MAKING QUALITY FOOD PARTICLES FROM SPRAY
DRYING AND SUBSEQUENT TREATMENTS

XIAO DONG CHEN AND KAMLESH C. PATEL

Department of Chemical Engineering, Monash Univgr&iayton Campus, Victoria,
Australia; email: dong.chen@eng.monash.edu.au, é&simpatel@eng.monash.edu.au

In this paper, three major aspects of food powdergontext to spray drying are
discussed. Practical problems involved during spirging which may greatly influence
the product quality are the first issue. The secissde is to identify how the accurate
drying kinetics model can form a useful tool in @rdo predict changes in physical and
biological quality aspects and the microstructurerirdy processing. Dryer-wide
simulations with accurate drying kinetics plus dfyatinetics can significantly reduce a
number of experimental trials for optimizing thegess. So far, such a success has still
been restricted to production runs with much ldsughputs as in commercial
operations. Finally, the superior functionalitytbé spray-dried food product needs to be
established more scientifically which can help cerral operations to achieve high
quality reconstitution.

1. Introduction

Spray drying and subsequent fluidized bed dryirggtardate the most effective
and economic way of producing powders of specifi@racteristics from
concentrated liquid materials. Food powders aricéjy produced in order of
several tons per hour per dryer using large-scgilgpenents and many of them
have dairy ingredients as constituents. Preserttigg nutrients, deactivating
undesirable micro-organisms, achieving the degiggticle moisture content and
functionality, and extending the shelf-life of th@woduct are the primary
interests. Modeling the details of drying phenomenapray dryer is difficult
due to the complexity involved with droplet-gas eiatctions, droplet-size
distribution, trajectories of the particles, ands dlow pattern. Following one
droplet in a gas phase inside the drying chambengldrying or one particle in
a liquid phase during reconstitution could formedplful approach to understand
the behavior of typical particles during processang application.

In this paper, the main interest is around marufatg food powders
through spray drying and associated processeska@)helements of the process
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and product interactions are highlighted, and pakproblems are identified by
taking examples of spray drying of milk-based miater Furthermore, the types
of functionality evaluations are discussed with@enscientific approach.

2. Spray drying and practical issues

In the spray drying process, the concentrated digsiturned into individual
droplets in a stream of hot air of over 180 (up to 240°C depending on the
feed characteristics) [1]. Three types of atomizeesgenerally used in industrial
drying: rotary, pressure nozzle and two-fluid nezzZlhe droplet size when the
droplet is detached from the atomizer is usuallpetelent on the feed rate,
surface tension, liquid density and viscosity. Taquired accuracy and indeed
the availability of these parameters in the envitent of the rapid product
development in today’s market are in serious qaastror the disk atomizer, the
rotational speed is also an influential parameter.

Due to the rapid process experienced by the preduwintaining
carbohydrates, they form amorphous materials thaging glass transition
related stickiness problems [2]. Drying of high fatoducts such as cream
powder or high sugar content products such asdactan all be tricky due to
either the low melting point components or the grhous nature of the material
respectively that can lead to massive depositieidéthe drying facility and
also in ducts, cyclones and bag houses, preveatipngost-effective operations.
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Figure 1: A spray of droplets interacts with hiotia the atomization zone.

The drying efficiency of the spray dryer dependgtumnperformance of the
atomizer (i.e. ability to generate the desirablee sand size distribution), the
droplet spray pattern, the droplet-gas interacéiod the gas-flow pattern. Upon
mixing, how the multi-phase flow is evolved beconagsimportant issue. The
reliability of the droplet size and size distritauti predictions for large
throughput atomizers remain to be a matter of doéibtan illustration of the



spray-gas interaction, considering the case whgyeessure nozzle is used, the
droplets are sprayed into the hot air stream. Hotisamade to ‘soak’ and
‘penetrate’ the spray region (see Figure 1). Tioplts that are in the middle of
the spray would need to ‘wait’ longer to get drikek to the lack of driving force
for drying because droplets are highly moist in thiddle region of the spray.
The ineffective mixing of the ‘cloud’ of individuadroplets and the hot air can
result in a wide range of functionality among thatjzles when collected as a
product. These phenomena may be considered inxtdoténe particle/droplet
behavior in air’, and may be incorporated with theplet drying kinetics for
different feed materials in order to predict thaléy of the final powder.

The predominant objective for any drying operai®nlearly to achieve the
final water content. This final water content isanged with the weather pattern
during each day while the dryer is operated atsdme conditions. When a new
formulation is dried, the final water content cast be determined beforehand.
Companies have to conduct trial and error runsaogel throughputs (can be as
high as 10 ton powder per hour for instance). Wgestzan be huge. Tuning the
dryer to achieve the required water contents arad High quality product,
wastage can be even greater. Spray dryer-wide giiong can greatly contribute
to reducing the cost of product development, amdbsaused as a model control
tool to adjust the plants to be operated at opteoalitions.

3. Drying kinetics and quality changes

Spray drying substantially alters the physical bimthemical quality of the food
material during processing. Predicting the extdérthanges in the quality of the
food droplets during a drying step is an esseragect for optimizing the
process. Though not yet used in designing the ewgrips to begin with, it has a
prospect of being incorporated in the dryer supgliuture capability. In this
exercise, a large number of particles have to dekéd in general to represent
the droplet’s size and residence time distributiothe spray dryer.

A simple approach for predicting the quality of tfieal powder is to
understand and model accurately what single dropletparticle actually
experiences during its flight in the drying chambegarding its temperature,
moisture content and how single droplet or partiespond to these changes.
Fluid-bed drying should also be followed closely tme-particle behavior as
comprehensive as in spray drying in order to ptezhianges in characteristics of
the patrticle.

Selection of an appropriate drying kinetics moaelrhodeling spray drying
operations is an important step because predictibmarious drying parameters,
and hence dryer designing and scale-up are direethted to the accuracy
(quality) of the drying kinetics model [3]. In li@ture, many studies are
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published to formulate drying kinetics models imiExt to spray drying of
various food materials. Sano & Keey [4] adoptedoangrehensive transport
phenomena approach by incorporating coupled hehtreass transfer equations.
Langrish & Kockel [5] used a characteristic dryiage curve approach assuming
the drying rate is a first-order and a ‘linear’ d¢tion of the particle’s free
moisture content. This approach has been widelg usecomputational fluid
dynamics programming for characterizing indussalay drying operations.
Chen & Lin [6] proposed a reaction engineering-baskeying kinetics
model for drying of small droplets or thin-layer tedals. Their drying kinetics
model was found to be useful for predicting theawatr of single milk droplets
during drying under industrial drying conditions].[Majority of the drying
kinetics models published in the literature werdideded using lab-scale
experiments of drying of single, suspended andeladgpplets (2 -10 mm).
Certain drying parameters, which are difficult totain during real spray drying
operations, could be qualitatively evaluated usitying of one droplet
experliments. wple trajectory spray dryer isgssary to progress further.

s

(a) skim milk ptcle (b) whole milk particle
Figure 2. Cross-sectional images of two typicalistdal milk powder products.

Microstructure of the particle is the linkage betweprocessing and
functionality. A typical microstructure formed dog spray drying is drying-rate
dependent, and affected by drying conditions schas temperature, humidity
and velocity, and feed conditions such as liquidcemtration, composition and
temperature. Typical microstructures of industs&m milk and whole milk
particles are illustrated in Fig.2 using scannirigcton microscopy (SEM)
images. The whole milk particle (WMP) was appasentbserved to be more
porous compared to the skim milk particle (SMP).eTtransport of key
constituents in the droplet/particle, for instanaigration of lactose, fat, proteins
and water molecules when drying of milk droplessstill somewhat blurry, but
an accurate interpretation may help to understhadricrostructure formation.
Transport of key molecules is especially useful determine the surface
properties of dried particles. Surface compositizay severely affect powder’s
functionality (wetting and dispersion) and stapildas well as stickiness and
cohesiveness. Characterizing the structure an@gaiidomposition is relatively
easier these days due to great advancements susadchniques such as SEM,



ESEM, AFM, XPS, FTIR, NMR, DSC, etc but the diffiguis how one can alter
them favoring higher quality product.

Solubility index or insolubility index is usuallyoosidered as a post-drying
property of the food powder. Insolubility indexdensidered to be an indicator
of formation of insoluble materials in the partiglewder. This property is often
used by commercial milk powder manufacturers asitarion to indicate the
quality of milk powders. The rate of insoluble m&éEformation during drying
mainly depends on the temperature and moistureenbptofile of the droplet in
the drying chamber. Straatsma et al. [8] proposedra-order kinetic model to
determine the insolubility index for milk powderssaming that the insoluble
material forms only when the particle moisture eomtis between 10 wt% and
30 wt%. This approach may be used to describe thabiity behavior of
individual droplets when it is combined with theidig kinetics model.

Another surface property of interests that couldddated to the stickiness
behavior of the powder is the glass transition teramre, which is a
characteristic property of an amorphous componérih® food material. The
sticky-point temperature, which is considered torésponsible for caking and
wall deposition inside the dryer, is generally 52 °C higher than the glass
transition temperature [9]. The glass transitiangerature of the food material
is mostly estimated using a Gordon and Taylor equmabr its modified
expressions, considering the glass transition teatpee of individual
components and average water and solids fractiosinigle droplet. Since
predicting the glass transition temperature dudngng requires temperature-
time and moisture content-time profiles of singleglets, an accurate drying
kinetics model has to be combined with the glaassition kinetics model.

Liquid food material typically contains many heatsitive biological
compounds such as proteins, vitamins, enzymes,igircd) etc., which may
provide nutrients and other health benefits todtiesumers, and harmful micro-
organisms those may be responsible for deterigradfothe food and causing
severe dieses. The fundamental understanding aagdirke a good balance
between inactivation of useful and harmful bioagtsubstances can certainly
help improving the overall quality of dried prodsicDrying involves removal of
excess water from the food matrix until a ‘safe’ishare level is achieved, at
which minimum or no physical, chemical and micrdbgical reactions occur.
The removal of water from the food material duridgying may cause
irreversible changes to the protein and enzymectstreis and also reduces the
viability and activity of micro-organisms in theied product. Predicting the
survival/activity of micro-organisms and bioactigempounds during drying is
necessary for ensuring the high retention of bivdgtand also for the
optimization and scale-up or scale-down purpos&. [This requires a good
understanding regarding how drying and operatincarpaters are correlated
with the rate of inactivation during processingr Boyer-wide simulations, it is
essential to couple the inactivation kinetics modéth the suitable drying



kinetics model in order to predict the survival mafcro-organisms accurately.
This inactivation process, the solid formation e and particle characteristics
could be qualitatively and quantitatively studieg following one droplet and
tracking its temperature and moisture content hysdoring drying.

4. Functionality and testing

In the food industry, ingredients in a powder faane commonly used for food
formulation. The properties of these powders detnthe quality of the
resulting food products. Dissolution of food powslex of particular importance,
both to the manufacturers and to the consumersigbene of the critical
benchmarks of the food powder quality for consuomptiOne example is
reconstituted milk powder, where it is important fhe powder to dissolve
instantly to form a stable colloidal suspensionfaifand protein, thus leaving
little or no visible residue either suspended inewvar lumped on the container
surface. Instead of what happens in air when cernisig a droplet being dried as
in the previous section, we now consider how ormtigl@ behaves in the liquid
(water, tea or coffee etc). Reconstitution or distson of food powder generally
consists of four steps: (a)wetting of powder p#et, (b) particles sinking into
solution, (c) particles dispersing evenly in salati and (d) solid particles
dissolving completely. As soon as a patrticle is amgrd in the liquid phase, the
‘one particle behavior in liquid’becomes a key phenomenon of interest
(following on from the‘one droplet/particle behavior in airas mentioned
previously). Drying of one droplet in a gaseousimment and reconstitution
of one particle in a liquid medium are schematjcgilistrated in Figure 3.
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Figure 3. A schematic diagram of the two partiaglecesses.

The dissolution procedure takes place in the sempeimdicated.
Nevertheless, there are times where different ghaserlap each other, and
hence the steps of dissolution are difficult todgtundependently [11]. This
leads to the four reconstitution properties of fopdwder: wettability,
sinkability, dispersibility, and solubility. The leility, which is the final step of




the dissolution process, appeared to be a morabtelicriterion to evaluate
powders’ behavior in the aqueous phase [12]. Islity index is commonly
used to evaluate the solubility of the powdersraftenufacturing or during
reconstitution. When producing protein-rich matsrisuch as high milk protein
powder, whey protein powder and casein-rich powd#ies insolubility index is
an important property that relates the functionathdvior of proteins with the
solubility property. The solubility of proteins, wh are trapped in the particle
structure, depends on their native or denaturet¢ stad also on environmental
factors such as temperature and pH of the liquidiame. It is important to
recognize that denaturation of proteins alone i$ significant to cause a
measurable loss of solubility, as proteins mush alggregate and/or coagulate
and finally precipitate [13].

5. Concluding Remarks

Understanding and quantifying thene droplet/particle process of prime
importance for producing high quality products @#ntly. In dryer, the
important processes are atomization, mixing andindryin liquid, these
processes are wetting, dispersing and dissolufigraticles. No comprehensive
mathematical tool has been established (exceptapsrthe software developed
at NIZO, the Netherlands) to cater a large numbeop®rating parameters to
account for most of the important physical phenamgwvolved, and certainly
there is nosimple-to-usesoftware developed for large plant applicationshat
operator level that the plant settings can be ptedibefore the large throughput
production is commenced. In industry, engineerbfielpgists are often more
interested in the trend of changes when ‘turninighab’ in the control panel.
This provides the opportunity for the functionalisedictions where simple (not
yet so accurate but qualitatively correct) modessild be used. The related
parameters for predicting functionality are morfficilt to gain compared with
the drying kinetics and are unlikely to be detemdirtomprehensively for each
formulation. There is also no accurate model ofnglage as a function of
product composition, which warrants further invgation. Simple yet accurate
drying kinetics models (i.e. lumped kinetics), ome tother hand, can be
established and are used most effectively to opénthe plant operations for
energy saving and product development purposeeniains to be a challenge
when the spatial distribution of water content diesa particle becomes critical
for determining changes in the quality of the drgwducts; yet there is no
accurate laboratory determination of the moisturefiles in micron-size
particles (size ranging from tens of micron to & feindred microns) which can
back up modeling attempts.



Acknowledgments

This is to acknowledge that the work is mainly suped by ARC Discovery
Grant DP0773688; and also by Gardiner Foundati@¥ZD09 Major Grant in
collaboration with Diary Innovation Australia Ltd.

References

10.

11.

12.

13.

Pisecky, 1.J. Handbook of milk powder manufactuidiro A/S,
Copenhagen, Denmark, 1997, pp.1-216.

Chen, X.D.; Ozkan, N. Stickiness, functionality amétrostructure of
food powders, Drying Technology, 2007, 25(6), 9699

Kerkhof, P.J.A.M. The role of theoretical and matiaical modelling
in scale-up, Drying Technology, 1994, 12 (1&2),8.-4

Sano, Y.; Keey, R.B. The drying of a spherical igfet containing
colloidal material into a hollow sphere, Chemicalgiheering Science,
1982, 37(6), 881-889.

Langrish, T.A.G.; Kockel, T.K. The assessment otlemracteristic
drying curve for milk powder for use in computatibtiluid dynamics
modelling, Chemical Engineering Journal, 2001,@3%74.

Chen, X.D.; Lin, S.X.Q. Air drying of milk droplainder constant and
time-dependent conditions, AIChE Journal, 20056511790-1799.
Patel, K.C; Chen, X.D. Drying of aqueous lactos&utsms using a
single stream spray dryer, Trans. IChemE (par2Qa9,7, accepted.
Straatsma, J.; Van Houwelingen, G.; Steenbergeh,; e Jong, P.
Spray drying of food products: 2. Prediction of dlubility index,
Journal of Food Engineering, 1999, 42(2), 73-77.

Bhandari, B.R.; Howes, T. Implication of glass sition for the drying
and stability of dried foods, Journal of Food Emrgiring, 1999, 40(1-
2), 71-79.

Chen, X.D.; Patel, K.C. Micro-organism inactivatidaring drying of
small droplets or thin-layer slabs — a criticaliesv of existing kinetics
models and an appraisal of the drying rate dependedel, Journal of
Food Engineering, 2006, 82(1), 1-10.

Schubert, H. Instantization of powdered food prdslutnternational
Chemical Engineering, 1993, 33, 29-45.

Thomas, M.; Scher, J.; Desobry-Banon, S; Desobr\ifk powders
ageing: effect on physical and functional propetti@ritical Reviews in
Food Science and Nutrition, 2004, 44, 297-322.
Anandharamakrishnan, C.; Reilly, C.D.; Stapley, A&GEffects of
process variables on the denaturation of whey m®tduring spray
drying, Drying Technology, 2007, 25(5), 799-807.



