W CORA =

g/ﬁ%

Title Influence of mechanical integrity during pneumatic conveying on
the bulk handling and rehydration properties of agglomerated
dairy powders

Authors Hazlett, Ryan;Schmidmeir, Christiane;0'Mahony, James A.

Publication date

2020-04-30

Original Citation

Hazlett, R., Schmidmeir, C. and 0'Mahony, J. A. (2020) 'Influence
of mechanical integrity during pneumatic conveying on the

bulk handling and rehydration properties of agglomerated

dairy powders', Journal of Food Engineering, doi: 10.1016/
j.jfoodeng.2020.110103

Type of publication

Article (peer-reviewed)

Link to publisher’s
version

https://www.sciencedirect.com/science/article/pii/
S0260877420302016 - 10.1016/j.jfoodeng.2020.110103

Rights

© 2020 Elsevier Ltd. All rights reserved. This manuscript version
is made available under the CC BY-NC-ND 4.0 license. - https://
creativecommons.org/licenses/by-nc-nd/4.0/

Download date

2024-04-25 13:31:49

[tem downloaded
from

https://hdl.handle.net/10468/9958

University College Cork, Ireland
Colaiste na hOllscoile Corcaigh



https://hdl.handle.net/10468/9958

Journal Pre-proof

journal of
food engineering

Influence of mechanical integrity during pneumatic conveying on the bulk handling
and rehydration properties of agglomerated dairy powders

R. Hazlett, C. Schmidmeier, J.A. O'Mahony

PII: S0260-8774(20)30201-6
DOI: https://doi.org/10.1016/j.jfoodeng.2020.110103
Reference: JFOE 110103

To appearin:  Journal of Food Engineering

Received Date: 27 January 2020
Revised Date: 22 April 2020
Accepted Date: 24 April 2020

Please cite this article as: Hazlett, R., Schmidmeier, C., O'Mahony, J.A., Influence of mechanical
integrity during pneumatic conveying on the bulk handling and rehydration properties of agglomerated
dairy powders, Journal of Food Engineering (2020), doi: https://doi.org/10.1016/j.jfoodeng.2020.110103.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier Ltd.


https://doi.org/10.1016/j.jfoodeng.2020.110103
https://doi.org/10.1016/j.jfoodeng.2020.110103

Credit Author Statement

Influence of mechanical integrity during pneumaticconveying on the bulk handling and

rehydration properties of agglomerated dairy powdes

Ryan Hazlett Conceptualization, Methodology, Investigation, MAlsation, Writing —

Original Draft, Software
Christiane Schmidmeier Conceptualization, Methodology, Writing — Reviewikd=diting,

James A. O’'Mahony Funding Acquisition, Conceptualization, SupervisioNriting —

Review & Editing, Project Administration



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

I nfluence of mechanical integrity during pneumatic conveying on
the bulk handling and rehydration properties of agglomerated dairy

powders

R. Hazlett?, C. Schmidmeiérand J.A. O'Mahon¥?

School of Food and Nutritional Sciences, Univer§lollege Cork, Cork, Ireland

’Dairy Processing Technology Centre, University Egdl Cork, Cork, Ireland

"Corresponding author:
Email: sa.omahony@ucc.ie
Phone: +353 21 4903625
Fax: +353 21 4276398

Address: School of Food and Nutritional Sciencesyérsity College Cork, Cork, Ireland

Declarations of interest: none



25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

Abstract

Agglomerated powders are susceptible to breakdowrhandling, most notably, during
powder conveying. In this study, three agglomeratidry powders (whey protein
concentrate powder, WPC; fat-filled milk powder,MAF and infant formula powder, IF)
were conveyed through a custom-fabricated dispersig to understand the effects of
agglomerate breakdown on dairy powder handling amalication. All samples displayed
significant breakdown on dispersion, evidenceddducing particle size and increasing bulk
density. The resulting flowability of these powderas impaired (flow index: WPC: 9.3 to
5.1, FFMP: 5.7 to 4.9 and IF: 16 to M@& increased particle-particle interactions. Theahit
stages of rehydration were impeded by agglomeragakhge (42.9-47.0% wettability
reduction and 7.22-16.4% dispersibility reductiomhile powder solubility remained
relatively unchanged. This study provides insights the alterations of agglomerated dairy
powder properties on agglomerate breakdown, wheatifying the effects these alterations

have on the functional properties of these powders.

Key words: Agglomerate integrity, Powder conveyiipwder functionality, Flowability,

Rehydration.
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1. Introduction

The production of dairy powdersja spray drying, concentrates the numerous
nutritional and functional properties present idadry system in a solid form that allows for
more economical storage and transport (Schuck,)2@i8rder to fully utilise the functional
and nutritional properties of these ingredientsfuather application, these powders need to
be both easy to handle (i.e., possess good floiygkaind to rehydrate. Certain dairy powder
types display challenges with handling and rehydmnatattributable mainly to their bulk
composition and/or physical properties (Fitzpatethkl., 2016, 2007) and for such powders,
agglomeration may be utilised to overcome thes#deasiges.

Powder agglomeration is a process of particle esitargement that is routinely utilised
in the production of spray dried dairy powders, vty numerous individual primary
particles are combined together into cluster-likactures where individual primary particles
may still be distinguished (Cug al., 2013; Ivesoret al., 2001). Agglomeration has been
shown to alter the powder physical and bulk-hamdproperties, ultimately increasing their
flowability, by reducing the extent of interpargcinteractions (e.g., van der Waals forces)
occurring between individual powder particles (Rark et al., 2013; Szulc and Lenart,
2013). The improvement of powder rehydration in thi#al stages (i.e., wettability) on
agglomeration is another, well established, berafeffect of agglomerating dairy powders
and is achieved mainly through increasing the velsiof interstitial air within the resulting
powder (Gaianet al., 2007; Jet al., 2016).

The industry standard agglomeration process ulili@mmercially during the
production of dairy powders occurs in the sprayedrynain chamber (Pisecky, 2012);
however, on exiting the spray dryer, transporthef agglomerated powder, to other locations
in the processing plantia conveying lines is required for further handlingtporage,

packaging or application. During conveying, powdarticles have the propensity to collide
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with other powder particles (i.e., attrition) aralid surfaces (i.e., collision) to an extent that
is dependent on the type of conveying system used dilute or dense phase). The attrition
and collision forces experienced by the agglomdratarticles can cause a breakdown in
particle structure, which has the ability to neggliy affect the bulk and functional properties
of the powder.

Numerous studies have been completed in the arphaasmaceutical sciences to study
the breakage of granulated powder material, inolgidinderstanding the causes, mechanisms
and means of measurement (lvegbal., 2001; Reynoldst al., 2005; Subero and Ghadiri,
2001). Granulation, although another form of powgearticle size enlargement, forms
particles that are very different to agglomeratadydpowder particles. These particles are
usually large (=1 mm), spherical and dense, witthimechanical integrity (Faur al.,
2001). These properties contrast with those ofaggrated dairy powder particles, which
generally have low mechanical integrity. Therefateproves challenging to extend any
correlations between the breakdown of granulatedphceutical powders and agglomerated
dairy powders.

This study was designed with the aim of identifybngth the overarching mechanisms
responsible for dairy powder agglomerate breakdaagnyell as to assess the effects that
breakdown has on selected key quality attributesthed resultant powders. Three
representative agglomerated dairy powders were ech@se., whey protein concentrate
powder, fat filled milk powder and infant formulaowder) which had diverse bulk
composition, physical properties and intended appbns in order to generate inter-
relationships between these properties applicablemdny different forms of agglomerated
dairy powders. The powders were dispersed throughstom-fabricated dispersion rig with
analysis before and after dispersion used to dpvaldeep understanding of the causes and

effects of agglomerate breakdown, ultimately prongdnew insights to allow for greater
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control of the functional and physical propertielsagglomerated dairy powders during

conveying.

2. Material and methods

2.1. Materials and composition

Three commercially significant agglomerated dairgwders were used in this study.
Agglomerated whey protein concentrate (WPC) andoaggrated fat-filled milk powder
(FFMP) ingredients were kindly donated by Carbergrédients (Ballineen, Cork, Ireland)
and Lakelands Dairies (Bailieborough, Cavan, lr@¢)arespectively, while a first-age, whey-
dominant, infant formula (IF) powder was sourceairfra local commercial outlet. Data for
composition was provided by the suppliers of theGA(Protein: 80.0% and fat: 8.50%) and
FEMP (protein: 26.4% and fat: 28.7%) ingredients! avas calculated from the product

packaging for the IF powder (protein: 8.52% and 2&t6%).

2.2. Powder dispersion process for agglomerate breakdown

A pressure dispersion rig was custom fabricatedlibyn A. Barry Ltd. (Little Island, Cork,
Ireland) to achieve controlled breakage of agglateetr dairy powders in a simulated lean
phase pneumatic conveying configuration. The rig s@mposed of a compressed air source,
an eductor (Figure 1), a powder hopper and stardesel and flexible tubing. Compressed
air, at 1 and 3 bar, was passed through the r@gticrg a venturi effect as the compressed air
accelerated through the narrowing orifice of theicddr. The agglomerated powder was
slowly poured into the powder hopper to avoid bindgor arching at the exit of the hopper
and the venturi in the eductor component createtcum that drew the powder in the
hopper downwards, into the compressed air stredma. powders, on exiting the eductor,
entered stainless steel tubing (20 mm in lengthgrevhparticle-particle and particle-wall

collisions occurred, causing the agglomerated povatieictures to break down further,



122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

before sample collection. On collection, the powdsere transferred to, and stored in, two
(double bagged) zip-lock, low density polyethylebags (VWR, Belgium) at room

temperature (22°C) and protected from light umglgsis. One kilogram of each powder was
dispersed at 1 and 3 bar dispersion pressure peelitiree samples for each agglomerated
powder: a control, which had not been disperseautyit the rig (C), and a 1 bar (1b) and 3
bar (3b) sample. Cleaning of the rig was complé&edisassembling, washing (warm water)
and drying (50°C) the rig’'s components between edidpersion run to avoid cross-

contamination between samples.

2.3. Powder physical properties

2.3.1. Agglomerate size and morphological analysis

The particle size distribution (PSD) and specificface area (SSA) analysis of the powders
was measured using a Mastersizer 3000 equipped amithutomated Aero S dry powder
disperser cell (Malvern Instruments, WorcestershitK). The lowest possible dispersion
pressure of 0.2 bar was used to minimise additibnedkage on dispersion during all PSD
analyses. Background and measurement durationsOof 2vere used, and the particle
refractive and absorption indices were set at b 0.01, respectively. The particle size of
the agglomerated dairy powders was reported asvtheme-weighted median particle
diameter (i.e., Dv50) and this data was used ierlaflculations such as agglomerate
breakage.

The morphology of the powder samples was analygadscanning electron microscopy
(SEM) following a method described previously byapalaet al. (2017). Magnifications
varied from 150-400 X, due to the different padislzes of the three different agglomerated

powders.
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2.3.2. Powder agglomerate breakage
The extent of agglomerate breakage following disiperat 1 and 3 bar, as described in
Section 3.2, was calculated for each sample foliguwthe method described by Schtlal.

(2012a), utilising the following equation:

Ctrl d50 (um) — d50 @ X bar (um
Agglomerate breakage (%) = (uCtr)l d50 (um) (um) .100

To quantify the fine material generated on agglamebreakdown, the Dv10 value (i.e., the
particle size value below which 10% of the matevislume exists) was used as a threshold
and all material smaller than this was quantified dalculating the area (utilising the

Trapezoidal rule) under the volume distributionveu(from PSD analysis) for each sample,

at each dispersion pressure.

2.3.3. Distribution of fat in powder particles

The surface free fat content of each powder samvpkequantified post conveying using the
GEA Niro analytical methods No. 10a (GEA Niro, 2@DP6with minor modifications
previously described by Schmidmeier al. (2019). Confocal laser scanning microscopy
(CLSM) was used to visualise the distribution dftfaroughout the powder particles and to
observe any changes occurring as a result of bosakdf agglomerated powders containing

high bulk fat levels following a method previouslgscribed by Drapakt al. (2017).

2.4. Powder physical and bulk-handling properties
2.4.1. Particle density, bulk density, occluded and iriteas air
The patrticle density of the samples was measurid) tise Micromeritics Accupyc 1l 1340

gas pycnometer as described in GEA analytical nustido. 11a (GEA Niro, 2006b). The



171  bulk and tapped density of the agglomerated powaers measured as per GEA method No.
172 A2a (GEA Niro, 2006c) using a STAV 2003 Stampf-vakter (J. Engelsmaan Apparatebau,
173  Ludwigshafen, Germany) to assess tapped density.volumes of interstitial and occluded
174  air of the samples were then calculated using tethod described by Schuekal. (2012b).

175

176  2.4.2. Powder flowability

177  The flow index (i) of each sample was determineitigis Brookfield Powder Flow Tester
178 (PFT; Brookfield Engineering Laboratories Inc., Mieboro, MA, USA) using a method
179  described previously by Crowleyal. (2014).

180

181  2.5.Rehydration properties

182  2.5.1. Wettability

183 Initially, the IDF wettability standard method 8912 (IDF, 2014) was used to assess the
184 impact of agglomerate breakdown on the wetting eriogs of the powder samples. For
185 powders that took longer than 60 min to wet (M¥RC and FFMP), a modification to the
186 IDF standard procedure, described previously bypirricket al. (2016), was employed. In
187  brief, this modification includes carefully remogirany powder particles that have not
188 migrated below the water surface (i.e., have nehbeetted) 60 min after powder addition.
189 The un-wetted particles were transferred to a peeted moisture dish before drying at
190 103C overnight, after which the samples were alloweddol to room temperature in a
191 desiccator before being weighed using an analybedénce. The weight of the un-wetted
192  particles is used to determine the amount of weteaticles by difference from the starting
193 weight. The mass of wetted particles is then usedetermine wettability of each sample

194  using the following calculation:

mass of wetted particles (g)

195 Wettability (%) = . 100

mass of inital powder (g)
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2.5.2. Dispersibility

A modified version of the IDF dispersibility methdi7:2014 (IDF, 2014) was utilised
whereby powder (10 g) was added to the surfacé0fra@l of ultrapure water in an 80 mm
diameter beaker. The solution was stirred for 88iag a metal spatula, allowing one motion
across the diameter of the beaker per s, afterhykthe beaker was left to stand for a further
30 s. The contents of the beaker were then paksedgh a 15Qum analytical sieve into a
receiver beaker. The sieved solution (10 ml) waefed into pre-weighed moisture dishes
and dried at 10 for 2 h. Following drying, the dishes were coolada desiccator and
weighed to calculate total solids (TS) of the steweaterial. This value was incorporated in a

calculation as described in the IDF method to dateuthe percent dispersibility of samples.

2.5.3. Solubility

To assess powder solubility, a 10% (w/w) powdepsasion was formed by adding 30
g of sample to 270 g of ultrapure water (*QRin a beaker of 80 mm internal diameter. The
suspension was stirred at 400 RPM, using an ovdrkeaer (Eurostar 100 Control; IKA-
Werke GmbH & Co. KG, Staufen, Germany) equippedh\aithree-blade impeller (diameter-
50 mm) for 60 min. Following this, a method desedtpreviously by McCarthgt al. (2014)

was used to quantify the solubility of the suspens:

2.6. Satistical data analysis

All experimental analyses were conducted in trggkcwith the data generated being
subjected to one-way analysis of variance (ANOVA)ng SPSS version 25 (SPSS Inc.,
Chicago, IL, USA). A Tukey's paired-comparison plogt test was used to determine
statistically significant differences (P < 0.05)twween mean values for different samples,

with mean values deemed to be significantly diiféfeom each another at a 95% confidence
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level. Unless otherwise stated, results are exptess mean * standard deviation from

triplicate analysis, with statistically significadifferences identified using superscript letters.

3. Resultsand discussion

3.1. Quantification and mechanisms of agglomerate breakage

Initially, all three powders had significantly (PG<05) different particle sizes before
pressure dispersion, with the infant formula (I&nple having the largest Dv50 value of 252
um, followed by the whey protein concentrate (WPQJ ¢he fat filled milk powder (FFMP)
samples with Dv50 values of 209 and 128, respectively (Table 1). Powder particle size
analysis, before and after pressure dispersion atdlL3 bar, was utilised to quantify the
extent of agglomerate breakage occurring in eaotpka The results, presented in Table 1,
indicate that significant (P < 0.05) agglomerateaBrage occurred for all samples; with the
Dv50 value for each sample being reduced signifigaas the samples were conveyed
through the dispersion rig at both 1 and 3 baretispn pressures. The WPC and IF samples,
which had highest initial Dv50 values, displayeé tireatest reductions in particle size on
dispersion at 1 and 3 bar. The reduction in Dv5luesvdor the FFMP sample, although
significant (P < 0.05), resulted in less of a reducin particle size, attributable to the smaller
initial Dv50 value of the sample in comparisonhe WPC and IF samples (Table 1). These
results indicate that agglomerated dairy powdefslamer initial particle size, are more
susceptible to reduction in particle size duringvgder conveying due to a greater extent of
attrition and collisions occurring between othertiskes and solid surfaces, respectively. This
finding is in agreement with results presented biaBinaet al. (2016) in a study comparing
the extent of agglomerate breakage from differefant formula powder conveying systems

(pneumatic and bucket elevator conveying).

10
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Although larger agglomerates are more susceptibfeductions in particle size during
powder conveying; the initial size of the powder siibe considered when reporting
agglomerate breakage. The percentage of agglombratkage was calculated for each
sample after 1 and 3 bar dispersion and the regliétsle 2) show that relatively similar
levels of agglomerate breakage were displayed llsaaiples at each dispersion pressure. At
1 bar dispersion, the WPC and FFMP samples werkebralown by 8.12 and 8.56%,
respectively, whereas, the IF samples showed arlessent of agglomerate breakage at this
dispersion pressure, as only 5.29% agglomeratké&geaoccurred. At 3 bar dispersion, the
FFMP sample showed the lowest level of agglomdregakage (21.7%), followed by the IF
(23.1%) and WPC (26.3%) samples. These resultsatelthat although larger agglomerates
are more susceptible to reductions in particle gizeng conveying, the resulting levels of
agglomerate breakage for small (FFMP) and largeQVeRd IF) agglomerated powders are
relatively similar. The importance of initial pate size of agglomerated dairy powders is
highlighted here as a range of powders with veffgidint chemical composition and powder
physical properties all yielded similar levels afjgbomerate breakage. This suggests that
powder particle size, an important influencer ofnydunctional properties for powder
handling, is also very influential in determinifgetextent of breakdown taking place during

pneumatic conveying of agglomerated dairy powders.

3.2. Influence of agglomerate breakage on powder properties

3.2.1. Powder physical and bulk properties

Clear changes to the powder particle propertiesafbrsamples were measured on
increasing dispersion pressure. A reduction iniglarsize (Figure 2) resulted in a subsequent
and significant (P < 0.05) increase in the SSA adhesample (WPC; 27.3 to 38.3 k¢*m

FFMP; 53.9 to 69.2 kg thand IF; 23.5 to 32.5 kg f) (Table 1). As powder particles break

11
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down, and the mean particle size is reduced, thmsed surfaces of the newly-broken
powder particles will be of much greater area, vailhg for increased inter-particle

interactions to take place at the bulk powder lewdlich can significantly influence the

behaviour of such powders during further handlistprage, packaging and transport
(Crowleyet al., 2014; Haret al., 2019).

The reduction in particle size, and subsequenteas® in the appearance of fine
materials in all samples, led to a further sigmifitincrease (P < 0.05) in the bulk density of
each sample, a key quality parameter for furth@liegtion of powder, e.g., transport costs
and dosage control (Schulze, 2008). The WPC sasimgl@ed an 8% increase in bulk density
at 3 bar dispersion while the bulk density of tHeViP and IF samples increased by 13 and
14% respectively, at the same dispersion pressiablg 2). The increase in bulk density
occurring on agglomerate breakage is a consequehdtbe broken down agglomerates
packing together into closer arrangement due tar tdecreased size and increased
uniformity, therefore taking up a smaller volume angiven space. These results are in
agreement with work completed by Hanletyal. (2011a) who also showed an increase in
bulk density for a range of IF samples after lahls@owder conveying. In the present study,
breakage-induced increases in the bulk densityhe$d powders may significantly impact
their applications, most notably for the IF sampleere the bulk density of such powder
products directly influences the scoop deliveryjclihis important in controlling the nutrient
composition of a feed serving (Renfretal., 2003).

The WPC sample had over twice the amount of ocduwtiie(11.0 ml 100 Q) than that
of the FFMP and IF samples (5.13 and 4.77 ml 100 rgspectively). Occluded air is
incorporated into spray dried powders when ainisoduced and further stabilised in the feed
solutions prior to spray drying, with the extentsofch air incorporation being dependent on

numerous processing practices and parameters,asuafitation of concentrates and choice

12
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of atomisation device (O’Sullivan et al.,, 2019; diky, 2012). The higher bulk protein
content of the WPC sample (compared with the FFNIPIE samples) would be expected to
facilitate greater levels of air entrapment in tlgrid concentrate prior to spray drying,
contributing to the more hollow primary powder paes, with large amounts of entrapped
air, formed during spray drying (Boumaa al., 2016) (Table 2). A similar finding was
reported by Crowlewt al. (2014) in a study where the content of occludednareased on
increasing protein content over a range of milkgroconcentrate powders. The presence of
occluded air is clearly evident in the scanningtta micrographs where the WPC powder
particles seem to be agglomerates of hollow pringasticle shells with large amounts of
entrapped occluded air, also present, but to @lesgent, in the FFMP sample (Figure 3). It
is hypothesised here that these hollow particldsh@ which the WPC agglomerates (and to
some extent the FFMP sample) were composed of] astéragile points in the agglomerate
structures, allowing for extensive breakage to ocauthese points during the impacts
experienced during conveying. This hypothesis iisfoeced by the significant increase (P <
0.05) in the presence of fine material presenhengowder bulk of the WPC sample, which
was the highest of all three samples, which edsiaks off of the friable, hollow powder
particles present in the WPC powder bulk (Figure 4)

A significant reduction (P < 0.05) in the volumeioferstitial air was experienced for
all samples, with the WPC sample, which had thegelsirinitial volume, again, experiencing
the largest loss on agglomerate breakdown, reduoimg 198 to 156 ml 100 5on pressure
dispersion at 3 bar. The IF sample had a decrease 99.3 to 78.9 ml 100 gwhile the
volume of interstitial air in the FFMP was redudes 103 to 84.0 ml 100y at the same
dispersion pressure (Table 2). The presence ofsirttal air located between agglomerates
and between neighbouring powder particles withiragglomerate structure, is a key quality

characteristic desired from the agglomeration mecéhis interstitial air contributes to the

13
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improvement of powder flowability and wettabilitgsociated with powder agglomeration,
reducing the magnitude of interparticle interacsi@md encouraging the movement of water
through the powder bulkia capillary action, respectively (Forrgg al., 2011; Shatet al.,

2017).

3.2.2. Fat distribution
Initially, all samples had relatively similar comtgtions of surface free fat for the

agglomerated powder particles (WPC; 0.57 g 160RFMP; 0.53 g 100 §and IF; 0.66 g
100 g% (Figure 5) even though large variations in thé&klat concentrations were present
between the samples. Both the FFMP and IF samplasioed high concentrations of bulk
fat (28.7 and 25.6% fat, respectively) while the @/Bample in comparison, contained a
much lower concentration (8.50% fat). The simikardls of surface free fat, before pressure
dispersion, is attributed to the over-represematib fat at the surface of spray dried dairy
powders, caused by the atomisation step of theyspmang process. Here, the spray dryer
feed is preferentially dispersed into discrete thtspat the presence of fat globules (lowest
point of cohesion in the liquid stream), therefareanging fat globules at the surface of the
droplet where they are stabilised on subsequeayspying (Foerstegt al., 2016a, 2016b).
Although all samples had similar initial surfacedrfat contents, a significant increase
(P < 0.05) in the concentration of free fat on plogvder surfaces was only distinguishable in
the FFMP (0.55 to 0.93 g 100"gand IF (0.66 to 0.82 g 100%gsamples on increasing
dispersion pressure (Figure 5). As these powdentatwed much higher concentrations of
fat, a homogenisation step is utilised during thpeoduction in order to stabilise the fat by
reducing fat globule size before spray drying ([fagt al., 2017; O’Sullivaret al., 2018).
On agglomerate breakdown however; new surfaces amden within the interior of the
powder particles, become exposed, leading to isese@ the concentrations of free fat on

the particle surfaces for the FFMP and IF sampléss increase in surface free fat was
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significant (P < 0.05) at both the 1 and 3 bar elispn pressures for the FFMP sample,
whereas, for the IF sample, the increase was oghifieant after dispersion at 3 bar due to
increased breakage at this pressure (Figure 5keTtesults are in agreement with previous
findings by Hanleyet al. (2011b) who also reported an increase in surfeee fat on
breakdown of an IF sample.

CSLM analysis was conducted on the FFMP sample hwisitowed the greatest
increase in the concentration of surface free &aunoing on agglomerate breakdown. The
resulting micrographs (Figure 6) showed a distrdyutof small fat globules, dispersed
through the particle’s bulk structure. Howeverpatsesent in the CSLM micrographs were
large pools of coalesced fat, which was primamlgated along the pockets of occluded air,
within the powder particle. During spray dryingt faigrates through the atomised droplet,
towards air/water interfaces, including any pocksteccluded air that form during the spray
drying process (Faldt and Bergenstahl, 1996; Kim Bearce, 2009). As previously stated,
occluded air pockets provide weak points in powgerticle structures, therefore,
agglomerate breakage at these points caused laade @f coalesced fat to become exposed
at the newly altered powder surface. Now exposédudace level, fat acts to strongly
influence (generally inversely) the resulting bil&ndling and rehydration properties of a
powder. Increasing surface free fat leads to arease in the surface hydrophobicity of the
bulk powder and contributes to increased intergiarinteractions, critical to the wettability

and flowability properties, respectively (Fitzpakiet al., 2017; Kimet al., 2005).

3.3. Effect of agglomerate breakdown on powder flowability
Agglomerate breakage led to a reduction in the flodex () value for all samples
(Table 2). This reduction was significant (P < 0.@& the WPC and IF samples, as these

samples experienced the greatest reduction incfeadize after dispersion, whereas for the
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FFMP sample, the reduction was not significant (#05). The WPC sample, which showed
the greatest extent of agglomerate breakage, édptaged the greatest reduction in powder
flowability, with thei value reducing from 9.32 to 5.07 (45.6% reductiafter dispersion at

3 bar. This may be attributed to the significan&(B.05) increase in powder bulk density and
SSA, as well as the significant (P < 0.05) decreaghe volume of interstitial air (Tables 1
and 2). In combination, this acts to bring the pewgarticles into closer arrangement,
resulting in a greater number and strength of paeicle interactions (e.g., van der Waals
and electrostatic interactions) occurring at butkvder level, reducing powder flowability
through increased cohesive bulk strength (Zeifat., 2017). A considerable reduction in the
flow index also occurred in the IF sample (16.162 i.e., 36.6% reduction) due to the same
resulting effects of a reduction in particle size gescribed above for the WPC sample.
Additionally, the increase in surface free fat acng in the FFMP and IF samples on
agglomerate breakdown may contribute to the rednati powder flowability (Figures 5 and
6). Once exposed on a powder particle surfacehdatthe propensity to form liquid bridges
between neighbouring particles, causing a furtimereiase in the cohesive forces in the
powder bulk; this is particularly problematic inigaproducts such as FFMP and IF which
contain high concentrations of fat in their bulkrgumosition (Fosteet al., 2005). Although
the reduction in the flow index of the FFMP sampfes not significant (P > 0.05) (5.58 to
4.93 i.e., 11.6% reduction), it must be noted thatflowability of the control FFMP (non-
dispersed form) was considerably lower than thathef WPC and IF samples, due to the
smaller size of the initial agglomerated powdetipkas and therefore, even a relatively small
reduction in flowability could have considerabldeets on storage, handling and further

applications (e.qg., bridging, rat-holing and impdisilo discharge) (Barbosa-Canovas, 2005).
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3.4. Effect of agglomerate breakdown on powder rehydration
3.4.1. Wettability

For the IF sample, due to its instant nature, taadard IDF method was appropriate
for measuring the sample’s wettability and the itssshowed that the control sample wetted
within 18.7 s. The time required for wetting incsed significantly (P < 0.05) after dispersion
at 1 and 3 bar pressure with wetting times of 2h@ 35.0 s, respectively (Table 3).

Analysis of the wettability of both the WPC and FFMamples required a modification
of the IDF method (Section 3.5.1), due to their mmtant nature (Schuck, 2012c). The
results showed that both samples also displayedniisant (P < 0.05) impairment in their
wettability on agglomerate breakdown. The WPC sanhjald a wettability of 68.7% but this
was reduced to 59.4 and 39.2% on pressure dispeasib and 3 bar, respectively. Similarly,
the FFMP initially had a wettability of 65.9%, witteductions to 46.6 and 34.9% when
dispersed at 1 and 3 bar, respectively.

The impairment to powder wettability, resultingrfraagglomerate breakdown can be
attributed to two major causes, firstly; the reduwrctin the volume of interstitial air, and
secondly, the increase in concentrations of surfee fat. The presence of interstitial air,
between agglomerates and between neighbouring popatéicles within an agglomerate
structure, encourage rapid wetting, as they aathasinels, allowing water to more freely
penetrate the powder bulka capillary movement. A reduction in the volume woferstitial
air will cause the wetting to occur at a much slopace, such as seen in the WPC sample
(Table 2). The increase in concentration of fraeafeahe surface of powder particles, caused
by agglomerate breakdown, also acted to inhibitiefiit wettability by causing an increase
in the hydrophobicity of the surfaces of the powgarticles, which contributed to the
impairment of wettability of the FFMP and IF sangl@igures 5 and 6). For optimal

expression of functionality, these powders are pastquired to be efficiently and fully
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rehydrated, with powder wetting being the first ketage in the rehydration process.
Therefore, the impairment in wettability measuredthis study, could have significant
implications for selected industrial and commeraaplications of these powders (Fitzpatrick

et al., 2017).

3.4.2. Dispersibility and solubility

A decrease in the dispersibility was also displapgdall samples after pneumatic
conveying. This reduction in dispersibility wasrsigcant (P < 0.05) for both the FFMP and
IF samples at each dispersion pressure (1 and )3 wih reductions in the levels of
dispersibility from 65.9 and 91.4% to 62.9 and 84,.8espectively (Table 3). The reduction
of dispersibility for WPC was not significant (P3>05) between the control and 1 bar sample
(89.4 to 87.9%), but at the 3 bar dispersion lewgiere further agglomerate breakdown
occurred, this reduction in powder dispersibil®g 8%) was significant (P < 0.05) (Table 3).
At the final stage of the rehydration process,(pewder solubility), enough time and energy
had been provided to overcome the negative eft#cégglomerate breakdown as there was
no significant difference (P > 0.05) in the solibilat each dispersion pressure for all

samples.

4. Conclusion

In conclusion, the results from this study indicttat the initial size of agglomerated dairy
powder particles is a determinant of the extentvtoch particle size reduction occurs on
powder conveying, i.e., larger agglomerate strestuexperience a greater reduction in
particle size. The resulting effects of this bregkavere displayed on analysis of the physical
and bulk-handling properties of the samples, wiginiicant decreases measured in particle

size, volumes of interstitial air and a concomitaictrease in bulk density of each sample on
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pressure dispersion. The significant adverse effagglomerate breakage can have on both
the flowability and rehydration properties of thenmler samples were demonstrated through
this study. Powder flowability was decreased fbisamples, attributed to increased patrticle-
particle interactions, as broken-down agglomeratesild pack together into closer
conformations. The initial stages of rehydratiore.(i wettability and dispersibility) were
significantly impeded by agglomerate breakdown gioa combination of increased surface
free fat (for the FFMP and IF samples) and a redngh the volumes of interstitial air, both
of which limit the movement of water through thewg@r bulk on rehydration. Although
partial agglomerate breakdown is inevitable on pemabnveying, the new insights provided
here may be utilised to improve exiting industnmdwder handling processes and final

powder functionality.
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6. Tablesand figures

Table 1: Powder physical properties, including ipbatsize distribution parameters, specific surfacea (SSA) and particle densipg)(of whey

protein concentrate (WPC), fat filled milk (FFMR)dainfant formula (IF) powders before (C) and aftespersion at 1 (1b) and 3 (3b) bar.

Dv10 DV50 DV90 D[4.3] D[3,2] SA Do
pm kg m? g cm*

C 95.6 + 0.52 209 +1.18 365 + 4.73 221 +1.58 165 + 0.58 27.3+0.12 1.25+0.0%

WPC 1b 87.6 £ 0.08 192 +0.58 336 +2.52 203 +1.08 152 +0.58 29.7 £ 0.08 1.24 +0.0%
3b 67.1+0.15 154 +1.58 269 +4.78 162 +1.58 118 + 0.58 38.3+0.18 1.25+0.0%

C 43.7+0.3% 120 +1.18 231 +3.5% 130 + 1.58 83.7+0.7% 53.9 + 0.48 1.23+0.0%

FFMP 1b 40.0+0.28 110+ 1.18 213 +6.38 120 +2.3% 76.3 +0.59 59.2 + 0.44 1.22 +0.0%
3b 34.5+0.16 94.5 +0.45 183 +3.00 103 +0.88 65.2 + 0.26 69.2 + 0.26 1.23+0.0%

C 109 + 0.58 252 +2.68 492 + 6.66 280 + 3.08 193 +1.58 23.5+0.17 1.26 +0.0%

IF 1b 99.2+0.7% 239 +3.78 455 +9.17 259 +0.16 178 +2.68 25.4 +0.38 1.26 + 0.0%
3b 76.1+0.15 194 +1.58 352 +4.16 205 + 2.08 139 + 0.58 32.5+0.18 1.26 +0.0%

Values followed by different superscript letterdtie same column, for each sample are significatitigrent (P < 0.05).

2Dv10 Particle size below which 10% of material volumésesx
® Dv50 Particle size below which 50% of material voluméesex
© Dv90 Particle size below which 90% of material volumésex

94 D[4,3] volume-weighted mean particle diameter
¢ D[3,2] surface-weighted mean particle diameter
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Table 2: Agglomerate breakage, bulk denspiy.), tapped densityp(pped, Volume of interstitial air (), volume of occluded air (4 and

flow index () of whey protein concentrate (WPC), fat filled kn(FFMP) and infant formula (IF) powder before @)d after dispersion at 1

(1b) and 3 (3b) bar.

A%?lec;;g;ite Pbulk Ptapped Via Voa [

% e ml 100 g'---------- -
C n.a. 0.25+0.01 0.36 + 0.01 198 +2.17 11.0+0.19 9.32+0.64
WPC 1b 8.12+0.79 0.26 +0.61 0.38 £ 0.0% 184 +4.1% 11.6 +0.28 7.50 £ 0.29
3b 26.3+0.76 0.27 +0.61 0.42 +0.0% 156 + 3.00 11.2+0.2% 5.07 +0.67
C n.a. 0.39 +0.03 0.54 +0.01 103 +1.98 5.13+0.04 5.58 +0.18
FFMP 1b 8.56 + 0.92 0.40 +0.63 0.58 + 0.0% 91.0 +4.2% 5.34 +0.08 5.42 + 0.60
3b 21.7+0.44 0.44 + 0.69 0.60 + 0.0% 84.0 + 1.09 5.03 + 0.09 4.93+0.28
C n.a. 0.43 +0.03 0.56 + 0.0% 99.3+1.13 4.77 +0.08 16.1+0.68
IF 1b 5.29 + 1.00 0.45+0.63 0.58 + 0.0% 92.6 +1.98 4.73+0.04 12.9+1.39
3b 23.1+0.23 0.49 + 0.69 0.63 +0.0% 78.9 + 2.00 452 +0.0%° 10.2 +0.30

Values followed by different superscript letterdtie same column, for each sample are significatitigrent (P < 0.05).

n.a. = not applicable.
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Table 3: Rehydration properties of whey proteinasanrate (WPC), fat filled milk (FFMP) and infamriula (IF) powder before (C) and after

dispersion at 1 (1b) and 3 (3b) bar.

----------- Wettability------------ Dispersibity Solubility
s % % %

C >1h 68.7 + 4.1 89.4 +0.98 95.8 + 0.39
WPC 1b >1h 59.4+2.74 87.9 +0.80 94.4 +0.48
3b >1h 39.2+3.88 82.8 +1.28 92.8 +0.34
C >1h 65.9 + 3.6% 75.2 +1.90 73.8+0.73
FFMP 1b >1h 46.6 +4.02 69.8 + 3.38 72.1+0.17
3b >1h 34.9+3.20 62.9 +3.14 71.0 +0.63
C 18.7 +0.61 100 91.4+0.31 99.5 +0.27
IF 1b 21.3+1.24 100 89.4+ 1.27 99.0 +0.38
3b 35.0 + 1.02 100 84.8 +0.39 98.6 +0.34

Values followed by different superscript letterdtie same column, for each sample are significatitigrent (P < 0.05).
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Figure 3: Scanning electron micrographs of wheygwoconcentrate (WPC) — 370 X magnification, fed milk powder (FFMP) — 400 X

magnification and an infant formula (IF) powder gden— 150 X magnification; before (C) and afterpeision at 1 (1b) and 3 (3b) bar.

26



% volume distribution below Dv10 value
D
O
(9]

WPC FFMP IF
519

520 Figure 4: Proportion of total volume of powder wihrticle size less than Dv10 value of
521 whey protein concentrate (WPC), fat filled milk (#P) and infant formula (IF) powder
522  before (C;0 ) and after dispersion at 1 (Cb; ) arf@b;® ) bar.

523

524

27



1.0 4

0.9 -

0.8 -

0.7 -

0.6 -

H®

H o

0.5 -

0.4 -

0.3 -

Surface free fat (g 100%y

0.2 -

0.1 1

0.0

WPC FFMP IF
525

526 Figure 5. Concentrations of surface free fat presam the surface of whey protein
527 concentrate (WPC), fat filled milk (FFMP) and infadormula (IF) powder before (@3 )
528 and after dispersionat 1 (1@ )and 3 @; ) bar

529
530
531
532
533
534
535
536
537

538

28



539

540

541

542

543

544

545

546

547

548

Figure 6: (a) Scanning electron micrograph of fidled milk powder sample (2300 X

magnification) displaying a fragmented particle teaming a large air vacuole and (b and c)
confocal scanning laser micrographs of the samekeaitustrating large pools of exposed
coalesced fat (stained red), now exposed due tdomggate breakdown post pressure

dispersion.
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Highlights

I nfluence of mechanical integrity during pneumatic conveying on the bulk handling and
rehydration properties of agglomerated dairy powders

» Large agglomerates experienced the greatest loss in particle size on conveying

» Alterations to powder physical properties occurred, impairing powder functionality
* Agglomerate breakage caused a significant decrease in powder flowability

» Initial stages of powder rehydration were impeded by agglomerate breakdown

* Final powder solubility wasrelatively unaffected by agglomerate breakage
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