspondingly lower, thus contributing to further improvement in eco-
nomics. The integrated fluid bed can be either circular (e.g. Multi Stage
Drier (MSD™) chamber) or annular (e.g. Compact Drier (CD) chamber).
Two-stage drying has its limitations, but it can be applied to products such
as skim milk, whole milk, pre-crystallized whey, caseinates, whey proteins
and derivatives. The moisture content of the powder leaving the first stage
is limited by the thermoplasticity of the wet powder, i.e. by its stickiness in
relation to the water activity and the glass transition temperature (Roos,
2002). The moisture content must be close to 7-8,9-10 and 2-3% for skim/
whole milk, caseinate/whey protein and pre-crystallized whey powders,
respectively. The two-stage drying techniques can be applied to the produc-
tion of both non-agglomerated and agglomerated powders, but this tech-
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nique is very suitable for the production of agglomerated powders, by
separating the non-agglomerated particles from the agglomerates (i.e. col-
lecting the cyclone fractions and re-introducing these fine fractions (called
fines) into the wet zone around the atomizer of the chamber) (Fig. 2.2, No.
15).

Three-stage drying systems, with an internal fluid bed as a second stage
in combination with an external vibrating fluid bed as a third-stage drier,
first appeared at the beginning of the 1980s and were called Compact Drier
Instantization (CDI) or MSD™. Today, they dominate the dairy powder
industry (Fig. 2.2). Three-stage systems combine all the advantages of
extended two-stage drying, using spray drying as the primary stage, fluid
bed drying of a static fluid as the second drying stage and drying on an
external vibrating fluid bed as the third drying stage. The final drying stage
terminates with cooling to under the glass transition temperature. Evapora-
tion performed at each stage can be optimized to achieve both gentle drying
conditions and good thermal economy.

CD or CDl s suitable for producing both non-agglomerated and agglom-
erated powders of practically any kind of dried dairy product. It can also
cope successfully with whey powders, fat-filled milk and whey products as
well as caseinates, both non-agglomerated and agglomerated. It has a fat
content limit of about 50% fat in total solids. Powder quality and appear-
ance are comparable with those of products from two-stage drying systems
but they have considerably better flowability and the process is more
economical.

In comparison with CD, MSD™ can process an even wider range of
products and can handle an even higher fat content. The main characteristic
of MSD™ powder is due to very good agglomeration and mechanical stabil-
ity, low particle size fractions (below 125 um) and very good flowability.
Optimization of the process allows considerable improvement in drying
efficiency and the quality of the product obtained is generally better. The
various advantages are:

e improved thermal efficiency: significant reduction in outlet air tempera-
ture, permitting an increase in inlet air temperature;

e reduced material obstruction: the capacity in one volume is two or three
times greater than for a traditional unit;

e considerable reduction in powder emission to the atmosphere: reduction
of the drying air flow and increase in powder moisture content together
decrease the loss of fine particles in the outlet air;

e improved powder quality in relation to agglomeration level, solubility,
dispersibility, wettability, particle size, density, etc.

There are other examples of drying equipment such as the ‘tall form drier’,
the ‘Filtermat™ drier’, the ‘Paraflash™ drier’, the ‘Tixotherm™ drier’ and
the Integrated Filter Dryer™ (IFD™). All these towers have characteristics
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related to the specific properties of the product being dried (e.g. high fat
content, starch, maltodextrin, egg and hygroscopic products).

In terms of energy balance, Westergaard (2004) showed that energy
consumption varies according to the drying processes. Energy consumption
to produce 1 kg of powder from skim milk concentrate at 45% of total solids
is 1595, 1350, 1280, 1038 and 960 Kcal for a one-stage spray dryer, a two-
stage spray dryer, a two-stage spray dryer with high inlet air temperature,
CDI and MSD™, respectively. This is explained by the increase in the
number of drying stages simultaneously increasing the residence time,
allowing increase in the inlet air temperature, concentrate flow rate and
finally energy yield while preserving/improving powder quality (Bimbenet
et al., 2002; Jeantet et al., 2008b).

2.3 Properties and qualities of dairy powders

According to Cari¢ (2003), the properties of milk powders are categorized
as physical, functional, biochemical, microbiological and sensory. There is
a significant interrelationship between them, which affects the final quality.
The physical and functional properties of milk powders are especially
important when the powders are intended for recombining and in the
manufacture of various food products. When intended for use as a food
ingredient, milk powders should be light in color, free from off-flavors and
easy to hydrate, disperse and dissolve in water. The basic properties that
determine the quality of milk powder, and where defects are most likely,
include powder structure, solubility, water content, scorched particles, flow-
ability, floodability, oxidative changes, flavor, color and micro-organism
contamination.

2.3.1 Physical properties

Powder structure

The physical structure of a milk powder can be defined as the way in which
its chemical components are distributed and connected. Powder structure
is very strongly affected by the drying technique. Powder produced by
roller-drying has a compact structure of irregular shape with no occluded
air. Roller-dried powder particles have a low bulk density (300-500 kg.m™),
due to their irregular structure. The particles of spray-dried powder are
spherical, with diameters in the range 10-250 um. The particles contain
occluded air and either large central vacuoles or smaller vacuoles which are
distributed throughout the interior of the particles. The surface of spray-
dried skim milk powder particles is usually wrinkled but it is smooth for
high protein powders. The high inlet air temperature and large temperature
differential between the hot air and the powder particles are the main
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causes of wrinkle formation, as is also the presence of lactose (Cari¢ and
Kalab, 1987; Mistry et al., 1992; Aguilar and Ziegler, 1993).

Farticle size distribution

According to Carric¢ (2003), the particle size of a powder, which affects its
appearance, reconstitution and flow characteristics, depends mainly on the
atomization conditions and the viscosity of the concentrate; high atomizing
pressure and low concentrate viscosity reduce particle size.

Powder density

Densities are classified into three groups: bulk (apparent) density, particle
density and the density of the dry milk solids; all three are very much
interrelated.

e Bulk density: Bulk density is regarded as the weight per unit volume
and is expressed as kg.m™. It is a very important property, both from
the point of view of cost and market requirements. Bulk density is cur-
rently determined by measuring the volume of 100 g of powder in a
250 mL graduated glass cylinder. The bulk density of milk powders is a
very complex property, being the result of many other properties and
being influenced by a number of factors such as feed concentration, feed
temperature, feed foamability, milk preheating, age thickening, feed
composition, type of atomizer, particle temperature history and particle
size distribution (Pisecky, 1997). Bulk density depends also on particle
density and occluded and interstitial air.

e Particle density: Particle density corresponds to the mass of particles (in
grams) having a total volume of 1 cm’. Particle density is influenced
mainly by the amount of entrapped air. The processing factors that
contribute significantly to particle density are viscosity and the incorpo-
ration of air into the concentrate prior to drying. The type of spray
atomization affects air retention. Certain types of centrifugal spray-
dried milk have more entrapped air than pressure spray products (Carric,
2003).
©  Occluded air: The occluded air content is defined and quantified by

the difference between the volume of a given mass of particles and
the volume of the same mass of air-free milk solids. Many factors
influence the occluded air content in powder particles, including
incorporation of air into the feed, the system chosen for spray drying
the concentrate, whipping action before and/or during atomization,
properties of the feed and the ability of the feed to form a stable
foam. The content and state of proteins might markedly affect stable
foam formation, while fat has the opposite effect. High-fat concen-
trates are much less susceptible to foaming than skim milk. Undena-
turated whey proteins in skim milk have a greater tendency to
foam, which can be reduced by heat treatment, which causes protein
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denaturation. Concentrates with low total solid contents foam more
than more highly concentrated materials. An increase in temperature
from 10 to 40°C increases the tendency to form foam for skim milk
concentrate at 40 and 45% of total solids related to decrease in vis-
cosity. Therefore, an increase in temperature from 10 and 40°C
reduces the tendency to form foam for concentrate at 50% of total
solids. This result could be explained by a thermal denaturation
(Pisecky, 1997; Carric, 2003).

o Interstitial air: Interstitial air is defined as the difference between the
volume of a given mass of particles and the volume of the same mass
of tapped powder. This property depends primarily on the particle
size distribution and the degree of agglomeration (Carric, 2003).

e Density of the dry milk solids: This density expresses the density of
solids without any air and is given by the composition of the power

(Pisecky, 1997; Westergaard, 2004).

Flowability

Flowability is the ability of a powder to flow freely, like sand, without
forming lumps, clusters or aggregates. Flowability can be measured as the
time (in seconds) necessary for a given volume of powder to leave a rotary
drum through given slits (Haugaard Sorensen et al., 1978) or by the method
developed by Carr (1965). Flowability depends also on particle size and
shape, density and electrical charge. Large particles flow more easily than
fines (particles with a diameter of <90 pm). Consequently, agglomeration
is beneficial, as is uniformity of size. Moreover, according to Carri¢ (2003),
a wide variation in particle size permits fines to occupy spaces between the
large particles, which results in closer packing.

Rehydration

Most food additives are prepared in powder form and need to be dissolved
before use. Water interactions in dehydrated products and dissolution are
thus important factors in food development and formulation (Hardy et al.,
2002). Dissolution is an essential quality attribute of a dairy powder as
a food ingredient (King, 1966). Many sensors and analytical methods
such as the insolubility index (International Dairy Federation, 1988; Ameri-
can Dairy Products Institute, 1990), nuclear magnetic resonance (NMR)
spectroscopy (Davenel et al, 1997), turbidity, viscosity and particle
size distribution (Gaiani et al., 2006a) can now be used to study water
transfer in dairy protein concentrates during rehydration. Using combina-
tions of these methods, it is very easy to determine the different stages of
the rehydration process (i.e. wettability, sinkability, dispersibility and
solubility).

e Wettability is the ability (expressed as time in seconds) necessary for a
given amount of powder to penetrate the still surface of water. In other
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words, wettability is the ability of a powder to absorb water on the
surface and get wet (Haugaard Sorensen ef al., 1978). Generally, the
wettability of powder particles depends on the surface activity of
the particles, surface area, surface charge, particle size, density, porosity
and presence of moisture-absorbing substances.

e Sinkability is the ability of powder particles to overcome the surface
tension of water and sink into water after passing through the surface.
Sinkability is expressed as milligrams of powder that sink per min per
cm? of surface area. This property of powder is influenced by the forces
that tend to submerge a particle on the surface and depends on the
density of the particles, i.e. on the mass of the particles and the quantity
of occluded air. Higher particle density and lower quantity of occluded
air cause particles to sink (Carri¢, 2003).

e Dispersibility reflects the ability of the wetted aggregates of powder
particles to become uniformly dispersed when in contact with water. The
effects of total heat treatment on casein during processing are of par-
ticular importance for good dispersibility. The dispersibility of milk
powder can be improved by: (i) keeping the heat treatment on preheat-
ing to a minimum and (ii) minimizing the holding time and temperature
of the concentrate.

e The insolubility index (ISI, in %), described by the IDF standard (Inter-
national Dairy Federation, 1988) for skim milk, is the volume of sedi-
ment (for 50 mL) after rehydration (10 g of powder in 100 mL of distilled
water, at 25°C), mixing (90 s, at 4000 rev-min~') and centrifugation
(300 s, at 160 g). With this method, the quantity of insoluble material
can be determined but this IS is related only to the decrease in water
transfer needed for rehydration. This index cannot differentiate between
the truly insoluble (related to the thermal denaturation) and the falsly
insoluble (related to the biochemical composition) (Schuck et al.,1994b).

A modification of the rehydration parameters recommended by the IDF
method (1988) resulted in marked variations in the ISI of micellar casein
isolate (MCI) powder. The index decreased to 6.2 mL if the casein content
of the sample of MCI powder was close to the casein content of milk (25
g L"), the duration of stirring increased from 90 s to 900 s (ISI = 1.8 mL),
the rehydration temperature increased from 24°C to 30°C (ISI = 7.2 mL),
40°C (ISI = 2.3 mL), 50°C (ISI = 0.9 mL %) or 60°C (ISI = 0.1 mL) and/or
if the stirring velocity increased from 4000 to 10,000 rev.min' (ISI = 0.8 mL).
The replacement of the rehydration water by a saline solution (NaCl at
0.1 mol.L™"), a microfiltrate or an ultrafiltrate did not change the ISI for
MCI powder (Schuck et al., 1994a,b). These results confirm that the ISI
given by the IDF method (1988) results from a decrease in the water trans-
fer towards the center of the particle and not from denaturation. Everything
occurs as if the setting in contact with water created a high surface viscosity,
slowing down the internal hydration of the MCI powder.
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To determine the different steps of rehydration, various methods can be

used, as follows:

NMR spectroscopy is a technique for determining the rate of solution,
the time required for complete reconstitution of powders and the trans-
verse relaxation rate of reconstituted solutions (Davenel et al., 1997).
With this method, it is possible to differentiate between truly insoluble
material and falsely insoluble material. (Schuck et al., 1994b).

For viscosity measurement, a rheometer can be used to obtain viscosity
profiles. The blades of the agitator are placed at right angles to each
other to provide good homogenization. Industrial dissolution processes
usually include stirring at a constant speed and experiments have there-
fore been designed to provide a constant shear rate (100s™'). The
aqueous phase used is distilled water at a volume of 18 mL. The powder
is dispersed in the rheometer cup 50 s after starting the rheometer. Dis-
solution is highly dependent on temperature and concentration (Gaiani
et al., 2005, 2006a).

Experiments to provide turbidity profiles can be carried out in a 2 L
vessel equipped with a four-blade 45° impeller rotating at 400 rev.min™.
A double-walled jacket vessel maintains the temperature at 24°C. The
turbidity sensor is placed 3 cm below the surface of the water and is
positioned through the vessel wall to avoid disturbance during stirring.
Turbidity changes accompanying powder rehydration are followed
using a turbidity meter. The apparatus uses light in the near-infrared
region (860 nm), the incident beam being reflected back at 180° by any
particle in suspension in the fluid to the sensitive electronic sensor
(Gaiani et al., 2005).

A laser light diffraction apparatus at a wavelength of 632.8 nm can be
used to record particle size distributions. In the study of Gaiani et al.
(2005, 2006a), the particle size distribution of particles was determined
using a wet attachment, and the standard optical model presentation for
particles dispersed in air was used. The results obtained corresponded
to average diameters calculated according to the Mie theory. The crite-
rion selected was d(50), meaning that the diameters of 50% of the
particles were lower than this criterion (midpoint of cumulative volume
distribution) (Gaiani et al., 2005, 2006a).

Using a combination of the last three methods, it is possible to follow
water transfer during rehydration and to obtain the wetting time, deter-
mined using the first peak of increased viscosity and turbidity, and
the swelling time, determined using the second peak of viscosity in relation
to the increase in particle size. The rehydration time can then be deter-
mined according to stabilization of the viscosity, turbidity and particle size
values.
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2.3.2 Physico-chemical properties

The aim of this short paragraph is to correlate certain thermodynamic
information (moisture sorption isotherm, water activity (a,), glass transi-
tion temperature (T,) and state diagrams) to be able to understand the
behavior of a powder at given temperatures and a,, conditions in terms of
the quality of dairy ingredients and the rehydration behavior. From this
thermodynamic information, it should be possible to anticipate the behav-
ior of a powder under given temperature and a,, conditions (Schuck et al.,
2007).

Glass transition

Glass transition of dairy solids can be observed using differential scanning
calorimetry (DSC). DSC measures any change in heat capacity that occurs
over the glass transition temperature range (Roos, 2002). DSC is also the
most common method for the determination of glass transition tempera-
tures, taken from the onset or midpoint temperature of a change in heat
capacity (Jouppila and Roos, 1994). Many sugars, including lactose, are
transformed rapidly from the solid glassy state to a syrup-like, sticky liquid.

The glass transition of anhydrous lactose, as observed using DSC, has
an onset temperature of 101°C, which is one of the highest temperatures
measured for ‘anhydrous’ disaccharides (Jouppila and Roos, 1994). The
glass transitions observed in milk solids are very close to those of pure
lactose. However, if lactose is hydrolyzed, the T, observed decreases dra-
matically, because of the much lower T, of the galactose and glucose com-
ponents. This also results in significant changes in the spray drying behavior
and storage stability of lactose-hydrolyzed milk solids (Jouppila and Roos,
1994). Amorphous carbohydrates, including lactose and its hydrolysis prod-
ucts, are significantly plasticized by water, demonstrated by a rapidly
decreasing T, with increasing water content. The effect of water on the T,
of milk solids may be predicted using the Gordon-Taylor equation
(Jouppila and Roos, 1994), or the Couchman—Karasz equation (Couchman
and Karasz, 1978) according to Schuck et al. (2005a). Information regarding
water plasticization can also be obtained from water sorption properties,
which allow evaluation of the extent of water plasticization of dairy powders
under various storage conditions.

Several studies have shown that the stickiness of dehydrated powders
results from particle surface plasticization and concurrent decrease in vis-
cosity, allowing the formation of liquid bridges between powder particles.
It may be assumed that similar mechanisms control particle properties in
the spray drying process. However, the process involves removal of the
solvent and plasticizer, which has to occur at a rate competing between
the position of the particle in the chamber and the formation of a dry
surface to allow free flow of individual particles throughout the dehydration
process.
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Stickiness

Several techniques have been developed to characterize the stickiness
behavior of food powders. All the tests are empirical in nature, and the
techniques are still in development due to inaccuracies and the difficulties
of application to real processing and handling situations. Due to the signifi-
cant negative economic consequences in the industrial processing and han-
dling of sticky products, investigations to find an accurate, simpler and
cheaper technique to characterize the stickiness behavior of these types of
product are still ongoing. For example, the glass transition temperature of
skim milk solids, showing the stickiness and caking zone, is about 10°C
above T, or higher measured by DSC.

Some studies have tried to relate stickiness behavior and glass transition
(Boonyai et al., 2004, 2005). Various techniques and types of instrumenta-
tion have been developed to characterize the stickiness behavior of powder
particles. The instrumental measurement concepts are generally based on
the properties of food materials, such as resistance to shear motion, viscos-
ity, optical properties and glass transition temperature. The first two prop-
erties provide a direct interpretation of stickiness behavior, whereas the
measurements obtained from the latter can be indirectly correlated with
stickiness. Stickiness characterization techniques may therefore be divided
into direct and indirect techniques. The direct techniques can also be further
classified as conventional, pneumatic and in situ techniques, according to
the testing mechanism used. Conventional techniques involve mechanical
movement, shearing or compression of the powder sample (propeller-
driven methods, shear cell method, ampoule method or optical probe
method), whereas pneumatic techniques involve the use of an air stream,
with predetermined temperature and humidity, to blow or suspend the
powder particles (fluidization test, cyclone stickiness test, blow test method).
The in situ technique involves measurement of surface stickiness of single
liquid droplets during hot air drying.

Water activity and sorption isotherm

The water activity (a,) of dried milk products is largely correlated with
moisture content and temperature. The composition and state of individual
components, as influenced by various processing techniques, also play an
important role. The composition of the solids more or less reflects the
protein content. At low moisture content, characterized by a,, < 0.2, the
casein is the main water absorber. Within the intermediate range of > 0.2
to < 0.6, sorption is dominated by the transformation of the physical
state of lactose. Above this level, salts have a marked influence (Pisecky,
1997).

The water activity of milk powders consisting of non-fat milk solids and
milk fat is controlled mainly by the moisture content expressed in non-fat
solids since the fat has no influence. Thus, differences in a,, are due mostly
to the state of proteins and the physical state of the lactose. The methods
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to determine a,, consist of putting the product in equilibrium with the sur-
rounding atmosphere, then measuring the thermohygrometric characteris-
tics of the air in equilibrium with the product. The a,, should be close to 0.2
at 25°C for optimal preservation (Efstathiou et al., 2002). Water activity
plays an important role during the dehydration process, and an understand-
ing of sorption isotherms can provide valuable guidelines for the engineer-
ing design, control of the drying process (isothermal desorption curves) and
storage stability (isothermal adsorption curves). In practical terms, all dairy
powder isotherms found in the literature were obtained using final products
as starting materials. The powder or the concentrate is exposed to air of
defined relative humidity and brought to equilibrium, after which the mois-
ture content is determined. Thus, the published isotherms are designated
as adsorption or desorption.

Establishing equilibrium can very often take weeks. Many mathematical
equations, both theoretical and empirical, have been reported in the litera-
ture to express the water sorption isotherms of dairy powders (Pisecky,
1997). With practical or theoretical sorption isotherms, the ideal moisture
content can be determined for the optimal stabilization (at 0.2 a,, and at
25°C) of some dairy powders. For example, the corresponding moisture
content must be close to 4%,2-3% and 6%, for skim milk, whey and casein-
ate powders, respectively.

With T,, water activity is one of the main factors governing many of the
phenomena occurring during thermal dehydration, including:

e FEasiness of water evaporation from a liquid droplet,

e Particle temperature history during the whole removal process,

e Moisture content equilibrium that can be achieved under given condi-
tions at infinite residence time,

e Stickiness of the product (in relation to the T,) and outlet conditions
used for drying without occurrence of sticking (Pisecky, 1997).

2.4 Effects of spray drying parameters on
powder properties

2.4.1 During spray drying
The properties of the final product are influenced by a number of factors,
including the quality and composition of the raw milk and the processing
conditions applied. As some of the factors are subject to both seasonal and
daily variations, it is necessary to monitor those properties that might be
affected by these variations and to make appropriate corrections to the
operation parameters.

Two major properties, i.e. moisture content and bulk density, are good
examples described below to show the strong relationships between process
and products.



40 Dairy-derived ingredients

[ Drying air parameters ] [ Sprayer ]

AH of outlet air Nozzle / Wheel

| / T°C of outlet air Heat

Inlet air T°C and AH treatment
before and after heating
Concentrate
\ residence time
/ Concentrate

temperature

I Concentrate flow rate

Q
. Droplet
> ~
! Spray drying H //‘ N Total solid content
i Agglomeraton !, Na
| Stickiness—cakiness g Biochemical
1 Rehydration | composition

Fig. 2.3 Influence of various factors on powder moisture content.
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Moisture content

Figure 2.3 shows the influence of various factors, such as the relative humid-
ity (RH) of the outlet air, on powder moisture (Schuck et al., 2008; Pisecky,
1997). As shown in this Figure, moisture content depends on the drying air
parameters, on the spray dryer and on the previous process. Moisture
content is influenced by the a,, which depends on the RH of the outlet air.
The relative humidity (RH) is influenced by the absolute humidity (AH)
and temperature of the outlet air, which themselves depend on the concen-
trate flow rate, the inlet air temperature and AH before and after heating.
The moisture content is also influenced by the size of the droplet, depend-
ing on the type of sprayer and viscosity. The viscosity of the concentrate
depends on the heat treatment, temperature, residence time, homogeniza-
tion, total solid content and biochemical composition. The temperature T
of the droplet (and thus the powder) is influenced by the temperature and
AH of the inlet air and by the RH, AH and temperature of the outlet air.
The glass transition temperature (T,) depends on biochemical composition,
a,, and moisture content. Knowledge of the T and T, makes it possible to
monitor agglomeration, stickiness, cakiness and rehydration. Experiments
reported by Schuck ez al. (2008) show that the outlet air temperature is not
always the optimum parameter to affect the moisture content of a dairy
powder. The RH of the outlet air is the key parameter to optimize the
moisture content and water activity of dairy powders.
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Fig. 2.4 Interrelationship of various drying parameters and physicochemical
properties on bulk density (Pisecky, 1997; Carri¢ and Milanovi¢, 2003).

Bulk density

Other important properties are bulk density and particle density. High bulk
density is of economic importance in products for shipment in bulk, saving
both packaging material and transport costs. Figure 2.4 shows the interre-
lationship of various drying parameters and physicochemical properties,
and their relationship with bulk density (Pisecky, 1997; Carri¢ and Milanovic,
2003). Apart from the product mass density, which is provided by its com-
position, two factors have a decisive influence on bulk density, namely the
particle density (provided by product mass density and the occluded air
content), and the interstitial air content (provided by particle size distribu-
tion and agglomeration).

Particle density depends on many factors. The composition of the solids
plays an important part, first of all because it defines the product mass
density. High protein content tends to reduce particle density as it increases
the tendency of the feed to foam. This foaming can be suppressed some-
what by high heat pre-treatment, (denaturing the whey proteins), and also
by high concentration combined with heating the feed.

To achieve high particle density, it is important to avoid any treatment
that may incorporate air into the feed, such as excessive agitation. Rotary
atomizers tend to incorporate air into the droplets, and pressure nozzles
produce much higher particle density than rotary wheels. However, special
vane-shaped rotary wheels are now available with less tendency to entrap
air in product droplets.

The presence of air in the atomized droplets results in occluded air in
the dried particles. Depending on drying conditions, or to be precise on the
particle temperature during the drying process, any air bubbles initially
present may expand and further reduce the particle density. Therefore, if
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Fig. 2.5 Glass transition temperature (T,) and water adsorption isotherm for
skim milk solids and T, curve of lactose (Roos, 2002).

all other conditions are the same, the two-stage or three-stage drying proc-
esses provide higher particle density than single-stage drying.

2.4.2 During storage

From the thermodynamic information (T,, a,, see Section 2.3.2), it should
be possible to anticipate the behavior of a powder at a given temperature
and under a,, conditions. Combination of the T, and a,, curves in relation
to the moisture content makes it possible to obtain a very interesting profile
(Fig. 2.5) (Roos, 2002). From this curve, it is easy to determine the moisture
content and the T, at different a,, values in relation to a skim milk powder.
For example, the moisture content and the T, at 0.2 a,, will be close to 5%
and 50°C, respectively. If one wants an a,, close to 0.4, the moisture content
and the T, will be close to 8% and 20°C, respectively. However, for this
powder some enzymatic and non-enzymatic reactions can begin at 0.4 a,,
which may increase deterioration and loss of quality. Moreover, it is not
easy to stabilize this powder at a temperature lower than 20°C.

2.4.3 During rehydration

As explained in Section 2.3.1, Rehydration, the IDF method, NMR spec-
troscopy, turbidimetry, viscosimetry and granulometry provide valuable
information regarding the mechanisms involved in dairy powder dissolution
with constant stirring. However, to optimize the rehydration time, two
parameters are very important, namely particle size, which depends on the
spray drying conditions, and the powder structure, in particular the surface
composition.
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Effects of particle size

As expected, granulation has a positive effect on wetting. The wetting time
is systematically better for granulated particles. This phenomenon is well
known, with large particles forming large pores, high porosity and small
contact angles between the powder surface and the penetrating water as
fast wetting is enhanced (Freudig et al., 1999). A surprising influence of
granulation on the rehydration time was observed in the study of Gaiani
et al. (2005). Depending on the nature of the protein, the granulation
influence resulted in opposite effects. Whey protein isolate (WPI) rehydra-
tion time was shorter for granulated particles whereas it was shorter
for non-granulated particles of micellar casein isolate (MCI). This was
unexpected and could be explained by the controlling stage rate. The
controlling stage for whey proteins is wetting. As granulation improves
the wetting stage, the rehydration of whey powders is enhanced for granu-
lated particles. In contrast, in this study, the controlling stage for casein
proteins was dispersion. In fact, even with a shorter wetting time, a granu-
lated powder is slower to rehydrate than a non-granulated powder (Gaiani
et al., 2005).

These results are not compatible with other studies on skim milk powder,
in which it was generally accepted that a single particle size around 200 pm
(Neff and Morris, 1968) or 400 um (Freudig et al., 1999) represented optimal
dispersibility and sinkability. In fact, this optimal particle size depends on
the composition of the dairy powder. If the industry wishes to optimize
powder rehydration, it seems to be better to rehydrate granulated powders
when the protein is whey and to rehydrate non-granulated powders when
the protein is casein.

Effects of composition surface

Gaiani et al. (2006b) have shown that X-ray photoelectron spectroscopy
(XPS) analysis yields essential information complementary to standard
methods, providing greater understanding of rehydration by determination
of the surface composition. A small change in powder surface composition
or bulk composition can totally change the rehydration properties. It is
worth noting that powders with less distinct compositions might present
significant rehydration differences.

Table 2.1 shows the effects of storage on the surface composition of
micellar casein powder and how lipids can migrate from the bulk to the
surface. XPS has revealed that lipids are more likely to migrate toward the
surface than lactose or proteins. We have demonstrated that the monolayer
moisture capacity (X,,) determined by dynamic vapor sorption (DVS),
which is decreased during storage, is probably due to the presence of
surface lipids (formation of a hydrophobic surface) and that the presence
of pores at the surface could be a route allowing lipid release. A fat layer
could cover progressively the surface during storage, inducing a decrease
of the monolayer capacity due to its hydrophobic nature.
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Table 2.1 Monolayer moisture capacity (Xm), surface fat composition and
wetting time modifications of micellar casein powders during storage at 20
and 50°C

Storage Storage 4 Surface fat Wettin,
tempegrature (°C) duratigon (days) Xm (kgkg™) (%) time (s%
20 0 0.0632 6 12
15 0.0626 6 14
30 0.0617 12 66
60 0.0617 16 73
50 0 0.0632 6 12
15 0.0574 6 15
30 0.0537 13 68
60 0.0524 17 265

The combination of these two methodologies (DVS and XPS) enhanced
our understanding of lipid migration on a powder surface. This study also
revealed the possibility of creating porosity inside the powder by controlled
storage conditions (e.g. temperature, relative humidity, time). Further
studies with powders containing more or less fat would therefore improve
the understanding of fat release. In the future, XPS analysis could help to
formulate dairy powders presenting better rehydration properties. Improv-
ing both the wetting time and the rehydration time could be one way to
extend the applications of high protein content powders, the principal limi-
tation of these powders being the low water transfer during rehydration
(Gaiani et al., 2007).

2.5 Control and improvement of powder properties

Due to the variety and complexity of the mixes to be dried, a more rigorous
method based on physico-chemical and thermodynamic properties has now
become necessary. Improved understanding of the biochemical properties
of milk products before drying, water transfer during spray drying, the
properties of powders and influencing factors has now become indispensa-
ble in the production of dairy powders. Lack of technical and economic
information and of scientific methods prevents the manufacturer from opti-
mizing his process in terms of energy costs and powder quality. Two
approaches are necessary for dairy research into the spray drying of dairy
products, one involving the products (availability of water related to the
biochemical composition) and the second involving the process (knowledge
and improvement of the drying parameters).

2.5.1 Availability of water
The aim of this section is to propose a new method (drying by desorption,
using a thermohygrometer sensor) in order to determine major drying
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parameters according to food components in relation to their interactions
with water (bound and free water) and linked to water transfer kinetics.
Schuck and co-workers’ studies (1998, 2009) have shown that drying by
desorption is an excellent tool to determine and optimize the major spray-
drying parameters in relation to biochemical composition according to
water availability and desorption behavior (calculation of extra energy AE).
The experimental device proposed by the authors differs from spray-drying
equipment in terms of duration of drying, drying temperature, surface/
volume ratio, etc. because the concentrate is dried in a cup and not in a
droplet However, some computational tools have been developed to
improve the method by taking these factors into account. Validation tests
(>30 products) have indicated that this method could be applied to a wide
range of food products and spray-dryer types. For reasons of calculation
speed and reliability, this method has been computerized and it can already
be used in the determination of parameters of spray drying for food prod-
ucts. The name of the new software is ‘Spray Drying Parameter Simulation
and Determination Software’ (SD*P®), registered under the following iden-
tification: IDDN.FR.001.480002.002.R.P.2005.000.30100.

Analysis of the desorption curve (measured relative humidity versus
time), combined with knowledge of the temperature, total solids, density
and specific heat capacity of the concentrate, air flow rates, theoretical
water content in relation to water activity and RH of the outlet air, current
weather conditions, cost per kWh and percentage of drying in the inte-
grated fluid allows determination of enthalpy, T, RH (including AE) for
each inlet air, concentrate and powder flow rate, specific energy consump-
tion, energy and mass balance, yield of the dryer and cost (in € or in $) to
remove 1 kg of water or to produce 1 kg of powder. All these results are
summarized in Fig. 2.6. This figure is a representation of the software
delivery:

e air characteristics at the dryer/integrated fluid bed inlet and outlet

(upper part),
e flow, energy and cost calculations (lower part) (Schuck et al., 2009)

2.5.2 Process improvement
The aim of this section is to show the use of a thermohygrometric sensor,
with some examples of such measurements (temperature, absolute (AH)
and relative humidity (RH), dry air flow rate, water activity) through cal-
culation of mass and absolute humidity to prevent sticking in the drying
chamber and to optimize powder moisture and water activity in relation to
the relative humidity of the outlet air.

It was demonstrated by Schuck et al. (2005b) that a thermohygrometer
can be used to avoid sticking and to optimize water content and water
activity in dairy powders. From these results, it could be seen that the
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Skim Milk Concentrate @

Reduce | Mass flow rate Enthalpy Temperature AH

! (kg DA/h) (kJ/kg DA) (°C) (9/kg DA) RH (%)

Inlet air before heating I 32.8 I I 20 | I 5 ] | 34.2 |
Inlet air after heating ‘I’ | 80000 | [ 259.5 ] |é2 _1 I 5 ! | 0.02 |
Cooling air ‘C’ [ 3000 | [ 828 || 20 | [ 5 || 342 |
Recirculation air ‘R [ 8000 | [ s28 || 20 | | 5 | [ 342 |
Complementary air ‘C’ [ 1000 | [ 828 |[ 20 || 5 | [ s42 |
Air mix (+C+R) [ 87000 | [ 2413 || 2285 | [ 5 | | o003 |
Outlet air 1 stage (I+C+R+C) | 87000 | | 2123 ] | g1 | | 491 | | 15 |
Integrated fluid bed inlet air ‘B’ | 10000 | | 1072 ] | 92.8 | [ 5 ] | 1 |
Integrated fluid bed outlet air ‘B’ | 10000 | | 81.4 ] | 492 | | 12.2 l | 16.3 |
Overall outlet air (+C+R+C+B) | 97000 | [ 1988 | [ 7z9 | [ 453 | [ 157 |

Evaporation capacity (kg/h) 3908.7 Wet bulb temperature of overall outlet air (°C) -

Water flow rate in concentrate (kg/h) Dew temperature of overall outlet air (°C) -
Concentrate flow rate (kg/h) 8468.8 Energy balance (kJ/kg water)
Concentrate flow rate (I/h) 69417 | Energy consumption ratio (60°C) (kg
. vapour/kg water)
Concentrate density (-) Yield (60°C) (%)
Concentrate cry matter (%) Cost ($/ton water
Powder moisture (%) [a ] cost (stton powden)
Powder flow rate (kg/h) 48873 |  kWh cost ($)

Concentrate temperature (°C)

Concentrate Cp (kJ/(kg™C)) Default | Print I Export | Quit i

Fig. 2.6 Parameters of spray drying calculated by the SD*P® software.

calculated AH is systematically higher than the measured AH, because
the calculated AH corresponded to the maximum theoretical value that
could be reached. Calculation of AH by means of the mass balance is based
on the hypothesis that the air circulating in the spray drier removes all
the water from the concentrate. Thus, if the difference between calculated
and measured absolute humidity of the outlet air is below 2 g of water
per kg dry air (depending on the spray drier with regard to measurement
accuracy), there is no problem of sticking in the spray dryer chambers,
whatever the dairy concentrate used. On the other hand, sticking was
observed in this study for differential AH above 2 g water per kg dry air,
corresponding to lower water removal and consequently to favorable stick-
ing conditions. The operator can follow the absolute humidity and antici-
pate a variation in drying parameters according to the differences between
calculated and measured absolute humidity.



Understanding the factors affecting spray-dried dairy powder 47

The operator can also follow the relative humidity in the outlet air. To
achieve a dairy powder with the same water activity and moisture content,
he must always maintain the same relative humidity in the outlet air accord-
ing to each dairy product, whatever the spray drying conditions (inlet air
temperature, relative and absolute humidity).

The changes in relative and absolute humidity (resulting from variations
in absolute humidity of inlet air, total solid content of concentrate, crystal-
lization rate, outlet air temperature, etc.) can be rapidly observed in the
outlet air using a thermohygrometer before such changes significantly affect
powder moisture, water activity and powder behavior with regard to
sticking.

2.6 Conclusions and future trends

This chapter describes the effects of spray drying on the quality of dairy
powders during drying and rehydration. It also demonstrates that the
quality of these powders depends on the interactions between the bio-
chemical composition and the process parameters.

Fig. 2.7 shows that the biochemical, microbiological and physical proper-
ties of a dairy powder and its recombined product depend on many param-
eters. For example:

® Crystallization

@ Concentration @ Homogenization
~N —

M(eJl-LEI-SI © Spray drying and fluidization

Physical properties
Biochemical properties
Microbiological qualities

® Pre-treatment __

Rehydration

Powder

Rehydration
conditions

. . Storage
omposition conditions

and/or

water availabilty

v

Stability

Fig. 2.7 Properties of dairy powders in relation to production, storage
and rehydration.
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e the pre-heat treatment process parameters, concentration by membrane
filtration or by vacuum evaporation, crystallization, homogenization,
spray drying and fluidization,

e the storage conditions (relative humidity, temperature, packaging, .. .)
to optimize stability over to time,

e the rehydration conditions (stirring conditions, temperature, concentra-
tion, ...) to improve water transfer to obtain the best quality recom-
bined product from the corresponding powder.

Moreover, the biochemical composition (nature and content) and water
availability interact in all the stages of production, stability and rehydration.
The quality of a dairy powder can therefore be improved only if research
is undertaken on the process—product interactions.

In conclusion, this chapter discusses the complexity of the spray drying
process for dairy manufacturers who want to optimize their production. It
is impossible to provide a simple mathematical model that takes into
account all parameters simultaneously for the complex processes in the
spray drying of dairy products. Furthermore, existing studies, essentially
centered on skim milk, cannot easily be extrapolated to other dairy prod-
ucts. Study of more interaction processes, structures and functions of dairy
products is necessary in order to increase our understanding of the mecha-
nisms of water transfer, drying parameters, storage conditions and rehydra-
tion of dairy powders with thermodynamical and biochemical approaches.
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