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Abstract

This study evaluated the effect of high-pressuteogen (N) gas injection prior to spray
drying on the subsequent rehydration propertiesegtilar and agglomerated milk protein
concentrate (MPC) powders. Conductivity measuresndetmonstrated a slower release of
ions for powders produced using Mjection (NI) as they took longer to wet and sthle to
their lower density. However, analysis of partislee distribution on reconstitution at both
23 and 50 °C showed an improvement in powder dsspemwith NI. Powder solubility, when
measured at 23 °C, was higher for the NI powdehslevagglomeration negatively impacted
solubility. Confocal laser scanning microscopy analysis shaaviaster diffusion of dye into
regular MPC powder particles produced using NI. Tthprovement in powder dissolution
with NI was attributed to higher porosity and theegence of air voids which facilitated

increased water transfer and accelerated the boaakdf primary powder particles.
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1. Introduction

The rehydration of high-protein, casein-dominantrydgowders, including milk
protein concentrate (MPC), is currently a significahallenge encountered by the food and
beverage industry. These value-added ingredientsig® unique nutritional (i.e., high-
protein and calcium, low lactose content) and fiomatl (i.e., heat stability, gelation)
properties. To exploit the functionality of dry daingredients, rapid and complete powder
rehydration is generally required. However, thignpaired by reduced water transfer due to
non-covalent protein-protein interactions (Have@0& and high micellar casein content
(Schuck et al., 1998, 2002), with dispersion ofmay powder particles regarded as the rate-
limiting stage of rehydration due to the presentea metwork of casein micelles at the
powder particle surface (Mimouni et al., 2009).

A water temperature of approximately 50 °C, in bamation with high-shear
treatment and extended mixing times, are normaifyuired to accelerate the rehydration of
casein-dominant powders (Gaiani et al., 2006b; Miaet al., 2014), but this is not
desirable for ingredient manufacturers and endsugddeally, rehydration should take place
within a short time period at ambient temperatur@0( °C) and low shear to minimise
manufacturing time and production costs (Saggin@odpland, 2002). Previous research has
proposed several processing and formulation siegdg promote the rehydration of casein-
dominant powders, including cold microfiltration rdig micellar casein concentrate
manufacture (Crowley et al., 2018), high-pressuratiment (Udabage et al., 2012),
acidification of skim milk before membrane filtrati (Liu et al., 2019), and the incorporation
of monovalent salts (e.g., sodium chloride) inte doncentrate before spray drying (Schuck

et al., 2002; Sikand et al., 2013).
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Gases have been used in dairy processing tothéidunctional properties of a range
of products. For example, carbon dioxide (£@as been used to improve the shelf life and
quality of milk, cheese and fermented beverageddfikiss et al., 2006). However, only a
limited number of studies have reported their intpac the rehydration properties of dairy
powders. Marella et al. (2015) investigated thea@fbf CQ injection into skim milk before
and during membrane filtration and reported thesegbent characteristics of the MPC
powder. An improvement in cold water (10 °C) solijpwas observed, which was attributed
to the solubilisation of colloidal calcium phosphaluring membrane fractionation due to the
decrease in pH and a reduction in micellar casgaractions. However, the incorporation of
CO, into dairy streams during processing may changslymt composition, presenting
challenges for some existing applications. Boueieal. (2013) used CQduring extrusion-
porosification to manufacture MPC powders with erdeal dispersibility compared to MPC
produced using conventional spray drying. The aameent of a sub-micron particle size
distribution after only 2 h of rehydration was #iirted to the partial dissociation of casein
micelles as well as increased porosity of powdetigas. Kosasih et al. (2016a, 2016b)
investigated the addition of dry ice (i.e., soli®£ to whole milk concentrate prior to spray
drying and showed an improvement in the dispermsibif powder particles. Nitrogen @N
gas has also been used in dairy processing to yniogjfedient functionality (Adhikari et al.,
2018). One apparent benefit of usingdss is that, unlike C£and compressed air, it is inert,
so is unlikely to alter the pH of the dairy concat# or promote oxidation in the final
product. Hanrahan et al. (1962) reported an imprerd in whole milk powder dispersion
when N gas was incorporated into the concentrate befmaydrying. Similarly, Bell et al.
(1963) enhanced the dispersibility of skim milk =~ by injecting compressed air into the

concentrate between the high-pressure pump andsatom nozzle.
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Aside from the incorporation of gas into dairy atres, powder particle structure and
physical properties can be modifieta a process known as agglomeration. It can be
performed by returning fine powder particles frohe tcyclone to the top of the drying
chamber during droplet dehydration or by combirtimg spray dried powder with water or a
binder in the fluidised bed (Gianfrancesco et 2008). The process of intentionally mixing
the atomised spray with small, dry powder particlssknown as forced secondary
agglomeration (Pisecky, 2012). The effects of flulmkd agglomeration on the
physicochemical properties of milk protein isolg@wvders have been reported by Ji et al.
(2015, 2016, 2017), whereby improvements in powaettability were achieved, with no
improvement in solubility. Gaiani et al. (2007) ogfed that agglomeration using fines return
was effective in accelerating rehydration of wheytgin powder, while it resulted in
impaired rehydration performance for casein-domtienwder. Furthermore, the rehydration
characteristics of MPC powders produced using lagthlomeration and Ngas injection
have not been established. A previous study (Mc8eset al., 2021) by the current authors
investigated the influence of,Njas injection directly prior to spray drying, aggleration by
fines return, and a combination of these approacbesthe physical and bulk handling
properties of MPC powders. The MPC powder producgidg N gas injection had lower
density and flow index values, with higher air @t specific surface area, porosity and
surface fat, compared to the powders produced witNg gas injection, while agglomeration
also decreased powder density but improved flowgb(biven the significant changes to the
structure of the powder particles, the current wtwebs designed to investigate the
rehydration properties of these MPC ingredientsvef® techniques were employed to
elucidate the impact of these processing modibeation the performance of the powders

throughout the main stages of rehydration (i.etfimg dispersion and dissolution).
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2. Materials and methods
2.1,  Powder manufacture

The manufacture, composition and basic physicabpenties (e.g., density,
morphology, porosity, powder particle size) of ttegular (R), regular with nitrogen gas
injection (RN), agglomerated (A) and agglomeratath witrogen gas injection (AN) milk
protein concentrate (MPC) powders used in thisystudre described by McSweeney et al.
(2021). Briefly, concentrate (21.2% total solidgywvwas first prepared from MPC powder
using high-shear treatment and hydrodynamic camtatPrior to spray drying, the
concentrate was pre-heated to 70 °C and pumpebdet@tomisation nozzle using a high-
pressure pump (HPP). Regular (R) MPC powder wadymed using a conventional spray
drying process. Agglomerated (A) powders were mactufed by returning all fines
collected in the cyclone to the atomisation zon¢hefspray dryer main chamber. For MPC
powders produced with nitrogen {\gas injection (i.e., RN- and AN-MPC),Mas injected
(3.5 kg/h) at a pressure of ~190 bar into the feer] after the HPP and prior to atomisation,

using a pressurised injection unit (Carlisle Precggstems, Farum, Denmark).

2.2. Immersional and capillary rise wetting behaviour
Immersional wetting was measured using the GEA Miethod (GEA Niro, 2009)

with one modification; 4 g of each powder sampls wdded to the beaker of water (250 mL;
25 °C). Capillary rise wetting was measured usimgaalified Washburn method with 2 g of
each powder sample added to a cylindrical stairdess tube (diameter = 2.4 cm) with an
open base covered by filter paper and parafilnet(di., 2015). The analysis was first carried
out with no powder to determine the quantity of avaabsorbed by the filter paper and
parafilm (i.e., control), and subsequently thisuealvas subtracted from the test values. The

weight of the tube was recorded before and afterattdition of powder. The top of the tube
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was submerged in 25 °C ultrapure water and theawdity was quantified by measuring the
additional mass of the wetted powder after 20 miith results presented as the mean of

three independent measurements.

2.3.  Confocal laser scanning microscopy and liquid phase water diffusion

A Leica TCS SP5 confocal laser scanning microsd@iesSM; Leica Microsystems
CMS GmbH, Wetzlar, Germany) was used for the readvisualisation of dye penetration
into powder particles, as described by Power e(28120). Liquid phase water diffusion in
MPC powders was measured using the novel methaepied by Maidannyk et al. (2019).
Rhodamine B was added to anhydrous powders whicWed diffusion of the dye molecules
into the particles without changing particle morayy and preventing solubilisation,
thereby providing an indicator of powder hydratidine CLSM images were obtained at
fixed time intervals and represent real-time watdfusion. Diameters of particles were
detected using Leica TCS SP5 software in the singea 6-142 um. The areas of individual
powder particles were measured using spherical oappation and this information,
combined with the time of dye penetration, enalhediocal effective diffusivity of the liquid
phase in individual powder particles to be caladatinitially, powder particles appear as
dark particles with a dark green background. Howeslaring the water diffusion process,

the fluorescent dye penetrates the particles aadggs their colour to bright green.

24. Water sorption isotherms
Water sorption analysis was carried out as destiiyeMaidannyk et al. (2020), with
one modification: powders were weighed at intenadl®, 2, 4, 6, 8, 10, 24, 48, 72, 96 and

120 h. The water content in each system was plagteda function of time, and the
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Guggenheim-Anderson-de Boer (GAB) relationship Vitksd to data to relate water activity

and water content of anhydrous powders, as showquation (1):

m Ckay,

— = 1)

my - (1-kay)(1—kay +Ckay)

Wherem is the water content (g of water/100 g of dry d®)jmy — the monolayer value of

water contentC, k — constants, which can be calculated frogn

25. Measurement of mineral release using conductivity

Conductivity of MPC dispersions (1.5% protein, w800 mL of ultrapure water in a
400 mL beaker) was measured using a Titrando #waitotii equipped with a five-ring
conductivity measuring cell and accompanying TiarBd software (Metrohm Ireland Ltd,
Athy Road, Co. Carlow, Ireland). The probe waslgaltied at 25 °C with a KCI solution of
known conductivity (12.9 mS/cm) and a temperatuefficient of 2.07 was used (Crowley
et al. 2015). Before the addition of powder to beaker of water, 1 min was allowed to
elapse to establish a baseline reading of condtyctand powder was then added over a
period of 1 min. It is expected that cations anidas found in the serum phase, (e.g.,afd
CI") would contribute most to conductivity measuremenather than minerals found in the

colloidal phase, e.g., calcium (Zhuang et al., 18huck et al., 2007).

2.6. Particle size distribution of milk protein concentrate dispersions

The particle size distribution of MPC dispersiamias measured using a laser-light
diffraction unit (Malvern Mastersizer 3000; Malvemstruments Ltd, Worcestershire UK)
equipped with a 300 RF lens, as described by McBeyeet al. (2020). Additionally,

powders were reconstituted using low-speed miximglf h at 23 °C. Size measurements
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were recorded as the volume-weighted mean padiat@eter ([ 3), median diameter {g)
and cumulative diameters ¢Pand O), whereby 10, 50 and 90% of the powder volume is
represented by powder particles smaller than the isidicated. Particle size measurements

were recorded when the laser obscuration reaclkd.3-

2.7.  Powder solubility

The solubility of MPC powders was measured as rdest by McSweeney et al.
(2020). Powder solubility was given by the totalids content of the supernatant (obtained
following centrifugation at 30@Pfor 10 min) expressed as a percentage of the solals

content of the initial dispersion.

2.8. Satistical analysis

Measurements of the powder rehydration charaatgigtere performed in triplicate
and results presented as mean + standard devidtnatysis of variance (one-way ANOVA,
Tukey’'s HSD) was performed using the IBM SPSS (Mers24; Armonk, NY, USA)

statistical analysis package. The level of sigaffice was set & < 0.05.

3. Results and discussion
3.1.  Wetting behaviour of milk protein concentrate powders

Wettability analysis by the GEA method showed ththtmilk protein concentrate
(MPC) powders did not completely wet or sink beliv surface of the water within 10 min.
However, the water became increasingly turbid far tegular (R) and agglomerated (A)
nitrogen (N) injection powders (i.e., RN- and AN-MPC) compatedR- and A-MPC, in
which the water remained relatively clear (data stwdwn). Bouvier et al. (2013) reported

that extrusion-porosification, which created MPQvger particles with high porosity, did not
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improve wetting time as it had the same wettabihtyex (>120 s) as a conventionally spray
dried MPC powder. The capillary rise wetting belavj observed using the modified
Washburn method, is shown in Fig. 1. A-MPC absotihedmost water (1.0 g) and R-MPC
absorbed the least (0.43 g). TheiNection (NI) process appeared to improve capillase
wetting for the regular powders as RN-MPC absor@&dl g of water. However, for the
agglomerated powders, AN-MPC absorbed a lower gyaoit water (0.61 g) than A-MPC
despite having a higher porosity. The differenceapillary rise wetting between R- and A-
MPC may be explained by the differences in powaetige size; A-MPC had ahy) of 142
um while R-MPC had a 23 of 79um. Similarly, Ji et al. (2016) reported water alpsion
levels of 0.24 and 1.0 g for non-agglomerated aygloemerated milk protein isolate (MPI)
powders, respectively. It has been previously regothat agglomeration improved the
wetting behaviour of a native phosphocaseinate (Np@vder due to the large powder
particle size (mean = 288m) and high porosity (Gaiani et al., 2005, 2007e®@f the main
factors influencing powder wettability is the suwd#acomposition (Gaiani et al., 2006a), and
the presence of fat specifically on the surfacemhy dried powders would be expected to
influence the wetting behaviour by increasing stefahydrophobicity. The surface
composition of the powders in the current studyenestablished previously by McSweeney
et al. (2021), where it was reported that the Nivgers had significantly higher amounts of
surface fat (e.g., 2.02 for R-MPC and 11.1 for RIR®), while these samples still performed
relatively well in powder wetting experiments. Kehal. (2002) reported that surface fat had
a strong, negative impact on the wettability ofesal dairy powders (e.g., cream, skim and
whole milk powder), while Gaiani et al. (2006a) diot find a clear relationship between the

surface fat of NPC powders and wetting times.

3.2.  Visualisation of liquid phase water diffusion and effective diffusivity

10
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Confocal laser scanning microscopy images showiagnovement of the rhodamine
B dye into R- and RN-MPC powder particles are digptl in Fig. 2. Complete diffusion of
rhodamine dye into R-MPC powder patrticles took 156Fig. 2A) compared to 196 s for
RN-MPC (Fig. 2B). This was likely caused by thensiigantly higher occluded air (R-MPC
=24.2 mL/100 g, RN-MPC = 36.3 mL/100 g) and pasodr-MPC = 0.69, RN-MPC = 0.88)
values reported by McSweeney et al. (2021) for powsder.

Large differences were observed in effective diffing between agglomerated and
regular MPC powders (Fig. 3). AN-MPC had the higleftective diffusivity value of 8.0%
m%/s compared to 4.08 m%/s for A-MPC. Conversely, the movement of rhodandge into
R-MPC occurred at the slowest rate among all posveeB.29°m?/s, with RN-MPC slightly
higher at 4.18°m?s. It is apparent that NI prior to spray dryingiated the transfer of the
aqueous dye into the powder particles. The rateifdfision was most likely higher for
agglomerated MPC powders due to the larger powasicfe size compared to regular MPC
powders. The link between higher effective diffitsivand increasing powder particle size
has been reported previously by Power et al. (20@0)enzymatically crosslinked MPC

powders.

3.3.  Water sorption isotherms

Water sorption profiles for MPC powders are digpthin Fig. 4. It is evident that
water content and the time to reach equilibriunreased with increasing relative humidity
(RH). Lactose crystallisation did not occur as thigenerally indicated by a sudden decrease
in water content, while Kelly et al. (2015) alspoeted the absence of lactose crystallisation
in MPC powders containing ~80% protein (w/w). Nbproted a faster uptake of moisture
during the early stages of RN-MPC powder storagepared to R-MPC powders (Fig. 4A

and B). For example, after 8 h at 85% RH, R-MPC hadater content of 7.2 g/100 g

11
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compared to 9.5 g/100 g for RN-MPC. However, ai##t h, R-MPC (18.2 g/100 g) and RN-

MPC (17.8 g/100 g) powders had similar water casteigglomerated powders (Fig. 4C and
D) absorbed more water overall than their non-aggi@ated counterparts. After 8 h at 85%
RH, AN-MPC had a water content of 14.9 g/100 g caraed to 11.8 g/100 g for A-MPC.

This trend was also evident for the effective diffity analysis presented in Section 3.2.
whereby larger powder agglomerates favoured theemewt of water into the particles.

Particle size distribution has been previously idex as an important determinant of a
materials water sorption behaviour. Mathlouthi aRdge (2003) reported that smaller
particles of sugar were capable of absorbing matemthan larger particles, while Murrieta
Pazos et al. (2014) observed a similar trend foumuwheat semolina. However, Ji et al.
(2017) reported that MPI powders agglomerated uslimgised bed granulation showed

similar water sorption, despite differences in jgdetsize. In the current study, the surface
composition of powders may have been a contributaatpr as the surface of agglomerated
powder particles was significantly higher in lagdbkan that of regular powders (McSweeney

et al., 2021).

3.4. Measurement of mineral release using conductivity

The release of minerals from powder particles eamplete by approximately 3000 s
(Fig. 5). It is evident that R- and A-MPC releasmak at a faster rate than both RN- and AN-
MPC powders. The R- and A-MPC powders underwenttimgetand sinking after
approximately 600 s (time to reach steady statkiciwcan be inferred from the beginning of
the plateau on the graph. However, a surface lbamas evident during stirring for powders
produced using NI and it took ~1400 s for this gdat to be reached. This result is likely
related to the physical properties of the NI powdas they had lower bulk and particle

density values and higher air contents. Master85)19eported that sinking of powder

12
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particles is supported by high particle density émd occluded air, while a low particle
density will cause the powder to float on the stefaf the water. Fitzpatrick et al. (2016)
attributed the poor wettability (>1 h) of an MPIlvpaer to its low apparent density (0.81
g/cnt), which was similar to the particle density valdes RN-MPC (0.96 g/cr}) and AN-
MPC (0.88 g/c). It has been previously reported by Mimouni et(2D10) that minerals
(non-micellar material) are freely released durmepydration of MPC but that protein

dispersion is the rate-limiting stage.

3.5. Particle size distribution and solubility of milk protein concentrate dispersions

NI significantly enhanced the dispersion of MPC pew particles following
reconstitution (Table 1). When powders were mixad30 s at 23 °C, sub-micron particles
were not present and all samples had monomodameshased distributions, suggesting that
casein micelles were not released from primary mowghrticles (Fig. 6A); however, a
significantly smaller particle size was observedRIN-MPC (D3 = 32.6 pm) compared to
R-MPC (Da3 = 79.6 um). For agglomerated powders, thesivas significantly lower for
AN-MPC (41.8 pum) in comparison to A-MPC (119 pum)den these conditions. The
improvement in dispersion of RN and AN-MPC is likelccounted for by the powders lower
loose bulk density and the higher porosity andrstitgal space. The more porous structure of
NI powder particles and the presence of large aidss between these particles would
facilitate increased water transfer, while alsoréasing the physical space between casein
micelles and reducing protein-protein interactioi$is would appear to promote the
structural collapse of powder particles when adiedater, as interactions between poorly
dispersible micellar casein, particularly at thertipke surface, are considered to be
responsible for the slow rehydration of MPC (Aneetaal., 2006; Mimouni et al., 2009,

2010).
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The water temperature used during reconstitutignifscantly affected the particle
size distribution, with a higher temperature enlrandhe fragmentation of MPC powder
particles (Fig. 6B). When the temperature of theonstitution water was 50 °C, thg.Q
values were 18.4 pm and 1.59 um for the R- and RMENbowders, respectively (Table 1).
All powders had a bimodal volume-based distributiith a peak <1 um and size range of
8-300 pm. However, the volume of sub-micron pagticlvas higher for RN- and AN-MPC
compared to R- and A-MPC. This implies that a laggantity of particles present in the NI
powder dispersions were casein micelles, suggedtigber levels of dissolution were
achieved.

A-MPC powder had poorer dissolution propertiesracated by the larger particle
size (D43 = 119 pm) after reconstitution at 23 °C compa@R{MPC (D43 = 79.6 pum).
Therefore, the agglomeration of high-protein powdduring spray drying appears to be
counter-productive for improving rehydration, umlliks use in the production of skim and
whole milk powders (Pisecky, 2012). Gaiani et @005, 2007) reported similar results
whereby agglomeration increased the overall retiyardime of NPC powders as it delayed
the dispersion process. However, in the currerdystteconstitution at 50 °C resulted in no
significant differences between agglomerated agdlae (non-agglomerated) powders, with
Dya.3) values of 20 and 18.4 um for A-MPC and R-MPC, eesipely (Table 1). This suggests
that increasing the water temperature may modgrakéviate this issue with A-MPC
dispersion.

MPC powders were also analysed after magnetiarggifor 1 h in ultrapure water at
23 °C, with bimodal particle size distributions aibed for NI powders compared to
monomodal size profiles for non-NI powders (Fig.)6This corresponded toyf3; values of
13.6 um for RN-MPC and 14.#sam for AN-MPC compared to 83.7 and 6@ for R- and

A-MPC, respectively (Table 1). This result furtieghlights the improved dispersibility of

14
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the NI powders, at a relatively low reconstituttemperature and agitation rate, compared to
non-NI powders. Mimouni et al. (2009) reported tH&80 min of stirring at 24 °C was
required to fully solubilise a MPC powder (85%, w/mrotein). Similarly, Gaiani et al.
(2007) reported that 807 and 572 min of stirring2dt °C were required to dissolve
agglomerated and non-agglomerated micellar caseua@rs, respectively.

Aside from the particle size data of reconstitytediders, solubility results confirmed
the superior dissolution of NI powders, particiaat 23 °C (Table 2), with R- and RN-MPC
having 83.6 and 96.2% solubility, respectively. Tibever loose bulk density and higher
porosity for RN-MPC are also likely to be respotesibor the higher levels of solubility
(McSweeney et al., 2021). Similarly, A-MPC had dubdity value of 62.6% compared to
92.1% for the AN-MPC powder (Table 2). However, wippwders were reconstituted at 50
°C, no significant differences in solubility werbserved. It has been previously reported by
Mimouni et al. (2009) that an increase in solvestnperature accelerates the release of
constituent materials from MPC powder particleithe agqueous phase. Overall, these
results indicate that physical and structural proge (e.g., density, air content and porosity)

play a significant role in the rehydration of highstein MPC powders.

4, Conclusion

This study demonstrated that the dissolution ofQVifowder is enhanced by the
injection of b gas into the concentrate prior to spray dryingislproposed that higher
powder particle porosity and lower density are oesgble for the improvement in
rehydration performance. Water transfer during metitution was promoted by the presence
of large air voids and pores throughout the powaeticles, resulting in a large volume of
small, dispersed particles (i.e., <1 um). Agglortieraalone favoured powder wetting, water

uptake and particle hydration; however, it had @atge impact on powder particle

15



373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

dissolution. Combining Ngas injection with agglomeration resulted in ferthmprovements
in diffusion and wetting behaviour but did not cenfany additional improvement in
dispersion and solubilisation of powder particlesnpared to M gas injection alone. The
injection of N, gas into high-protein concentrate prior to sprayirdy is a relatively simple
and effective processing technology to enhance powdrticle dispersibility and solubility,
while avoiding the use of chemical additives whiahy disrupt casein micelle integrity. The
impact of N gas injection on bulk handling and other functigmaperties of MPC powders
(e.g., density and dissolution) after storage amdisport should be considered in future

research.
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Figure captions

Fig. 1. Mean weight of water absorbed for regular (R),utagwith N> injection (RN),
agglomerated (A) and agglomerated withihjection (AN) milk protein concentrate (MPC)
powders after submerging in ultrapure water (25 fa€)20 min using a modified Washburn
method.

Fig. 2. Confocal laser scanning microscopy images showiergmnovement of rhodamine B
dye into (A) regular and (B) regular with, Mjection milk protein concentrate powders.

Fig. 3. Effective diffusivity (nf/s) for regular (R), regular with Ninjection (RN),
agglomerated (A) and agglomerated withihjection (AN) milk protein concentrate (MPC)
powders.

Fig. 4. Water sorption isotherms for (A) regular, (B) rlguwith N, injection, (C)
agglomerated and (D) agglomerated with iNection milk protein concentrate powders at
relative humidity values of 11of, 23 @), 33 (©), 44 (#), 55 (A), 65 (A), 76 () and 85% ¢)
over 144 h.

Fig. 5. Conductivity profiles of regulam(, regular with N injection (A ), agglomerated)
and agglomerated with ;Ninjection (A) milk protein concentrate powders measured while
stirring in ultrapure water (25 °C) for 90 min.

Fig. 6. Particle size distribution profiles of regulas)( regular with N injection (A),
agglomerated() and agglomerated with,Nnjection (A) milk protein concentrate powders
measured after reconstitution in ultrapure water(A) 30 s at 23 °C, (B) 30 s at 50 °C and

(C) 1 h at 23 °C.
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Table 1. Particle size distribution parameters for reg(RY, regular with N injection (RN),
agglomerated (A), and agglomerated withifjection (AN) milk protein concentrate (MPC)
dispersions after high-speed (HS) mixing at 23°@ a@°C for 30 s using a solubility index

meter and after low-speed (LS) mixing at 23°C fdr Using a magnetic stirrer.

Rehydration conditions MPC Dso Doo Dia,3)
pm

HS mixing 30 s at 23°C R 68.4 3.16 158+ 6.83 79.6+3.38
RN 256+0.85 66.0+2.19 32.86+0.81
A 108 + 4.09 224+ 5.87 119+ 3.67
AN 35.5'+1.27 79.8+1.75  41.8+1.07

HS mixing 30 s at 50°C R 0.280.07 66.6+109  18.4+4.69
RN 0.09+0.00 0.42+0.02 1.59+0.13
A 0.3F¥+0.15 56.7£5.29  19.8+3.10
AN 01 +0.00 0.52+0.06 2.22+0.36

LS mixing 1 h at 23°C R 76°6 4.67 156 + 6.46 83.7+4.01
RN 0.16+005 51.4+11.3  13.86+3.97
A 55.%F +7.67 128+17.3 66.3+ 8.44
AN 0.19+0.04 51.7+578 14.4+2.45

#dyalues within columns not sharing common supertediffer significantly P < 0.05)



Table 2. Powder solubility (%) of regular (R), regular wity injection (RN), agglomerated
(A), and agglomerated with,Nnjection (AN) milk protein concentrate (MPC) saegptaken
after mixing at 23°C and 50°C for 30 s using a Bilily index meter and centrifuged at

300Q for 10 min.

MPC Solubility (23°C) Solubility (50°C)
R 83.6+1.9 96.7+0.9
RN 96.2+1.3 98.2+1.1
A 62.6 £ 6.9 96.6+ 0.7
AN 92.°%+3.1 98.1+ 0.3

#“Values within columns not sharing common supersdiffer significantly P < 0.05)
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Diffusion was higher for powders produced using nitrogen (N») gas injection.
Agglomerated powders absorbed more water than non-agglomerated samples.
N> injection enhanced the dissolution of regular and agglomerated powders.

Agglomeration alone reduced powder solubility.
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