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ABSTRACT

The compositional and physicochemical propertiediftérent whey permeate (WPP),
demineralised whey (DWP) and skim milk powder (SMRE fractions were investigated.
Bulk composition of WPP and DWP was significanfy< 0.05) influenced by powder
particle size; smaller particles had higher protad lower lactose contents. Microscopic
observations showed that WPP and DWP containedléxaér lactose crystals and smaller
amorphous particles. Bulk composition of SMP ditl very with particle size. Surface
composition of the smallest SMiRction (<75um) showed significantly lower protein (—9%)
and higher fat (+5%) coverage compared with noatilvpaated powders. For all powders,
smaller particles were more susceptible to stickitggroscopicity of SMP was not affected
by particle size; hygroscopicity of semi-crystadlipowders was inversely related to particle
size. This study provides insights into differembetween size fractions of dairy powders,
which can potentially impact the sticking/cakindhaeiour of fine particles during

processing.
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1. Introduction

Stickiness and hygroscopicity of powders, espactalbse with high carbohydrate
content, is a major challenge for the dairy indygparticularly during the spray drying
process. Sticky powders can become deposited onale of the spray drier and block bag-
houses and cyclones, decreasing process efficipnaguct yield and quality. Stickiness is a
surface phenomenon that occurs when the surfageveder particle reaches a critical
viscosity (between faand 168 Pa s), which allows for the formation of liquiddges,
causing cohesion between colliding particles anadtresion to equipment surfaces
(Downton, Flores-Luna, & King, 1982). The viscositfythe particle surface is governed by
many factors, such as moisture content, the phystiate of lactose and temperature
(Downton et al., 1982; Hogan, O'Callaghan, & Blo@@09). A wide variety of techniques
have been developed over the years to determinsotigitions at which powders become
sticky, with sticking temperature (T) usually refgat as a function of relative humidity (RH)
(Boonyai, Howes, & Bhandari, 2006; Hogan et alQ20ntipunya, Shrestha, Howes, &
Bhandari, 2009; Lazar, Brown, Smith, Wong, & Linggju1956; Murti, Paterson, Pearce, &
Bronlund, 2009; Paterson, Bronlund, Zuo, & Chag¢teri007; Paterson, Brooks, Bronlund,
& Foster, 2005).

Powders containing large amounts of amorphousdsacioe particularly susceptible
to sticking as amorphous carbohydrates are thernardigcally unstable and undergo a phase
transition from a ‘glassy’ to ‘rubbery’ state ara@ua critical temperature, known as the glass
transition temperature Y. This transition is also highly dependent on hditgidue to the
plasticisation effect of water, which lowerg (Haque & Roos, 2004a; Jouppila & Roos,
1994; Ozmen & Langrish, 2002; Roos & Karel, 19949 the Ty is exceeded, the molecular

mobility of the system will increase and the paetisurface viscosity will decrease, leading
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to the onset of sticking (Foster, Bronlund, & Pster, 2006). As a consequence of this,
stickiness is commonly encountered during spraindrgue to high temperature and RH
conditions. The temperature difference betweerTghaend sticking point temperature, known
as the T—{, has been extensively studied and is often usddgoribe the sticking behaviour
of dairy powders (Hennigs, Kockel, & Langrish, 206ibgan et al., 2009; Murti et al., 2009;
Ozmen & Langrish, 2002; Paterson et al., 2005, 200%hould be noted that the Ty-Gan
vary depending on the measurement technique usgeréen et al., 2005, 2007) and the
composition of the powder (Hogan et al., 2009). Jvdlues reported for SMP vary from 14
to 22 °C, using a thermo-mechanical test (Ozmera&drish, 2002), 23.3 °C, using a direct
stirrer-type technique (Hennigs et al., 2001), 294sing a fluidised bed apparatus (Hogan &
O'Callaghan, 2010; Hogan et al., 2009) to 33.6 Si@gia particle gun (Murti et al., 2009).

To minimise processing and product quality chaleengssociated with stickiness,
feeds containing large amounts of lactose, suath&y and whey permeates, are often
subjected to a pre-crystallisation step beforemdyyo convert the majority of the amorphous
lactose (typically 75-80%) into the more stablgstalline form. However, due to the
presence of impurities (e.g., proteins and mingrdlgs not possible to fully crystallise all of
the dissolved lactose. Resulting powders are seystatline in nature, as they contain both
lactose crystals and a proportion of amorphou®$sc{~20—-25% of total lactose), in addition
to other milk components (Bansal & Bhandari, 20T6)ese components differ in diffusivity
and molecular weight and therefore may not beibigied evenly between size fractions
(Meerdink & van't Riet, 1995), leading to differeaxcin stickiness behaviour.

Particle size is thought to play a role in powderkiness as it has been shown to
have a significant effect on the cohesive and adbestrength of a dairy powders (Rennie,
Chen, Hargreaves, & Mackereth, 1999). It is commaiserved in industrial settings that

the fines exiting the spray dryer with the exhaisbften stick to the surfaces of the air
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filtration systems (e.g., cyclones and bag hous¢sever, to date, very little research has
been carried out investigating the effect of p&tgize on the stickiness of dairy powders. As
part of a study by Hogan et al. (2009) the autleaesmined the differences in stickiness
behaviour between two SMP samples of differentigdarsizes (D[4,3] values of 130 and 61
pm) but did not find any significant difference ween the stickiness of the two size
fractions.

The hygroscopicity of a dairy powder describediital moisture content after
exposure to humid air at a constant temperaturgra$gopicity is closely linked with
stickiness, as increased moisture content increbeaste of stickiness development (Murti
et al., 2009). Various studies (such as Carpih.g2@17 and Haque & Roos, 2004b) have
investigated the influence of particle size on watesorption by different dairy powders.
Haque and Roos (2004b) examined the differencesiar uptake of coarse and fine
amorphous lactose/protein powders and found tledfirtle particles absorbed slightly more
water than the coarse powder particles at rela@ypour pressures (RVR)33.2%. Similarly,
Carpin et al. (2017) found that for crystallinettzse powders, smaller particles showed an
increase in water absorption compared with largetigges at RHs > 50%. Rogé and
Mathlouthi (2000) also showed the same effect diigla size on water uptake for crystalline
sucrose.

Many studies (Kim, Chen, & Pearce, 2002, 2005, 200@am & Langrish, 2006;
Shrestha, Howes, Adhikari, Wood, & Bhandari, 20808ye compared the bulk and surface
compositions of various dairy powders and found the proportions of protein, fat and
lactose on the surface of the particle can be fsogmitly different from those in the bulk of
the powder. While such observations are usefubrmétion on the relationship between
particle size and surface composition is limitednket al. (2009) sieved a commercial SMP

and examined the surface composition of various fsactions but found no significant effect
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of particle size on surface composition. Howeueg, tange of particle sizes examined in the
study by Kim et al. (2009) was very small (betw@emnd 90 um) and therefore not
representative of the range of particle sizes gfpyidound in industrially produced powders.
To the author’s knowledge, there are no publishediss available on the relationships
between particle size and surface composition wi-seystalline dairy powders, such as
whey permeates.

The objectives of this study were to charactehselulk and surface compositions
of various size fractions within different dairyywders, and to investigate whether
differences exist in the stickiness behaviour aygtdscopicity of these fractions. In
particular, the stickiness behaviour of the smaliee fractions, or fines, was of interest, as

excessive stickiness in this fraction can be atingifactor during spray drying.

2. M aterials and methods

2.1. Materials

Demineralised whey powder (DWP), whey permeate god/PP) and skim milk

powder (SMP) were supplied by local dairy ingreti@mmpanies. Saturated salt solutions

magnesium chloride (Mgg)l potassium carbonate {80;) and sodium chloride (NaCl)

were purchased from Sigma Aldrich (Co. Wicklow/dred).

2.2. Powder fractionation

Powders were sieved using a laboratory test sieakes (Octagon 200 test sieve

shaker, Endecotts Ltd, London, UK) using threeedédht sieve sizes (250, 150 and 75 pum).
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The powders were sieved in batches of 300 g atiardpl7 for 4 min. The powder in each
sieve was then weighed to determine the propodi@ach size fraction in the original
powder. Two batches of the WPP and four batchéseoDWP and SMP were sieved in total.
All fractions were well mixed, stored in airtightagtic containers and analysed within 2

months.

2.3. Particle size distribution

The particle size distributions (PSD) of each powitection were measured by laser
light scattering using a Mastersizer 3000 (Malveistruments Ltd., UK), equipped with an
Aero S dry powder dispersion unit. Particle sizesugements were recorded as the volume

mean diameter (D[4,3]).

2.4. Powder composition

Total moisture was determined by Karl-Fischer titra using a 784 KFP Titrino
auto-titration system (Metrohm AG, Herisau, Switaed) as described by GEA (2006).
Protein determination was carried out using a LBXGogen Analyser FP-638 (LECO
Corporation, Michigan, USA), using a nitrogen-t@{ain conversion factor of 6.38. Non-
protein nitrogen (NPN) content was measured usiad<jeldahl method, after precipitation
of intact proteins using trichloroacetic acid (TCA) the absence of an accurate method to
measure whey:casein ratio in heat treated SMRatieewas taken to be 20:80. Lactose
content was measured using a lactose assay kitadyage K-LOLAC, Ireland). It should be
noted that there was an insufficient amount of pawvid test the x < 7pm fraction of the

DWP for lactose and NPN, so a simple linear regnassas carried out to extrapolate the
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data. For the SMP fractions, lactose content waisrasd to be the same as the original
powder. Fat content was analysed by Rose-Gottli2h, (1987). Ash content was determined
after overnight incineration in a muffle furnaces&0 °C. Water activity (g was determined
using a Novasina Labmaster.aw (Novatron Scientiiic, UK). Free moisture was

determined by oven drying at 86 °C for 6 h.

2.5. Lactose crystallinity

Lactose crystallinity (%) was calculated accordinghe formula described by
Schuck & Dolivet (2002):

BWL.19

x 100
L

where BWL is the bound water content in the lac(gskg®) and L is the lactose content (g
kg™).
The BWL was calculated according to the followingnula:
BWL = TW — FW — (0.0152.CC) — (0.005.WPC) — (0.0M8SSC)
where TW: total water content (g Kg FW: free water content (g R]g CC: casein content

(9.kg"), WPC: whey protein content (g Kgand MSSC: milk salt solution content (g%g

2.6.  Scanning electron microscopy

Scanning electron microscopy (SEM) was carriedwtlt a field-emission scanning
electron microscope (FE-SEM, Zeiss Supra 40 VP @emarmstadt, Germany) at 2.00 kV.
Powder samples were mounted on double-sided caalpemattached to SEM stubs and
lightly coated with chromium (Emitech K575X, AshébrtUK) prior to analysis. Images were

taken at 500x magnification.
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2.7. Stickiness

Powder stickiness was determined using a fluidisatchnique previously described
by Hogan et al. (2009). Stickiness curves were igdee by plotting the air (dry bulb)
temperature against the RH (calculated from therated air temperature and absolute
humidity) at which fluidisation ceased. To deterethe effect of surface fat on stickiness
behaviour, stickiness curves were generated fodposwvashed in petroleum ether, as

described by Kim et al. (2005).

2.8.  Powder fluidisation velocity

Minimum air fluidisation velocities were determinasging an Anton Paar MCR 302
rheometer (Graz, Austria), equipped with a powadrattachment. An 80 mL bed of powder
was subjected to an increasing air flow (from 6 tom*) and the minimum air velocity
required to fluidise the powder was determinedthgyng the pressure drop across the
powder bed and dividing by the cross sectional.arba air used to fluidise the powders in
the powder cell was in compliance with ISO 8578lass 1.3.1, with a dew point of =20 °C
and 0.8 kg moisture Kgdry air. All analysis was conducted at room terapge (~20 °C).
The air velocity (m$) passing through each fluid bed in the stickirsgsaratus was
determined by dividing the total air flow rate (3.3n™) by 5 (for each fluid bed) and then

dividing by the cross sectional area of one fluedl b

2.9. Differential scanning calorimetry
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Powders were analysed without pre-equilibrationenrmbntrolled atmosphere
conditions. The water activity (pof the different size fractions varied slighthpin 0.34 to
0.36, 0.28 to 0.36 and 0.30 to 0.31 for the DWPPWRd SMP, respectively. Glass
transitions in the three powders were measuredjwsi@2000 differential scanning
calorimeter (DSC; TA Instruments, Crawley, UK) &scribed by Murphy et al. (2015).
Hermetically sealed differential scanning calorimgDSC) aluminium pans, containing
between 14 and 24 mg of powder, were heated itr@gen purged environment using the
following method; heating from 0 to 60 °C at 5 °@ih cooling from 60 °C to —10 °C at 10
°C min?, and finally heating at 5 °C to an end temperatire00 °C. The Jmidpoint values
were calculated from the second heating cycle drahalyses were completed in at least
duplicate. T-] values were calculated as the difference betweetypoint temperature (T)
and Ty, and represent a single point between both curvideea; of the powder. For powders

washed with petroleum etheg Values of the original powder were used.

2.10. Hygroscopicity

Powder hygroscopicity was measured according tongsdod described by Schuck,
Jeantet, and Dolivet (2012). Powder samples (+2eg¢ placed in desiccators over saturated
salts of KCO; at 43% RH. The samples were equilibrated and veeigtt regular intervals
until a constant weight was observed.

Hygroscopicity was calculated using the followigrhula:

((wy —wy —wg) x 1000) + (w; X M)
(wy, — wy) X 10

where w = vial weight (g), w = sample weight (g), = weight of vial after equilibration

(9), M = % free moisture (% w/w)

10
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2.11. Surface analysis of powders

X-ray photoelectron spectroscopy (XPS) measurenveaits made using a Kratos
AXIS Ultra spectrometer (Kratos Analytical Ltd., kehester, UK) The relative amounts of
protein, fat and lactose at the powder surface @etermined using a matrix formula created
from the elemental compositions of the pure milknponents, according to the method
described by Faldt, Bergenstahl, and Carlsson (1%9should be noted that after calculation
the WPP tested in this study gave a slight negativiace fat value for all size fractions.
Considering that the fat content of the powder megigible (~0.1%, w/w), the equations
were adjusted to remove fat; fat content of WPRases were considered to be “not

determined”.

2.12. Statistical analysis

All analyses were carried out in at least duplic8tatistical analysis was carried out

by subjecting data sets to one-way ANOVA with astesaagnificant difference (LSD) test

using SPSS for Windows Regression Models (IBM hdlatd., Dublin, Ireland) statistical

analysis package. A level of confidencePof 0.05 was used.

3. Results

3.1. Powder characterisation

3.1.1. Particle size fractions and bulk compositdmpowders

11
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The proportion of each size fraction in the origjipewders is shown in Table 1. In all
three powders studied, the majority of particlesensetween 250 and 75 um. However, in
DWP, the majority of powder particles were betw26f and 150 um, compared with WPP
and SMP, which mostly contained particles in thegeal50 to 75 pm. Bulk compositional
differences were observed between the varioudsigizgons of the original powders (Table
2). For DWP and WPP, smaller particles containgtidr levels of protein and lower levels
of lactose compared with larger particles. The saereal was not seen for SMP, which
showed no significant variatio® ¢ 0.05) in bulk composition between size fractions
Mineral content of DWP and WPP was also signifigahigher P < 0.05) in smaller size
fractions. In a similar study by Carpin et al. (ZDlthe authors also observed higher protein
and mineral contents for smaller particles of alste lactose powder. The non-protein
nitrogen (NPN) content, expressed as a percenfageabnitrogen, was 4.60 + 0.01, 13.53 £
2.29 and 35.55 = 10.59 % across all size fractadr&IP, DWP and WPP respectively.

As expected, DWP and WPP contained a higher anafdattose (80.2 = 1.27 and
87.3 £ 0.83%, respectively) compared with SMP (48611%). The majority of lactose in
DWP and WPP was in the crystalline formléctose monohydrate). This is a result of the
pre-crystallisation step that occurs before spraind, in which the majority of amorphous
lactose present is converted into the more stabystalline form. However, for all size
fractions studied, DWP contained higher levelsai-grystalline lactose compared with
WPP. In WPP, the smaller particles contained mughédn levels of amorphous lactose
(40.1% of total lactose in x < 4Bn fraction) compared with larger particles (8.60todal
lactose in x > 25@um fraction). A similar trend was also observed@DaWP. Furthermore,
representation of SMP crystallinity in termsoelactose monohydrate is not ideal, as unlike
during the manufacture of DWP and WPP, a pre-diisdtion step is not performed prior to

drying; therefore any lactose crystals present cmsyain mixtures ofi- andp-lactose

12
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(Jouppila & Roos, 1994). Therefore, caution shdaddxercised when interpreting SMP

crystallinity values (as-lactose monohydrate) from Table 2.

3.1.2. Surface composition of powders

Surface compositions differed from bulk compositiam the three powders examined
(Table 3). Protein and fat contents were highéhafparticle surface, while lactose
concentrations at the surface were lower thanerbtilk. These findings are consistent with
other studies in which it was also reported thatgin and fat preferentially migrate to the
surface of the particle during drying (Nijdam & Lgarsh, 2006; Shrestha et al., 2007).

Many studies have shown that the surface fat cowofeshairy powders is significantly
higher than the bulk composition (Kim et al., 2088dam & Langrish, 2006). In the present
study, fat coverage of the original SMP was foumtlé¢ 9.56 + 1.60%, which is considerably
higher than the 1.06% fat found in the bulk of pleevder. Kim et al. (2009) reported a higher
surface fat content of 18% for a commercial SMhwitulk composition of approximately
1% fat, whereas Nijdam and Langrish (2006) repoatedrface fat content of approximately
8% for a SMP with 1.1% bulk fat content. Foers@engenbach, Woo, and Selomulya
(2016) demonstrated that, for industrially spraiedipowders, it is the atomisation stage
(and not the subsequent drying stage), which iptimeary determinant of surface
composition, and is responsible for overrepresamtatf surface fat. It is thought that fat
globules are ruptured during atomisation and areagphomogenously over the droplet
surface, creating a thin film of fat. At lower faincentrations (between 0 and 5%) small
changes in bulk fat content of the powder can edase significant increases in the fat
content at the surface (Nijdam & Langrish, 2008)isTmay have implications on powder

stickiness and caking ability, as a higher fat eahat the surface can potentially create a

13



323  more cohesive particle and promote the formatiowedk bridges between particles (Nijdam
324 & Langrish, 2006).

325 Particle size can affect surface composition duwdifferences in droplet drying times,
326  allowing more or less migration of certain milk gpoments to the particle surface. For

327 example, Foerster et al. (2016) reported that prabtégration to the particle surface was

328 more prominent in droplets with larger diameteiise Buthors suggested that this may be due
329 to the surface activity of the protein and diffezes in diffusivity between the various milk
330 components. In keeping with those observationsleTalshows that there was a significant
331 difference P < 0.05) in the amount of protein at the surface betwthe largest and the

332 smallest size fraction of SMP (47.6 + 1.95% an@430.49%, respectively). However, in a
333  similar study investigating differences in surf@oenposition of various size fractions of

334 SMP, Kim et al. (2009) observed no significant efffef particle size on surface composition.
335 It should be noted that the particle size rangé uséheir study was very small (0-90 um)
336 and therefore the differences in size may havéeeh large enough to show any significant
337 change in surface composition. For DWP and WPRJeer influence of particle size on

338  surface composition was observed (Table 3). Howealisproportionately high levels of

339 crude protein were observed at the surface of WRRIers in comparison with DWP,

340 especially when considering the protein contenthefbulk powders (Table 2). This may
341 indicate a greater diffusivity of nitrogenous corapds in WPP patrticles during drying.

342

343 3.1.3. Particle morphology

344

345 Scanning electron micrographs of the three orignaavders and their size fractions
346  are shown in Fig. 1. For DWP and WPP, the semitaliyse nature of the powders could be

347 clearly seen, as they consisted of a mixture ofskdged lactose crystals and less

14
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regular/more globular amorphous powder particlé® fon-crystalline particles in DWP
appeared to be more spherical in shape comparedM#P. This may be due to the higher
protein content of DWP, as protein formulation basn shown to influence particle
morphology (Maa, Costantino, Nguyen, & Hsu, 199He x < 75 um fraction of WPP also
appeared to be comprised of smaller particles coaapaith the equivalent size fraction of
DWP and SMP (Fig. 1, Sections 5A—-C), which couldenanplications for the flowability of
the powder (Fu et al., 2012). SEM images of SMRwv&ubthat the powder consisted mostly
of agglomerated particles, and that the degregglbaneration decreased with decreasing
particle size.

The scanning electron micrographs from the two sawystalline powders also
revealed differences in the types of lactose clygigesent. In Fig. 1 (section B1) prism
shaped crystals can be seen, whereas the crystaisrsFig. 1 (section B3) had the
characteristic tomahawk shape. Factors such devbkof supersaturation (Herrington,
1934; Parimaladevi & Srinivasan, 2014) and the intigs present (Garnier, Petit, &
Coquerel, 2002; Visser & Bennema, 1983) duringtatirsation can affect the final lactose
crystal shape. For example, Parimaladevi and Sgaim (2014) showed that higher levels of
supersaturation promoted the formation of prisnpsbacrystals, whereas Visser and
Bennema (1983) concluded that tomahawk shapedatsyfstm as a result of the interference
of B-lactose on the crystallisation process.

Another distinguishing feature from the SEM micmygns is the presence of small
particulates on the surface of the lactose crystab®th of the semi-crystalline powders. This
is likely due to the foam of the mother liquor adhg to the crystal surface during spray
drying. Similar particulates were also observed&hiab, Caric, and Milanovic (1991) in

DWP, who describe them as ‘lace—like ornamentationshe surface of the lactose crystals.
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3.1.4. Glass transition temperature

Studies have shown that thgdf a powder containing amorphous sugar is closely
associated with the stickiness of that powder (Bateet al., 2005), as thg 3ignifies a
decrease in surface viscosity and an increase leamar mobility (Downton et al., 1982).

For the three powders studied, Midpoint decreased in the order WPP < DWP < SMih w
values of 56.2 + 1.26, 48.5 + 0.03 and 37.7 + 0@8espectively. fmidpoint of the

original powders decreased as the amorphous lactogent of the powders increased,; this is
in keeping with other studies in which amorphows$dse content has been shown to have the

greatest influence ongTJouppila & Roos, 1994; Shrestha et al., 2007).

3.2. Powder stickiness and hygroscopicity

3.2.1. Stickiness of non-fractionated powders

Stickiness curves were generated for each powdpldiyng the RH against the dry
bulb temperature at which the powder became stithg.areas above and below the curves
represent the ‘sticky’ and ‘non-sticky’ zones regpely. Fig. 2 shows the stickiness curves
for the original DWP, WPP and SMP. For all thregvders examined, as the dry bulb
temperature increased, the RH at which the poweearbe sticky decreased. The
susceptibility of the powders to sticking increagethe order DWP < WPP < SMP, with
SMP exhibiting sticky behaviour at the lowest tenapere/RH conditions. Similar results
were found by Hogan et al. (2009), who comparedstiokiness of various dairy powders,
including DWP and SMP.

Of the two semi-crystalline powders examined, WRR found to be more

susceptible to sticking than DWP, despite the tlaat WPP had a higheg Midpoint and
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398 would therefore be expected to have a higher stictemperature. This may be explained by
399 the higher protein content of DWP (11.4 £ 0.28%npared with WPP (3.52 £+ 0.05%);

400 increasing the protein content of lactose-contgimowders has been shown to significantly
401  increase the T and therefore protect against sticking (Hogan'&allaghan, 2010). This
402  occurs due to the preferential sorption of wateth®yproteins, which reduces the amount of
403  water available in the system and therefore redtimegate of plasticisation of amorphous
404 lactose (Hogan & O'Callaghan, 2010; Shrestha e2@07). This observation was supported
405 by the T-values obtained in this study for WPP and DWP (@&l In relation to surface
406  composition, WPP was found to have a higher peagenof crude protein at the surface

407 compared with DWP. However, this crude protein gakuimisleading as it is not possible to
408 differentiate between true protein and NPN usinggXBased on the bulk composition of the
409 powders, it is probable that a greater proportibthe crude protein at the WPP surface is
410 NPN, which may not have had the same retardingedfe higher molecular weight

411  components ongland stickiness (Roos & Karel, 1991).

412

413  3.2.2. Influence of particle size on stickiness

414 Fig. 3 demonstrates the relationship between parize and stickiness. Smaller

415  particles were more susceptible to sticking irtlakke powders tested. Stickiness is thought to
416  be influenced by particle size as smaller partiblege a higher specific surface area (SSA),
417  which promotes interaction and formation of ligbiddges with one another and/or

418 equipment surfaces. Likewise, inter-particle dis&am a given volume will also be affected,
419  resulting in an increase in collision frequencydaoraller particles. Another explanation for
420 the increased stickiness observed for the smabletibns of the semi-crystalline powders
421  could be due to a higher amorphous lactose cortentpared with the larger fractions

422 (Hogan & O'Callaghan, 2010; Hogan et al., 2009)wkNeer, these results do not agree with
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the findings by Hogan et al. (2009) who did noterlue any effect of particle size on the
stickiness of two SMP fractions with D[4,3] valugs130 and 61 um. The D[4,3] values of
the 250 > x > 150 and 150 > x > 75 um fractionSEiP examined in this study were 124
and 83.2 um, respectively. A possible explanataritis disparity may the use of a vibrating
element in the apparatus used by Hogan et al. j2@@8ch may have served to disrupt inter-
particular cohesion in the smaller size fractidhshould also be noted that the stickiness
behaviour of the smallest fraction (x < 75 um) atle sample could not be determined due to
excessive stickiness under ambient conditions @iechannels developed instantly in the
powder and no further fluidisation was observed).

For both of the semi-crystalline powders there m@asignificant differenceR >
0.05) in the amount of lactose present at the sardaross the various size fractions (Table
3). However, as previously mentioned, the crystajliof the lactose in the bulk of the semi-
crystalline powders was found to be much highdaiger particles (Table 2). This suggests a
higher proportion of amorphous lactose at the sertd smaller particles, which may have
contributed to their sticking behaviour (Murti, B)0 This may also explain the increased
stickiness and lower Tgalues (Table 4) observed for smaller size frastiof WPP and
DWP. For SMP, slightly lower protein and higherttse contents at the surface of the
smaller particles may have accounted for increatiekiness; however, the surface
compositional differences observed between frastiware not sufficient to explain the
significant differences seen in Fig 3. For twoltd size fractions (i.e., the 150 > x > 7%
fractions of the DWP and SMP) the T;lad a negative value (Table 4), indicating stiekm
occurred prior to glass transition — an observatiat contradicts many years of published
literature. In light of these findings, further estigation was undertaken to determine if these

observations were due to a) fluidisation issuds)@ontribution of surface fat to stickiness.
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To investigate whether the results obtained forxtke75um fraction were due to
poor fluidisation characteristics of the powdeg thinimum air velocity required to fluidise
each powder fraction was determined by measuri@gtéssure drop across an 80 mL fluid
bed using a powder flow rheometer. For all sizetfoms tested, the minimum air velocity
required to fluidise powders in the rheometer (chatshown) was lower than that passing
through the fluid beds (0.12 rif)s These findings suggest that the poor fluidisatibserved
for the x < 75 um samples in the stickiness apparais likely due to powder stickiness,
which inhibited fluidisation due to cohesion betwgmwder particles and/or adhesion of
powder particles to the walls of the fluid bed.

Although the amorphous lactose content is consibigre predominant cause of
stickiness in dairy powders, fat present at théi@arsurface has also been shown to
contribute (Ozkan, Walisinghe, & Chen, 2002). Teeistigate the contribution of surface fat
to particle stickiness, a petroleum ether washweasl to remove the surface fat from the 150
< x <75 um fractions of all three powders andxke75 um fraction of SMP. The stickiness
behaviour of these fractions was then re-testedlandesults are presented in Fig. 4. Both
DWP and SMP showed significant improvements irkstess behaviour for all size fractions
after washing (i.e., higher temperature and RH itmm$ were required for the powders to
become sticky). In particular, the 150 < x < 75 ftaction of DWP showed a very
significant reduction in stickiness, which may hedo the higher amount of surface fat
(26.2%) removed, compared with the equivalent SMEtion (11.0%). The results for the x
< 75 um fraction of SMP are also particularly sfigraint, as the stickiness of the previous
sample containing surface fat could not be detezthirsing the stickiness rig at all. It should
also be noted that the stickiness of WPP couldadt-tested due to extreme caking of the

powder after washing.
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Particle size and lactose crystallinity of the hpowder fractions were re-tested after
washing to determine whether any other changebysipochemical properties of the
powders might have affected the stickiness resiitis.results showed that although there
was no change in particle size, the lactose ctystglof each powder did increase slightly,
most likely as a result of exposure to atmosphssiaitions during evaporation of petroleum
ether. The 150 > x > 75 um fraction of DWP hadgtreatest increase in crystallinity after
washing, from 79.9 to 98.0%. The SMP fractions sktbamaller increases in crystallinity,
from 8.80 to 11.2% for the 150 > x > 75 um fractaomd 3.66 to 4.05% for the x < 75 um
fraction. The larger increase in lactose crystajlinbserved in DWP is likely to have
contributed to the considerable improvement instinekiness behaviour of this powder
fraction after washing. Overall, it is difficult tietermine the individual influence of the fat
removal and the change in lactose crystallinityrenstickiness behaviour of these powder
fractions, but considering the magnitude of thengeain stickiness behaviour, it is likely a
combination of both of these factors. Furthermdrie surface fat is contributing to
stickiness, this, in combination with higher SSAdaontact between small particles), may

help explain the increased stickiness observeldarmtiginal x < 75 pum fractions.

3.2.3. Hygroscopicity

Hygroscopicity of the powders is shown in Tabl®©bthe three powders examined,
SMP was the most hygroscopic (7.62 + 0.03 at 43%, Rldssifiable as a ‘slightly
hygroscopic powder’ (Table 5). The values obtaife®SMP, at 43% RH, are predominantly
due to the amorphous lactose content (46.9%) gbtmeder (Listiohadi, Hourigan, Sleigh, &
Steele, 2005), in combination with relatively higtotein content (36.4 + 0.56%). The two
semi-crystalline powders absorbed less moistune 8P due to their higher crystalline

lactose content (Bronlund & Paterson, 2004). Os¢h&/PP was more hygroscopic (3.74
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0.02 at 43% RH) than DWP (2.17 + 0.00 at 43% RHyictv may be due to its higher mineral
content (Ibach & Kind, 2007; Shrestha, Howes, Adhik& Bhandari, 2008).

Particle size can also affect the hygroscopicitg pbwder as moisture occurs
primarily on the particle surface. As such, smallarticle sizes have a relatively larger
exchange surface for water absorption to occuryvaredversa. In the current study, powder
hygroscopicity increased linearly with decreasiagiple size for both DWP and WPP
(Table 5). Carpin et al. (2017) observed similatevaptake in smaller size fractions of
crystalline lactose powders. This water absorpsdikely due to the increased amount of
hygroscopic components, such as amorphous lagiogejns and minerals, present in
smaller fractions. However, the same pattern wa®bserved for the SMP sample, which
showed very little variation in hygroscopicity assoall size fractions (7.6 £ 0.01 to 7.78 +
0.01 at 43% RH). These results suggest that theeimée of particle size on powder
hygroscopicity appears minimal, and that differenicehygroscopicity observed between

size fractions of the same powder may be primaluly to differences in composition.

4. Conclusions

The results presented show that significant diffees in composition, stickiness
behaviour and hygroscopicity exist between theowarisize fractions of SMP, WPP and
DWP. There was a clear distinction observed betvpesvders: DWP and WPP were semi-
crystalline powders consisting of mixtures of cajylete lactose and non-crystalline particles,
while SMP was composed of largely agglomerated;argstalline particles. This distinction
was a key determinant in both the fractionation pimgsicochemical behaviours of resultant

powders.
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Bulk composition of semi-crystalline powder fractso(DWP and WPP) was greatly
affected by particle size; large size fractionsev@ore crystalline compared with smaller
fractions, which also had higher protein contemafer size fractions exhibited greater
tendency towards stickiness and hygroscopicityitegto the conclusion that differences in
bulk composition were the most significant conttdoy factor to the differences in
physicochemical behaviour. In contrast, bulk contpmsdid not vary across SMP size
fractions.

Hygroscopicity of all SMP size fractions was relaty constant, again suggesting
that bulk composition was the major determinantfater absorption, rather than particle
size. Stickiness behaviour of all three powdersyéwer, was closely related to size, with
smaller size fractions exhibiting higher stickindssvas suggested that this was due to a
combination of increased patrticle surface areafaincoverage.

Overall, this study shows that significant diffecen exist in stickiness and
hygroscopic properties of dairy powders as a famctif both composition and patrticle size.
The increased susceptibility of fine particlestioksness/hygroscopicity is particularly

interesting and should be better incorporated spray drying operational procedures.
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Figurelegends

Fig. 1. Scanning electron micrographs (500% magnificataf(;A) demineralised whey
powder, (B) whey permeate powder and (C) skim mdivder and their size fractions: (1)

original; (2) x > 25Qum; (3) 250 > x > 15@m; (4) 150 > x > 7um; (5) X < 75um.

Fig. 2. Stickiness curves of the three original powde@red in the studyl)

demineralised whey powde®) whey permeate powderA( skim milk powder.

Fig. 3. Stickiness curves showing the origin®)( x > 250 um ¥), 250 > x > 150 pum4&),
and 150 > x > 75 unil) fractions of (A) demineralised whey powder, (B)ay permeate

powder and (C) skim milk powder.

Fig. 4. Stickiness curves showing the@) original, @) 150 > x > 75 um (before surface fat
removal), (+) 150 > x > 75 um (after surface fahowal) and @) x > 75 um (after surface

fat removal) fractions of (A) skim milk powder a(i8]) demineralised whey powder.



Tablel

Proportion (%, w/w) of each size fraction in origilemineralised whey powder (DWP),

whey permeate powder (WPP) and skim milk powderR$Meparated using 250 um, 150

pm and 75 pum sieves.

Powder x> 250 um 250 > x > 150 pm 150 >x>75 pym <75 um
DWP (n =4) 6.52 +2.27 69.2 +3.74 22.6 £+5.33 51+3).62
WPP (n = 2) 5.36 +1.49 21.1+1.79 66.0+ 3.77 A®05

SMP (n =4) 1.42 +0.07 38.1+1.12 54.0 +1.85 369.79




Table?2

Bulk composition of original and fractionated desralised whey powder (DWP), whey

permeate powder (WPP) and skim milk powder (SMP).

Powder Size fraction True Fat Total Ash Total Free Crystalline
protein lactose moisture moisture lactose
(um) (%, wiw) (%, wiw) (%, wiw) (%, wiw) (%, wiw) (%, wiw) (%)
DWP  Original 11.4+0.28 1.11+0.02 80.2+1.27 0.70+0.1% 4.93+0.18 1.75+0.0f 73.8
X > 250 8.23+0.04 0.85+0.06 88.3+1.05 0.49+0.18 4.93+0.06 1.34+0.08 76.2
250 > x>150 10.8+0.18 1.04+0.0f 79.4+0.28 0.77+0.% 4.99+0.22 1.71+0.08 76.9
150>x>75 11.8+0.18 1.16+0.08 75.4+0.61 0.79+0.0f 5.10+0.12 1.86+0.16 79.9
X <75 21.4+0.09 1.95+0.08 71.6 1.43+0.1f 5.13+0.08 3.10+0.26 50.5
WPP  Original 352+0.08 0.08+0.0f 87.3+0.88 6.77+0.08 5.63+0.18 1.65+0.00 84.0
X > 250 0.54+0.02 0.08+0.0f 99.2+0.94 1.59+0.02 5.18+0.28 0.38+0.06 91.4
250 > x> 150 2.89+0.07f 0.11+0.0f 93.1+3.19 5.89+0.1f 557+0.12 1.46+0.00 81.6
150 >x>75 3.47+0.08 0.10+0.08 83.7+1.16 7.68+0.0f 5.63+0.08 1.86+0.0f 82.4
X <75 6.01+0.0f 0.13+0.0f 705+0.08 12.9+0.12 559+0.f 3.14+0.06 59.9
SMP  Original 36.4+058 1.06+0.07 485+6.11 7.31+0.02 5.52+0.14 5.05+0.00 3.28
X > 250 36.1+0.03 0.94+0.0% 485+6.11 7.19+0.08 557+0.13 5.04+0.0f 10.9
250 > x> 150 36.3+0.08 0.95+0.02 485+6.11 7.24+0.0% 547 +0.02 5.12+0.16 2.20
150 >x>75 36.4+0.08 0.93+0.02 485+6.11 7.23+0.635.50+0.04 5.07 +0.0f 8.80
X <75 36.5+0.08 1.00+0.0% 48.5+6.11 7.25+0.08" 5.51+0.08 5.13+0.07 3.66

#For each powder, different superscript letters iwithe same column represent a significant

difference P < 0.05). True protein is defined as (Total nitrogelNon-protein nitrogen) x

6.38; For DWP size fraction< 75values for non-protein nitrogen and lactose are

extrapolated; for SMP the lactose values are asgdionall size fractions. Crystalline lactose

is a-lactose monohydrate as a percentage of totaldacto



Table3
Surface composition of original and fractionatedhdesralised whey powder (DWP), whey
permeate powder (WPP) and skim milk powder (SMREmgin percentage protein, fat and

lactose coveragé.

Powder Size fraction  Crude protein Fat Lactose
(um) (%) (%) (%)

DWP  Original 41.2 + 0.56 28.4+2.72 30.4 +2.16
X > 250 42.3 +1.06 28.3+0.8% 29.4 +0.21
250> x>150 44.0 +0.56 26.7 +0.44 29.3+0.983
150 > x > 75 41.6 + 1.0 26.2 + 3.51 32.1+2.48%
X <75 39.4 +1.00 27.9+0.14 32.3+0.84

WPP Original 54.2 +0.00 n.d. 35.4+0.25
X > 250 458 +3.98 n.d. 36.5+1.27
250 >x>150 54.6+1.49 n.d. 36.5+0.51
150 > x > 75 51.8 + 3.4 n.d. 35.4+0.78
X <75 49.7 + 0.56f n.d. 35.2 +1.01

SMP Original 52.4 +0.98 9.56 + 1.60 35.9 + 0.56
X > 250 47.6+1.98 18.5 + 3.25 325+1.48
250 >x>150 47.6+0.00 12.2 +0.84  38.7 + 0.9&
150 > x > 75 47.2+0.49 11.0+1.76  40.2+1.18
X <75 43.8 +0.49 14.8+1.26° 39.7+1.7¢

@For each powder, different superscript letters imithe same column represent a significant

difference P < 0.05); n.d., not determined.



Table4

Water activity (@), glass transition temperatureg);Tsticking point temperature (T) and
difference between sticking point temperature dadggtransition temperature (Tq) Tor the
original and fractionated demineralised whey pow@a#/P), whey permeate powder (WPP)

and skim milk powder (SMP), before and after sweféat removal®

Powder Size fraction ~ Water activity Ty midpoint) T T-Tg4 T—Tg (ater washing)
(um) (aw) (°C) (°C) (C) (°C)
DWP Original 0.34 485+0.603 68.1 19.6 nd
X > 250 0.36 475+0.13 677 20.2 n.4
250 >x>150 0.34 48.8+ 001 68.5 19.7 n.4
150 > x > 75 0.35 49.1+001 429 -6.24 104
X<75 0.34 486 +0.48 n.d. n.d. n.e.
WPP Original 0.27 56.2+1.26 70.9 14.7 n.a.
X > 250 0.36 50.0+0.83 58.2 8.20 n.a.
250 >x>150 0.29 53.7+005 68.7 15.0 n.a.
150 > x > 75 0.28 54.1+0.36 62.5 8.35 n.a.
X<75 0.28 56.4+0.30 n.d. n.d. n.a.
SMP Original 0.31 37.7+0.68 58.3 20.6 n.a.
X > 250 0.30 33.4+0.251 651 31.7 n.a.
250 >x>150 0.31 39.3+092 60.6 21.3 n.a.
150 > x > 75 0.31 39.3+0.93 30.3 -9.00 27.8
X <75 0.31 38.2+0.08 n.d. n.d. 11.5

@ For each powder, different superscript letterdinithe same column represent a significant
difference P < 0.05); n.d., stickiness could not be determinetitaerefore T—{J could not

be calculated; n.e., not enough powder remainimvgash surface; n.a., not analysed.



Table5b

Hygroscopicity of the original and fractionated deenalised whey powder (DWP), whey

permeate powder (WPP) and skim milk powder (SMP3&s relative humidity (RH}Y.

Powder Size fraction Hygroscopicity at Classification

(Lm) 43% RH at 43% RH
DWP Original 2.71 +0.00 Non-hygroscopic
X > 250 2.00 +0.00 Non-hygroscopic

250 >x>150 2.61+0.67 Non-hygroscopic
150 >x>75 2.94 +0.62 Non-hygroscopic

X <75 5.00 £ 0.00 Slightly hygroscopic
WPP Original 3.74 +0.02 Non-hygroscopic
X > 250 0.78 +0.01 Non-hygroscopic

250 >x>150 3.22+0.65 Non-hygroscopic
150 >x>75 4.23+0.02 Non-hygroscopic

X <75 7.20 £ 0.03 Slightly hygroscopic
SMP Original 7.62 +0.03 Slightly hygroscopic
X > 250 7.61 +0.02 Slightly hygroscopic
250 > x > 150 7.78 +0.0% Slightly hygroscopic
150>x>75 7.60+0.0% Slightly hygroscopic
X <75 7.68 +0.08 Slightly hygroscopic

#Value ranges for powder hygroscopicity classifisatat 43% relative humidity (RH) are
modified from Schuck, Jeantet, and Dolivet (201®n-hygroscopics4.5; slightly
hygroscopic, 4.6—-8.0; hygroscopic, 8.1-11.0; vemyrbscopic, 11.1-14.5; extremely
hygroscopic>14.5. For each powder, different letters within saene column represent a

significant differenceR < 0.05).
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