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Abstract

Powdered food ingredients are common yet important in our daily life. The most well-
known method to produce these powdered products is via spray drying. Nowadays, it is
possible to customize the spray dried products with desired nutrition/physiochemical
properties according to the requirements and demands of the consumer market. Powders
resulting from different processes (or different process conditions) vary significantly in
composition and the functional behaviours. This renders traditional measurement
techniques for characterising spray dried products to be insufficient and inadequate.
Therefore, an effective and reproducible technique to benchmark different dairy powder
functionality for both manufacturers and end-users usage is necessary and remains a
challenge. This thesis reports the exploration of a possible ‘toolkit’ to characterize dairy
powder functionality, benchmarking powder dissolution kinetics, and investigate the

effects of spray drying conditions on powder functionality.

A range of techniques applied in both industrial and laboratory for powder functionality
characterization were reviewed, investigated and evaluated. A methodology to
characterize the solubility of milk protein concentrates (MPC) using the technique
Focused Beam Reflectance Measurement (FBRM) was established and presented. FBRM
provides the ability to monitor in situ the changes in chord length with time over a wide
range of suspension concentrations, which directly reflected the solubility of the
investigated powder. A faster rate of the chord length reduction implied a better solubility
as more particles break down and dissolve in solution. Using this protocol, the effect of
water temperature for MPC powders was investigated and a characteristic dissolution
profile for different MPC powders was subsequently established. Importantly, the
measuring protocol of using FBRM to characterize dairy powder dissolution behaviour
was established and validated.

Using the established protocol, FBRM was used to monitor the dissolution process of
MPC powder, with the data applied in the development of a kinetic dissolution model
based on the Noyes-Whitney equation. The model was used to estimate two key
benchmarking parameters, namely the dissolution rate constant k and the final particle size
in suspension d., describing dynamic dissolution behaviors and final solubility

respectively of a particular powder. The effects of dissolution temperature, storage
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duration and storage temperature on dissolution properties of an MPC powder were also
investigated and a quantitative understanding of relationship between process and storage

conditions with powder functionality were achieved from the k and d., profiles.

Furthermore, the relationship between drying conditions and the functionalities and
microstructure properties of the resulting products were established by investigating the
effects of production drying air temperature on the functionality of MPC. To achieve this
objective, mono-dispersed MPC particles were produced using a specially constructed
dryer at selected drying air temperatures. Dissolution properties of the resulting MPC
product were characterized using the established FBRM protocol, and the differences in
microstructure examined from transmission electron microscopy images and micro XCT.
A direct relationship between the drying air temperature and solubility was established
whereby the solubility of MPC particle decreased with increasing drying air temperature.
The degree of protein denaturation at different drying air temperatures was also
established using gel electrophoresis. The knowledge could be used to establish a better
understanding of the relationship between drying conditions and microstructures, and the

corresponding influence on the functionality for different powder types.

This PhD work established the basis measurement and protocol for characterising different
powder types with varying functional and physical properties, the basis modelling
fundamental approach to elucidate the mechanism of powder dissolution as well as
demonstrated how the application of these protocols and approaches by establishing the
relationships between powder production conditions to resultant product functional and
physical properties. This work is the first step to establishing a standardised toolkit to
establish a powder characteristic profile library to be use for production optimisation and

rapid powder functionality analysis.
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Chapter 1

Introduction

1.1. Background

Dairy products are very common yet important component of our daily diet, particularly in the
western world. There are many consumer food products that use different forms of dairy products
in our daily life, including cheese, butter, yogurt, ice cream, infant food, instant milk powder,
chocolate, energy bar, coffee, and bread. It is therefore not surprising that the worldwide demand

on dairy products have been increasing over the years.

The most common form of dairy ingredients in the market is the powder form for ease of storage
and transport. A widely used method to manufacture powdered products is via spray drying, as it is
an effective process to rapidly remove water content from liquid droplets, usually within seconds
(P ®ecky, 1997, Varnam and Surherland, 1994, Chen and Patel, 2008). It started to become popular
in the dairy industry from the 1970s (Schuck, 2008). However for many years, the drying
operations were predominantly based on trial and error due to the lack of scientific or technical

studies and knowledge.

With the advancement in technologies, it is now possible to produce different forms of powdered
products, not only in food and dairy products, but also in chemical, ceramic, polymers and
pharmaceutical products (Niro, 2010). In the dairy industry, the emergence of advanced filtration
technology (such as nano-filtration, micro-filtration, ultra-filtration and reverse osmosis) led to the
production of a wide range of different powdered products with tailored
nutritional/physicochemical properties (P ®ecky, 1997, Schuck, 2008). These new constituents
allow the manufacturing of formula products, substitutes and adapted raw materials. These

products were usually developed to meet specific consumer needs such as high protein content;
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however this could alter the composition of the product leading to variations in physical and
functional properties. These differences in properties potentially cause issues for both powder

production and product characterization.

Furthermore, with the increase in demand, the production capacity has been significantly improved
in the past decades. Improvement in production output of powdered products is now in the orders
of several tons per hour per dryer using large-scale equipment (Chen and Patel, 2008, Langrish et
al., 2006). It has been noted that by using the largest capacity drier available, production of up to
30 tons of powder per hour (personal communication with Dr. David Pearce) can be achieved.
However, this improvement in capacity does not directly translate to an increase in efficiency, thus

the optimization of the process becomes imperative under such circumstances.

With increasing varieties of product mixes and the need to improve efficiency of production,
optimization in drying process requires both the improvement of the production efficiency and the
resultant powder quality. To achieve these improvements, an understanding of the substrate (pre-
dried powders) and product (resultant powders) properties together with the mechanisms of the
processes are necessary. One critical aspect is the knowledge of the resultant product properties as

powders resulting from different processes vary greatly in their functionality behaviours.

Over the years, numerous techniques have been developed to characterize powder functionality.
Among the functionalities, dissolution of these products is of utmost importance to their usage
(specifically as a food ingredient) as it directly affects the efficiency of the manufacturing process,
quality of final products, as well as the end-user satisfaction. Current standard methods for
characterizing powder dissolution properties employed in the dairy industry are developed based
on ‘traditional’ powders like skim milk powder and whole milk powder. With the recent
development of new powders including milk protein concentrate, caseinate powder, and whey
protein isolate, the standard testing methods usually fail to distinguish between the different
functionalities. Therefore the development of a robust and reproducible method for powder
characterization for both traditional and newly developed powders is essential to evaluate the

rehydration properties of these powders.

1.2. Research aim and thesis outline

The objective of this project was to develop a set of protocols for efficient and reproducible
characterization of powder functionality. This would serve as a basis to develop a standardised
method for generic benchmarking of the functional and physical characteristics for different

powder types. The aim was achieved via both experiments and modelling to enhance the
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understanding of powder dissolution Kinetics. The protocols developed could be used to rapidly
test newly produced powders and verify their functionality, thus reducing the time required to run
various standard tests for newly produced powders while increasing the reliability of the results,

which would assist in process optimization.

1.2.1. Research aims

The specific research aims were:

1) To develop a set of protocol to quantify and establish functional profiles for different powder
types and conditions.

2) To quantify the dynamic behaviours of powders thus enhancing the understanding of their
dissolution mechanisms. This was done by establishing the procedures for modelling the
dissolution kinetics for different powder types and conditions, particularly for newly
developed powders like Milk Protein Concentrates.

3) To study the effects of processing/storage conditions on powder functionality and changes in
microstructure. Understanding of this relationship is useful for optimizing the drying process
and to potentially reduce the production cost and improve product quality (as shown in Figure
1-1).

Production

Microstructures

Optimization

Characteristic Profile

Figure 1-1 Schematic illustrating the scope of the project (light arrows). Development of a protocol to
characterise different types of powders produced by spray drying. This was achieved via experimental and
modelling approaches investigating the relationships between drying and dissolution conditions, as well as the
product functional properties and microstructures. The knowledge gained will aid in the product testing and

optimization efforts to further improve the process and the end products.
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1.2.2. Thesis outline

The thesis is organized into 5 sections:

Chapter 2: Literature Review. This section presents a comprehensive review of the composition
and physicochemical properties of milk, and an evaluation of the different testing methods

employed in both industry and laboratory.

Chapter 3: Characterization of Milk Protein Concentrate (MPC) Solubility Using Focused
Beam Reflectance Measurement (FBRM). In this section, a protocol to characterize the
solubility of MPC using Focused Beam Reflectance Measurement (FBRM) was presented. FBRM
provides the ability to monitor in situ the changes in chord length with time over a wide range of
suspension concentrations, which directly reflects the solubility of MPC. Specifically the effect of
dissolution water temperature was investigated for different MPC powders and their respective
characteristic dissolution profiles were established.

Chapter 4: On Quantifying the Dissolution Behaviour of Milk Protein Concentrate. Using the
measurement protocol established in Chapter 3, this section looked into modelling the milk protein
concentrate dissolution Kinetics. The data obtained from FBRM were applied to develop a kinetic
dissolution model. The kinetic dissolution profiles for MPC under different storage and dissolution

conditions were outlined and benchmarked.

Chapter 5: Functionality of Milk Protein Concentrate: Effects of Spray Drying
Temperature. Using the measurement protocol established in Chapter 3, this section investigated
the effect of spray drying temperature on the resultant MPC particle’s functionality and
microstructure. Mono-dispersed MPC particles were produced and applied in this work to improve
the comparability by removing the variability in terms of surface area and particle size between the
samples. The relationship between the manufacturing conditions, resultant powder microstructure

and resultant functionality were established.

Chapter 6: Conclusion and future work. This section summarized the major findings of this
PhD project. Recommendations for the further exploration in the field of dairy powder

characterization were proposed.
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Chapter 2

Literature Review

With the advancement of modern technologies (such as ultra-filtration, nano-filtration, to
name a few) in recent years, it is now possible to customize different types of dairy
powders to meet the requirement of end-users, both functionally and nutritionally.
Consequently, powders with different compositions have since been produced using
different manufacturing processes (Figure 1). The differences in chemical composition
between these powders lead to greatly distinctive physical properties and functional
behaviours between powder types and thus, rendering traditional testing methods
inadequate to sufficiently characterize these powders. Therefore, to be able to characterize
these new generation powders, it is necessary to firstly understand the importance of the
powder’s individual particle composition (on the micro scale-level) and correlate this with
the respective functional behaviours (on the macro scale-level). Secondly, current and
recent methods of particle measurements and characterization techniques were reviewed
and investigated in an attempt to establish an integrated technique(s) which will allow the
full range of reconstitution profiles of these new powders to be measured and predicted.

This chapter is divided into the following sections:

1) Milk composition

2) Physical and functional properties of milk powder
3) Measurement techniques employed in industry

4) Measurement techniques employed in laboratories
5) Summary and remarks

6) Investigation and assessment of characterization techniques
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Literature Review

2.1. Milk composition

Milk is a very complex system consisting of many components in several states of
dispersion. The understanding of milk composition is of key importance for both the
manufacturing process as well as end-user value. Previous studies have emphasized that
milk’s natural variation involves differences in their chemical composition, physical
properties, size and stability of structural elements. These variations are due to the

following (Walstra and Jenness, 1984):

o Genetic: between different species or between individuals.
¢ Physiological: particularly stage of lactation, as well as age, estrus, and gestation.
e Environmental: particularly feed, and also climate and stress.

In spite of the complexity, raw milk is still made up of basic components comprising
water, protein, lipid, lactose and traces of salts. In order to extend the shelf life of milk and
reduce transportation cost, the raw milk is subjected to spray drying, so that the water can
be rapidly removed from the solid (within seconds) without excessive heating of the
product. This rapid dehydration process minimizes the degree of degradation of protein
and fat contents, which in turn, helps to extend the shelf life of the powdered products
without affecting the nutritional and functional value. The stability of milk powder is
governed by the physical state of its component chemical compounds. The properties of
different components have varying effects on milk powder properties. For example,
protein is heat sensitive, and denatured when subjected to high temperatures even for a
short period of time, and consequently affects the heat stability of milk. High moisture
content promotes lactose crystallization, which directly affects the dissolution properties
of milk. Lipid has a wide range of melting point which promotes caking of milk powders.
These examples of key components affecting milk powder properties highlight the need to
understand their roles and functions in milk powders which will in turn help in the

understanding of the resulting powder functionality behaviours.
2.1.1. Proteins

Different types of dairy products have different properties and nutritional value which
gives these products their quality and value. These specific properties of dairy products are

mainly dependent on the properties of the protein content they possess, although other
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components, such as fat, lactose and salts, do play very significant modifying roles (Fox
and McSweeney, 1998a). For example, bovine milk contains about 5.3 g of nitrogen per
kilogram, among this, about 95% is in the form of proteins—approximately 32 g.kg™
(Walstra and Jenness, 1984). Milk proteins have interesting functional properties,
including emulsification of milk fat globule, stabilization of ionic and colloidal minerals,
pH buffering, rennet action in cheese curd formation, foaming expansion and gelation in
cultured and sterile milk products, etc. Therefore, milk proteins are widely used as
ingredients in many applications, such as bakery products, confectionary food and
beverages (Morr, 1985, Thomas et al., 2004). Recently, with the development of new
technologies like ultra-filtration, micro-filtration, nano-filtration and reverse osmosis,
several customized dairy products based on milk protein have been developed, such as
milk protein concentrate (MPC), whey protein concentrate (WPC), micellar casein
concentrate (MCC), whey protein isolate (WPI) and sodium caseinate (NaCas) etc. Most
of these products are used as nutritional or functional ingredients in different applications
(Schuck, 2008).

Generally, milk proteins can be classified into two main groups. When milk is subjected to
conditions of pH 4.6 at 20°C, about 80% of the total protein in bovine milk will
precipitate out of solution (Fox and McSweeney, 1998b, Fox, 2001, Fox and McSweeney,
2003a, Walstra and Jenness, 1984). The fraction that precipitates out is known as casein
while the rest of the protein remaining in solution is known as whey protein. Both caseins
and whey proteins have widely varied nature and very different molecular and
physicochemical properties. The following is a brief summary of key properties of casein
and whey protein (Fox and McSweeney, 1998b, Fox, 2001, Fox, 2008):

i. Solubility at pH 4.6: caseins are insoluble whereas whey proteins remain in the solution;

Ii. Heat stability: caseins are highly heat stable whereas whey proteins are heat sensitive;

iii. Amino acid composition: caseins contain high level of proline and they are
phosphorylated, whereas the principal whey proteins are not;

iv. Physical state in milk: whey proteins exist as monomers or as small quaternary
structures, whereas caseins exist in large aggregates known as micelles;

v. Heterogeneous: both caseins and whey proteins contain several different proteins.

Therefore, there are significant differences between caseins and whey proteins; more

details on casein and whey protein are as follows.
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2.1.1.1. Casein

Casein can be considered a critical component as it is the protein that is attributed to most
of the characteristics of milk (P ®ecky 1997). It is relatively hydrophobic in nature,
amphipathic with randomly or flexibly structured molecule and has relatively low levels of
secondary and tertiary structures (Fox and McSweeney, 1998b). The primary structural
characteristic of casein is that polar and apolar residues are not uniformly distributed but
rather occur in clusters, giving rise to hydrophobic and hydrophilic regions which makes

caseins good emulsifiers (Fox and McSweeney, 1998b).

The casein family has four distinct forms, namely og-, 0s-, B- and k-caseins which are
approximately 37, 10, 35 and 12% of the whole casein mass respectively (Fox and
McSweeney, 1998b, Fox and McSweeney, 2003b). In milk, caseins occur naturally and
associate with themselves and with each other, forming supramolecules called casein
micelles (Fox, 2001, Fox and McSweeney, 1998a, Walstra and Jenness, 1984, Donato and
Guyomarc'h, 2009). These micelles are large colloidal particles which make up about 95%
of casein in milk (Fox and McSweeney, 1998b). The main function of casein micelle is to
fluidize the casein molecules and solubilise the calcium and phosphate (Qi, 2007).

In many years of dairy research, there are many different models proposed to describe the
composition and structure of the micelle (Fox and McSweeney, 1998b, Fox and
McSweeney, 2003b, Qi, 2007). One well known model is the sub-micelle model proposed
by Morr in 1967 (Fox and McSweeney, 1998b, Fox and McSweeney, 2003b, Walstra and
Jenness, 1984, Walstra, 1999) and another model known as the open model developed by
Carl Holt in 1992 (Holt, 1992, Holt, 1998). In the sub-micelle model, Morr proposed that
casein micelle consists of several sub-micelles linked together by calcium phosphate (Fox
and McSweeney, 1998b, Figure 2-2a). For individual sub-micelle, k-casein content
various from one another. However, there are certain rules: the k-casein-deficient sub-
micelles are located in the interior of the micelles with the k-casein-rich sub-micelles
concentrated at the surface. For og-caseins, osp-caseins and B-caseins, they are wrapped in
the centre of the sub-micelles due to their hydrophobic nature with relatively few exposed
on the surface. These sub-micelles are held together by calcium phosphate (Walstra,
1990). The hydrophilic terminal of k-casein protrudes from the surface, forming a ‘hairy’
layer, which plays a role in stabilizing casein micelles in the aqua system, preventing

micelles from aggregating with one another. In 1992, Holt modified the sub-micelle model
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by proposing that the casein micelle is a tangled web of flexible casein molecules forming
a gel-like structure (Fox and McSweeney, 1998b, Holt, 1992, Figure 2-2b). Calcium
phosphate serves an integral role in holding the caseins together forming sub-clusters
while the k-casein is predominantly located on the surface of the micelles, extending their

hydrophilic terminal regions into the aqua phase to form a ‘hairy’ layer.

O Submicelle
)_,/ Protruding
chain

— Calcium

phosphate
Sub-micelle model of casein micelle (adapted Model of the casein micelle (adapted
from P. Fox and P. MacSweeney, 1998) from Holt, 1992)

Figure 2-2 Proposed casein micelle models (Fox and McSweeney, 1998b, Holt, 1992)

There are still disagreements in the current literature on how to model the structure of the
casein micelle but what is generally accepted is the stability of casein micelle. They are
very stable even at high temperatures, coagulating only after heating up to 140 °C for 15-
20 minutes at the natural pH of milk (Fox and McSweeney., 1998b, Walstra, 1990). This
is primarily due to steric repulsion caused by the hairs of k-casein. However, the hairs of
K-casein can change their configuration and lead to formation of lasting contact of the
micelles (Walstra, 1990, Walstra and Jenness, 1984). Casein micelles are also quite stable
under high pressure, high compactness, and high concentration of calcium. All these
features of casein micelle are very important for dairy manufacturing as they enable the

nutrients to remain intact under such conditions.

In summary, casein micelle plays a vital role in providing nutrition to the newborn,
contributing to the amino acids content as well as calcium and inorganic phosphate

composition of milk.
2.1.1.2. Whey protein

Major applications of whey protein include uses in dietetic and energetic products, or in
infant formulas (Thomas et al., 2004). Whey protein is a water soluble globular protein

which has high levels of secondary, tertiary and in most cases, quaternary structures (Fox,
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2001, P secky, 1997). Whey protein can be classified into four main types: -lactoglobulin

(B-Lg), a-lactalbumin (a-La), blood serum albumin (BSA) and immunoglobulins (1g).

Generally, whey protein is very easily denatured upon heating, and the denaturation of
whey protein is irreversible (Fox and McSweeney, 1998b). Upon heating to a high enough
temperature and duration, whey protein starts to unfold, exposing the hydrophobic amino
acid residues that are usually hidden deep within the protein. These hydrophobic residues
will associate with the hydrophilic environment, such as k-casein on the micelle surface,
forming aggregates (Fox and McSweeney, 2003b, Donato and Guyomarc'h, 2009, Anema
and Li, 2003, Corredig and Dalgleish, 1999, Singh, 2004). It has been identified that there
is a direct interaction between whey protein (3-Lg) and casein micelles via the k-casein on
the micelle (Corredig and Dalgleish, 1999). This association with casein mainly involves

B-Lg but may also involves a-La (Corredig and Dalgleish, 1999).

B-Lg/x-casein complexes can be found in both micelles and the serum (Donato and
Guyomarc'h, 2009), where the distribution between these two locations are dependent on
various environmental factors. One such factor is the pH, upon application of heat, if the
pH is less than pH 6.7, whey protein adhere to the casein micelle surface, whereas heating
at higher pH values (e.g. 7.0) results in the dissociation of denatured whey protein/k-
casein complexes from the micelles (Figure 2-3) (Lucey et al., 1998, Corredig and
Dalgleish, 1999).

-Ccasein

/
o
® o
© 0]
]
° <
) ) hlicelle bound cormplex
Prirnary whey protein
Denatured whey protein
aggregates
e

Serum whey protein/k-casein complexes

Figure 2-3 Schematic of heat-induced whey protein/k-casein complexes in heated milk

The association of whey protein and casein micelle increases the size of the micelle,

consequently induces loss of protein solubility (Anema and Li, 2003, Fox and
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McSweeney, 1998b). Anema and Li reported that the changes in casein micelle size poorly
correlated with the total levels of denatured whey proteins, but rather correlated well with

the level of denatured whey proteins that were associated with the casein micelles (Anema

and Li, 2003). They also found that the rate of denaturation of whey proteins was faster

than the rate of association of the denatured whey protein with casein micelles (Anema

and Li, 2003).

It has been reported that during the manufacturing process, most of the whey protein
denaturation and association with casein micelle occurred in the preheating process,
whereas the evaporation and drying process have little influence (Oldfield et al., 2005).
However, during storage of milk protein concentrate, it is found that most of the insoluble
materials are mainly casein rather than whey protein, and there are no evidence to suggest
that the B-Lg/k-casein complexes are involved in the formation of insoluble materials
(Havea, 2006, Anema et al., 2006).

2.1.2. Lactose

Lactose is a major component of dairy products with whole milk powder containing 30%
lactose and skim milk powder containing 50% lactose (Thomas et al., 2004). Structurally,
protein, fat and air are dispersed in a continuous phase of amorphous solid lactose.
Therefore, the amount of lactose in milk has a major impact on the properties of resultant
milk powder as the concentration of lactose in milk powder will affect the microstructure
of the powder (P ecky, 1997). From the nutritional point of view, lactose is the principal
carbohydrate and an important energy source in milk, which promotes absorption of
calcium, magnesium and manganese (Nasirpour et al., 2006). Chemically, lactose is a
disaccharide consisting of galactose and glucose. There are two isomers of lactose: a-

lactose and B-lactose. The structure of a-lactose and f-lactose are as shown in Figure 2-4.

O OO

Figure 2-4 a-lactose and B-lactose structure (Fox and McSweeney, 1998a)

There are significant differences between a- and B-lactose, namely (Fox and McSweeney,
1998b):

o Solubility
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e Crystal shape and size

e Hygroscopicity of crystal form
e Specific rotation

o Taste

The form of lactose existing in the milk system can significantly influence the solubility.
There is a lactose equilibrium that exists in solution caused by the conversion between
these two forms. When either isomer is dissolved in water, the two isoforms interchange
between each other until equilibrium is established. The equilibrium constant B/a is 1.68 at
20°C (Fox and McSweeney, 1998a, Kelly et al., 2003), temperature-dependent and is not
affected by pH (Kelly et al., 2003).

Physically, lactose exists as an amorphous glass at temperatures below its glass transition
temperature (Tg = 101 <€) (Thomas et al., 2004). In the production of milk powder, water
evaporation during spray drying is fast enough such that the lactose does not fully
crystallize, but instead remains in the powder form as amorphous lactose. The amorphous
lactose is very hygroscopic and absorbs water readily at moderate or high relative
humidity (Kelly et al., 2003). When amorphous lactose absorbs sufficient water during
storage, molecular plasticization of the lactose occurs and decreases the Tg. When Tg goes
below the storage temperature, physical damages to the dairy powders occur, such as
lactose crystallization, increased stickiness, and increased degree of caking (Jouppila et al.,
1997, Jouppila and Roos, 1994b, Jouppila and Roos, 1994a, Thomas et al., 2004).

The crystallization of lactose has a very important impact on milk powder dissolution
properties. Studies have shown that crystallization of lactose induces the migration of
internal fat onto the particle surface (McKenna, 1997, Thomas et al., 2004). The
hydrophobic nature of the free fat on surface makes it difficult for water to penetrate the
particle and as a result, decreases the wettability of milk powder (Aguilar and Ziegler,
1994). On the other hand, the crystallization of lactose induces caking of milk powder,
reduces the porosity of the particle surface, reducing the surface area and consequently
reducing wettability. Even if the powder is stored at relatively low temperatures, the
wettability of milk powder still decreases with increasing storage duration.
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2.1.3. Lipids

Milk lipids serve as a source and storage of energy, therefore the fat content of milk will
largely reflect the energy requirement of the specific species (Fox and McSweeney,
1998a). Fat also provides essential fatty acid and fat soluble vitamins, such as A, D and E
(German and Dillard, 2006). Furthermore, fat is responsible for the flavour and rheological
properties of milk powder (Huppertz and Kelly, 2006). Therefore, for many years, milk
products’ economical value is mainly or based completely on the fat content of the milk
(Fox and McSweeney, 1998a).

Due to the apolar nature of lipid, there is a large surface tension between lipid and water.
Hence, milk lipids usually exist in the form of globules, which is surrounded by a layer
known as milk lipid globule membrane (MLGM) and are dispersed within the aqueous
phase of milk. This membrane serves to prevent the fat globules from flocculation and
coalescence, and protects the fat against enzymatic actions (Walstra and Jenness, 1984,
Kaylegian, 1995). The lipid globules size ranges from 1 to 10 um (average 3-4 um) with
very large surface areas (Burgess, 2001, German and Dillard, 2006). The MLGM consists
of protein, phospholipids, and glycerides (Jensen, 2002, Burgess, 2001, Fox and
McSweeney, 1992) and plays a very significant functional role for milk lipids by serving
as a emulsion stabilizer, preventing globules from coalescing thus preventing lipids from
lipolysis and oxidation reactions (Burgess, 2001, Jensen, 2002). Within the MLGM, 97-
98% of the lipids is made up of triglycerides of different randomly arranged fatty acids
(Burgess, 2001). The composition of milk lipids is as shown in Table 2-1 with the
phospholipids making up less than 1% of the total lipid content. Nonetheless,
phospholipids play a particularly important role in the MLGM because of their mixed

hydrophilic and hydrophobic nature.

Milk contains a considerable amount of fat-soluble vitamins (Fox and McSweeney,
1998a). The chemical and physical properties of lipids mainly depend on the chemical
class, each lipid class consisting of many different kinds of molecules with varying
component of fatty acid residues. This fatty acid pattern is an important factor in
determining lipid properties, such as melting range, chemical reactivity and nutritional
value (Kaylegian, 1995).

Table 2-1 Composition of lipids and total phospholipids in Bovine milk (weight % of total lipids) (Fox
and McSweeney, 1998a)
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Lipid class Total lipid weight %

Triacylglycerols 97.5
Diacylglycerols 0.36
Monoacylglycerols 0.027
Cholestery esters Trace
Cholesterol 0.31
Free fatty acids 0.027
Phospholipids 0.6

Another type of lipid is known as “free fat”, which occurs when the lipids are
insufficiently enclosed by the membrane, or the membrane are damaged due to contact
with air bubbles, agitation or coalescence (Fox and McSweeney, 1992, Huppertz and
Kelly, 2006, Kaylegian, 1995, Thomas et al., 2004). Studies have shown that lipids
residing on the surface of powders are mainly free fat, forming different types of physical
patterns, for example pools or irregular patches or a thick fatty layer (Kim et al., 2002,
Kim et al., 2003, Nijdam and Langrish, 2006). Under this surface layer of lipids comes the
protein-covered fat globule and protein (Kim et al., 2003). Kim et al. proposed‘binary’
diffusivity ratio between each component with reference to lactose which could explain
the high surface coverage of free fat on the spray dried dairy powders during drying (Kim
et al., 2003). Nijdam and Langrish showed that a small change in the average fat content at
low fat concentration resulted in a large change in the surface fat coverage (Nijdam and
Langrish, 2006). In addition, Nijdam and Langrish also found that the milk particle size
decreases with increasing fat content, which could be due to changes in the surface tension
during the atomization process (Nijdam and Langrish, 2006). Gaiani et al. reported a
strong correlation between the powder wettability and the migration of lipids on the
powder surface during storage (Gaiani et al., 2007a). Marabi et al. investigated the
correlation between the fat content and the dissolution enthalpy (Marabi et al., 2008) and
found that dairy powder exhibited exothermic dissolution behaviour possibly due to the
amorphous state of main components. However, the exothermic response decreases with
increasing fat content which consequently decreases the dissolution rate (Marabi et al.,
2008).

Another important physical property of milk lipids is the melting temperature range. The

melting temperature range of milk lipids is relatively wide, ranging from -40 <€ to +40
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€, giving rise to milk fat having different phases (solid and liquid) coexisting at a
particular temperature (over the wide range of temperatures) during processing and use
(Kaylegian, 1995, Burgess, 2001). As mentioned earlier in section 2.1.2, the amorphous
lactose crystallization may cause fat content to expel onto the powder surface. During
storage or processing, some surface free fat might melt and flow over the surface of the
particle, contributing to caking as the temperature is reduced. The effect of melting fat on
caking is directly related to the proportion of crystallized fat and inversely related to the
final cooling temperature (Foster et al., 2005, Nijdam and Langrish, 2006). Therefore,

amorphous lactose is the primary cause of caking with free fat compounding the effect.
2.1.4. Salts

Milk salts are low molecular weight substances present in milk as ions, excluding apolar
lipids and proteins. Salt content in milk remains relatively constant at about 0.7-0.8% and
the main constituents of milk salts are as presented in Table 2-2 (Fox and McSweeney,
1998a, Walstra and Jenness, 1984).

Table 2-2 Main Constituents of Milk Salts

Cationic mmol/kg Anionic mmol/kg

Sodium(23) 17-28 Chloride(35.5) 22-34
Potassium(39.1) 31-43 Carbonate®(60) ~2
Calcium(40.1) 26-32 Sulphate (96.1) ~1
Magnesium (24.3) 4-6 Phosphate® (95) 19-23
Amines ~15 Citrate” (189) 7-11
Organic acids® ~2
Phosphoric esters® 2-4

Note: *: Within parentheses is the atomic or residue weight

% Including CO,

% Inorganic only

4 About 1% of this is isocitrate
: Other than citric acid

: Some also contain a basic group
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Among these cations, calcium and magnesium are the most important. Milk salts are

present in various forms, some as a completely dissolved phase, whereas those with higher
concentrations exist partly as a soluble form and partly as an insoluble colloidal form
associated with casein micelles (Fox, 2008). Casein micelles contain un-dissolved calcium
phosphate, as well as some magnesium, citrate and traces of other elements (Fox, 2008,

Fox and McSweeney, 1997).

2.2. Physical and functional properties of milk powder

The physical and functional properties of dairy powders are determined by its components
and composition as discussed in the previous section. The composition of the primary
components of the powders clearly affects the resulting powder’s properties, either
exerting the influence independently or in conjunction with other components.
Furthermore, the effects of raw substrate quality and composition, as well as operational
manufacturing conditions should not be disregarded. As such, the following section will
describe key properties of the resulting milk powders and the effect changes in conditions
and raw substrate properties have on the resultant powder properties.

2.2.1. Density

For milk powder, there are two types of densities to evaluate the quality of the final
product, namely the bulk density and the particle density (Westergaard, 1994). The bulk
density is widely used in industry due to its relation to the shipment, package and storage.
High bulk density can reduce the shipping volume, reducing packing material and storage
capacity. The bulk density is expressed as the weight per volume unit of a powder and in
practice is expressed in g/cm®, kg/m® and g/100mL and it is affected by the number and
intensity of tapping to compact the powders. The bulk density is a complex property

involving many other factors such as those listed:

e Solid density and occluded air
e Particle size distribution and particle shape

e Agglomeration degree

With regards to the amount of occluded air in the powders, it has been noted that low-heat

products always have higher occluded air contents than high-heat products (P Becky,
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1997). This is due to the foaming ability of high protein content which is reduced by high
heat treatment (P Becky, 1997).

In terms of particle size distribution, the more homogenous the milk powder particle size
is, the more ‘ideal’ the milk powder is considered to be. However homogeneity is
undesirable for bulk density (Westergaard, 1994) as uniform particle size will result in low
bulk density caused by the relative large space between particles (where smaller size
particles will be able to occupy in a inhomogeneous powder mixture). Hence, a wide
particle size distribution is desirable for bulk density so that small particles can fill in the

space between medium and large particles, consequently improving the bulk density.

Particle density includes both the solid density and occluded air density. The solid
density is a result of the raw material composition, whereas the occluded air content is
mainly influenced by the processing condition. From the difference between bulk density
and particle density, the amount of interstitial air can be calculated as follows
(Westergaard, 1994) in Equation 2-1:

100 100

Pbulk pparticle

Via
Equation 2-1
where Vi, - volume of interstitial air in mL/100g powder
poulk - bulk density in g/mL

Pparticle - Particle density in g/mL

2.2.2. Moisture Content

All milk powder contains certain degree of residual moisture. The moisture content in the
milk powder will affect its shelf life, deteriorate its functionality and cause bacteriological
problem. These issues are brought about potentially by protein denaturation, lactose
crystallizing and Maillard reaction (Maillard reaction is a browning reaction caused by
external heat where the powder may even become brown and lumpy). Therefore, the final
moisture content of the milk powder is very important. The numerous kinds of powdered
products have specification defining the maximum permissible level (Westergaard, 1994,

P Becky, 1997). In the current manufacturing process, a second drying stage (fluidized bed)
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is employed to further reduce the moisture content of the particles, as well as for coating,

product cooling and particle selection (Chen and Patel, 2008).

2.2.3. Flowability

As many dairy powders are cohesive in nature, the flowability of powders becomes an
important attribute for determining the ease of handling, processing and for final
application (Fitzpatrick et al., 2007). The flowability of dairy powder is a complex
phenomenon. In terms of microstructure, flowability depends on the inter- and intra-
particle forces defined as the resistance of particle to flow (Kelly et al., 2003). In terms of
macrostructure, it depends on the particle size and shape, surface structure, particle
density, bulk density, moisture content and fat content (Kim et al., 2005). The flowability
of milk powder can be categorized in the following descending order of flowability: 1)
agglomerated SMP, 2) SMP, 3) agglomerated WMP, 4) WMP (Kelly et al., 2003). Kim et
al. found that the surface composition of particle, especially that of the free fat content on
the particle, strongly influences powder flowability (Kim et al., 2005). It has also been
reported that a significant increase in cohesion occurs at the smaller size range of between
20-40 pm (Fitzpatrick et al., 2007). Furthermore, Fitzpatrick and co-worker reported that
powder with higher amorphous lactose content form lumps more easily and causes caking.
This is caused by the hygroscopic nature of amorphous lactose which absorb moisture

easily when it comes into contact with air (Fitzpatrick et al., 2007).

2.2.4. Heat stability

Heat stability is an issue that is present in any process in which the substrate is subjected
to heating. One of the key consequences of heat instability is precipitation by coagulation
which is primarily caused by proteins which includes casein and lacto-albumin.
Precipitation can consequently bring about variations in resulting powder’s properties or
functionality with a wider range of precipitation sizes. It is hard to determine the degree of
heat instability of more directly level of precipitation as they occur even during
characterization or analytic investigations whereby the powder has to be subjected to
heating. Generally, there are four main factors affecting the heat stability of milk powder
(P Becky, 1997):

e The basic properties of raw milk

e The manufacturing process



Literature Review

e The physical structure of the resulting powder
e The conditions of the test method

It has been noted that pre-heat treatment of milk can enhance the heat stability of milk
powder (Kelly et al., 2003).

2.2.5. Reconstitution Properties
Reconstitution or dissolution of food powder generally consists of four steps or phases:

e Wetting of powder particles

e Sinking

e Dispersing, and finally

¢ Particles completely dissolving into solution.
The dissolution process generally takes place in the sequence as indicated above.
However, different phases often overlap as shown in Figure 2-5 (Chen, 1992), such that
observing each phase independently of each other would be a challenge (Schubert, 1993).
These identified phases lead to the four important reconstitution properties of food

powder; namely wettability, sinkability, dispersibility, and solubility.

1. Standard Powder Particle

P Wetting R
Dispersing
Dissolving

2. Agglomerated Powder Particle

P Wetting -
Dispersing
B Dissolving R

3. Instantized Powder Particle

P Wetting
P Dispersing
Dissolving

Figure 2-5 Schematic of dissolution timeline for different powder types showing overlaps between
different phases with time
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2.2.5.1. Wettability

Wettability is the ability of powder particles to overcome the surface tension between
powder and water. A powder particle that fails to wet sufficiently will lead to the
formation of a substance called scum (Kelly et al., 2003). Scums will gradually adhere
together, forming a distinct layer on the walls of containers. Numerous efforts have been
done to model the kinetics of dairy powder wetting using capillary effect (Asthana, 2000,
Borowko, 1984, Good, 1973, Laskowski, 1999, Lavi and Marmur, 2006, Lee et al., 20063,
Newman, 1968, Nicholas and Peteves, 1994, O'Brien et al., 1968). Most of these existing
studies were derived from the Washburn Equation (Asthana, 2000, Washburn, 1921) as
shown in Equation 2-2. The Washburn Equation is usually applied to measure the

dynamics of cylindrical capillary flow, ignoring the effect of gravity (Washburn, 1921)

ﬂ = LlCOSO

Equation 2-2
where (C%t) is the velocity of the liquid penetrating into the capillary, r is the capillary

radius, yis the surface tension of the liquid, # is the viscosity of the liquid, | is the water

penetrating distance, and @ is the contact angle.

From Equation 2-2, it can be concluded that good wettability is favoured under the
following conditions (Freudig et al., 1999, Hogekamp and Schubert, 2003) :

e Large pores due to the presence of large particles;

e High porosity, as long as a critical porosity (the value of which varies for different

powders) is not exceeded; and

e Small contact angle.
However, the Washburn Equation may not be suitable to describe the kinetic wetting
phenomenon of dairy powder. As the powder starts to get wetted, the surface tension y
continuously changes as several components of the milk powder such as lactose, whey
protein and salts dissolve. Consequently, the porosity radii, r increases as lactose, which
forms the matrix in milk powder, dissolves. The dissolution of lactose and protein also
implies that the viscosity, 7 of the solution also increases. Furthermore, the contact angle
6 changes continuously during the wetting procedure. The variations in the parameters of

the Washburn Equation (y, r, @and 7)) due to the reactions between powder and solution
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(i.e. dissolution), make it challenging to model the capillary effect for dairy powder

dissolution.

Besides the effects of physical properties, the chemical composition of milk powder also
influences the wettability, which depends on the free fat content and lactose
crystallization. Free fat on particle surface reduces wettability due to its hydrophobicity,
making it difficult for water to penetrate into the powder. Lactose in milk powder exists in
an amorphous form when it is stored below 101°C, which is the glass transition
temperature of lactose (Thomas et al., 2004), but gradually crystallizes if the temperature
(i.e. during storage) increases. The crystallization of lactose is also the main cause of
caking in milk powder, reducing wettability. Even storing the powder at a relatively low
temperature does not prevent the wettability of milk powder from decreasing with
increasing storage time. This is caused by slow diffusion of the small molecules in milk
powder and water (which are considered to be of small molecular weight and relatively
high mobility) into the glassy matrix, decreasing the viscosity of the system even at
temperatures below the glass transition temperature of milk powder (92°C) (Hogekamp
and Schubert, 2003). Therefore, either the increase in storage temperature and/or
increasing in the storage time would eventually have a similar effects on milk powder
caking, and consequently on the wettability. In addition, biochemical reactions such as
non-enzymatic browning can occur below the glass transition temperature (Thomas et al.,
2004).

In general, wetting is considered to be the rate-controlling step of the reconstitution
process (Kim et al., 2002), with the surface composition strongly affecting wettability
(Gaiani et al., 2006). As such, a high lactose content coupled with a low protein level on
the particle surface will result in good wettability; while the presence of fat on the surface
reduces wettability (Kim et al., 2002).

2.2.5.2. Sinkability

After the powder has been wetted, the gaseous phase surrounding each particle is
gradually replaced by an aqueous phase as the particles began to sink. At this stage, the
powder particles initiate the solubilisation process (Kelly et al., 2003). The sinkability of
the powder particles is defined as the falling of powder particles below the surface of an
aqueous phase or liquid (Thomas et al., 2004), and is primarily dependent on the density

of the particles. A higher particle density combined with a lower quantity of occluded air
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(air content enclosed within powder particle) results in a faster sinking rate (Caric and
Milanovic, 2002). Previous studies showed that powder particles with size > 100 um and

density ~ 1.5 g/cm?® should be able to sink into a solvent (Hogekamp and Schubert, 2003,

Schubert, 1993).

In addition to the physical structure of a single particle, macromolecular events also
influence sinkability. An example is the agglomeration of milk powder, which increases
sinkability due to the resulting higher aggregate density, particularly for skim milk
powder. Lactose crystallisation, which is dependent on the moisture content, also induces
agglomeration. This is partly the reason why whole milk powder has relatively poor
sinkability. Its high fat content implies that the particle surface is relatively hydrophobic,
reduces the moisture content and consequently decreases the extent of lactose

crystallisation and sinkability (Aguilar and Ziegler, 1994, Nijdam and Langrish, 2006).

Other macromolecular events such as swelling can significantly inhibit particle sinking
(Freudig et al., 1999). In the initial stage of powder reconstitution, the density of particles
decreases since the components with larger molecular weights, such as lactose and
minerals, tend to dissolve faster. Their dissolution will increase solution density, such that
the density difference between particle and solution is gradually reduced, inhibiting further
sinking. This phenomenon often induces particles to rise after the initial sinking stage. In
both the industrial and laboratory measurements, the powder is usually considered to be
wetted from the point that they start to sink into the solution. Based on these

considerations, the terms “sinkability” and “wettability” are often interchangeable.
2.2.5.3. Dispersibility

Once the agglomerated particles are wetted and have sunk, they would start to disperse
uniformly into the aqua medium as individual particles, while agglomerates gradually
breaks up and eventually cease to exist. The dispersibility of food powder is mainly
dependent on the ability of casein to disperse in solution. The rate of dispersion determines
whether the dairy powders in question can be categorized as ‘instant’, where they need

good dispersibility, wettability, and optimal agglomeration (Westergaard, 1994).

It has been shown that dispersibility increases with particle size, and decreases with the

percentage of fine particles (below 90 um)(Vojdani, 1996). Poor agglomeration due to a
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small mean particle size, or having a significant amount of fine particles with size smaller
than 125 pum, could result in visibly large lumps and slurry settling at the bottom of the
container (P Becky, 1997). Highly porous particles and/or high density particles appear to
be the necessary criteria for good dispersibility (Goalard et al., 2006).

2.2.5.4. Solubility

In most cases, food powder must be able to provide good solubility to be useful and
functional (Morr et al., 1985). Solubility is the final step of powder dissolution and is
considered as the key determinant of the overall reconstitution quality. As such, solubility
is often used to represent the complete phenomenon of milk powder reconstitution,
comprising soluble components such as lactose, un-denatured whey protein, and salts, as
well as dispersible components like casein (Thomas et al., 2004). Generally, the
dissolution rate is favoured by the presence of small hydrophilic molecules on the surface
(Lillford and Fryer, 1998). Similarly, the solubility of protein is dependent on the ability of
soluble, polar residues interacting with water via hydrogen bonding, while the
hydrophobic part of the protein folds to avoid contact with water (Schein, 1990).
Increasing storage time and temperature could reduce the solubility of milk powder, due to
the formation of a network of cross-linked proteins at the particle surface (Anema et al.,
2006). This cross-linked network could act as a barrier for water to penetrate, thus
inhibiting the rehydration of the powder particles (Anema et al., 2006). The solubility of
milk powder is likewise affected by the pH and temperature of the solution (Chen and
Ozkan, 2007).

In the dairy industry, the most widely used indicator of solubility is the solubility index.
The solubility index (SI) (also expressed as insolubility index ISI) is the conventional
indicator to determine the solubility of milk powders, although it has also been used on
whey protein powder, dried butter milk, milk-based baby food, and other products where
the milk fat has been replaced by another type of fat. SI is measured by dispersing a
certain amount of protein powder or milk powder in water under well-defined conditions,
followed by the recovery of sediment after centrifugation, and measuring its volume in
terms of millilitres. The measured value is an inverse of the actual solubility, and this
index is used to grade milk powders, as it reflects the extent of denaturation of proteins in
milk powders during drying or heat treatments (Vojdani, 1996). Denaturation usually
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results in cross-linking or aggregation of protein molecules which then become insoluble.

Other indicators available to quantify the solubility of proteins are Protein Dispersibility

Index (PDI), Water Dispersible Protein (WDP) (sometimes interchangeable with PDI)

(Vojdani, 1996), and Nitrogen Solubility Index (NSI) that determines the amount of
dispersed nitrogen under the conditions of a standardized test (AOCS, 1987).

2.3. Standard methods to measure powder dissolution in

industry

The standard method used in the industry to analyse the wettability of milk powders is
relatively straightforward (as shown in Figure 2-6a) (Niro, 2005b, Varnam and
Surherland, 1994). It involves weighing a certain mass of powder and pouring this mass
into a funnel which is positioned on top of a beaker containing 100 mL of deionised water.
The temperature of water is adjusted according to the powder to be tested (20 £0.2 °C for
skim milk powder, and 40 0.5 °C for whole milk powder). A pestle is placed inside the
funnel to block the lower opening. The recording time starts when the pestle is lifted to
allow the powder to drop onto the water surface. The time taken until all the powder is

visually wetted is then recorded.

Dispersibility is estimated based on the International Dairy Federation (IDF) standard (as
shown in Figure 2-6b) (Varnam and Surherland, 1994) . In this procedure, skim milk or
whole milk powder is poured onto the surface of water at 25°C and stirred well after
which the mixture is poured through a 250-micron sieve. The dispersibility is defined by
the amount of dispersed particles, estimated from the total amount of solid that is present
in the filtrate. This is expressed in terms of percentage of dispersed solids against the total
amount of solids. Another method to measure dispersibility is to mix the powder with
water at room temperature, stirred until there are no visible lumps at the bottom of the
glass. The dispersibility is defined by the time taken to disperse the milk powder,
measured using a stopwatch. Subsequently, Niro developed another tool to measure the
slow dispersibility of agglomerated dairy products (Niro, 2005a). In this procedure, skim
milk (26 = 0.1 g) or whole milk powder (34 = 0.1 g) is weighed out accordingly and
poured into a beaker containing 250 ml of deionised water at a specific temperature
according to the powder type. The mixture is stirred with 30 complete circular movements

for 20 seconds and then left to stand for 2 minutes. After another 5 circular movement in 3
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seconds, the mixture is poured through a Biichner funnel. The filter paper is immediately
compared with a standard scale (0-5) where the lowest grade refers to no particles found

on the filter paper.

On the other hand, milk powder solubility measurement is usually carried out by mixing
milk powder with water at high speed for 90 seconds at room temperature (as shown in
Figure 2-6¢). The mixture is then left to stand for 15 minutes, after which a portion is
centrifuged to remove the supernatant. The recovered sediment is further mixed with water
and centrifuged once again for 5 minutes. The amount of leftover solids after the second
centrifugation is then quantified to give the insolubility index (Varnam and Surherland,
1994, Niro, September 2006).

Mixing

powder //
with water y/4

Dissolving
Y powderin
9 water

Dilution
with water
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Weighing

a.Wettability measurement | b. Dispersibility measurement c. Solubility measurement

Figure 2-6 IDF Method to measure wettability, dispersibility and solubility of dairy powder (Varnam
and Surherland, 1994)

Although the standard analytical methods used in the dairy industry are very simple and
quick to implement, they tend to be qualitative with poor reproducibility. A typical
example is shown in Table 2-3. Wettability of skim milk powder (SMP), whole milk
powder (WMP) and milk protein concentrate (MPC) were measured according to the IDF
method, No. A 5 b (Niro, 2005b). The powders were divided into different groups
according to their particle size (>244 pm, 100~224 pm and <100 pm). The wettability test
was conducted and wetting time recorded. From Table 2-3 it can be seen that this method

failed to recognize the wettability of powder with relative high hydrophobicity such as
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MPC. According to the standard, reproducibility is determined by having a percentage
error of less than 20% which is a reflection of the reproducibility of the method. However,
for WMP (D>244 pm), the percentage error is 63.5% and the standard deviation increases
significantly with wetting time. As such, it can be suggested that the reproducibility of this

method is considerably poor and very empirical.

It was also observed that this method is not suitable for MPC because all the result
samples for MPC returned un-wetted. From visual observation, after pouring the MPC
onto the water surface, the powder in immediate contact with water started to form a
floating layer of powdered suspension, wetting, swelling and insulating the bulk of the dry
powder on top of it. This insulating film of wetted powder thus prevented further wetting

of more powders and did not sink, regardless of the time duration applied.

Table 2-3 Wettability of Different Powders with Different Particle Size Fractions

SMP(sec) % Error WMP (sec) % Error MPC(sec) % Error

>224 pm 6.2740.67 10.6 76.48448.55 63.5 Unwetted*

100~224 pm | 31.8645.83 18.3 77.07430.96 40.2 Unwetted* N.A.

<100 pm Unwetted* N.A. Unwetted* N.A. Unwetted* N.A.

" the wetting time more than 5 minutes is assumed as unwetted ,
# Percentage Error = [(Standard Deviation / Mean) x 100%o]

The results from different methods are often not comparable due to a lack of
standardisation in techniques. With the proliferation of various functional powders other
than the common dairy products, there is an increasing need to develop quantitative
methods that can predict their properties for specific end-usages and to fulfil the demands
of customers. In addition to providing a profile of the powders for specific applications,
these methods could give scientific insights into potential ways to improve the powder’s

quality.
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2.4. Measurement techniques in the laboratories

2.4.1. Wettability

As mentioned earlier, particle wetting is usually considered to be the rate-controlling step
(Schubert, 1993, Kim et al., 2002) and many attempts have been made to characterize this
behaviour. In 1960s, Bullock and Winder established a method to measure the sinkability
of whole milk powder, the parameter of which is now commonly known as wettability
(Bullock and Winder, 1960). Their experimental setup, as shown in Figure 2-7, consists of
a funnel-shaped extension on top of a customized vessel with a flask placed beneath the
outlet of the vessel. The vessel was originally filled with 500 mL of distilled water at 25 C
with its outlet clamped. 500 g testing dried milk powder was placed in a thimble. To start
the experiment, the dried milk was quickly sprinkled using the thimble over the surface of
the water in the vessel. The time when the sample first struck the water surface was
recorded. After a predetermined time interval (usually between 20 seconds to 3 minutes,
depending on the type of powder being tested), the pinch clamp was released and the
portion of milk powder which had sunk into the water was drawn off quickly into the
flask, thereby partitioning out the layer of sample that had not sunk. In this way, the
wettability (sinkability) of the milk powder could be determined by Equation 2-3 (Bullock
and Winder, 1960). A notable aspect of this setup was that the time interval employed in
each test has to be indicated and recorded for the test results to be comparable and

reproducible.

weight of solids in 5mL aliquot X50x100
weight of original sample x5

Sinkability %=

Equation 2-3
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Clamp —»
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Figure 2-7 The customized device to measure the sinkability of whole milk powder

Another study focused on the effect of particle size of instant coca beverage powders on
the wetting behaviour (Hla and Hogekamp, 1999) (Figure 2-8). Here the wetting time was
measured by using a container to hold the testing liquid, with the powder sample placed 2-
3 mm above the container on a slide, which was connected to a spring. When the slide was
unlocked, the spring quickly pulled the slide sideways, so that the entire powder sample
was poured on the top of solution simultaneously. The wetting time was then defined as
the time necessary for all of the powder to get wetted and fell below the surface of the
liquid, measured using a stopwatch (Hla and Hogekamp, 1999). The effects of different
testing liquids on wetting time were tested using water and milk with various fat contents.
In general, recording the wetting time is a common way to measure the wettability of food

powder.

o

8 g powder
slide

80 mil liquid

Figure 2-8 Schematic view of the wetting time testing device (Hla and Hogekamp, 1999)

To further understand the kinetics of wettability, a method was developed to measure the
dynamic wetting property of food powders (Freudig et al., 1999). This method quantified
the maximum powder feed rate per surface area at the point where a visible layer of

powder starts to form on the water surface. The sample powder was supplied via a pipe to
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distribute the particle over the liquid surface, as it was slowly mixed by agitation in the
vessel. The powder feed-rate was gradually increased until a layer formation was visually
observed. Another method was developed to minimize the movement of liquid surface
(Freudig et al., 1999). In this setup (Figure 2-9), a flow channel was built with a powder
feeder. In the channel, the powder was transported away from the feed point by the flow,
which mimicked the situation on the liquid surface for an un-baffled stirred vessel.
Different feed rates and flow rates were applied. This method was useful to characterize
most of the wetting properties, such as the conventional wetting time, and the dynamic
wettability under a specified feed rate. Different powder would have different wetting
behaviour, with some requiring a shorter wetting time due to good wettability, while
others take a longer duration. By adjusting the flow rate and the powder feed rate, the
method can potentially be used to quantify the wetting properties of a variety of powder
products in a reproducible manner, if the exact flow velocity distribution on the surface is
known, and the determination of the point where the powder starts to sink can be
estimated accurately. Hence, this approach can be improved by using more sophisticated
imaging tools to determine the sink point, and modifying the channel dimension to reduce

the effects that the wall applied on velocity distribution.
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Figure 2-9 Flow channel to measure the dynamic wettability (Freudig et al., 1999)

In another study, Gaiani et al. measured the wettability of casein powder by employing a
turbidity sensor, Analite NEP 160 (Gaiani et al., 2005). In this setup, the turbidity sensor
was positioned just below the liquid surface through the vessel wall to minimize
disturbances during stirring. Data were collected automatically at specified time intervals.
The sensor measures the changes in turbidity associated with the rehydration of casein
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powder. The sensor utilised light in the near-infrared region of 860 nm, while an electronic
receptor detected changes by receiving the reflected beams from particles in suspension at
180°. The same method has been employed in the study of dairy powder rehydration
(Gaiani et al., 2007b). In this study, a static light scattering technique was used to verify
the turbidity values at different stages of rehydration, with relatively good correlations.
The turbidity sensor allowed continuous monitoring of the rehydration properties of dairy

powders, including wetting time, swelling time and the total time of rehydration.
2.4.2. Dispersibility

There are several techniques for measuring the dispersibility, including the measurement
of dispersion Kkinetics using an optical fibre sensor to collect the light back-scattered by the
particles in suspension as shown in Figure 2-10 (Galet et al., 2004). The changes in
particle volume concentration could be monitored based on the received signals. The
sensor was made up of a centrally positioned light-emitting optical fibre, while the back-
scattered light was collected by a six-fibre crown. The measurement principle was based
on the fluctuations in volume concentrations of particle in the suspension, which reflected
the quality of the dispersion. This technique has also been used to determine the
dissolution kinetics of alginate powders (Larsen et al., 2003), as well as the influence of

granule size on the dispersion kinetics of cocoa powder (Vu et al., 2003).
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Figure 2-10 Using optical fibre sensor to measure dispersibility (Galet et al., 2004)

Particle sizing instrument based on the principle of forward light scattering is another
common tool to measure powder dispersibility in either air or a suitable liquid, by
monitoring the changes in the particle size distributions of powders with time. A typical

study using such instrument (Malvern Particle Sizer) was carried out by Chen and Lloyd



Literature Review
(Chen and Lloyd, 1994). Several groups of dried milk powder samples with different size

fractions (0~180 um and 180~360 um) were added to the sample cell at specific water
temperature and stirring speed. The results show that the mean diameters of these two size

fractions eventually reach a size of 25 um within 90 seconds. In this experiment, a very

dilute milk solution was used (0.1 g total solids/L) to meet the light obscuration limit of

the instrument. In practice, the milk powder suspension would contain a higher proportion

of fine particles that may lead to less dispersibility.

Recently Goalard et al. investigated the dispersion behaviour of powders using two
different techniques (Goalard et al., 2006). The first technique employed an optical fibre
sensor (Galet et al., 2004), while the second technique used an Insitec EPCS (Ensemble
Particle Concentration & Size Particle Analyser) as an in-line laser diffraction instrument
to monitor the changes in particle-size distribution during dispersion. This setup enabled
real-time continuous measurement of the particle-size distribution, as well as the light

obscuration linked to the concentration of the dispersed suspension.

2.4.3. Solubility

2.4.3.1. General methods

Previous studies on food powder solubility have brought about a considerable number of
methods based on different criteria. However, the vast discrepancy in data, even for those
methods using the same standard, renders it impossible to compare the results from
different tests. An earlier attempt was done to develop a rapid and standardized solubility
procedure for measuring protein solubility, and to identify and remove the causes of
variability in tests carried out by different laboratories (Morr et al., 1985). The proposed
method was based on the nitrogen solubility index procedure (AOCS, 1982). The
reference food proteins included whey protein concentrate, sodium caseinate, soy protein
insolate, and egg white protein. In this procedure, dry protein was weighed and mixed with
sodium chloride (NaCl). The solution was stirred and centrifuged, after which the resulting
supernatant was filtered out. The protein content of the filtrate was subsequently
determined using the micro-Kjeldahl and biuret methods. The results based on biuret
method were inconsistent and showed greater standard deviations among repeated
experimental results and laboratory mean data as compared to those of micro-Kjeldahl.

Hence, it was concluded that the micro-Kjeldahl procedure was more reliable method for
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routine protein solubility evaluation. This study provided a basis for further standardizing
of food protein solubility procedure, as can be seen from the number of subsequent studies
using this method (Szpendowski et al., 1997, Nacka et al., 1998, Goubet et al., 1999,
Moughal et al., 2000).

A recent example of solubility-measuring technique is that of Lee et al, which measured
the solubility of whey protein processed under high hydrostatic pressure (Lee et al.,
2006b). The method was similar to that used by Morr et al. (1985), while the solubility
was determined using the biuret procedure. The difference was that the whey protein (in
phosphate buffer or salt solutions) was pre-treated under high hydrostatic pressure before
centrifugation. The study showed that under high hydrostatic pressure, the pre-treatment of
whey protein resulted in an increase in surface hydrophobicity. Another study
demonstrated that the protein solubility of MPC powders was affected by protein
interactions (Havea, 2006). In his study, the solubility of the MPC was determined through
centrifugation technique separating the MPC into two fractions: the soluble protein in the
supernatant, and the insoluble protein in the sediment. It was noted that under certain
experimental conditions, soluble materials which includes aggregated proteins could be
falsely classified as ‘insoluble’. One such condition may be that of using different
centrifugation speed. As such, the study concluded that the term ‘solubility’ should be
considered as relative, and could only be applied under certain experimental conditions
(Havea, 2006).

Lamiot et al. measured the hydration of whey powders using different methods, namely
the Baumann’s method, the absorption capacity test, the paste-water retention method, and
the filtration/centrifugation test (Lamiot et al., 1998). The Baumann’s method involved
dispersing a fine layer of powder onto a cellulose membrane filter (porosity 0.1 pm)
placed in a Baumann capillary apparatus (Wallingford and Labuza, 1983). Spontaneous
water uptake was recorded until equilibrium or up till the maximum absorption of water

was reached.

The absorption capacity test was conducted by placing a known amount of powder into a
glass cylinder of 2 cm diameter; one-end of which was closed with a fitted glass lid. The
open-end of the cylinder was then placed in contact with water for a fixed period. The

weight of the cylinder before and after the water contact was recorded along with the
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weight of the dry powder layer in the cylinder. The extent of hydration, which strongly

correlated to the hydration time, was calculated according to Equation 2-4:

Weight of cylinder after - Weight of cylinder before

Hydration=
YETAHON™ Weight of powder in cylinder - Weight of upper dry powder

Equation 2-4

The paste-water retention method was adapted from Quinn and Paton (1979) (Lamiot et
al., 1998). In this method, powder was weighed into a centrifuge tube and water was added
in small increments while stirring the mixture until a paste was formed. The paste was
then centrifuged and the supernatant weighted. The water absorbed by the powder was
considered as the approximate value of hydration. Based on this approximate value of
hydration, the same routine was repeated. A series of tubes was tested with the same
quantity of powder being added but with a different amount of water each time. By
comparing these results, the comparative boundary of the hydration value could be

narrowed down to determine the actual hydration value.

The filtration/centrifugation test used an aliquot of 0.5 g of a powder dispersed in water.
The aliquot was placed in a micro-partition system with membrane filters. Centrifugation
was then done at two different rates but with the same centrifugation duration. From the
results, hydration was calculated as water retention by finding the difference in weight of

the aliquot before and after centrifugation.

Comparison of these four methods suggests that the filtration/centrifugation test tends to
give the highest hydration capacity, while the paste-water retention method gave the
lowest estimate. In testing the whey protein concentrates from electro-dialyzed whey
powders, the Baumann method and paste-water retention method were suitable to
distinguish their hydration capacities, as the results from these two methods were well-
correlated to the protein and lactose content of the powders. As such, it can be argued that
a mixture of methods is likely to be necessary for a reliable characterization of powder
hydration.

Another method applied to characterize milk powder reconstitution is the ultrasound
spectroscopy (Meyer et al., 2006). In this experiment, a visual inspection was conducted to
evaluate the final product quality; following which an ultrasound spectroscopy was

employed to measure the reconstitution ability of instant milk powder. Upon comparison
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of these two results, it was found that the ultrasonic attenuation coefficient correlated well
with the visual inspection test, whereas ultrasonic velocity was found to be relatively
uncorrelated. Therefore, the concept of using ultrasonic attenuation to measure food
powder solubility might be a feasible idea, primarily because the ultrasound attenuation is
based on the density difference between the continuous phase and the dispersed particles.
Ultrasonic spectroscopy was also employed in the study of molecular relaxation and
aggregation of whey protein molecules in aqueous solutions (Bryant and McClements,
1999).

2.4.3.2. Solubility kinetic measurements

In recent years, the kinetics of food powder dissolution have attracted great attention, since
rapid and complete dissolution of food powder is of great practical significance to
commercial manufacturing and food processing industry. If the dissolution time is too
short, the resulting products might not be homogenous. On the other hand, if the
dissolution time is too long, the efficiency of the process will be very poor. Therefore, a
better understanding of the behaviour of food powder kinetics dissolution will enable
manufacturers to adopt improved methods of production and higher quality control.

The technique that is widely used in both industrial and laboratory to quantify the particle
solubility is static light scattering (SLS). A recent example is that by Mimouni et al. who
used SLS to monitor the rehydration process of milk protein concentrate powder as well as
proposed a dissolution mechanism for this process (Mimouni et al., 2009). They measured
the size distribution and volume concentration of the un-dissolved particle and quantified
the dissolution kinetics. Their model consisted of two overlapping processes during MPC
powder rehydration, namely the de-agglomeration of big particles and the dissolution of
primary particles, and concluded that the rate-limiting step was the primary particle

dissolution.

Another way to monitor the kinetic of powder dissolution was using ultrasonic pulses
(Saggin and Coupland, 2002). When an ultrasound (high frequency sound) wave passed
through a material, it resulted in a series of compressions and rarefactions in the waves.
Low-intensity ultrasonic waves generated by low-energy sources have been found to cause
no permanent alteration to the physical and chemical properties of the sample, which is
advantageous for scientific research. Furthermore, low-intensity ultrasonic waves were

sensitive to changes in the physical structure and composition of the sample, and this
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difference in structure and composition could be detected by measuring the mechanical

oscillations produced as the wave propagated through the material.

Another useful measuring technique used in the laboratory is the Nuclear Magnetic
Resonance (NMR). NMR transverse relaxation has been introduced for evaluating the
state of water in dairy product on the basis of changes in mobility when water binds with
other components in the solution (Belloque and Ramos, 1999). The transverse relaxation
time (T,) has been found to be affected by the interaction of water with macromolecules
(Granizo et al., 2007). The NMR signal, detected during the relaxing of nuclear spins back
to their equilibrium state, decreases with time. This phenomenon is caused by two types of
relaxation: longitudinal relaxation, characterized by the T, time, and transverse relaxation,
which is characterized by the T, time. Each nucleus within a single molecule has a
characteristic T; and T, time, depending on their individual molecular mobility. Being a
non-invasive tool, NMR is potentially applicable for many food or non-food products
(Figure 2-11). Davenel et al. demonstrated that the milk’s reconstitution ability could be
quantified by NMR transverse relaxation rate (Davenel et al., 2002). The method gave an
indication of the water absorption rate of powder particles and dissolution of the particles,
thus showing the kinetics of powder dissolution. However it could not be used to estimate
the solubility index, or indicate clearly whether the milk powder had been fully and
completely dispersed in solution. In other word, it is not possible to use NMR alone to
distinguish the solubility of food powder; hence other complementary techniques are
required to provide for example, a quantitative value of solubility index alongside the
NMR result. A relatively similar study was carried out by Schuck et al., which used NMR

to investigate the rehydration of casein powders (Schuck et al., 2002).

<=

Magne Magne

Figure 2-11 Experiment setup for monitoring the reconstitution process of powders by NMR
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Recently, Granizo et al. demonstrated that NMR transverse (T,) relaxation can be used to
monitor changes in solubility over time, however, no exact quantitative value of the
solubility was presented (Granizo et al., 2007). In this experiment, the T, values from
different protein powders with different solubility were compared, results show that T,
was independent of mixing time regardless of the solubility of the powder. This outcome
demonstrated that the absolute T, value on its own was not a useful indicator for
ingredient solubility (Schuck et al., 2002). However, the changes in solubility over time
could still be quantified by employing a simple one or two term model of T, relaxation
(Granizo et al., 2007). In food processing applications, where the emphasis is on quick and
simple technique for monitoring, rather than high precision tools, the NMR technique may

be sufficient based on its ease of application and speed (Granizo et al., 2007).

In studying the kinetics of dissolution, Kravtchenko et al. stressed the importance of the
geometry of the apparatus, especially when testing polymer powders which may become a
sticky gel before dissolving (Kravtchenko et al.,, 1999). Some powders, such as
hydrocolloids, tend to exhibit an increase in viscosity while dissolving, resulting in an
increased torque on the stirrer, and subsequently leading to deposits sticking to the stirrer.
The increased viscosity would thus result in poor reproducibility of the dissolution
measurement. Therefore, in this experiment, the torque on the stirrer was proportional to
the viscosity of the solution (monitored by a viscometer), and proportional to the dissolved

polymer concentration.

Another tool applied include a combined pH electrode and a reference electrode to
monitor the kinetic dissolution of calcium hydroxyapatite powder (Gramain et al., 1989,
Thomann et al., 1990) The probes detected the proton and calcium activities in the
solution, based on the ionic activity. However, this method may not be suitable for dairy

powders, which generally only contain trace amounts of salt.

Another example of technique used to measure the dynamic solubility is called the
Focused Beam Reflectance Measurement (FBRM). FBRM provide the in situ monitoring
of particle size and the change in particle counts, and is often used to monitor the particle
size distribution and kinetics of particles in suspension (Hu et al., 2008, Kougoulos et al.,
2005h, Kovalsky and Bushell, 2005, Yu and Erickson, 2008, Heath et al., 2002, Barrett
and Glennon, 1999). It has been widely using in many fields, such as crystallization
(Kempkes et al., 2008, Doki et al., 2004, Kougoulos et al., 2005a, Hermanto et al., 2010,
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O'Sullivan et al., 2003), granulation (N&véanen et al., 2009, N&avé&oen et al., 2008, Hu et
al., 2008, Tok et al., 2008), flocculation (Blanco et al., 2002, Owen et al., 2002, Swift et
al., 2004, Yoon and Deng, 2004, Farrow et al., 2000), dissolution (Sun et al., 2009,
Tajarobi et al., 2009), to name a few. The FBRM probe, in conjunction with a Particle
Vision and Measurement (PVM) probe can be positioned inside a mixing vessel for in situ
measurement to provide a visual validation (Jia et al., 2008, Wang et al., 2006, Schdl et
al., 2006, O'Sullivan et al., 2003). The hardware configuration of this device primarily
consists of a laser probe, and a stirrer to keep the sample well mixed as depicted in Figure
2-12. Inside the probe, a 780 nm laser beam is directed through a lens rotating at a speed
of 4500 r.p.m. (Heath et al., 2002). The laser beam is focused onto a point near the
sapphire window of the probe. The size of the focused beam is approximately 0.7 pm x 2
pm (Heath et al., 2002). When the rotating beam comes across an entity in the measuring
solution, part of it is reflected back and picked up by the detector (Figure 2-13). As the
tangential velocity of the beam is known, the detector can measure the duration of the
reflected light proportional to the width of the particle. In this case, the measured distance
across the particle is known as the chord length as calculated using Equation 2-5.
Typically, thousands of chord lengths are measured per second, with the numbers of
counts dependent on the concentration of solids present in the suspension (Barrett and
Glennon, 1999). However, the results from FBRM can be related to both particle diameter
and shape (Barrett and Glennon, 1999). If the particles are nearly spherical particles, the

measured chord lengths are closer to the particle diameters.
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Figure 2-12 Schematic of the FBRM probe
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Figure 2-13 Schematic of a chord length (Hartman, 2007)

Chord length= Beam velocity < Measuring duration

Equation 2-5

In the case of characterizing particle dissolution, as the powders start to dissolve, they
break up into smaller sized agglomerates, subsequently into primary particles, and
eventually releasing their materials into solution. This dynamic change in size over the
whole sample will be reflected by the decrease in the average chord length across the
whole population of the powder. Therefore, by monitoring the change in average chord
length of the sample with time using FBRM, the solubility profile can be quantitatively
represented and reported. In comparison to other light scattering techniques to measure
particle size (i.e. Malvern Mastersizer), FBRM can be used directly in situ without the

need of further dilution of samples.

Some of the measurement techniques which have been highlighted in this review are

summarized in Table 2-4.



Literature Review

s1apsod mrased moo 1

jenuadunod majoad g 1q

uoisuadsns aemasedogdsoyd aaney :e

LOOT “Jw J2 OTTUELD
Ayqnyos st o anfEA sanEuEnb mepaodmase]) d 00T “w 18 aniag UOTEXE[RI
meewondads YN
1IEX3UE Al 0] S[QEU[) STUM I2a0 AJIQNIOS TN S3ETET[D 10JMIOTA -d2D “2dM FS2dN o A 00T “ 0 18 [FUBAE(] FTIBASUEL) AN popay
6661 ‘sowey ¥ anbopeg I EILA(T
AU ME EFUT SUI[-TI0) 250]10E]PUE 3501005 A0ARP JMWOSED[] 7007 puerdnoy w wifeg| espdpunoseny
1593 Uonoa dstn [ENstA 313 UL HORE[RUOD pood moyg rpaod sy | £dossomneds prmoseny 0007 1712 12627 UODENUZNE
“saforied pasiadsip PUE 121EA U22M13 20URIFIP ANSUSP 31 U0 P3sEg . ' “ ' PUMLOSEDN
) afnguad ‘s1samy
‘srapaod o sonsuaipereya [easAyd 1o uogso duios SrEra o s paddmba 1sajuon FO—
0] pa1E[21 AfER[D JouIng Ao eded wonerpAy yiny ARAnE[21 paplaoig Eu“ i Eowﬁﬂm w. Eumz ESnJInua0 Mo LY o
. POIIATI O Ua]R1
‘saneded uogepAy 2y YEmEUNSp 0} [qEWNS STPOUHALU ST spaod afnguany . R popaTy
tmajord AT BEGL 7Ps2IoMHET meEg
- Anauoad el Aede)
EUIEME e pUE dn-jas a[duns AfpaneEg . wondiosqy
‘s1apaodJo SINSURIIEIEYD smeredde
OT[}3TU S LUETWNE
[EdsAYyd 31} 01 PIERL0D 34 ST JSE SISATEUE AUNNOII0] MFas) Areqded uwEwmEg o : &
ampadol1d AT MmS BT ampaaoxd xapun
. stepanod wajolg Bgmua)y €861 70 13 ToIN )
Aymanios maiord Jo SUIZIPIEPUELS 1I31[IM] 10] SISEq E SPLA0I] ANmanyos waSomy
. UOTRELITP
WOTNAIS #Z15-3[nIed 311 J 0 JUUIRMS B4 T SO0 STUT) [ a[mueis o[ §0dT 2emsup 9007 “[0 18 pIE[EOD resey st
uotsuading d & . Suuapeas
pmode0do 10sU2s 13 G [ED 7 1o 1233[E y
wn saored 30 UONEMING UMN[0A 31} U0 pastq uostadsp Sunojmopy P 2 =0 FOOT 1P 32 3RTED e prEaEg mqrsaedsig
=E AZTUEISI 13215 APTMEJ WIRATE pho u BupanEas
UoIsI2dsIp 31EIUMSE2 01 UONNqUISTp 3218 sapmed w saBuey? Sumojmoy] TNdM PRZRUEISH] 15 FPRIEd WRAEIY FE6T PASTT ) WET pIEMIO]
SUIoIMo T SNONUHUHoD 3[qEUY mepmodmase)) 105URS ANPIQIT COQT “ T 18 METED Apprqmy Strms ey
“TIOT ESTIPOUT IATIMT il NI 250 ATENu104 i [FUMIETD Ao G661 “o 15 Spnarg [SULIETD 01
Omqena
‘stapavod poog yo Ao (e € 103 ajqeonddyy poupatu [BUOnUz A0 ) mpaocdeodon Svmds pue 2pus‘IaNEsyg | G661 ‘dweyzSoH ¥ BIH POLIRTU 3PTS
“I3PI023I 1 [BAIRIUL 3TULT dMM [#8524 PRZIUOIENL]) 0961 TRPULY ¥ Yroqng | poipew ueneredag
aImEa TELIJETY 353 yuamdmb g ERLERENE) poipagy

saiadoad uonninsuodal Japmod Pooy JO SsjUBWINSLaW JO AIeWWNS {-g 9jqe.L




Literature Review

2.5. Summary and remarks

Spray drying in food industry is considered the most effective and economic ways of
producing food powders and it is possible to produce powder with tailored composition,
physicochemical characteristics, quality and food safety (Chen and Patel, 2008, Kelly,
2006). With the increasing capacity of spray drier, a major challenge has emerged
involving how the processing parameters will affect the resulting powder microbiology, as
well as the functionalities. At the moment, spray drying operations are mostly conducted
based on a trial and error approach where the operating conditions are adjusted according
to product quality, without an in-depth understanding of the processes involved (Singh and
Creamer, 1991, Kelly, 2006, Schuck, 2008, Chen and Patel, 2008, Baldwin, 2010, Gaiani
et al., 2010, Oldfield et al., 2005). This approach inevitably causes inefficient operations
and also leads to formation of undesirable agglomeration during production and loss of
functionality. In light of that, it is clear that there is a need for better understanding of the
biochemical properties of milk before and during spray drying, and how these conditions
influence the functional and chemical properties of resultant powder products. This
knowledge will enable manufacturers to optimize operations of dairy plants in terms of
energy and monetary cost as well as final product quality (Schuck, 2008).

From the literature surveyed thus far, the following points have been summarised:

Milk is a very complex system. It consists of basic components including water,
protein, lipid, lactose and traces of salts. The composition provides information
regarding the physical state, structure and engineering properties (Aguilera, 2005).
Different compositions play different roles on the resulting powder functionalities.
Therefore, an understanding of the relationship between processing conditions on the
resulting composition differences (micro-scale level), as well as on the functional
behaviours (macro-scale level) is necessary for both quality control and for new

product development.

Current industrial standards for characterizing powder dissolution properties were
primarily developed based on traditional powders such as skim milk powder and
whole milk powder. However, for non-traditional powders such as whey protein, milk
protein concentrates, and fortified powders, these standards were unable to effectively

characterise and quantify the dissolution properties. There are lack of reproducible
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and cohesive methods and specific benchmarks of comparison to measure food
powder reconstitution for different powder types. As such, it is necessary to look into
a more effective, reliable, and reproducible method to characterize the functionality of
different powder types.

A number of laboratory-based methods currently available have the potential to
quantify food powder reconstitution properties, such as powder wettability and protein
solubility. A brief review providing an overview of the range of emerging and
existing methods had been conducted to aid in the development of standardised

method(s) of measurement to effectively test the properties of a specific product.

2.6. Investigation and assessment of characterization

techniques

It is clear that there is a need for robust technique(s) to characterise powder dissolution for
different types of powders with varying functional and physical properties. Thus an initial

investigation of selected measurements techniques was carried out.

Chemical characterization techniques recently applied to dairy powder characterization
included Fourier Transform Infrared (FTIR) (Paradkar and Irudayaraj, 2002, Mendenhall
and Brown, 1991, Kher et al., 2007) and X-ray Photoelectron Spectroscopy (XPS) (Gaiani
et al., 2010, Millgvist-Fureby et al., 2001, Kim et al., 2005, Gaiani et al., 2006, Kim et al.,
2009). These techniques were found to be very useful in term of particle surface
composition characterization. Another potential technique investigated was gel
electrophoresis to identify and quantify the proteins in dairy powder. This method was

useful to analyse protein denaturation and will be discussed in more details in Chapter 5.

In general, physical characterization techniques were better established with techniques
including moisture content measurement, particle size measurement (static light scattering
via Malvern Mastersizer), particle morphology characterization (Scanning Electron
Microscopy, Transmission Electron Microscopy, & light microscope), particle density
measurement, and others being actively applied to dairy powders. SEM and TEM have
been found to be useful for visual interpretations, which provide assistance in
microstructure property analysis. Malvern Mastersizer measures the average particle size

but has a limited working range of concentrations and thus the need for sample dilution.
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Nonetheless, as a generally accepted measurement technique, it can be applied for particle
size analysis. In this project, SEM, TEM, moisture content measurements and Malvern
Mastersizer were employed as complementary methods for characterisation of physical

properties.

Functional characterisation techniques were less well established for powder particle
characterisation. There have been many techniques applied for dairy powder
characterisation, however they are mostly qualitative or are specific for only a limited
number of powder types. Another limitation was that the results from these various
techniques are not comparable. As such, selected techniques were assessed for their
suitability to characterise powders dissolution behaviour including techniques to measure
wettability (flow channel), dispersibility (Turbiscan) and solubility (FBRM). The
following sections outline the investigations of the methods assessed in this work.

To further evaluate the wettability of different powders, an experimental setup comprising
an in-house flow channel designed with modifications from Freudig’s study was
constructed. This setup extended the observation from two dimensions (top down view) to
three dimensions by adding a camera for the side view of particles dispersing under the
water surface, to monitor the wettability and dispersibility of the powders (Appendix 1).
An optical analyser Turbiscan MA 2000 was also used to further evaluate dispersibility
(Appendix 2).

To evaluate the solubility of different powders, Focused Beam Reflectance Measurement
(FBRM) was evaluated. The key features were the ability to monitor the changes in
particle size with time in situ, and the wide concentration range with no sample dilution
required. The suitability of FBRM technique to characterize the solubility of different
dairy powders types was discussed in details in Appendix 3.

In summary, both the flow channel system and Turbiscan were able to qualitatively
distinguish the different powder types, but lack the robust reproducibility and quantitative
measurement capabilities. On the other hand, FBRM was found to be suitable to

characterise the dissolution kinetics for different powder types.
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Chapter 3

Characterization of Milk Protein
Concentrate Powder Powder (MPC)
Solubility Using Focused Beam
Reflectance Measurement (FBRM)

3.1. Introduction

Milk protein concentrate (MPC) is a new generation of dairy product, which contains 40-
90% protein in total solid (Havea, 2006, Kher et al., 2007). The protein content of MPC
powder is usually specified as part of its name, for example MPC 80 and MPC 85 would
consist of 80% and 85% protein contents, respectively (Havea, 2006, Carr et al., 2007).
They are produced by subjecting the skim milk through ultra- and dia-filtration prior to
drying in order to remove lactose and minerals (Havea, 2006, Castro-Morel and Harper,
2002). MPC has a wide range of applications as ingredients in the food and beverage
industry for cheese and yoghurt manufacturing, confectionery, and coffee. In the
manufacturing of cheese, the protein content of milk can be increased by adding MPC
powder which improves the efficiency and consistency of the resulting cheese product
(Carr et al., 2007). However, their uses are somewhat restricted due to the varying
solubility of the different MPC powders (Castro-Morel and Harper, 2002), especially
under cold water (Carr et al., 2007).
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An experiment was carried out to investigate the difference in dissolution behaviour
between MPC and skim milk powder (SMP). Error! Reference source not found. Shows an
image of a MPC particle on a glass slide when a drop of distilled water is dropped onto it
at room temperature. The MPC did not dissolve but instead increased in particle size from
300 pm initially to 600 pm at the end of 3 hours. In contrast, for the same experiment
conducted on SMP, the moment the droplet of water was dropped onto the powder
particle, it started to disperse and dissolve, and forming a homogeneous solution within 10
seconds, as shown in Error! Reference source not found.. The experiment demonstrated the
poor dissolution property of MPC powder. This challenging issue has brought about
various studies to quantify the functional properties of MPC powders (Gaiani et al., 2005,
Havea, 2006, Anema et al., 2006).

t=0.5 hour

t=1 hour

t=1.5 hours t=2.5 hours

t=3 hours

Figure 3-1 A single MPC powder rehydration (3 hours duration)

t-| seconl t-I seconls tI seconls
tl secon!s t| secon!s t—l seconls t-l seconls

Figure 3-2 A single skim milk particle dissolution (10 second)

The functionality of MPC varies according to their different composition, heating history,
and storage duration, with MPC solubility reported to decrease with storage time and
storage temperature (Anema et al., 2006, Mistry and Hassan, 1991). A possible
explanation for this particular phenomenon is that the proteins on the surface of MPC

powder form cross-linked networks with neighbouring proteins (on adjacent powder)
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during storage. This cross-linked network could act as a barrier for water to penetrate, thus
inhibiting the rehydration of MPC particles (Anema et al., 2006). However, it is noted that
the increasing number of cross-links adversely affects the solubility of the powder only
after a certain threshold limit of the cross-link (Anema et al., 2006). Previous studies also
have indicated no clear correlation between protein content and the functionality of MPC
(Castro-Morel and Harper, 2002).

In recent years, more studies have been conducted to characterize the MPC dissolution
properties. One such study determined the solubility of MPC using a centrifugation
technique, by separating the MPC into two fractions: the soluble protein in the supernatant
and the insoluble protein in the sediment (Havea, 2006). In this study, aggregated proteins
may be classified as ‘soluble’ (in the supernatant) or ‘insoluble’ (in the sediment)
depending on the experimental conditions such as different centrifugation speed. As such,
it was concluded that the term ‘solubility’ should only be considered as a relative measure,
and was specific for a fixed set of experimental conditions (Havea, 2006). In another
study, a turbidity sensor was employed to measure the rehydration property of protein-rich
dairy powders (Gaiani et al., 2009). With the assistance of other techniques (such as static
light scattering microscopy), turbidity was used as a measure to differentiate the different
powder rehydration phases in building a rehydration profile, from wetting and swelling
phase, to the dispersion phase, and finally a homogeneous fluid liquid phase. In some of
the studies, the dissolution properties of dairy powders were characterized using Malvern
Mastersizer (Malvern Instruments Ltd., Malvern, UK) (Gaiani et al., 2007, Kwak et al.,
2009, Gaiani et al., 2006, Chen and Lloyd, 1994, Gaiani et al., 2005). However, this
method requires sample preparation such as dilution and is restricted to very dilute
concentration of MPC powders (less than 0.1%). During the analysis process, the
measuring solution is pumped from the stirring tank to the sample cell in which the laser
light is transmitted through a Fourier lens (Kwak et al., 2009).

Here, the technique of Focused Beam Reflectance Measurement (FBRM) was employed
to characterize the solubility of MPC powders. FBRM technique provides in situ
monitoring of particle size and the change in particle counts (Heath et al., 2002, Hu et al.,
2008, Yu and Erickson, 2008, Kougoulos et al., 2005, Kempkes et al., 2008, Kovalsky and
Bushell, 2005), in a relatively robust manner without the need for off-line sampling. This

unique property enables FBRM to be widely applied in both industrial and laboratory



Characterization of Milk Protein Concentrate Powder Powder (MPC) Solubility Using Focused
Beam Reflectance Measurement (FBRM)

processes, such as crystallization (Kempkes et al., 2008), and fluidized bed granulation
(Hu et al., 2008) etc.

In the dairy industry, powder dissolution is considered as the key determinant of the
overall reconstitution quality. The aim of this study was to investigate the suitability of
FBRM as a tool to characterize MPC solubility, so that a protocol for quantifying
dissolution of MPC can be proposed and the dissolution profile of MPC established. In
comparison to other light scattering techniques to measure particle size (i.e. Malvern
Mastersizer), FBRM can be used directly in situ without the need of further dilution of
samples. The method for monitoring the change in MPC chord length with time using
FBRM was outlined in the Section 3.2.2. The suitability of using FBRM as a tool to
quantify solubility was first assessed by comparing the results with those obtained from
standard insolubility tests. The effects of different parameters such as stirring rate and
initial powder concentration were also investigated to minimise inconsistency due to
testing conditions. The particle size population counts were investigated which can

provide further information regarding different particle dissolution mechanism.

Using the FBRM data, a dissolution-temperature profile is generated for each MPC
powder. This study is the first step to establish a dynamic dissolution model for
dissolution kinetics of MPC in particular. The future model is expected to provide greater
insights into MPC powder dissolution behaviour under specific conditions.

3.2. Materials and Methods

3.2.1. Materials

Six types of industrial spray-dried MPC powders with different protein contents, heating
and storage history were obtained from a local dairy factory. They were categorized as
powders A, B, C, D, E and F respectively (Further details of these powders are not

mentioned here due to confidentiality matters).

3.2.2. Experimental set up and procedure

Each experiment was carried out in a 600 mL vessel equipped with an overhead stirrer 4-
blade impeller of 50 mm diameter (RW16, IKA WERKE, Germany), rotating at 800
r.p.m.. The testing temperature was pre-set and maintained at 20°C, 30°C, 40°C, 50°C,

and 60°C using a water bath as shown in Figure 3-1.
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Figure 3-1 Schematic of the experimental setup

For each set of test, 7.50 + 0.01 g MPC powder were measured and poured into the beaker
with 500 mL distilled water, preheated up to the testing temperature before
commencement of the experiment, to make up a 1.5 wt% solution. The stirrer was adjusted
to a stirring rate of 800 r.p.m. The data from FBRM (Lasentec® D600L, Mettler Toledo)

was collected using an iC FBRM™ software (Mettler Toledo) and the data collecting
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interval was set at 10 seconds with the measuring duration of 30 minutes. After 30
minutes, the insolubility test was carried out according to Niro method A.3a (Niro,
September 2006) with slight modification as follow. The resulting solution from FBRM
was collected into 4 centrifuge tubes using a 50 mL syringe. Each tube was filled with
about 50 mL of mixture sample. The weight of each centrifuge tube before and after filling
with sample solution was recorded. The sample solution was then centrifuged for 5
minutes at 1000 r.p.m. (88 g) and the supernatant was discarded. The sediment remaining
at the bottom of the tubes were extracted and dried overnight at 50 °C in the oven. The
sediment amount after drying was recorded. The insolubility index (ISI) of the different

MPC powders was calculated using Equation 3-1:

|S| — mtube+sed B mtube Xloo%
Myypersol ~ Miype

Equation 3-1
where mupe is the weight of empty centrifuge tube, Mype+seq iS the weight of tube with

sediment after drying, Mupe+sol iS the weight of centrifuge tube with solution before

centrifugation.

One needs to note that given long enough time, MPC would dissolve completely in most
cases (Bhandari, Personal communication, 2009). Hence, the ISI actually characterize a
dynamic behaviour. The consumers who use the powders are often interested in ‘shorter’

time behaviour.

3.2.3. Relative particle counts (RPC) and initial particle size

In this study, the particle counts (PC) of different powders were recorded. FBRM could
provide data such as particle population information based on particle size ranges from
between 1 to 1000 um. The software by default divides the particle population into 5
groups; namely those with particle size less than 10um, between 10-50 pm, 50-150 um,
150-300 pm and 300-1000 pm, respectively. In this study, the general dissolution
behaviour of the powders investigated with particle populations were classified into 3
categories: fine particles (1-10 pm), median sized particles (10-150 um), and
big/agglomerate particles (150-300 um). It is noted that for the set of powders used in this
study, no particle count within 300-1000 um was detected in all the experiments.
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The experimental procedure described in Section 3.2.2 was also carried out at 0 °C. The
readout for the last 5 minutes from the FBRM were averaged and defined as the initial
particle size in suspension of a particular powder (A-F). It is expected that the particle size
will not vary at such a low temperature. This will be utilised as the baseline for the
analysis of the dissolution kinetics for a particular powder at different testing conditions.
As such, the PC at this early stage of dissolution (i.e. 0 °C, 1 minute from dissolution

commencement) will be the reference PC for the subsequent dissolution analysis.

For the dissolution analysis of each type of powder, the relative particle counts (RPC) was

calculated using Equation 3-2:

PG imp(t)
PC ,.c(1min)

RPC, imp(t) =

Equation 3-2
where RPC;mp(t) is the relative particle counts of powder i at certain testing temperature
tmp at time t, PCimp(t) is the actual particle counts of powder i at certain testing
temperature tmp at time t, and PCijo < (1 minutes) is the particle counts for powder

dissolved at 0 °C solution after 1 minute.

3.3. Results and Discussion

3.3.1. Reproducibility of the solubility measurement of MPC

The reproducibility of FBRM solubility measurement for MPC powders was investigated.
The measurement was carried out using powder A (1.5 wt%) at 20 <€, 800 r.p.m. stirring
rate. Duplicates were obtained for each measurement to get the average chord length. As
shown in Figure 3-2, the reproducibility of FBRM is very good with a percentage error of

less than 5%.



Characterization of Milk Protein Concentrate Powder Powder (MPC) Solubility Using Focused
Beam Reflectance Measurement (FBRM)

——Powder A, 1 —=-PowderA, 2
350

300

250

200

150

Chord length (4m)

100 I I I f I I I I
0 200 400 600 800 1000 1200 1400 1600 1800
Time(s)
Figure 3-2 Chord length of powder A at 20 C (repeat measurement)

3.3.2. The effect of external factors on FBRM’s MPC chord length

These tests were conducted to eliminate the possibility that external factors, such as

stirring rate and powder concentration, had any effect on the FBRM particle size results.

The FBRM results for powder A tested at 50 <€ with different stirring rate are as shown in
Figure 3-3. It can be observed that the chord length for high stirring rate is smaller (more
soluble) than that for low stirring rate. It can therefore be concluded that stirring rate has
substantial effect on measured particle size. To investigate the effect of powder
concentration, powder A was tested at different concentrations (1.5 wt% and 0.75 wt%)
and results are as shown in Figure 3-4. Negligible differences (<5%) can be observed at
different initial solids concentrations indicating that the solid concentration has no

observable effect on measured particle size.
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Figure 3-3 The effect of stirring speed on chord length of powder A at 50 €
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Figure 3-4 The effect of concentration on chord length of powder A at 50 €

3.3.3. Defining solubility for MPC
Figure 3-5 shows the changes of chord length as represented by chord length measured by
FBRM against time for powders A-F. Each curve represents data plotted at a specific

testing temperature.
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Figure 3-5 Results of powder A-F obtained from FBRM
(a. Powder A; b. Powder B; c. Powder C; d. Powder D; e. Powder E; f. Powder F)
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As solubility is a relative measure which varies according to different testing conditions
(Havea, 2006), it is necessary to define a physical quantity of measure for the solubility of
MPC powders, considering the dynamic nature of this solubility as mentioned earlier.
Using FBRM, the mean chord length of the particles in suspension was used to quantify
powder solubility. During the dissolution process, agglomerated MPC particles would
gradually break up into smaller particles (Fang et al., 2008, Mimouni et al., 2009) which
were shown by the decrease in chord length from the FBRM readout. A smaller chord
length measured would imply a lesser amount of un-dissolved particles in the suspension.
If the suspension still contained un-dissolved particles, the standard insolubility test (Niro
Method A.3a) should exhibit presence of sedimentation after centrifugation. Therefore, the
chord length from FBRM should be directly related to the amount of sediment
(insolubility test) for a particular powder, giving rise to the same relationship trend under

different testing conditions as observed in Figure 3-6.
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Figure 3-6 Powder A-F chord length / insolubility against temperature
(a. Powder A; b. Powder B; c. Powder C; d. Powder D; e. Powder E; f. Powder F)

Firstly, the data from FBRM and the insolubility test were compared for each powder.
This was done by averaging the chord length from FBRM (between 100 seconds and 1800
seconds, and will be explained in detail in the Section 3.3.4.) for each temperature. Results
from both tests exhibit similar trends for the solubility of the powder at different
temperatures, thus verifying that FBRM can be adopted as a technique to assess the

solubility of MPC powders.

An assumption which is usually taken is that after centrifuging the sample, the particles
remaining in the supernatant was considered to be dissolved. To quantify this ‘threshold’

level of chord length (below which the powders are considered dissolved), the following
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experiment was conducted. After centrifugation of the sample, the supernatant was
measured by FBRM for 5 minutes. The measurement was duplicated and the FBRM
results for all powders are as shown in Figure 3-7. The results indicated that the chord
length (of the supernatant) for all the measurements were approximately 100 pm
regardless of the particle size of the initial solution. This is important information as any
particle with particle size smaller than 100 um will be considered to be ‘dissolved’ in this
study for practical purposes.

200
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Figure 3-7 Chord length of the supernatant from different powders at 20°C

In the case of powder B, the chord length of the original solution was 75 pm before
centrifugation but increased to 96 pm after centrifugation. A possible explanation is that
the small particles might have come into contact and aggregated onto each other and form
larger particles due to compaction during centrifugation. These larger particles (size
greater than 96 pm) were removed along with the sediments while the smaller particles
(<96 pm) remained in the solution. This resulted in an increasing chord length of the

supernatant after centrifugation.

3.3.4. Establishing the dissolution profiles of MPC

From the FBRM data shown in Figure 3-5, it can be seen that at the beginning of each run,
there was a sudden and sharp increase in chord length, after which it decreased and
reached a plateau. A probable cause was that when the powder was poured onto the water
surface, the powder first started to sink into the water causing the particle count to increase
dramatically until all the powders had fully immersed. Thus, the FBRM reading showed

large particle size with low particle counts initially, while the chord length increased
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sharply from 0 to the measured particle size. In this case, in order to have a reproducible
starting point for monitoring powder dissolution, the FBRM measured particle size at 0 °C
was defined as the original size of the specific powder and used in Section 3.3.6 as the

initial particle size for dissolution kinetic analysis.

From Figure 3-5, it can be observed that the dissolution behaviour of various powders
were very different, due to the fact that the powders had been subjected to different
production and storage conditions, in addition to the different protein contents. For powder
A, the chord length increased with increasing testing temperatures, implying that the
solubility of powder A was worse at increasing testing temperature. Powder A had the best
solubility at 20 °C and was least soluble at 60 °C. For powder B, the chord length at 20-50
°C were similar, but then increased sharply at 60 °C, implying that powder B was more
soluble between 20-50 °C and less soluble at 60 °C. For powders C, D and F, similar
dissolution trends were observed, with all showing better solubility at 50 °C than at any
other temperatures. For powder E, the chord length decreased with increasing temperature.
This indicates that its solubility increased with temperature ranging from 20 <€ to 60 °C.
Generally, it was noted that the solubility decreased (indicated by increase in chord length)
at higher temperature (>50 °C) for most of the powders. These results also indicate that the
solubility of MPC powder was strongly affected by the testing condition (e.g. the
temperature) which is in agreement with the findings of Mimouni et al. (Mimouni et al.,
2009). This dependence on temperature could be due to the further denaturation and the
greater extent of aggregation of protein at higher temperatures, causing an increase in
particle size and hence poorer solubility. In addition, it can be seen from Figure 3-5 that
for all powders at each testing temperature, the chord length exhibited the most dynamic
changes in the first 200 seconds. This indicates that the majority of MPC powders

dissolution activities occurred during this period.

These results highlight the usefulness of FBRM to characterize the dissolution behaviours
of different MPC powders in situ and in a reproducible manner. For the application of
FBRM on characterization of other dairy powder solubility (skim milk powder, whole

milk powder, milk protein concentrate and whey protein concentrate), refer to Appendix 3.

3.3.5. Particle size population analysis

During the dissolution of a powder, two processes are known to occur simultaneously: the

breaking up of agglomerates into primary particles, and the dissolution of primary
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particles into solution (Mimouni et al., 2009). Intuitively, the solubility of a certain
powder is directly related to how well the powder breaks down into its constituent
components. It is therefore important to understand the dynamics of different particle size
populations during the course of the dissolution process.

With different particle sizes, the three particle populations are expected to show different
behaviour during dissolution. Therefore it is expected that the number of particle size
between 150-300 um (large particle population) should decrease with time whereas the
number of particle size between 1-10 um (fine particle population) may actually increase
with time. The medium particle population size could vary, due to the influx and efflux of

particles between the other two populations.

Comparison of the RPC for fine particles and large particles clearly shows different
dissolution behaviours as demonstrated in Figure 3-8. Taking powder A as an example of
a poorly soluble powder, the fine particle population counts for powder A increased only
slightly from 0 to 1 in the first 200 seconds, and remained relatively constant thereafter for
all testing temperatures. As for the large particle population counts, the RPC decreased
from 1.2 to 1 at 60 € with similar trends observed for other temperatures. This indicated
that for powder A, both the fine and large particle population counts did not change
significantly within the testing period, implying that the particles hardly break up from the
agglomerates form into smaller particles (<10 pm). This could be due to possible pre-
denaturation or drying (concentrate the small elements within each particle of MPC)
during processing where elements contact tightly, making them extremely hard to break
down. Therefore, powder A’s dissolution rate is attributed to the limitation of the rate of
de-agglomeration.
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Figure 3-8 Particle population counts for fine/big particles of Powder A and Powder F

(a. Powder A fine particle counts; b. Powder A large particle counts; c. Powder F fine particle counts;
d. Powder F large particle counts)

This difference in solubility and RPC results between the different size populations can be
further emphasized by comparing with powder F, an example of a powder with good
solubility. Figure 3-8 shows the RPC of fine and big particles for both powders A and F

and it is clear significant differences were observed.

Dissolution of the powder can be clearly seen in the change of RPC with dissolution time
as the fine particle population count increases significantly whereas the large particle
population count decreases substantially (to 0 in some cases). The dissolution trends
between different testing temperatures could be clearly observed for powder F. The RPC
of powder F fine particles shows significant increase till the end of dissolution, with the
rate of increase dependent on the testing temperature (from 1.7 at 20 °C to 13.6 at 50 °C,
slightly decreasing to 13.3 at 60 °C, all recorded at 1800 seconds). As for the RPC of

large particle population, the rate of decrease was also dependent on the temperature with
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increasing rate from 20 °C to 50 °C, and then decreasing at 60 °C. This indicates that at
higher dissolution temperature (i.e. 50 °C), powder F readily de-agglomerate into primary

particles; consequently reduced the dissolution time.

The results were also verified by the images taken using SEM and light microscopy as
shown in Figure 3-9 and Figure 3-10. From the SEM images, it is clear that the dry
particles of powder A appear to be highly agglomerated whereas powder F dry particle
appeared to be smoother and less agglomerated. From the light microscopy images, the
particles of powder A still remained in agglomerated form even after dissolution at 20 °C,

whereas the particles of powder F appeared as fine particles under the same condition.

10um  2000x

(a). Powder A (b). Powder F

Figure 3-9 SEM images of powder A and F

(a). Powder A after dissolution (20°C) (b). Powder F after dissolution (20°C)

Figure 3-10 Light microscopy images of Powder A and F dissolved at 20°C

Taken together, these results show that the population analysis with FBRM can be used to
characterise the dissolution dynamics and solubility of different powder type. In this
instance, it successfully monitored the dissolution dynamics of specific powders and also

distinguished between powders with good and poor solubility.

Additional information can also be obtained from population analysis. As mentioned

earlier, there were two phenomena observed during dissolution. One was the de-
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agglomeration of big particles shown by the decrease in RPC for big particles. The other
was the breaking down into primary particles shown by the increase in RPC of fine
particles. However, at the early period of each test, it was noted that there was a significant
rise in the RPC for the large particle population. The RPC values in this case was greater
than 1 (i.e. powder A, increase from 0 to 1.2 by 1 minute at 60 °C) which meant a greater
number of big particles as compared to the initial number. This was possibly caused by the
collision of particles during stirring. This sudden increase was also observed in the RPC
for the fine particle population (i.e. powder A, increase from 0 to 0.5 by 1 minute at 60
°C). Taken together, looking at the chord length plot which takes into account all the
populations of particles, it can be deduced that both increases of big and fine particles at
the early period of each experiments indicates the competition of the two processes,
agglomeration and breaking up for the powder particles. On the one hand, collision due to
stirring act to increase big particles by ‘combining’ smaller particles, while on the other
hand, the breaking up process tries to increase the fine particle population by breaking up
larger particles into smaller ones. These effects lasted only for a very short period of time
until the particles start to disperse into the water. This effect was more prominent in the
large particle population and subsequent changes in numbers of big particles will therefore
significantly affect the chord length. As such, the collision of large particles can be
considered the dominant process at the beginning of dissolution and reflected by the sharp

increase in chord length at the start of each experiment.

3.3.6. Characterization of dissolution parameters with FBRM

Using the dissolution-temperature profile for various powders formulated by the FBRM
analysis, a better understanding of the dynamic behaviour of these powders can be
obtained. One way to achieve this is by data fitting the experimental data obtained to
investigate any correlation between data parameters and process conditions. The changes
in particle size from the original particle size to steady state under different temperatures
were fitted with logarithmic plots that gave the best fit as shown in Figure 3-11. From the

fit, the following parameters can be obtained:

The initial dissolution rate indicates how fast the chord length drops from the original
particle size until it reaches equilibrium (i.e. the gradient/slope of the fitting curve). The
greater the magnitude implies a faster dissolution rate of the powder. The lag time is

defined as the duration from when the powder is first introduced until the chord length in
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suspension reaches the original particle size (i.e. defined as the starting point to monitor

powder dissolution).

The lag time gives an indication on how fast the powder is being wetted, the degree of
compactness and agglomeration which will affect the amount of surface area the powder
interacts with the water. The results from Section 3.3.5 also indicate the cause of lag time
which is possibly due to the collision of particles. The duration required to break up
colliding particles is depending on the property of particles (i.e. hydrophobicity). The
shorter the lag time, the easier the agglomerates break up into smaller particles with
greater surface area in contact with water surface, and thus a better solubility. This is
conversely true for a longer lag time. As such these properties could provide an indirect

relationship between the physical and functional properties.
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Figure 3-11 Normalized particle size of powder A-F

(a. Powder A; b. Powder B; c. Powder C; d. Powder D; e. Powder E; f. Powder F)
For a few of the powders (i.e. powder A, B and D), there are several temperature points

missing. This is due to the fact that the particle size did not drop below initial particle size

within the testing period.

The normalized slope-temperature profile curve and lag-time-temperature profile curve
were plotted as shown in Figure 3-12. In general, the normalized insolubility test and

FBRM results was able to reproduce the ‘U’ shaped dissolution profile trend over the
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testing temperature with the minimum value shown to be at around 40 - 50 °C. This
suggests that powder B-F have the best solubility at around 40 - 50 °C (powder B at 40
°C). However no slope-temperature profile and lag-time-temperature profile was
available for powder A as only one set of the temperature-data profiles acquired was
applied for this analysis. As for the normalized slope and lag-time profiles, the results
generally correlate well with that of the insolubility and FBRM results. As expected, the
‘U’ shaped trend was once again observed for powder B-F over the testing temperature,

which indicates the fastest dispersion and dissolution rate to be around 40-50 °C.

This highlights the potential of these various techniques in formulating standard models to
characterize the properties of these various powders. In particular, the profiles generated
from the initial rate and lag time data can potentially be applied to reduce the required
testing time. As these two parameters are derived from the early stages of the dissolution
process (which is when most of the dissolution events occur), the amount of time needed
to acquire such data can be considerably reduced. The profiles generated can be used for
quick analysis of a certain powder to determine the possible functionality of the powder
without the need to conduct lengthy dissolution test. This could potentially save time,

labour cost and equipment usage time.
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3.4. Conclusion

This study has demonstrated the applicability of FBRM to characterize the solubility of
MPC powders. A systematic approach has been taken which offers a versatile and
reproducible manner for quantifying the solubility of MPC powder under different
conditions. One advantage of FBRM is that it can handle high solids content suspensions.
This method can provide the capacity to quantitatively measure the dissolution behaviour
for a specific powder under a set of specific conditions. The FBRM results have indicated
that solubility of MPC powders is strongly affected by the testing water temperature. The
most dramatic changes of chord length take place in the first 200 seconds of the
dissolution test. An analysis based on particle population counts has also been proposed to

characterise the dissolution behaviour of different MPC powders.

More significantly, this protocol can potentially be applied within the dairy industry to
easily predict the solubility of a powder at any specific temperature from its dissolution-
temperature profile. The relatively quick analysis for characterising dairy powders should
be beneficial for quality control and for reducing cost of dairy milk production. The next
step is to establish an index to define the level of solubility so as to quantify the extent of

the solubility of specific MPC powders.
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Chapter 4

On Quantifying the Dissolution
Behaviour of Milk Protein Concentrate

Powder

4.1. Introduction

In the food industry, powder ingredients with rapid dissolution properties are desirable as
poorly dissolved powders result in prolonged processing time, increased production costs
and likely poorer quality. Milk protein concentrate (MPC) is a newly developed functional
ingredient used to enrich the nutritional / physiochemical properties of dairy product on
per kilogram basis. It has an important role in the production of beverages, cheese,
confectionary, yoghurt, and other food products. However, MPC powders are poorly
soluble due to its high protein content (40-90 wt% solid content), thus potentially
restricting their applications. Consequently, understanding the MPC dissolution properties,
especially the dissolution kinetics, is important in the development, formulation and
quality control in MPC powder manufacturing. Sensitive and reproducible dissolution data
from standardised testing conditions are necessary to be able to compare the variability in
dissolution profiles for different MPC powders. Considerable studies have been devoted
towards the understanding of dissolution Kkinetics of powders, primarily in the
pharmaceutical industry where standardised apparatus and dissolution models are
available (Costa and Sousa Lobo, 2001, Marabi et al., 2008a, Siepmann and Peppas, 2001,
Viness and Reza, 1999).
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Various techniques have been applied to investigate the dissolution kinetics of food
powders, including calorimetry (Marabi et al., 2007, Marabi et al., 2008a, Marabi et al.,
2008b), rheological measurements (Kravtchenko et al., 1999, Larsen et al., 2003), static
light scattering (Mimouni et al., 2009), optical fibre sensor, ultrasonic reflectance (Saggin
and Coupland, 2002), and nuclear magnetic resonance (NMR) (Belloque and Ramos,
1999, Davenel et al., 2002). Marabi et al. investigated the dissolution kinetics of sucrose
particle using a single particle approach (Marabi et al.,, 2008a). Using appropriate
algorithms to analyse microscope images, the equivalent shrinking sphere of a single
particle was monitored so that a mathematical model based on the shrinking sphere could
be used to describe the dissolution process. Static light scattering (SLS) is another
common technique to characterize food powder solubility. Mimouni et al. used SLS to
monitor the rehydration process of a MPC powder and proposed a dissolution mechanism
for MPC powders (Mimouni et al., 2009).

In pharmaceutical research, several dissolution models have been proposed, for example
Weibull model and Baker-Lonsdale model (Costa and Sousa Lobo, 2001, Viness and
Reza, 1999). Noyes-Whitney model was the first model proposed to investigate
dissolution kinetics using a differential equation relating the rate of solids (solute)
dissolution to the concentration of dissolved solute in the solvent (Dokoumetzidis and
Macheras, 2006, Viness and Reza, 1999). The Noyes-Whitney equation led to increased
research interest in dissolution from the point of view of physical chemistry (Niebergall et
al., 1963, Skrdla, 2007, Dokoumetzidis and Macheras, 2006). The Noyes-Whitney model
states that the rate of dissolution is proportional to the difference between the
instantaneous concentration C (g-m™) at time t (s), and the solubility at equilibrium, Cs
(g-m™) (Carstensen and Dali, 1999, Dokoumetzidis and Macheras, 2006, Costa and Sousa
Lobo, 2001).

dc
=~ =K(Cs-C
g = KCs-0)

Equation 4-1

where k (s) is proportionality constant, Cs (g:-m™) is the solubility of solute at
equilibrium in the solution under a specific condition (e.g. dissolution temperature) and C

(g-m™) is the concentration of solute at time t.
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In 1900, Brunner and co-workers found that the rate of dissolution could be related to the
solid area accessible to solution, the rate of stirring, temperature, structure of the surface
and the arrangement of the apparatus (Dokoumetzidis and Macheras, 2006). Therefore,
they extended Equation 4-1 into:

dC
—=kS(Cs-0)

Equation 4-2

where S (m?) is the surface area of solute, and k; (s-m™) is the new proportionality
constant = k/S. Brunner and Nernst investigated the problem further to find specific
relationships between the constants involved. Their work was based on Fick’s second law
and was developed into the Nernst-Brunner equation (Dokoumetzidis and Macheras,
2006):

dC DS
& =22(Cs -0 (k, =

d Vh )

D
Vh

Equation 4-3
where D (m?sY) is the diffusion coefficient, h (m) is the thickness of the diffusion layer
and V (m%)is the volume of liquid solution. In 1931, Hixson and Crowell modified the
Noyes-Whitney equation (Equation 4-2) by multiplying both terms of the equation by V
(Costa and Sousa Lobo, 2001, Dokoumetzidis and Macheras, 2006):

dc,, dw
V=" =KiS(C ~C)V=kS(VC; ~W)

Equation 4-4

where W (g) is the mass of dissolved solute at time t. Assuming a constant surface area,

integrating Equation 4-4 gives:
W = VC [1—-exp(—kt)]
Equation 4-5

VCs gives the dissolved mass at equilibrium which is the mass W (g), thus substituting

WEe for VCs gives:
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W =W [1-exp(-kt)]
Equation 4-6

In this study, focused beam reflectance measurement (FBRM) was employed to measure
the solubility of MPC powder. FBRM is a unique technique which can on-line monitor the
particle size change without sample preparation or dilution. It can provide the information
of particle size change with time, the particle size distribution with different time interval
and the population counts in different size groups (Havea, 2006, Hu et al., 2008, Kempkes
et al., 2008, Kougoulos et al., 2005, Kovalsky and Bushell, 2005). It has been widely used
in different processes such as granulation (Hu et al., 2008), crystallization (Kempkes et al.,
2008) and flocculation (Yoon and Deng, 2004) etc. Our previous work in Chapter 3 has
demonstrated the capability of FBRM to characterise powder dissolution with good
reproducibility, with the data well correlated with sedimentation test results (Fang et al.,
2010).

In this work, the dissolution kinetics of MPC powders was modelled using FBRM data to
establish the protocols for benchmarking parameters applicable to specific powders.
Specifically, this study is aimed at establishing the dissolution profiles of MPC powder
subjected to various dissolution and storage conditions by developing a mathematical
model to investigate both the dynamic and final dissolution properties. The information
obtained would be useful to improve the efficiency and consistency of powder testing
methods in the dairy industry, particularly for non-traditional or new types of powders,

where the current standard methods were not suitable.

4.2. Material and methods

4.2.1. Materials

Fresh MPC85 powder was provided by Dairy Innovation Australia Ltd. (Werribee,
Victoria, Australia). This powder has 81.8% protein content and 6.1740.44% measured
moisture content. Immediately after manufacture, the fresh powder was stored at 10°C,
25°C, and 35°C respectively, for the duration of 2 weeks and 2 months. The combinations

of storage and dissolution conditions are shown in Table 4-1.
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Table 4-1 Testing matrix for the effects of testing temperature, storage duration and temperature

Storage Storage _ _
Duration Temperatures Dissolution Temperatures
20°C | 30°C | 40°C | 50°C | 60°C
Fresh - N N N N 7
10°C N
2 Weeks 25°C N N
35°C v N N N \/
10°C N N
2 Months 25°C N N
35°C ~ N N N

4.2.2. Methods

4.2.2.1. Characterisation

The moisture content measurement was carried out according to Niro method No. A 1 b
(Niro, September 2006a). 3 g of MPC powder was dried in the oven at 102 <€ for 3 hours.
The weight difference before and after drying was recorded. The particle size of the dry
powder was measured by laser diffraction using a Malvern Mastersizer 2000 (Malvern
Instruments Ltd., Malvern, UK) with a Scirocco 2000 dry powder feeder. The refractive
index for MPC was set at 1.57 (Ambrose Griffin and Griffin, 1985). Each measurement
was carried out in triplicate and the mean particle size recorded, with deviation of less than
5% of the average size. The sizes of fresh and aged powders (e.g. after storage at 35 °C for
2 months) were measured for comparison. Morphology of fresh and aged powder samples
were observed using a Scanning Electron Microscope (JEOL 840A) operated at 20 kV in a
low vacuum mode and equipped with a backscatter detector. Sample coated with platinum

(~4nm thickness) was placed on a double-sided carbon tape for analysis.

4.2.2.2. Dissolution studies

The experimental setup was based on our previous work in Chapter 3 (Fang et al., 2010).
500 mL of distilled water was heated up in a 600 mL beaker to a specific temperature
using a water bath before commencing the measurement. Different temperatures from 20
°C to 60 °C were investigated. 7.50 + 0.01 g of powder was added into the beaker to make

up a 1.5 wt% solution. An overhead stirrer was used at 800 r.p.m. stirring rate. The data
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from FBRM was collected using iC FBRM™ program (Mettler Toledo), with the
collecting interval set at 10 seconds for 30 minutes duration. After 30 minutes, the
sedimentation test was conducted as per described in Chapter 3 (Fang et al., 2010) as a
comparison with the particle size reading from FBRM. 4 centrifuge tubes were weighted
and filled with 50mL solution from FBRM measurement. The tubes were weighted again
and centrifuged for 5 minutes at 1000 r.p.m. (88 g). The supernatant was discarded and the
sediment dried at 50 <€ in the oven overnight. The weight of sediment after drying was
recorded. The sediment amount was calculated using Equation 4-7:

. Myp d — Meyp
Sediment Amount = fubetse fube X 100%

(mtube+sol - mtube) X 1.5%

Equation 4-7

where mupe is the weight of empty centrifuge tube, Mupe+sed IS the weight of tube with
sediment after drying, mupe+sor IS the weight of centrifuge tube with solution before

centrifugation.

FBRM provides particle counts (PC) for different size ranges from 1 to 1000 pum. In this
study, the general dissolution behaviour of the powders was investigated with particle
populations classified into 3 categories: fine (1-10 pum), median (10-150 um), and
large/agglomerate (150-300 pum) particles. It is expected that during dissolution, the fine
particle group (1-10 um) should increase with time while the large particle group (150-300
um) decrease with time. The median particle group is complex due to influx and efflux of
particle between the two adjacent populations (Fang et al., 2010). It is again noted for set

of powders used in this study, no particle count within 300-1000 um was detected.

The term ‘dissolution’ used in this study encompasses the phenomena known as
dispersibility and solubility of powder reconstitution properties (Fang et al., 2008). This
interpretation is similar to that used in industrial applications for dairy powders.
Theoretically, the MPC particle size is expected to decrease along with the dissolution
process as the particles de-agglomerate into primary particles, while releasing casein
micelles into the solution. By measuring the decrease of MPC particle size with time
during the dissolution process, it can be used as an indication of the solubility of MPC

powders.
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4.2.2.3. Dissolution Kinetics

In developing the kinetic models, a modified dissolution mechanism based on that
proposed by Mimouni et al. (Mimouni et al., 2009) was shown in Figure 4-1. A typical
agglomerated particle consists of identical spherical particles produced by atomization in
the spray-dryer. When the agglomerated particles come into contact with water, they start
to de-agglomerate and release the individual particles with initial diameter do. The
releasing of materials from these individual particles into the aqueous suspension may
simultaneously take place as indicated in Figure 4-1. Each particle is subjected to ‘erosion’
uniformly from all directions so that d decreases evenly in all dimensions. When d
decreases and approaches the diameter of the occluded air (a), the remaining solids would
collapse or break down. At this point, the dissolution process is assumed to be complete. It
IS noted that, as a first order estimate, an idealised model system comprising uniform
spherical shaped particles is assumed here to investigate the dissolution process. This is
based on an isometric system whereby each particle is subjected to uniform ‘erosion’

forces in all directions.

_4
O S
— S < Air Jo
|i;7 “'; 4 ::
:I d :'
IH:
k ! d 1
Y P
Dispersion Incomplete Complete
S _
'
Dissolution

Figure 4-1 Proposed dissolution mechanism

The Noyes-Whitney model assumes the solution as the system of interest and describes the
changes in solute concentration at the macro level. Here the property measured is the
remaining undissolved particle size at the micro level. Thus the dissolved amount of solute

W for each particle can be written as:

W =W, - W,

Equation 4-8
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Equation 4-9
where We is the amount of dissolved solute in the solution at final stage of investigation,
W is the initial mass of the particle, W,, is the mass of remaining undissolved particle at
the end of investigation and W is the undissolved particle at time t. Inserting Equation 4-8

and Equation 4-9 into Equation 4-6 gives:

W, =W, = (W, - W, )[1-exp(-kt)]
Equation 4-10
From Equation 4-10, there are two possible scenarios:

(1) The solute is dissolved completely (W., = 0), implying that:
W, = W, exp(-kt)
Equation 4-11

(2) The solute is incompletely dissolved at steady state (W., < W),

W, — Wt = (W, — W, )[1—exp(—kt)]
Equation 4-12
Assuming that the solute consists of isometric particles (e.g. spheres), the particle volume,
v is

Vzln-d3
6

Equation 4-13
where d is the diameter of the particle. For a population of N uniform particles, the mass

term can be expressed in terms of particle size:

W=Np-V=%N7rp-d3

Equation 4-14
Inserting Equation 4-14 into Equation 4-11 and Equation 4-12gives

For complete dissolution:

d® =d; -exp(—kt)

Equation 4-15
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For incomplete dissolution:

d® = (d} —d2 exp(—kt)+d>
Equation 4-16
where do is the initial particle size and d., is the final particle size at the end of

investigation (d.. <d<dp).

4.3. Results and discussion

4.3.1. MPC dissolution profiles

The dissolution profiles of MPC powder stored under different durations and temperatures
are represented by the changes in chord length as measured by FBRM with time at specific
dissolution temperatures as shown in Figure 4-2. Profiles of fresh powders are used as
baseline comparison under the respective testing conditions. In general under all the tested
conditions, fresh powders exhibit the best solubility with the lowest chord length and it is

noted that their solubility deteriorates with storage duration and temperature.
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Figure 4-2 shows the dissolution profiles of powder tested at 20 €€ and 50 €. Generally,
powder dissolving at 20 <€ (Figure 4-2a and Figure 4-2c) decreased slowly in chord length
and does not reach plateau even up to 30 minutes. Comparatively at 50 <€, the chord
length decreased quickly to reach equilibrium within 200 seconds (Figure 4-2b and Figure
4-2d). These results are in agreement with findings from Chapter 3, where most powders
showed the lowest chord length at 50 € (Fang et al., 2010).

Looking at the effects of storage temperature, when the powder has been stored at 10 °C,
the measured chord length after 30 mins was similar to that of the fresh powder. However,
longer time was taken to reach the plateau for the chord length of powder stored at 35 °C,
indicating that they became less soluble. It is noted that the effect of storage duration
significantly magnifies the effect of storage temperature. For powders stored for 2 weeks,
no substantial variation in dissolution profiles was found between the different storage
temperatures (Figure 4-2a and Figure 4-2b). However, the difference could be clearly
distinguished after 2 months with fresh powder and powder stored at 10 °C having the
lowest average chord length in comparison to powder stored at 35 °C with larger particles
still remaining in suspension (Figure 4-2c and Figure 4-2d). Therefore, these data confirm

the adverse effects of storing powders at elevated temperatures and long durations.

From the analysis of the profiles, a few key features could be observed. Firstly, it should
be noted that each dissolution curve appeared to initially increase sharply to reach a peak,
followed by a significant decrease before gradually reaching plateau (Figure 4-2).
Secondly, the height of the peak appeared to be ‘random’. This trend could be attributed to
various macroscopic events like the manner of which the powder was introduced onto the
water surface or how the agitation vortex dispersed the powder in water. The functionality
of the testing powder such as wettability could also play a role in this phenomenon
(Kravtchenko et al., 1999, Skrdla, 2007). A standardized starting point, D [v, 0.9] of dry
powder, was used as the initial starting point for analysis (and later modelling) of the
dissolution profiles (i.e. do). D [v, 0.9] refers to the particle size below which 90% (v/v) of
the particles existed, and was chosen so that it covered the majority of the particles. The
period of time before the size decreased to D [v, 0.9] was defined as the initial ‘induction

period’ (Skrdla, 2007, Fang et al., 2010).

The profiles clearly demonstrate that the dynamic dissolution behaviour for an MPC

powder could be distinguished with this method when subjected to different dissolution
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and storage conditions. The information could be utilized to generate a better
understanding of the optimum dissolution conditions for MPC powders. The next section
covers the development and validation of a dissolution model to describe their dissolution
kinetics.

4.3.2. Dissolution models

To validate the proposed models, Equation 4-15 and Equation 4-16 were applied to the
dissolution data. The plot in Figure 4-3a indicated that the complete dissolution model
(Equation 4-15) was not a suitable choice to describe the dissolution behaviour, as the
fitting correlation was relatively poor (R?=0.35264). This particular model may not be
suitable possibly due to the fact that not all of the MPC particles had completely dissolved
as evidenced from the presence of suspended solids remaining in the solution. This
observation was also verified by corresponding light microscope images of samples taken
from the suspension (Figure 4-4). The images showed that even after 4 hours of
dissolution, some agglomerates were still present in the solution. Therefore, the complete

dissolution assumption was not valid for MPC powders after 30 minutes of mixing.

On the contrary, the incomplete dissolution model (Equation 4-16) gave a much better fit
(R?=0.99944) with the data (Figure 4-3b), better describing the dissolution behaviour of
MPC powder. This agreed with other findings in the literature (Kravtchenko et al., 1999,
Larsen et al., 2003) where the mass/concentration of the solute was used as a measure of
the dynamic dissolution behaviour, indirectly inferring as to whether the solute had or had
not completely dissolved. Kravtchenko et al. investigated the dissolution Kinetics of pectin
using both dispersing and non-dispersing conditions (Kravtchenko et al., 1999). Their data
showed undissolved particles in solution as the equilibrium level of mass dissolved was
less than the initial mass. In this case, by measuring the size of the remaining particles,
incomplete dissolution could be assumed as long as the remaining chord length could be
detected. From Figure 4-5 it can be seen that there is good correlation between Equation
4-16 and MPC powder dissolution behaviours within this time range. The sensitivity of
these two parameters to dissolution and storage conditions could be used to provide a

guide on optimizing both conditions for a particular powder.
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Figure 4-4 Microscopy images of fresh MPC dissolved at 20 € (reference bar: 200 pm)



On Quantifying the Dissolution Behaviour of Milk Protein Concentrate Powder

| ® 206=—— B @0C— x 406— %@ 506— ¥ 60C |

200+

150+

100+

mean particle size im)

50+

| Il | | |
0 50 100 150 200 250 300
Time (seconds)

Figure 4-5 Fresh powder tested under different temperatures fitted with Equation 4-16
(o: tested at 20°C; O: tested at 30°C; x: tested at 40°C; O: tested at 50°C; +: tested at 60°C)

4.3.3. Dissolution parameters

To further analyse the dissolution profiles, the incomplete dissolution model (Equation
4-16) was applied to the data. From the fitting results, two key parameters were obtained,
namely the dissolution rate constant (k) and the final particle size (d.,). The dissolution
rate constant k described how fast a powder could dissolve initially under a specific
dissolution condition, whereas the final particle size d is the size of the remaining
particles in suspension which was related to sedimentation test results. In theory, all
particles eventually would dissolve completely with time (personal communication with
Professor Bhesh Bhandari). However in testing the properties of powders for practical
applications, the powders are generally dissolved for 90 seconds and left for 15 minutes to
stabilize before a sample is taken for centrifugation, where the insolubility is measured
from the amount of sediment leftover (Niro, September 2006b). The dissolution rate
constant is of interest to achieve the best solubility within a short period of time, as an
important part of process optimization. Thus in this study, the first 300 seconds of
dissolution period was modelled using Equation 4-16 to estimate the values of k and d..

4.3.3.1. Dissolution rate constant
The dissolution rate constant, k can be taken to represent the dynamic dissolution
behaviours of MPC powder under specific storage and dissolution conditions. Intuitively k
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could be used to predict and provide a first estimate of the dissolution behaviour for a

certain powder when the powder dispersion and dissolution were of interest.

For this particular MPC powder, k was generally highest at 50 °C as the optimum
dissolution temperature, particularly for fresh powder (Figure 4-6). The variation of k was
less evident when the powder had been stored for longer (e.g. 35 € for 2 months). Thus
the dissolution temperature had the most significant effects on fresh powder, but less so on

the aged powders.

0.07 -
—4—Fresh
0.06 - —m—3522 weeks

0.05 - 35922 months
0.04 -

k(s?)

0.03 -
0.02 -
0.01 -

O T T T T

20eC 302C 40°C 502C 602C
Testing Temperature

Figure 4-6 Testing temperature effect on k

(e: fresh MPC; m: MPC stored at 35 2C for 2 weeks; A : MPC stored at 35 2C for 2 months)

Figure 4-7 shows the effects of storage temperature and storage duration, where k
decreases with increasing storage temperature. Again, k was highest for fresh powder
and decreased with increasing storage temperature and extended storage duration. For all
dissolution and storage temperatures, lowest dissolution rate constant was found for
storage duration of 2 months, possibly due to the aging process, in agreement with the

previous studies (Anema et al., 2006, Havea, 2006).
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Figure 4-7 Storage temperature and duration effects on k (m: tested at 20 2C; A : tested at 50 2C)

The magnitude of decrease in k values (Ak) between different storage temperatures and
durations are as shown in Figure 4-8. Ak is defined as the difference between k of the
powder under a certain storage condition with respect to that of fresh powder. We can
group Ak based on the dissolution temperatures of 20 €€ and 50 <€, where the effects of
storage temperature and duration were more pronounced when the powder was tested at
50°C. It is clear that a higher dissolution temperature magnifies the level of differences in
k between the different storage temperatures and durations. These results imply that a
higher dissolution temperature can better distinguish between fresh and aged powder.

Functionality testing can take advantage of this feature for more robust estimations.
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Figure 4-8 Ak for different dissolution and storage condition
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4.3.3.2. Final particle size in suspension

As mentioned before, during the dissolution process, the MPC particles de-agglomerate
and release the primary particles into solution, and the primary particles release the casein
micelles into the aqua phase as demonstrated in Figure 4-1. As such, the measured particle
size is expected to decrease with time. In this study, the first 300 seconds of the
dissolution period was analysed with the smaller particle size d., at the end of the analysis
period of 300 seconds defined as the ‘final’ particle size. In this way, the smaller this
‘final’ particle size, the more soluble the powders are under the specific dissolution

condition.

Figure 4-9 shows the effect of dissolution temperature on the final particle size (d.) (as
shown as line graphs) as compared to the results of sedimentation test (as shown as
column charts). It can be observed that the d., decreased from 20-50 <€ and appeared to
increase at 60 <€ for fresh powders with relatively short storage duration. This result
implied that 50 <€ favored the dissolution of relatively fresh MPC powders. When the
temperature were raised to 60 <€, the final particle size increased accordingly, suggesting
that the solubility of MPC became deteriorated at 60 €. The data indicated that the final
particle size (an indication of final solubility) was sensitive to the testing temperature only
when the powder was fresh. When the powder were stored for long duration at high
temperature (e.g. 35 € for 2 months), the d., did not show significant changes over the
tested dissolution temperatures. Meanwhile, d., and the sedimentation test result exhibited
similar trends over the range of tested dissolution temperatures, suggesting good
correlation between these two sets of results. The correlation has added significance as the
sedimentation test was adapted and modified from the standard insolubility test, and
therefore can be used as an indication of the solubility of the tested powder. This indirectly
inferred that the final particle size (d.,) can be utilized as an alternate indication of the

solubility of the tested powder.
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Figure 4-9 Testing temperature effect on d..

(®: fresh MPC; m: MPC stored at 35 C for 2 weeks; A : MPC stored at 35 2C for 2 months)
Figure 4-10 shows the effects of storage temperature and storage duration on the final
particle size d., (shown as line graphs) and the results of sedimentation test (shown as
colum charts). It can be seen that for powders stored at lower temperatures, (e.g. 10 <€),
d., was similar to that of fresh powder regardless of the storage duration. However, it is
clear that d., increased with increasing storage temperature. When the powder was stored
at 35 €, the d,, was significantly higher than that for powders stored at lower temepratures
(e.g. 10 and 20 <€). This suggest that a higher temperature would accelerate the aging
process of MPC powder, leading to a more insoluble material as compared to other storage
temperatures. In addition, with an increase in the storage duration, the d. increased
accordingly, implying that a prolonged period of storage can further deteriorate the
powder and decreases the solubility at all storage temperatures. It is noted that by
comparing Figure 4-10a and Figure 4-10b, a higher dissolution temeprature (e.g. 50 <€)
significantly reduced the effect of storage temperature and duration when the powder were
still ‘relatively fresh’. However when the powder underwent an extreme aging process
(e.g. stored at 35 <€ for 2 months), the final particle size d., was much higher than that for
the rest of the tested powders (Figure 4-10b). In general, the final particle size d, and the
results of sedimentation test showed very good correlation over the range of storage period
and temperatures analysed.
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Figure 4-10 Storage temperature and duration effects on d, (a: tested at 20 <€; b: tested at 50 <€)

4.4. Further discussion

The dissolution process consists of two independent processes: the dispersion of
agglomerated particles and dissolution of primary particles (Figure 4-1). The proposed
model translates these two processes into two phases: initial dissolution and equilibrium
dissolution. The former described large particles de-agglomeration, showing a rapid drop
in chord length indicated by the dissolution rate constant (k). The latter was predominantly
dissolution of primary particles, showing an incremental drop in measured chord length
and represented by the final particle size (d.). These two dissolution phases can be

observed from the particle counts for different size groups from FBRM (Figure 4-11). For
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large particle population (150-300 um), the particle counts decreased rapidly at the initial
dissolution process (0-300 seconds) before gradually reaching a plateau with time. On the
other hand, the fine particle population (1-10 um) increased steadily throughout the
dissolution duration (0-1800 seconds). Looking at the different phases (Figure 4-11) the
dispersion and dissolution processes took place simultaneously with dispersion being the
dominant process at the initial dissolution stage. At the equilibrium dissolution stage, the
dispersion of large particles was near completion so that the dissolution of primary
particles became the dominant process. It is noted from Figure 4-11 that the de-
agglomeration of large particles contributed most to the reduction of chord length (i.e. the
decrease in chord length corresponded with drop in large particle count population in the
early stages), while the dissolution of primary particles had insignificant impact on size
reduction (i.e. increase in small particle counts did not translate to a drop in particle size at
the later stages). These observations were in agreement with Mimouni et al. (Mimouni et
al., 2009) where de-agglomeration of large particles was observed to take place within the
first 10 minutes of dissolution while the dissolution of primary particles (or the release of
micelles from primary particles) was the rate-limiting stage of MPC particle dissolution
(Mimouni et al., 2009).
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Figure 4-11 Fine and large particle counts over dissolution process (fresh MPC tested at 20 <€)

(<: mean particle size; A : large particle counts (150-300 pm); O: fine particle counts (1-10 pm)
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Specifically, the dissolution rate constant k was significantly influenced by storage
duration and temperature. When the powder was stored at 10 °C for 2 weeks, k remained
at same level as that of fresh powder, however, k decreased significantly after storing at 35
°C for two months. However, the powder size analysis result showed that the particle sizes
distributions of fresh and aged powders (e.g. stored at 35 <€ for 2 months) were similar
(Figure 4-12). This insignificant changes in MPC particle size before and after storage
appeared to dismiss the possiblity of increasing agglomeration with storage. Evidence of
similar degrees of agglomeration between fresh and aged powder can also be seen visually
via SEM images (Figure 4-13). This discrepancy may therefore not be a case of increased
agglomerations but rather a change in the binding conditions between existing particles in
the agglormerates. This change in conditions may be due to the formation of surface
crosslinks between the particles during storage. In this case, increasing the storage
duration or temperature may therefore accelerate the rate of cross-links formation (Anema
et al., 2006, McKenna, 2000, Havea, 2006). As such, when the number of inter-particle
cross-links reached a certain critical threshhold, the solubility dramatically decreased, as
shown by the decrease of k, making aged powders harder to disperse in solution (Anema et
al., 2006). The aging process did not increase agglomeration but rather altered the way
particles interacted with their neighbouring particles that usually happened via loosely
formed crosslinks to maintain the inter-particle structure. The number of crosslinks could
increase with time or energy (e.g. via an increase in temperature) which rendered the
particles sub-structures harder to break up. Hence, it may explain the apparent decrease in

solubility without noticeable changes in particle size.
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Figure 4-12 Particle size distributions of fresh powder and aged powder
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a. Fresh powder b. Aged powder
(Stored at 35<€ for 2 months)
Figure 4-13 SEM images of fresh powder and aged powder

The final size d,, was also significantly influenced by the storage conditions. With
increasing storage duration or temperature, d., increased considerably. This might be due
to increasing difficulty for the primary particles to release casein micelles into the
surrounding aqueous phase possibly caused by casein molecules forming inter-micellar
linkages during storage. Previous studies showed that particles could potentially develop
shell structures during storage, making it hard for water to penetrate (Havea, 2006,
McKenna, 2000), so that the materials released from primary particles became the rate

limiting step during the dissolution process.

4.5. Conclusion

In both this study and in Chapter 3, FBRM has been demonstrated as a useful tool to
characterise MPC solubility (Fang et al., 2010). By applying a modified Noyes-Whitney
model on the data, the dissolution rate constant k and the final particle size d,, could be
obtained. k represented the dynamic solubility related to the de-agglomeration of large
particles, whereas d,, indicated the final solubility influenced by the release of casein
micelles from primary particles. The dynamic dissolution profile of MPC undergoing
various dissolution and storage conditions could be established. These results showed that
the dissolution temperature had significant effects on k and d., for fresh powder but not so
much on aged powders. More significantly, this study identified d,, as a dissolution
parameter with good correlations with the sedimentation test results. Therefore, the
proposed model can potentially be used to analyse the dissolution Kinetics and
mechanisms of MPC, while also assisting in the benchmarking of other powders by
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identifying relevant parameters for dairy powder processing. It is however noted that the
proposed model is an idealised model taking the surface area of the solute as a constant.
From the microscopic point of view and in practice, this is not true which implies a need
to further develop the model. Nonetheless, this model provides a reasonable first estimate
which can be further refined with the availability of more dynamic data and fine-grained
techniques. The next step is to produce mono-dispersed MPC particles using a specially
designed laboratory-scale dryer for dissolution testing to address the issues of difference in
particle sizes and shapes found in common industrial powders. Uniform particles will also
allow the initial surface area to be estimated and help to validate the model with a more

‘ideal’ system.
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Chapter 5

Functionality of Milk Protein Concentrate:

Effect of Spray Drying Temperature

5.1. Introduction

Spray drying is a common method used in the food processing industries, particularly the
dairy industry. Powder, granulate, or agglomerate particles are formed during spray drying
by removing the water content from the liquid feedstock (Niro, 2010). There are several
significant advantages of the spray drying process. It rapidly removes the liquid from solid
(within seconds) without excessively heating the product. This minimizes the degree of
degradation of the protein and fat contents, which helps extend the shelf life of the
powdered products without affecting nutritional value and functionalities. Spray drying
also lowers the density of food products (as compared to the liquid form), so that the
shipment and storage costs can be greatly reduced (Gaiani et al., 2010).

It is well known that protein is a heat sensitive material. During the heating process, there
are various reactions that take place, such as denaturation, aggregation of whey protein,
and formation of complexes between whey proteins, caseins and fat globules (Corredig
and Dalgleish, 1999, Morr, 1985, Anema and Li, 2003, Anema and McKenna, 1996, Guo
et al., 1999, Augustin and Udabage, 2007). It is also known that the surface of spray-dried
dairy particles is generally dominated by proteins (Gaiani et al., 2006, Millgvist-Fureby et

al., 2001). Therefore, there is a need to develop a better understanding of protein
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interactions under different processing conditions such as drying, storage and testing
conditions. McKenna conducted an intensive investigation on the formation of the
insoluble material in milk protein concentrates (MPC) with different protein contents,
subjected to different storage durations and temperature treatments (McKenna, 2000). The
casein micelles appeared to be fused together and formed an insoluble material in direct
relationship with increasing storage duration and temperature. Protein content was also a
determining factor in this degradation process, with higher protein content leading to
formation of more insoluble material within shorter storage duration. Guo et al. looked
into the protein-protein and protein-lipid interactions in infant formula (Guo et al., 1999)
and found that fat globules and casein micelles were well-defined discrete spheres in raw
milk. They further found that after pasteurization, casein micelles showed rough irregular
surfaces which could be a result of casein and whey protein interactions while after
homogenization, casein-whey protein aggregates were found on the fat globules surfaces.
However, there was little change in microstructure after condensation and spray drying.
These results suggested that the major changes in microstructure and component
interactions occur during pasteurization and homogenization (Guo et al., 1999).

To understand how proteins interacted to form the insoluble material, Havea conducted an
experiment on a batch of MPC that were subjected to different storage durations and
investigated the protein interactions using polyacrylamide gel electrophoresis (PAGE) and
transmission electron microscopy (TEM) (Havea, 2006). The insoluble material formed
during storage was found to be predominantly composed of hydrophobic casein
molecules, with insignificant contribution from whey proteins. In addition, numerous
studies have investigated the effects of different drying conditions on the functionalities of
resulting powders. DeCastro and Harper found that an outlet temperature range of between
65 and 90 <€ had no obvious effect on protein denaturation, but the moisture content and
rehydration rate of the resulting particles were affected (DeCastro and Harper, 2001).
Gaiani et al. studied the relationship between surface composition of high milk protein
powders and the different drying air temperatures (Gaiani et al., 2010). They observed that
fat and protein were preferably located on the surface of particles whereas lactose was
enclosed at the core, in agreement with a previous study conducted by Kim et al. (Kim et
al., 2003). Gaiani et al. also found that a lower outlet temperature led to increased fat and
protein content on the surface of particles. A direct correlation between the powder’s

functionality (e.g. wettability) and the powder’s surface composition was proposed in
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order to relate functionality with the drying conditions (Gaiani et al., 2010). In another
study, Millgvist-Fureby et al. conducted a series of experiments to examine the surface
composition of whey protein insolate (WPI) particle with different heat treatment using
Electron Spectroscopy for chemical Analysis (ESCA) (Millgvist-Fureby et al., 2001). It
was found that the fat and lactose coverage slightly increases on the particle surfaces with
increasing degree of insoluble protein along with an insignificant decrease of protein
content on the particle surface with increasing heat. In the pharmaceutical industry, the
dynamics of drying and the resulting functionalities of pharmaceutical protein particle are
of particular interest. Maa and colleagues investigated the effects of different outlet
temperatures and different protein composition on protein morphology (Maa et al., 1997).
They concluded that the outlet temperature (an indicator of the drying speed) was the
single most important parameter in the drying process, whereas difference in protein

composition strongly influenced the resulting particles’ morphology.

In this study, the relationship between spray drying air temperature and the resulting
powder functionality was investigated. Mono-dispersed MPC particles were spray dried
under different temperatures via a laboratory-scale drier. Using mono-dispersed particle to
study the drying effect provides several advantages: firstly, each resulting particle
underwent the same heating treatments (same history) and drying durations, implying that
the population properties can be expected to be similar with that of the individual particle.
Secondly, this unique drying process eliminates the wide variation in size and morphology
of the dried particles, thus providing a much more reliable assessment of dissolution
behaviour which consequently assisting in the establishment of the dissolution kinetics

based on existing dissolution models (Chapter 4).

As previously done in Chapter 4 (Fang et al., 2010) and in other works (Kim et al., 2005) ,
focused beam reflectance measurement (FBRM) could be used to characterize powder
dissolution with good reproducibility. In this study, the dissolution property of MPC
powder was monitored using FBRM, the micro-structural changes of proteins from
different drying air temperatures examined using TEM and degree of protein denaturation
quantified using SDS-PAGE. The current study aims to establish a relationship between
the drying air temperature and the functionality of the resulting products so as to provide
comprehensive insights into the microstructure changes caused by differing drying

conditions that may influence functionality.
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5.2. Materials and methods

5.2.1. Materials
Fresh MPC 85 powder was provided by a local manufacturer immediately after
production. Powder was sealed in airtight bag and stored at 4 € in a fridge after

manufacture. The industrially dried powder was used as control for all comparison.

5.2.2. Laboratory-scale production of MPC powders

MPC powder was first reconstituted to specific concentrations (10 and 20 wt %) before
drying. The reconstitution was carried out at 50 € for 30 minutes at 400 r.p.m. stirring
rate and the extent of MPC powder dissolution monitored using FBRM. After
reconstitution, the resulting solution was spray-dried using a single stream mono-dispersed
droplet drier at the following temperatures (Table 5-1) with the orifice diameter of the
nozzle being 75 pm. The droplets and hot air were introduced into the drying chamber
with co-current direction. The temperature profile inside the drier was monitored by five
thermocouples along the drying chamber. After spray drying, the powders collected were
stored in desiccators at room temperature before functionality tests were performed. The
drying temperatures in this paper referred to the inlet air temperature readings from the
thermocouple at the inlet of hot air in the drier. However, the inlet air temperature was not
directly controllable, depending on a combination between the temperature setting, the
feeding flow rate, the flow rate of the dispersion air, and the external environmental

conditions (e.g. temperature and relative humidity).

Table 5-1 Drying conditions of 10% and 20% solids concentration

Inlet air temperature (2C) ‘ 80 + 3.0 106 £+ 1.0 ‘ 156 £ 1 H 177 £ 0.5

Concentration (wt%) 10% | 20% | 10% | 20% | 10% | 20% | 10% | 20%
Setting temperature (2C) 90 130 190 220
Outlet temperature (2C) 57 54 68 68 95 93 | 100 | 103

Flow rate (g/min) 1.72 | 1.96 | 2.68 2 (184 2 2 2
Droplet size (um) 197 | 201.2 | 191 | 230 | 220 | 201 | 195 | 207

5.2.3. Physical characterization

Moisture content measurement was conducted immediately upon collection of the powder

from the drier. The measurement was modified and scaled down based on Niro method
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No. A 1 b (Niro, September 2006). 0.2 g of MPC powder was dried in the oven at 102 €

for 3 hours. The difference in weight before and after drying was recorded.

The powder particle size and particle size distribution were analysed using light
microscope. Morphology of powder samples was observed using a Scanning Electron
Microscope (JEOL 840A) operated at 20 kV in a low vacuum mode and equipped with a
backscatter detector. Sample coated with platinum (~4nm thickness) was placed on a

double-sided carbon tape for analysis.

5.2.4. Dissolution test

The dissolution test was conducted using the Focused Beam Reflectance Measurement
(FBRM) with the measuring protocol based on work done in Chapter 3 (Fang et al., 2010).
3 +£0.1 g of powder was weighted and poured onto 150 mL deionised water which was
preheated to 50 € before commencement of the experiment to make up a 2 wt% solution.
An overhead stirrer was immediately started and stirred continuously at a stirring rate of
400 r.p.m. The data from the FBRM was collected using the iC FBRM™ program
(Mettler Toledo). The dissolution duration was 30 minutes while the data-collecting

interval was set to 5 seconds.

5.2.5. Polyacrylamide gel electrophoresis

The sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) technique
was employed using a Bio-Rad mini-gel slab electrophoresis unit (Bio-Rad Laboratories)
to determine the level and composition of protein in solution and their supernatant. This
protocol was based on the previous work conducted by Anema et al. under reducing
conditions (with 2-mercaptoethanol) and non-reducing conditions (without 2-
mercaptoethanol) (Anema and Li, 2003, Anema et al., 2006). 0.1 g powder was poured
into 20 mL deionised water and stirred for 30 minutes while maintaining the temperature
at 50 €€ using a magnetic stirring plate. The solution was centrifuged at 5000 r.p.m. for 10
minutes. 10 L of the resulting supernatant was added to 10 L Lamile sample buffer for
non-reducing SDS-PAGE and 10 i Lamile sample buffer with 5% 2-mercaptoethanol for
reducing SDS-PAGE. The resulting sample mixtures were homogenized for 10 seconds
with a vortex meter. For reducing SDS-PAGE, the sample mixture was further heated in a
95 € water bath for 5 minutes. The mixed sample solution was then loaded into the

respective wells of a 10 well precast gel (Bio-Rad Laboratories). After the electrophoresis,
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the resulting gel stained using 2x Amino Black for 1 hour and de-stained in 10% acetic

acid overnight.

5.2.6. Micro XCT
The sample’s structural and internal morphology were examined using the micro XCT
technique and was conducted by collaborators in Fonterra Research Centre (Palmerston
North, New Zealand).

5.2.7. Transmission electron microscope (TEM)

Samples were prepared according to the method described by McKenna (McKenna, 2000)
and were imaged using a transmission electron microscope (TEM). This work was

conducted by collaborators in Fonterra Research Centre (Palmerston North, New Zealand).

5.3. Results and discussion

5.3.1. Physical characterization

The changes in moisture content and particle size of spray-dried powders under different
inlet air temperatures were shown in Figure 5-1. It can be seen that the moisture content
decreased and corresponding particle size increased with increasing inlet temperature. This
trend was exhibited for both 10 and 20 wt% concentrations over the range of drying air
temperatures tested. The moisture content was shown to be dependent on the inlet air
temperatures, with higher inlet air temperature removing moisture content from the
droplets more rapidly. The resulting particle sizes were relatively smaller when dried at a
low inlet air temperature (e.g. 80€) with a somewhat narrow distribution. The resulting
particle sizes increases with increasing inlet air temperature along with a wider size
variation. The phenomena of shrinking and puffing on the particle surface were observed
at high inlet air temperature, leading to formation of irregular particle shapes with a wide
particle size distribution. During drying, water was rapidly removed from the surface,
creating a diffusion gradient and causing water movement towards the surface. As the
droplet was drying, the droplet surface receded into the centre, forming a solid ‘skin’ on
the surface. This skin trapped the water inside, and the outbound moisture movement was
consequently dependent on the property of the ‘skin’. With a rapid increase in internal

temperature, vaporization of water in the porous interior exerted a force outwards and



12
Functionality of Milk Protein Concentrate: Effect of Spray Drying Temperature

caused the expansion of the ‘skin’ or ‘puffing’ of the droplet, and thus increased the
resulting particle size.
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Figure 5-1 Moisture content and particle size of powders spray dried at different temperatures

Another observation was that the control powder had a smaller particle size and a much
broader size variation as compared with those dried via the laboratory-scale drier. This
was due to the fact that when the control powder was produced, the particles were milled
to reduce the particle size in order to increase the bulk density.

These results were verified using light microscope as shown in Figure 5-2. The images
acquired were of dry particles just before dissolution and after 5 minutes of dissolution.
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For the control powder, the dry particle appeared to agglomerate with a wide particle size
distribution. After dissolution, the majority of the agglomerated particles appeared to have
dissolved with only a small portion remained that had a relatively small average particle
size. As for powders dried at higher temperatures (e.g. 156 €€ and 177 <€), the dried
particles appeared to consist of both puffed and shrunken particles. After dissolution, the
powders remained un-dissolved and continue to exist as whole particles with reasonably
similar particle size. For powder dried at lower temperatures (e.g. 80 € and 106 <€), the
dry particles were close to spherical with reasonably uniform size. After dissolution, only

a small number of sediments appear to remain in solution.



Functionality of Milk Protein Concentrate: Effect of Spray Drying Temperature

Drv particles In solution
yP dissolved after 5 min)
Control
177 <€
156 €
106 €
80«
= ‘ > r‘: Ph | 3 ‘74

Figure 5-2 Light microscopy images of powders spray dried under different temperatures before

dissolution and after dissolution (10 wt%o, reference bar: 200 pm)

In terms of solid contents, 10 wt% and 20 wt% MPC were dried under different drying air
temperatures. It was noted that at the same drying temperature, 20 wt% solid content
powders exhibited higher moisture content and particle size than those at 10 wt% (Figure
5-1a and Figure 5-1b). From the SEM images (Figure 5-3), 20 wt% powders clearly had a
thicker wall compared to the 10 wt% powders. Thicker crust reduced water molecule

diffusion rate during drying process, consequently increased moisture content.
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Figure 5-3 SEM images of 10 wt% and 20 wt% particles (dried at 90 <€)

5.3.2. Particle morphology

The internal morphologies of the powders from different drying temperatures were also of
interest in this study. It was noted that the powders spray dried at different temperatures
had very distinct cross-sectional appearances (Figure 5-4). Powders dried at lower inlet air
temperatures (e.g. 80 € and 106 <€) were spherical and smooth while those dried at a
higher inlet air temperature (e.g. 156 €€ and 177 <€) had crumpled looking surfaces. It was
noted that a low inlet air temperature led to formation of relatively uniformly wall with a
near circular cross-sectional area (Figure 5-4a). On the other hand, a high inlet air
temperature led to irregular, non-hollow structures (Figure 5-4b). From the reconstructed
images (Figure 5-4c and d), the powders spray dried at lower temperatures appeared to be

mono-dispersed particles.
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10 wt%, 80 °C

L A

10 wt%, 177 °C

c. d.
Figure 5-4 Micro XCT images of powder spray dried at 90 € and 177 €

(a and b are the cross-section of powder dried at 80€ and 177 <€ respectively; ¢ and d are the
reconstruction images of powder dried at 80 € and 177 <€ respectively)

Previous studies had investigated the formation and surface composition of particles
during spray drying (Kim et al., 2003, Maa et al., 1997, Millgvist-Fureby et al., 2001,
Vehring, 2008, Vehring et al., 2007). It was known that particle formation was not only
determined by the composition but was also dependent on the relationship between surface
recession and diffusion of the solutes during the spray drying process (Maa et al., 1997,
Vehring, 2008). For formation of particle surface composition, there were several theories
on how the surface of the drying droplet was formed during the drying process. Kim et al.
investigated the surface composition and components distribution of dairy powder during
spray drying process. They confirmed that the solute segregation during drying was the
most likely mechanism behind surface formation (Kim et al., 2003). This finding could be
used to approximate the radial distribution of all components prior to solidification, and
thus helped to predict the structure of the dry particles and estimate the likelihood of
specific component(s) forming the shell. Vehring et al. identified a dimensionless
parameter (Peclet number) which was proposed to influence the particle formation during

the drying process (Vehring et al., 2007). It was defined as the ratio of the diffusion
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coefficient of the solute and the evaporation rate. Proteins having low diffusion coefficient
fall into the high Peclet number category. Vehring pointed out that if the rate of surface
shrinking was faster than the rate that dissolved or suspended components moved inwards
towards the centre of the droplet, the components would be ‘left behind’ near the surface
shrinking frontage, causing the surface to be enriched with these components, e.g. protein
(with low diffusion coefficient), which have a high Peclet number (Vehring, 2008). Upon
the formation of the surface shell, the resulting particles exhibited a range of different
morphologies, depending on their size and shell properties in the final stages of the drying
process. Charlesworth and Marshall conducted a study observing the drying behaviour of
droplets using a single droplet method (Charlesworth and Jr., 1960). Using a wide range of
drying conditions and materials, different morphologies of droplets were observed. For
rigid and less porous material, with the air temperature below that of the boiling point of
the solution, the solid on the surface of the droplet forms a stiffened and thickened skin
and eventually rupture by implosion (as shown in Figure 5-5a). If the air temperature was
above the boiling temperature of the solution, the internal particle temperature would
gradually approach the temperature of the surrounding air. Eventually the internal
temperature reached the boiling point of the solution leading to vapour formation and
creation of a positive pressure within the particle. The resistance of the skin prevented the
liquid from forcing through the surface and therefore pressure built up within the particle.
With this internal stress, the particle could either fracture or become inflated. Inflated
particle could either collapse or stretch which will increase the permeability of the skin. A
schematic of a proposed particle formation process is as shown in Figure 5-6
(Charlesworth and Jr., 1960, Handscomb et al., 2009).

| 300um ' ' 300pm

Figure 5-5 SEM images of particles with different morphology as a result of different drying
conditions
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Figure 5-6 Schematic showing some of the different particle morphologies that may result when
drying from different temperatures

5.3.3. Particle solubility characterization

To observe the solubility of different powders produced under different temperatures,
FBRM analysis was conducted on 2 wt% concentration solution tested at 50 ©C for 30
minutes. The dissolution profiles of MPC powders are as shown in Figure 5-7. The
dissolution profiles were represented as changes in chord length of the powder particles.
Given the same dissolution period, a smaller chord length would suggest a better solubility
(Fang et al., 2010). Figure 5-7 showed that the chord lengths of MPC particles dried at
lower temperatures (e.g. 80 € and 106 <€) decreased rapidly to reach a plateau within 200
seconds, as compared to that of MPC powders dried at higher temperatures (e.g. 156 <€
and 177 <€). It was noted that for both 80 °C and 106 <€ dried MPC, the resulting chord
lengths decreased to a final particle size of 80 pm, similar to that of the control. This
implied that both samples spray died under different temperatures were able to obtain the
same extent of dissolution as the control powder. On the other hand, for particles dried at
higher temperatures (e.g. 156 € and 177 <€), the chord lengths decreased slowly and did
not reach an equilibrium even after 30 minutes. This indicated that the solubility of

resulting powders deteriorated at high drying temperatures.

From the above results, the rate of decreasing chord length appeared to be a function of the
inlet air temperature, with the fastest rate occurring for the particles dried at a lower inlet

air temperature. Given the same drying duration, higher drying air temperatures rapidly
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overheated the particles and induced protein structural changes, thus increasing the

amount of insoluble content and reduced solubility. The results from FBRM clearly

suggested that the solubility of MPC particles were strongly affected by the inlet air

temperature. In addition, the drop in chord length of powders dried at lower temperatures

were faster than the control when comparing the dissolution curves between control and

lower temperatures (e.g. 80 € and 106 <€ in Figure 5-7). Since the control powder had

relatively smaller particle size and a higher degree of agglomeration, upon coming in
contact with water, the control powder took longer to de-agglomerate and dissolve,

whereas for the mono-dispersed particles, there was no de-agglomeration such that the

only behaviour observed was solely that of similar size particles.
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Figure 5-7 Dissolution profile of MPC particles spray dried at different temperatures tested at 50 €
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5.3.4. Degree of protein denaturation

Reducing and non-reducing SDS-PAGE analyses were conducted on MPC powders dried
at different temperatures (Figure 5-8). The analyses were done on the supernatant of MPC
solution for each corresponding MPC powder sample. MPC powders dried at different
temperatures were expected to have different degrees of denaturation. Higher degrees of
denaturation should exhibit higher amount of insoluble denatured protein, which would be
retained in the sediment during centrifugation. Thus the amount of soluble protein in the
supernatant would decrease. By investigating the differences in the supernatant protein
content, the amount of protein denaturation could be quantified. In addition, by examining
the position of the bands on the SDS-PAGE gel, the identity of the proteins involved in the
formation of the insoluble material in the sediment could be determined. Visual inspection
of the gel indicated that with increasing drying air temperature, the protein bands became
more diffused and less defined (Figure 5-8). It should be noted that non-reducing SDS-
PAGE (Figure 5-8b) was performed immediately after the protein powders been spray
dried while reducing SDS-PAGE (Figure 5-8a) was carried out 2 month after the protein
powders been spray dried. Therefore, it was not unexpected that the control powder
protein band appeared weaker and less defined in the reducing SDS-PAGE in comparison
with the non-reducing SDS-PAGE (Figure 5-8). In view of this, the protein band for 80 €

was used as a reference in the following intensity analysis.
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Figure 5-8 Reducing and non-reducing SDS-PAGE gel

Figure 5-9 shows that the relative change in solubility over the range of drying

temperatures based on the integrated band intensities of the major protein bands (a-casein,

B-casein, k-casein, fB-lactoglobulin, a-lactaloumin and the total protein) from the SDS-

PAGE results. Both the reducing and non-reducing methods exhibited the same trends

whereby all the different protein types decreases with increasing inlet air temperature. At

relatively low drying temperatures (e.g. 80 € and 106 <€), the loss of proteins were

insignificant (within 20%) whereas for high drying temperatures (e.g. 156 € and 177 <€),

the loss of proteins were highly significant (e.g. less than 40% of total protein remained in

supernatant for powder spray dried at 177 <€€). Among these proteins, it should be noted

that the loss of casein proteins were more significant than the loss of whey proteins under
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all drying temperatures (Figure 5-9). This implied that the insoluble materials in MPC
powder were mainly made up of casein rather than whey proteins, in agreement with the
study by Corredig and Dalgleish (Corredig and Dalgleish, 1999). They identified two main
interactions between casein micelle and whey proteins: (a) a direct interaction of -Lg
with casein micelles, via k-casein binding; (b) a reaction between a-La and B-Lg with the
micelles, through an intermediate complex formed between the two whey proteins in
solution (Corredig and Dalgleish, 1999, Donato and Guyomarc'h, 2009). In addition,
Havea reported that the disulphide-linked proteins consist of k-casein and p-lactoglobulin
(Havea, 2006).
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Figure 5-9 Relative change in solubility measured from integrated band intensities for the major
caseins and whey proteins in the supernatants
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FBRM results (Figure 5-7) suggested that drying at lower temperatures (e.g. 80 € and
106 <€) did not affect the dissolution property, whereas higher drying temperatures (e.g.
156 € and 177 <€) caused deterioration of solubility. The SDS-PAGE results showed that
less than 20% of total protein solubility change would not cause any detectable changes in
FBRM. When greater than 20% of total protein were lost, significant differences in FBRM
results were observed, indicated by the much higher chord length of un-dissolved particles

compared with that of the control powder.

5.3.5. Protein-Protein Interaction

TEM microscopy was conducted on three different 10 wt% MPC samples dried at
different temperature. Figure 5-10 shows the TEM images of the 3 MPC samples with key
observable differences between the samples. For the sample dried at a lower temperature
(83 <€), the casein micelles clearly appeared to be that of individual spheres with variable
sizes. When dried at median temperature (156 <€), the casein micelles boundaries became
less distinct as low degree cross-links started to form with the neighbouring micelles; at
this point, the individual casein micelles were still distinguishable from one another.
However, as drying temperature further increased till a high temperature (177 <€), the
individual casein micelles were no longer visible as they had fused together to form a
strong network with each other. No distinct boundaries between each micelle could be
observed. In general, TEM result demonstrated an increase in the micelle size with
increasing inlet air temperatures and was in agreement with previously reported studies
indicating that the resulting micelle size increased with increasing inlet temperature (de
Castro-Morel and Harper, 2003) or heating duration (Anema and Li, 2003). At all the
heating temperatures, there was an increase in size of the casein micelle. However, the
rates of size increment were different and were directly related to the heating temperatures
(Anema and Li, 2003).

The increase in casein micelle size could be due to the increasing interactions and cross-
links among denatured whey proteins and casein micelles (Jeurnink and De Kruif, 1993).
McKenna used TEM to observe the number of fused casein increasing with storage for
MPC powders (McKenna, 2000). He postulated that the cross-linking of micelles by whey
proteins together with the close association between the micelles at the surface led to the
increasing number of cross-linked micelles on the surface. In summary, the results from
both SDS-PAGE and TEM suggested that the number of cross-links increased with
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increasing inlet air temperature, and the cross-links were attributed to both casein and

whey proteins.

Figure 5-10 TEM results of 10 wt% MPC dried at (a). 80€; (b). 156; (). 177€

5.4. Conclusion

Quantitative analysis and micro-structural analysis to investigate the effect of spray drying
temperature on MPC powder functionality were carried out in this study. By using mono-
dispersed particles to eliminate the effects of size variation or uneven drying conditions,
the outcomes contributed to the current understanding on (i) how spray drying conditions
affected the resulting powder functionality; (ii) how spray drying conditions changed the
micro-structure of proteins; and consequently (iii) how particle micro-structure could be
related to powder functionality. Higher drying temperatures led to lower moisture contents
and broader particle size distributions, while higher weight percentage (wt%) of solid
concentrations gave higher moisture contents and larger particle sizes. Solubility as
determined via FBRM deteriorated with increasing inlet air temperature, and this decrease
in solubility could be attributed to both the casein and whey proteins, while TEM results

confirmed that the number of cross-links clearly increased with inlet air temperature.

This study conclusively showed that there was a direct relationship between drying
conditions and the resultant powder functionality and microstructure, and also the
formation of protein network during drying which consequently affected powder
morphology and functionality. This study also identified the techniques to quantify these
changes with different drying temperatures, which can be further used to elucidate the

potential mechanisms of powder drying kinetics via modelling.
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Chapter 6

Conclusions and Recommendations

6.1. Conclusions

This PhD thesis presented a comprehensive and systematic work on establishing the

measurement and modelling protocols for dairy powder functionality characterization. The

main outcomes from this work are:

Establishment of the measurement protocol to characterise solubility. The key
contribution from this work is the establishment of the protocol to characterize the
solubility of MPC powder using FBRM. This protocol could be applied to
characterise the solubility of dairy powders in a reproducible and comparable
manner in industrial and laboratory settings.

Investigation and modelling of powder dissolution kinetics. A dissolution
model was developed based on the Noyes-Whitney Equation with two possible
scenarios considered, namely complete dissolution and incomplete dissolution.
Analysis indicated that the incomplete dissolution model described the MPC
powder dissolution kinetics more accurately with two parameters identified,
namely the dissolution rate constant (k) and the final particle size (d.).
Dissolution rate constant was related to powder dispersibility whereas the final
particle size related to powder solubility. The proposed dissolution model can
serve as first estimation to characterize powder dissolution Kinetics.

Correlation between effects of drying conditions on resulting powder

functionality and microstructure properties. To better understand the effect of
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spray drying condition on resulting powder functionality and microstructure,
mono-dispersed MPC particles were produced using a laboratory-scale spray drier.
This study: 1) established the relationship between drying conditions (i.e. air
temperature), resultant powder functionality (solubility) and microstructure (i.e.
protein micelle network, particle shape and morphology); 2) produced mono-
dispersed particle without deteriorating the functionality; 3) identified the
techniques to elucidate the potential mechanisms of powder dissolution and for
model development.

6.2. Recommendations

This PhD thesis has established the first step in generating a ‘toolkit’ for dairy powder
functionality characterization. The future works are grouped into the four main sections as

follow:

1) Further development of the dissolution kinetic model
To further improve the dissolution kinetic model, elimination of variables in the
model and corresponding experimental system should be considered. One potential
variable to consider is the powder surface area. Industrial powders usually have
wide particle size distributions and irregular surface areas, which increase the
uncertainty when modelling the dissolution kinetics. By producing mono-dispersed
particles, the variability in terms of particle size and shape can be eliminated from
both experimental systems and model. This simplifies the model to better reflect
the powder behaviours for the specified conditions. The experimental data acquired
from the investigation of different drying conditions should be applied into the
existing dissolution model to improve the dissolution model.

2) Further investigation on techniques to characterize the full range of
functionalities
Investigations into other potential techniques should be carried out to develop the
characterisation toolkit for the full range of powders functionalities for different
powder types. This toolkit will aid in standardising the benchmarking criteria for
efficient testing of powder functionality for both manufacturers and end users.

3) Development of powder characteristic profile library
Extensive benchmarking of dissolution profiles for different powder types to create

a profile library of their functionalities.
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4) Application of the profile library and characterisation toolkit for product
optimisation. Investigations into the effects of spray drying processes on the
powder quality (functionality and microstructure) should be carried out. These
investigations should include the modelling of the process based on the
characteristic profiles and models previously established for the required powder
type, to help optimise the conditions for production. The toolkit should enable the

functional properties of the resultant powder to be quickly analysed.
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Understanding Wetting Behaviour of

Dairy Powder using a Flow Channel

A.1. Introduction

Various techniques have been employed to characterize powder wetting property. One
particular method by Freudig et al. developed in 1999 has successfully measured the
dynamic wettability of milk powder by minimizing the movement of liquid surface
(Freudig et al., 1999). They employed a two dimensional observation of wetting distance
as a parametric measure of wettability (Figure A-1). In their experimental setup, a flow
channel was built with a powder feeder. The testing powder was fed onto the water surface
by the powder feeder, and was transported away from the feed point by the water flow,
which mimicked the situation on the liquid surface for an un-baffled stirred vessel. The
powder wetting behaviour was observed from the top downwards, so that the wettability

was defined as the point all the powder sinks below the water surface.
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liquid

powder feed

wetting distance = wetting time /
| wetting rate
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Figure A-1 Two dimensional Wetting Distance Experimental Design by Freudig et al. (Freudig et al.,
1999)

To further understand the dissolution behaviours of different powders, an experimental
setup modified from Freudig’s study is proposed (as shown in Figure A-2). The change
enabled the observation is extended from two dimensional to three dimensional. It is
expected that the powder wetting behaviour can be observed from the top downwards, so
that the wettability is defined as the point where all the powder sinks below the water
surface (as shown in Figure A-3a). Meanwhile, it is expected to observe the smooth
transition curve between water and milk powder solution alone the channel from the side
(as shown in Figure A-3b). By this means, the powder wettability can be characterized by
the wetting distance (D, as shown in Figure A-3) whereas dispersibility can be
characterized by the dispersing distance (d, as shown in Figure A-3a) and the sinking

angle (e, as shown in Figure A-3Db).

The basis of the modification is that different powders have different wetting behaviours,
with some requiring a shorter wetting time due to good wettability, while others with poor
wettability taking a longer duration. By adjusting the flow rate and the powder feed rate,
this method can potentially be used to characterize the wetting properties of a powder in a
reproducible manner (if the exact flow velocity is known, and the determination of the
point where the powder starts to sink can be done accurately). The accuracy can be
improved by using more sophisticated imaging tools to determine the sink point, and
modifying the channel dimension to reduce the wall effects that affect the velocity

distribution.
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Figure A-3 Extension of experimental setup from 2D (Wetting distance) to 3D observation (Wetting

Distance and Dispersing Distance) in addition to observing the dispersion angles a

A.2. Experimental procedure

A.2.1. Proposed experimental setup
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The experimental rig is design based on two main assumptions, namely
i.  Laminar flow of medium in the flow channel;
ii.  Sufficient distance for observation of the wetting behaviours of different powder
types.
Therefore, the design of flow channel was carried out based on Reynolds number

calculation:

A
u- p-u- . .
i i p (B+2D)

Equation A-1

where Re is Reynolds Number ,

pis mass density of fluid (kg/m®),

u is mean velocity (m/s),

dy is hydraulic diameter,

|Lis dynamic viscosity (Pa-s),

A is cross-section area (m?),

p is wetted perimeter (m),

B is the width of channel (m),

D is the depth of liquid in the channel (m).
There were two assumptions made in this calculation:

e Only trace of milk powder is fed and dissolved in water, thus the density and viscosity
approximately remain the same, which is equal to that of water (pwaer ~ 1.0 g/em® and
Vwater & 1.0X107 Pa-s at 25 <T) (ThermExcel, June 2003).

e Powder should travel far enough to be observed before sinking into water. For some
instant powders, they have very good wettability and can sink into water within 2

seconds. Therefore, it is assumed that the umax = 0.05 m/sec.

In this way, a relationship between the width B and depth D can be obtained.
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B-D

22 004 (B>0, D>0)
B+2xD

Equation A-2

To maintain an appropriate balance between the width and depth of the channel, and
taking the water consumption into consideration, a compromise of B=6 cm and D=10 cm
was made. In terms of the channel length, it has to be long enough for powder to wet and
sink, while keeping the water turbulence minimal. The channel length was set to be 150
cm whereas the powder feed point start at 50 cm after the reservoir (to minimize the

turbulence from the water entrance).

As mentioned before, the velocity is assumed to be umax ~ 0.05 m/s, as such, the maximum

flow rate can be deduced from:
Q=uxA=uxBxD=18 L/min
Equation A-3

Thus, if each experiment lasts 3 minutes, the maximum water consumption is
approximately 50 L, which decides the capacity of the water tank. On the other hand, from

the flow rate, the working range of pump and flow sensor can thus be chosen.

The final setup and major component are shown in Figure A-4.
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Water Tank Powder feeder Flow sensor panel

Water Pump Flow Channel

Figure A-4 Major component setup of designed flow channel

A.2.2. Calibration of Flow Sensor

The readout from flow sensor (which detects the flow rate of the water pump) is in
voltage. Therefore, it is necessary to determine the relationship between the voltage

reading and actual flow rate.

A flow sensor with working range 1 ~ 15 L/min was installed. The calibration results are
shown as plots (Figure A-5) of voltage against calculated average flow rate. From this
plot, the readout from the sensor is relatively consistently linear and an equation which

represents the relationship between voltage and flow rate can be presented.
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Figure A-5 Calibration plot for flow sensor with has an inconsistent output

A.2.3. Calibration of Powder Feeder

This powder feeder is powered by a motor which is a high torque DC motor with voltage

range from 12 to 30V. The speed which the powder is fed onto the channel is another

important component of the rig as it has to be consistent and stable for experimental

consistency. Therefore, it is necessary to calibrate the powder feed rate.

The results of the calibration are shown in Figure A-6, which shows a plot of average feed

rate (g/min) against each sample. Table A-1 shows the average feeding rate, standard

deviation and error percentages for different runs conducted, from which it can be seen

that the feed rate was relatively stable and repeatability was considerable good (with the

average error percentage across the three trial runs was about 16.2%).
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Figure A-6 Calibration results of powder feeder

Table A-1 Mean feed rate, standard deviation and error percentage of the powder feeder

Mean Feed Rate (g/min)

Stand deviation (g/min)

Error percentage
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5.56 0.76 13.8%
6.54 1.19 18.3%
3.17 0.52 16.4%

Average Error Percentage 16.2%

A.2.4. Materials and method

Commercial skim milk powder (SMP) and whole milk powder (WMP) were obtained
from local supermarket. The samples were sieved into 3 groups according to particle size,
namely <100 pm, 100-224 pm and >244 pm using a sieve shaker (AS 200 digit, Retsch®,
Germany). The powders were stored at room temperature before conducting each test.
However, the amount collected for the group with size below 100 pm was insufficient for
the test. The flow rate was maintained at the same level for all the runs, whereas the feed
rates were slightly varied between runs. The testing conditions applied were as shown in
Table A-2. All tests were carried out at room temperature.

Table A-2 Testing conditions

Particle Size Range (jm) Flow Rate (L/min) Feed Rate (g/min)
100<D <224 15.46
SMP
D>224 13.14
6.63
100< D < 224 9.66
WMP
D>224 11.74

*All measurement were carried out at room temperature

A.3. Results and discussion

The following test runs on the rig had been conducted in order to investigate the
performance of the rig and its components, assess the initial results of the powder
dissolution behaviour and identify potential limitation and issues for improvement to the
design of the rig. Different powder types (SMP and WMP) and particle size (D> 224um
and 100pm > D > 224um) were tested in order to investigate the wetting behaviour of
different powders in the flow channel. The visual observation results are shown in Figure

A-7 whereas the testing conditions are as shown in Table A-3.

Table A-3 Results of the wetting distance and the calculated wetting time
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100<D <224 <80 12.07
SMP
D> 224 80 <D <100 12.07 <t<15.08
100<D <224 N/A N/A
WMP
D>224 N/A N/A

(100 > D > 224 um) D> 224 um

Figure A-7 Preliminary results (side camera recording image stills) of the test run for SMP and WMP

at two different particle size sample groups

Observations from Figure A-7 indicated that there were significant differences in terms of
the dissolution behaviour between the powder types as well as across the different particle
size groups. Under the same flow rate and similar powder feed rate, SMP displayed higher
wettability with a larger sinking angle (angles a and b in Figure A-7) and shorter wetting
distance as compared to WMP. In terms of particle size groups, the sinking angles of large
particles (b and d) were greater than that of the smaller particles (a and c). However, it is
worth noting that WMP powders does not wet easily and form a thin layer on the water
surface when they touch the water surface. The un-wetted powder eventually run off the
channel (fine-tuning of the key input parameters may be required for future experiments).
Moreover, for the larger particle size group of WMP, the powder tends to forms lump of
powder at the feed point and not many of them sink into the water. From the top down
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observation view of the particle dissolution (Figure A-8), it can be found that SMP forms
fewer lumps when landing onto the water whereas WMP tend to have a wider spread and
back draft.

(100 > D > 224 um) D> 224 um

WMP

Figure A-8 Preliminary results (top down camera recording image stills) of the trial run for SMP and

WMP at two different particle size sample groups

From these results it is clear that the system is able to qualitatively distinguish between the
dissolution behaviours of different powders and sizes based on the three dimensional
observation monitoring. There are existing issues on the accuracy of the quantitative
measures in the setup, for example the determination of the sink point. These are primarily
due to instability in the flow channel cause by turbulence. In addition, it is noted that when
the powder feed rate is high (powder specific), lumps of powder aggregates tends to form

as it falls onto the water surface, causing difficulty in wetting. On the other hand, at a low
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powder feed rate; there are difficulty in tracking the characteristic curvature of the powder
under the water surface as the small amount of powder was quickly carried away from the
feed point (or if the flow rate is too high). Below are potential directions for approaching

the key issues in future experiments.

To minimize turbulence, possible solutions should be investigated, two of which are as
follows. The first option is to extend the length of the channel to keep the powder feeder
and feed point at a considerable distance away from the water reservoir. The other possible
option is to install a porous mesh between the powder feed point and reservoir to act as a
buffer to smoothen the flow in the channel.

A.4. Conclusion

A pilot in-house flow channel was designed and constructed to characterize the dynamic
wettability of various dairy powders. Using this flow channel, it was observed that
different powders with different particle sizes behave distinctively different.
Agglomerated particles tended to sink faster than the smaller particles, whereas
hydrophobic powder like WMP tended to form lumps on the water surface due to the

surface tension rather than sinking into water like SMP.

The setup was able to qualitatively distinguish between different powder types and size in
the characterization test conducted. This technique is sufficient for qualitative analysis and
characterization of powder dissolution behaviour. In order to quantitatively characterize
the dairy powder dissolution properties, assistance from complementary techniques and
further fine-tuning are required in order to optimize the system for reliable and accurate

quantitative analysis.
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Understanding Milk Powder

Dispersion using Turbiscan

B.1. Introduction

Four properties are generally used to classify dairy powder dissolution properties, namely
wettability, sinkability, dispersibility and solubility (Chen, 1992). Among these properties,
dispersibility can be used to determine the ‘instant dissolution’ of the dairy powder
(Varnam and Surherland, 1994). In many applications, the de-agglomeration/dispersion of
powders is of interests as it represents the efficiency of the processes and product quality.

Many techniques/methods have been used to investigate the dispersibility of dairy
powders (Galet et al., 2004, Goalard et al., 2006, Chen and Lloyd, 1994). In this study, an
optical analyser Turbiscan MA 2000 was employed to characterize powder dispersibility.
This technique measures the independent and anisotropic scattering of light of an emulsion
or suspension in a glass cylindrical tube which in this study is milk powder suspension.
This method has been used in many applications such as sedimentation (Azema, 2006),
crystallizations (Ali and et al., 2002), emulsion stability (Grotenhuis et al., 2003) and
suspend stability (lan and et al., 2005).

The key component of the Turbiscan is a moving detection head consisting of a pulsed
near infrared light source (A=850 nm) and two detectors (Sci-Tec, 2008, Mengual et al.,
1999) as shown in Figure B-1. The light source emits infrared onto the suspension in the

test tube, light that transmits through the suspension is detected by the transmission
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detector located on the others side of the test tube (denoted 0<angle) while light that is
obstructed and backscattered 135<along the path of the emitted light beam is detected by a
backscattering detector (Sci-Tec, 2008). The intensity of transmission/backscattered light
is dependent on the volume fraction of the particles in the suspension (Sci-Tec, 2008). The
detection head moves up the length of the test tube to detect light intensity changes at
40 intervals, acquiring data on transmission/backscattering light intensity as a function
of displacement along the length of the test tube. Transient data of intensity changes with
time can be acquired by repeating each scan of the tube length at specific time intervals. In
this way, the dynamic changes in the particle size along the length of the suspension with
time can be monitored and outlined. Figure B-2 shows a typical readout from the
Turbiscan depicting how the light intensity (y-axis) changes with displacement (x-axis) at
different time-points (each curve represents one time-point).

In this study, the effects of different powder types, different powder particle sizes, as well
as different concentrations on dissolution behaviour were investigated in order to assess

the suitability of Turbiscan for characterization of powders dissolution behaviours.

m l Cample Helght
T

Transmission

e

J

BackScattoring
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Figure B-1 Working principle of Turbiscan MA 2000 (Sci-Tec, 2008)
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Figure B-2 Typical readout from Turbiscan for backscattering intensities at different time points
where the x-axis denotes length of the tube from bottom (left) to top (right), y-axis denotes
backscattering intensity reading and individual curves denoting independent scans at specific

dissolution time-points.

B.2. Experimental Setup

B.2.1. Materials

Commercial skim milk powder (SMP) and whole milk powder (WMP) were obtained
from local supermarket. SMP were sieved into different particle size (D) groups, namely
D<100 pum, 100<D<150 pum, 150<D<200 pm, 200<D<250 pum, 250<D<300 um, D>300

pum.
B.2.2. Dissolution behaviour for different types of powders

To investigate the dissolution dynamics of different powders, the following experiment
was carried out: the cylindrical tube was filled with 10 mL of distil water prior to insertion
into Turbiscan at room temperature. 0.2g *+ 0.01g of powder was measured for each
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powder type (WMP and SMP). The stopwatch was started as the powder sample was
poured into the tube. The first scan was started after 10 seconds of lag time. The
subsequent scan interval was set as 30 seconds, stopping the scan after 5 minutes. The

transmission intensities of different powders were collected and compared.
B.2.3. Dissolution behaviour for different particle sizes

To investigate the dissolution behaviour of different particle sizes, the sieved particle size
groups for SMP were used. The testing procedure was similar to Section B.2.2 with 0.2+
0.01g powder of different size groups weighted and poured into the tube while starting the
stopwatch. Scanning started after 10 seconds lag time with interval set as 1 minute for a
measuring duration of 10 minutes. Backscattering intensity data was collected and the
intensity change with respect to the first scan was calculated for each time-point. The

experiment was repeated to acquire triplicate data for each particle size group.
B.3. Results and Discussion

B.3.1. Dissolution behaviour for different types of powders

The dissolution of different powder types were investigated using Turbiscan with the
resulting transmission readout for SMP (Figure B-3) and WMP (Figure B-4). For SMP it
can be seen that the first scan was around 90% whereas the second scan dropped to less
than 10%, subsequent scan gradual increased with time. It was noted that the reading at the
bottom of the tube was very low compared with the reading at the top of the tube, and
remained almost at zero throughout the testing period. On the other hand, the readouts of
WMP were completely different from that of SMP. First of all, it was noted that all the
readouts of WMP have significantly more fluctuations and the transmission intensity

decreased with time (whereas that of SMP increased with time).

Visual inspection of SMP and WMP powder dissolution behaviours was conducted in
parallel with the Turbiscan measurements. When SMP came in contact with the water
surface, a layer was formed on the surface which started to sink immediately, dropping
quickly and subsequently landed and remained at the bottom of the tube. On the contrary,
WMP formed a layer on the water surface upon contact with water, but it took some time
to get wetted and sink. Once sunken, WMP immediately started dissolving with little
accumulation of WMP particles at the bottom of the tube.
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As mentioned in Chapter 2, the dissolution of milk powder comprises of soluble
components such as lactose, un-denatured whey protein and salts, as well as dispersible
components like casein and fat. In order to verify that the soluble components do not
affect the transmission, a baseline verification scan was done by comparing lactose
solution (29/10mL water) with distilled water. As shown in the baseline measurement
readout in Figure B-5, the transmission of lactose solution has identical level of
transmission readout as distilled water (~90%) which verifies that the soluble components
has no influence on transmission readout. Therefore, only the dispersible components

affect the transmission.

From the factory report data shown in Table B-1, the dispersible components in SMP
takes up about 35%, of which 34.5% are protein. The size of fat globule ranges from 0.1 to
15 um (Fox and McSweeney, 1998) with an average of 4 um (Jensen, 2002), whereas the
size range of casein is from 0.02 to 0.3 um (Walstra and Jenness, 1984). The working
range of Turbiscan is from 0.05 to 5000 um (Sci-Tec, 2008) which implies that the
Turbiscan might not be sensitive enough to detect casein micelles as compared to the
larger fat globule, which fits into the working range. As such, SMP’s (with a lower
dispersible fraction, smaller particle size and less fat content than WMP) transmission

increases as it dissolves.

Transmission 0:00

90%)s A AR e AN, WYYV ™ o [ wm A W/\q(\mw PNV 0:00

Yl
\\ Q
80% ‘

H o:01 First scan
|
\

70%

0:02

60% ‘ 0:02

0:03
50%

0:04

40%0| 0:05

0:06
30%

0:07

0:08
T Increase

20%

0:09
with time

10%0|

VUV

w

0:10

% second scan

omm 10mm 20mm 30mm 40mm 50mm

L —

Figure B-3 Turbiscan transmission intensity readout for SMP
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Table B-1 Dispersible fraction and particle size for different powder types (Fox and McSweeney, 1998)
(Walstra and Jenness, 1984) (Sci-Tec, 2008)

Dispersible Fraction
Total Percentage

Fat (%) Protein (%)

SMP 0.5 34.5 3504
WMP 271.3 24.3 51.6%
Particle Size 0.1-10 um| 0.02-0.3 um
Turbiscan Working Range 0.05-5000 pm

B.3.2. Dissolution behaviour for different particle sizes

The dissolution behaviour for particles with different sizes ranges was investigated.
Backscattering intensities readouts for different particle size groups of SMP was collected
and the change in backscattering (delta-backscattering) calculated for each time-point. A
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steeper delta-backscattering with time implies faster dissolution. Figure B-6 shows the
average delta-backscattering for different particle size group with time. With the exception
of particle size group <100um, the rate of increment of delta-backscattering in time
decreases with increasing particle size. Particle size group 100-150um has the fastest rate
of increment and had the best dispersibility, with smaller amount of agglomeration. Larger
sized particles take longer to de-agglomerate, thus a slower rate of delta-backscattering
increment. Particle size group <100um appears to be behave differently probably as the
particle size are too small and fine, making it hard to sink into the water as mentioned in
Section 2.2.5.2.
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Figure B-6 Average delta-backscattering for different particle size groups in time

B.4. Conclusions

The dissolution behaviours of different powder types and particles size were investigates
using the Turbiscan. Results indicated that this Turbiscan technique was able to
distinguish between SMP and WMP with the dissolution behaviours of SMP and WMP
being significantly different. This study also demonstrated the ability of Turbiscan to
qualitatively distinguish between different powder size groups with larger particles having
poorer dispersibility compared to smaller particle groups. As such, Turbiscan is able to

characterize powder dispersion property qualitatively, however for quantitative
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measurements and accuracy, potential complementary techniques or methods will be

required.
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Application of FBRM to Characterize the
Solubility of Different Dairy Powders

C.1. Introduction

In previous work, it has been demonstrated that the capability of focused beam reflectance
measurement (FBRM) to characterize dissolution properties of milk protein concentrate
(Fang et al., 2010). By on-line monitoring particle size changes with time, FBRM is able
to work with a wide range of concentrations. In this section, the suitability of FBRM to
characterize the solubility of different dairy powders types was assessed. By applying the
protocol developed previously, the dissolution behaviours of different types of powders
with varying properties were tested. The expected outcome of this study is the
establishment and benchmarking of the dissolution profiles of different types of powders
using the data obtained from FBRM as well as ascertain the adequacy of the establish

FBRM measurement protocol.
C.2. Experiment

C.2.1. Materials

Different types of powders with very different functional and chemical properties were
investigated in this study. Powders investigated include skim milk powder (SMP) and
whole milk powder (WMP) which were obtained from the local supermarket, whereas
milk protein concentrate (MPC) and whey protein concentrate (WPC) were provided by

local manufacturers. Samples were stored at room temperature before the conduct of
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solubility test using FBRM. For assessing the reproducibility of the characterization

protocol, an independent set of industrial MPC was set aside as a validation dataset.

C.2.2. Experimental procedure

The experimental setup was based on our previous work as described in Chapter 3 (Fang et al.,
2010). The procedures are as follows: 3g #0.01g of powder were weighted and poured into
a 250 mL beaker with 150 mL DI water to make up a 2 wt% solution at room temperature
(21 <€©). An overhead stirrer was used at 400 r.p.m stirring rate. The data from FBRM was
collected using iC FBRM™ program (Mettler Toledo), with the collecting interval set at 5
seconds for 20 minutes duration for WMP, MPC and WPC, and 5 minutes duration for
SMP. The chord lengths readouts for the different powders within the first 5 minutes were

collected, exported and analysed.
C.3. Results and discussion

C.3.1. Reproducibility of FBRM on characterize dairy powder solubility

One of the key criteria for the suitability of the measurement protocol is that it has to be
reproducible and accurate. To do that, the same batch of MPC powder was tested on
alternate days for four consecutive days and the chord length readouts analysed as shown
in Figure C-1. It can be clearly seen from the readout that the resulting curves for the
different days were highly correlated with an average inter-sample error of less than 5%.
This indicates and verifies the good reproducibility of this protocol and technique. It was
also noted that variations mainly appeared at the later stages of dissolution (500-1800
seconds). As most industrial and consumer applications will look at rapid dissolution
behaviors of powders, the initial dissolution kinetics will be of greater interest and
importance. As such, the different powders were tested for 300 seconds and the dissolution

profiles compared.
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Figure C-1 Reproducibility of measuring the MPC solubility using FBRM

C.3.2. Dissolution profile of skim milk powder (SMP)

The dissolution profile of SMP was obtained based on the chord length reading off the
FBRM. The resulting chord length reading of SMP is as shown in Figure C-2. It can be
seen that there was a very rapid decrease in chord length reading reaching a minimum
(~60 pm) within 50 seconds. This suggested that this commercial SMP had very good
dissolution property, as upon contact with water, the powder de-agglomerated rapidly and

dissolved within a very short time period.
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Figure C-2 Dissolution profile of SMP measured by FBRM

C.3.3. Dissolution profile of whole milk powder (WMP)

The dissolution profile of WMP was obtained with corresponding chord length reading
from FBRM as shown in Figure C-3. It can be seen that WMP had a relatively poor
solubility as it took 400 seconds for the chord length to reach a minimum (~80 pm). From
visual inspection, it is clear that it took longer for lumps of WMP which forms upon
contact with water, to de-agglomerate and sink under the water surface, even with the aid

of stirring.
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Figure C-3 Dissolution profile of WMP measured by FBRM

C.3.4. Dissolution profile of milk protein concentrate (MPC)

The dissolution profile of MPC was obtained with corresponding chord length reading
from FBRM as shown in Figure C-4. It can be seen that upon contact with water, the
chord length rapidly decreased to a point (~150 pm) and steadily decreased for the

remaining testing duration.
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Figure C-4 Dissolution profile of MPC measured by FBRM

C.3.5. Dissolution profile of whey protein concentrate (WPC)

The dissolution profile of WPC was obtained with corresponding chord length from
FBRM as shown in Figure C-5. It exhibited similar behavior with MPC, as the chord
length rapidly decreases till a chord length of about 140 pm before decreasing slowly for

the rest of the test duration with some fluctuations.
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Figure C-5 Dissolution profile of WPC measured by FBRM

C.3.6. Comparison of the dissolution profiles between different powders
Figure C-6 shows the dissolution profiles based on chord length reading for all the tested
powders for 300 seconds dissolution period. Although the production and storage history
for the powders were unknown, distinct trends were observed for all the tested powders. It
is clear that SMP had the best solubility among these powders; with the fastest drop in
chord length and the smallest final reading. WMP has the slowest reduction in chord
length and did not reach the same level as that of SMP until more than 250 seconds. As
WMP had a higher fat content than SMP, it made WMP more hydrophobic. Therefore,
when WMP come into contact with water, its individual particles formed lumps due to
surface tension and caused WMP to take a longer duration to break up and dissolve.

As for MPC, it had higher final chord length than SMP and WMP primarily due to its
relatively higher protein content. Previous studies had suggested that the dissolution rate
limiting step for MPC was the release of micelles from the primary particles (Mimouni et
al., 2009) and consequently MPC particles remained as whole particles within the testing
period instead of dissolving and releasing components into the aqua phase. Therefore,
MPC particle size change exhibited a rapid decrease at the beginning (as compared to

WMP) and subsequently a very slow decrease till the end of the test.

WPC exhibited similar trend as that of MPC. However, from visual inspection of the WPC
solution that resulted from the dissolution test, it was noted that there was no visible
particle left in the solution and the solution was relatively translucent when compared with
the other powders’ solutions. Moreover, the results obtained from sedimentation tests

suggested that the sediment amount was 45 wt% for MPC and less than 1 wt% for WPC



Appendix C

(Figure C-7). The sedimentation test result indicated that WPC was very soluble compared
with MPC. This optical property of WPC solution could potentially cause readout
variation as the low background maybe causes noise to be picked up like for example the
air bubbles caused by agitation. Caution should be taken to avoid this like for example for

WPC solubility characterization, it is recommended to test with a lower stirring rate.
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Figure C-6 Comparison of dissolution profiles of different powders measured by FBRM
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Figure C-7 Sedimentation amounts of MPC and WPC

C.4. Conclusion

In this study, the dissolution profiles of different powder types with varying physical
properties were obtained using FBRM. Results indicate that this set of protocol is able and
adequate to accurately characterize the different powder solubility in a reproducible
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manner whereby dissolution profiles of the different powders can clearly distinguished
from one another. With the establishment of this protocol, further analysis and modelling
on powder Kinetics can be conducted on different dairy powders of interest. It is hoped
that this study will aid in the establishment of a standardized testing protocols for both

industrial and laboratory testing of dairy powders
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