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ABSTRACT

To improve the efficiency of water removal fromrskmilk, a cascade membrane process of
microfiltration and reverse osmosis (RO) was dewetbwhereby skim was concentrated to
18 % dry matter (DM) by RO at either 15 or 50°CeTdverage flux of the RO process at 50
°C was 89 % higher than that observed at 15°Cetinio altered membrane surface fouling
behaviour due to lower viscosity, higher cross-flesocity and increased diffusivity of the
solvent phase. In corollary, a ~57 % energy redagbier unit volume of water removed was
observed when the RO process was operated at &/&uation of the physicochemical
properties of control (9 % DM content skim milk)daRO retentates post-heating (at 80, 90
and120°C) and post-evaporation (to 42 % DM) dematedd a clear relationship between
heating at elevated DM contents and solution wggpan effect that was compounded at

higher heating temperatures.

Keywords. membrane cascade, microfiltration, reverse ossnesiaporation, milk

concentration, energy efficiency
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1. Introduction

With a global production estimated at 4—4.5 millimmnes in 2014 (Schuck, 2014), skim
milk powder is one of the most widely produced y@ommaodities, used as an ingredient in
various food products such as yogurt, dairy dessbeby food or animal feed. To produce
skim milk powder, whole milk is pasteurised at 742 for 15 s, prior or after skimming
using a centrifugal separator. Before evaporatiba,skim milk is normally exposed to an
additional heat treatment ranging from 75-125°C $6¢15 s depending on product
requirements relative to either microbiologicalesgfor heat classificatione. low, medium
or high-heat (ADPI, volume 1V, issue 5). Commergiahilk is typically concentrated using
falling-film evaporators that operate under vacuemoving ~ 90 % of the intrinsic water by
indirect heat transfer. However, evaporation is emergy-intensive process, limited by
product characteristics including viscosity andsiy of heat labile components (Hasgho
and Gul, 2016). To reduce energy consumption, gkitk can be pre-concentrated using
reverse osmosis (RO), followed by evaporation &chedry matter (DM) contents suitable
for efficient stabilization through spray-dryingi{@yan et al., 1990; Ramirez et al., 2006).
RO membranes have a pore-equivalent diameter <@.amd therefore retain all ions and
larger components while allowing water to permeAtethe process is driven by pressure as
opposed to heat transfer, RO preserves the natysqnchemical properties of the resulting
concentrates, while altering their residence timend) subsequent evaporative concentration
steps (Cheryan et al., 1990; Kulozik and Kessl6801 Syrios et al., 2011). However, RO
pre-concentration remains limited to relatively l#slume concentration factors (VCF) due
to performance limitations linked to increasing oo pressure and viscosity of the
retentate/concentrate stream. To overcome osmegistance, it is necessary to apply high
transmembrane pressures (TMP) which negatively anparmeate fluxes due to the higher
compaction of fouling materials on the membrandaser (Meyer and Kulozik, 2016). Thus,
Meyer and Kulozik (2016) found that subjecting skinilk to an ultrafiltration (UF) step
before RO enhanced the processing efficiency of #ter. Indeed, owing to a larger
membrane pore size facilitating the permeation mfls components (e.g. lactose and
minerals), the UF step yielded a protein-free seroegating the effects of both protein-
induced fouling and viscosity development duringbssgquent RO concentration.
Consequently, these authors achieved a final VCK.8fduring concentration of a UF
permeate by RO, which appeared advantageous cotparthe maximum VCF of 3.8
observed during concentration of skim milk by ROeydr and Kulozik (2016) considered

the RO of UF permeate to be economically favouraldien directly compared to the RO of
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skim milk, relative to both maximum achievable V@rd flux performance. However, the
study did not elaborate on the total mass and grigatances of the cascade UF/RO process
compared to a conventional RO process, which ase determinants of the industrial
feasibility.

In this study, RO alone or a cascade of microfitbra (MF) and RO were assessed for pre-
concentration of skim milk to a VCF of 2 before pweation. MF was chosen to i) retain
vegetative microorganisms and spores (Elwell andb&#0, 2006), which would allow the
subsequent RO process to be performed at highgretatures, resulting in an increased flux
and a reduced energy consumption per unit permreatid ii) retain residual fat globules and
somatic cells (Saboya and Maubois, 2000) to dherfauling behaviour and by proxy flux, in
the subsequent RO process. The impact of heaimesat(low, medium or high) of pre-
concentrated skim milk (18 % w/w DM) on the physicemical properties of the resultant
evaporated concentrate (42 % w/w DM) was also asdget® reflect the implications of pre-

concentration relative to viscosity and whey protgirogen indexes post-evaporation.

2. Materials and M ethods

2.1. Materials

Pasteurized skim milk (73.8°C x 15s) was obtaineadnfa local dairy processor and was
stored at 5°C for 2 days maximum before use. Itspmsition was 0.5 g-Kgfat, 36.7 g-kg
total protein and 46.9 g-Kglactose as measured using a MilkoStaRT2 (Foss Electric,
Denmark), and 92.1 g-RgDM as measured according to the 1SO 5537-IDF26hatkt

Somatic cell content was measured using a FossoB@di (Foss Alle, Denmark).

2.2. Preparation of skim milk concentrate

Concentration of pasteurized skim milk was perfanaecording to four case scenarios
(performed in duplicate) as described in Fig.1the first scenario (control), skim milk was
subjected to a heat treatment, followed by evammrab 42 % (w/w) DM content. In the

second scenario, skim milk was pre-concentratekBt® (w/w) DM content by RO operated
at 15°C, followed by heat treatment and evaporatioA2 % (w/w) DM content. The third

(‘MF/RO’) and fourth (‘MF/RO hot’) scenarios comped an MF step at 50°C followed by
RO concentration to 18 % (w/w) DM content at 1506fC, followed by heat treatment and

evaporation to 42 % (w/w) DM content.

2.2.1 Membrane filtration
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Both MF and RO processes were performed using @&-gihle membrane plant (GEA
Process Engineering A/S, Denmark) operated in ooatis mode, with the retentate and
permeate collected in separate tanks (Fig.1.B). dioeessing parameters are reported in
Table 2. The feed and recirculation (retentatequiesin and retentate pressure out) pressures
were maintained constant over the filtration rue]ding a constant TMP. No permeate back
pressure was applied during MF nor RO. The pladtraembranes were cleaned according
to the standard clean-in-place procedure (Appe(lx

Three tubular ceramic MF membranes with a nomiizal sut-off of 1.4um (Isoflux™, Tami
Industries, France) were used in parallel, withtaltsurface area of 1.05°nMF process was
performed at 50°C, at a VCF of 11, and for at ld&st starting with ~ 4800 kg of feed to
ensure enough permeate was generated to feedidbegsient RO processes.

RO processing was performed using two spiral-woeordposite polyamide RO membranes
(Dairy AF3838C30, General Electrics) connectederies, with a total surface area of 14.0
m®. The RO processes ran for 8 h at a VCF of 2; ~XK806f skim milk or MF permeate was
fed to the RO or MF/RO processes, respectively,21D0 kg of MF permeate was fed to
the MF/RO hot process. The RO and MF/RO processae werformed at 15°C, using a
shell-and-tube heat exchanger within the recircubatoop. In the hot RO process, a plate-
and-frame heat exchanger was employed upstreahedeéed inlet in order to heat the feed
entering the membrane plant to ~42°C. The heatrgeet from the high pressure pump
brought the overall operational temperature to 508@ich was maintained throughout
processing.

Parameters of membrane filtration such as reciticularetentate and permeate flow rates, as
well as temperature, pressure and energy consumgfithe pumps (i.e. feed, booster and
recirculation pumps) and the heat exchanger wererded using a data logger (Endress+
Hauser AG, Switzerland).  The average energy condupe unit volume of permeate
produced (or water removed for RO processes) wlaslated for all filtration processes and
compared to that of a conventional thermal evapmraiAll equations used in modelling of

filtration performance are outlined in Appendix (B)

2.2.2 Heat treatment

Heat treatment was performed using a MicroThermicdbular heat exchanger
(MicroThermics, UHT/HTSTLab-25HVHE, USA), operated a flow rate of 2 L-min
Briefly, 20 kg of skim milk (9 % (w/w) DM) and 10gkof skim concentrate (18 % (w/w)
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DM, obtained from RO processing) were heated at980pr 120°C for 30 s. Samples were

cooled to 45°C before evaporation.

2.2.3Evaporation

Evaporation was performed using a pilot-scale shaffect falling-film evaporator (Anhydro
F1 Lab, Denmark), operated at 66°C (under vacuamgcirculation mode, at a flow rate of
50 L-h?, until a DM content of 42 % (w/w) was achieved eTdpproximate evaporation time
was 5 minutes. The DM content was chosen as theekigevel achievable whereby the

properties of the evaporated samples would remabiesbefore analysis.

2.3. Physicochemical properties of the concentrates

2.3.1Viscosity

Viscosity measurements of the evaporated sampleg werformed at 50°C, using a
controlled stress rheometer (AR2000ex RheometernBffuments, UK), equipped with a
concentric cylinder geometry and controlled pelkieating system. A shear rate ramp from O
to 300 &, followed by a holding step at a shear rate of 8bfbr 5 min, was applied to each

sample.

2.3.2Particlesize

Particle size was measured by static light scatjeusing a laser-light diffraction unit (Hydro
MV, Mastersizer 3000, Malvern Instruments Ltd, UKhe maximum diameter under which
90 % of particles reside)y, is reported. Measurements were performed inicaf#, at
20°C, using a dispersant refractive index of 1.38(article refractive index of 1.380, a
particle adsorption index of 0.001 and an obscomatange of 3.5 — 12 %. Size distributions

were recorded using polydisperse analysis.

2.3.3Whey protein nitrogen index

Whey protein nitrogen index (WPNI) was measuredoating to the GEA Niro method
(GEA Niro method A21, 2009). Results are preserdgdng native protein per g of DM
(mg-gY). A WPNI (mg-g") value higher than 6 corresponds to a low heatrtrent, 1.5-6

corresponds to a medium heat treatment and bedwatresponds to a high heat treatment

2.3.4DM content, density, osmolality and osmotic pressure
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DM content was measured according to the “ISO388726” method (ISO, 2004). Density
of skim control and RO concentrates was measurdd avportable densitometer (DMAS35,
Anton Paar GmbH, Austria) at 25°C.

Osmolality of skim control and RO concentrates wesasured with a cryoscopic osmometer
(Osmomat auto, GONOTEC, Germany) at 25°C. Samphés (L) were placed in an
Eppendorf tube and positioned on the machine. fidezing point depression of samples was
measured and compared to that of pure water. Timelasty indicating the concentration of
all osmotically active dissolved parts in the solvevas calculated by the instrument

according to equation (1) (Gonotec 2009):

AT
Cosl: ? (1)

where Coy is the osmolality (osmol-KY, AT is the temperature difference between the
sample temperature and the freezing point deprme¢kijpandK is the freezing point constant
(1.858°C kg-osmdtK™). Osmolality values of the samples were used toutzte the
osmotic pressure (Pa) according to equation (2) (Janacek and Sig@f0):

m = Cosm p R-T 2)
whereCosn is the osmolarity (osmol-H), R is the universal gas constant (8.31441 N-m-mol

L. K™, Tis the solution temperature (K) apds the density (kg- ).

2.4. Statistical analysis

Physicochemical properties including viscosity, WPMlues, and particle size were
analysed using one-way analysis of variance (ANQW#}h post-hoc Tukey method using
the SPSS statistics software (SPSS V.18, IBM, US).
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3. Reaults and discussion

3.1. MF performance

The permeate flux was recorded as soon as the \&@Mbéen adjusted to 11 and that the DM
content of the retentate had reached 9 % (w/whsu minimal inclusion of water during
transition to product. To maintain the TMP at 2 Rakboth feed and recirculation pressures
were kept constant at 310 and 110 kPa, respectitheiyughout processing. The initial flux
of ~ 400 L-n-h* gradually decreased to ~ 200 Lh* yielding an averaged flux of 319.05
L-m? h* (Fig.2). While an initial flux increase was obsedy most likely related to plant
stabilisation effects, the overarching process Wielia was a progressive decrease in flux, as
expected since various components (e.g. somatils, cedsidual fat globules, protein
aggregates) were retained, leading to a higheinguksistance, limiting flow through the
membrane. Compositional analysis (Table 1) showeatl most of the residual fat globules
and somatic cells from the skim milk were retaingdich may improve the efficiency of the
subsequent RO step, as somatic cells and residalglbbules may affect fouling
accumulation.

These results aligned well with the study of Elvaeltl Barbano (2006) in which somatic cell
content was reduced from 120’ cells-mL*in raw skim milk to less thanB? cells-mLtin

the permeate obtained from a Jith MF process. As expected at this membrane cut-off,
smaller components such as minerals and lactose faend in relatively similar proportions
as in skim milk. Particle size analysis (Table ddicated that significantly larger particles
were retained in the retentate compared to thasgept in the permeate and the size thereof
suggested that these were mainly fat globules antéip aggregates.

No microbial analysis was performed in this study the main focus was on process
efficiency; however, it can be inferred that mdnart 99.9% of bacteria present in raw skim
milk are retained by a 1.4 um MF treatment Elwall 8arbano (2006). It was thus assumed
that a subsequent RO concentration of the MF pdasreauld be performed at 50°C without
compromising the subsequent microbiological quadityeither the membrane plant itself or
the subsequent concentrated product. It should diednthat the utilization of the MF
retentate was not described in this study as tha rfmcus was on assessing potential
efficiency gains during RO at 50°C versus 15°C, Nte process being employed simply to
remove microbes and other foulants. The VCF of ggdliad during MF was based on the
limitations of the pilot filtration plant and thénallenges surrounding accurate control of the

retentate flow rate during continuous operation.
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Similar observations relative to the filtration fsemance of skim milk using large pores size
MF membranes have been made in the literature.Wamg et al. (2014) observed a similar
flux evolution to this study when investigating alct 1.4 um MF treatment of skim milk
under continuous operational conditions. These astihypothesized a physicochemical
effect whereby whey proteins tended to adsorb ¢imeoceramic membrane surface, while
casein micelles contributed to the fouling layesgamrtionally to the pressure applied. Similar
to the present study, Gosch, Apprich et al. (20d8gained an average permeate flux of 205
L-m? h* when subjecting skim milk to 1.4 pm MF at 30°C Cf¥2.4) in batch mode, with
the lower averaged flux likely an artefact of tbavér processing temperature. When using a
ceramic 1.4um MF membrane filled with glass beads to ensuraitopum TMP of 100 kPa,
Pafylias, Cheryan et al. (1996) obtained a flux460 L-m? h* during filtration at 50°C
(VCF 10) in batch mode, most likely imputable thigher cross-flow velocity and altered

fouling behaviour compared to this study.



246  Table 1. Composition of the different fractionsaibed by membrane filtration.

Composition Skim milk  MF permeate MF retentate RO retentate MF/RO retentate MF/RO hot retentate
Total solids (%) 9.21+0.67 9.05+0.30  9.28+0.16 17.71+0.38  17.26+0.30 17.48+0.23

Fat (%) 0.17#0.03  0.06+0.06  0.19+0.07  0.09+0.03 5860005 0.06+0.05
Total protein (%) 3.79+0.f2 3.68+0.34 3.79+0.0% 6.87+0.25 6.70+0.1% 6.77+0.18
Lactose (%) 4.69+0.f3 4.54+0.18 4.73+0.03 9.55+0.34 9.35+0.18 9.47+0.19
Casein (%) 2.82+0.f1 2.73+0.3% 2.82+0.0% 5.36+0.18 5.17+0.08 5.25+0.07

Somatic cells (cell- mt)  105x 16° 5x 16° 789 x 16° - -
Particle sizéDgy (Lm) 0.369+0.007 0.357+0.008 0.59+0.00% - -
247  * standard deviation. Values within a row not shgua common superscript differ significantB/€ 0.




248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274

3.2. RO performance
Flux evolution during RO, MF/RO and MF/RO hot prsses is shown in Fig. 3. The

permeate flux was recorded as soon as the DM cbotehe retentate reached 17 % (w/w)
(approximately 15 min after the introduction ofrekor MF permeate into the plant). In all
three processes, the flux rapidly declined durimg first hour of filtration, followed by a
gradual decrease throughout the remainder of kination process. The strong initial decline
can be associated with the increasing viscosity@Mdcontent in the retentate during plant
stabilization. Once steady-state conditions retatie VCF and DM were achieved all
processing parameters were kept constant thereafiér the gradual flux decline likely
attributable to the accumulation of additional fogl materials at the membrane surface
leading to a concomitant increase in fouling resise. Drawn by convective forces towards
the membrane surface, solutes (protein, lactosen@ndrals) slowly accumulate to form a
fouling layer (Skudder et al., 1977), which increm# thickness and compaction relative to
the duration of the filtration cycle (Hiddink et,a1980).

The averaged flux values of RO, MF/RO and MF/ROrotesses were 5.3 +0.1, 5.9+ 1.0
and 10.5 + 2.0 L-ifrh*, respectively. Surprisingly there was litle diface in the
performance characteristics of RO and MF/RO prasessarried out at 15°C, as it was
initially hypothesized that the removal of foularig the MF step may alter subsequent
fouling behaviour during RO leading to improvedfpenance. Thus it may be inferred that
larger foulants such as residual fat globules, s$ientzlls and microorganisms may play a
lesser role in the fouling behaviour of skim milikrohg concentration by RO. A flux value ~
89 % higher at 50°C was observed during RO, condpresither cold processes. Despite a
slightly higher osmotic pressure for the MF/RO pobcess, the improved performance is
likely linked to the 35 % lower viscosity of theteatate coupled with a higher cross flow

velocity (Table 2).



275  Table 2. Processing performance parameters.

~ Recirculation flow rate (kL-)

Feed pressure (kPa)
Recirculation pressure (kPa)
Permeate flux (L-ifr bt

TMP (kPa)

Viscosity of the retentate at trial temperature &slp
Osmotic pressure of the retentate (MPa)

VCF

Trial temperature (°C)

MF
14.5

308
113
319.05

210+10

11
50+2

RO
6.8

5.28
2920+10
5.32+0.18
1.59+0.04
2
15+2

MF/RO
7.0

3005
2830
5.86

2920+10
5.33+0.07
1.60+0.06
2
15+2

MF/RO hot
8.4

10.50
2920+10
3.46+0.01
1.78+0.05
2
50+2
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In corollary, as all RO retentates had similar cosifpons and DM, the improved
performance for the MF/RO hot process could betduacreased diffusivity of the solvent
phase and altered fouling accumulation. These waBens were consistent with those of
Ibrahim and Mohammad (2001) regarding the positefeect of temperature on RO
performance, although the order of magnitude chdongad was not consistent with this
study, whereby temperature was the most signifiparameter influencing RO performance,
with an increase of 1°C resulting in 3 % highexflu
An accurate comparison with studies focusing omshkiilk concentration through RO is
difficult due to the prevalence of batch concemraprocesses in the literature compared to
the continuous concentration process investigatddis study, with the latter being a closer
approximation of commercial plant operation (Chery al., 1990; Meyer and Kulozik,
2016). Indeed, while a fixed quantity of fouling tedals is recirculating in a plant operated
in batch mode, a continuous mode implies an inangaguantity of fouling materials being
fed to the plant, potentially altering fouling acaulation dynamics, whereby an increasing
fouling resistance causes an altered flux dechngtudies operated in continuous as opposed
to batch modes.
The most relevant study describing a cascade memlapproach to improve the efficiency
of RO concentration of milk components is that adydr and Kulozik (2016) who assessed
the efficiency of a cascade of UF and RO compavatidt of RO alone for concentration of
UF permeate and skim milk respectively. Logicallyede authors observed improved
performance in the absence of proteinaceous matknisng RO of UF permeate, compared
to RO of skim milk, with volume reduction ratios RR) of 5.8 and 3.8 achieved
respectively. Evaluating the VRR applied by theathars using either UF/RO or RO and
considering an arbitrary skim milk volume such @9a kg of skim milk as initial feed, then
the following observations can be made:
* If the conventional RO is carried out until a VRR308 then ~737 kg of RO permeate
is produced.
* In the cascade UF/RO process, to produce ~737 k&®@fpermeate from a UF
permeate of 5.6 % DM at a VRR of 5.8 necessitatds permeate feed of ~890 kg.
» To produce ~890 kg of UF permeate from 1000 kgkohamilk necessitates that the
UF process be performed at a VCF of 9.1 i.e. withremaining 110 kg being the UF

retentate.
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* To produce a UF retentate at a VCF of 9.1 meanstiiga~ 110 kg of UF retentate
would contain 34 % (w/w) protein (based on a skimtk protein content of 3.71%
(w/w) and not accounting for NPN loss to the UFnpeate). This concentration
would not be possible in the absence of substamflvolumes, which would
necessitate additional water removal by RO.

* The production of skim milk concentrate, througltambination of the proposed
cascade UF/RO retentates, necessitates a UF @siginéd to produce at minimum a
composition reflecting MPC70 in the UF retentateam.

» Several authors have described the maximum corat@mtrfactors achievable during
UF of skim milk relative to VCF (1.7 — 7), retergdbtal protein concentration (17-21
%) and the necessity for DF water (Gesan-Guizi@132 Klarenbeek, 1994; Mistry
and Maubois, 2017).

It is possible that the combination of UF and RCspnted by the authors as more
economically efficient than RO alone for concentratof total milk solids would in fact be
limited by the efficiency of the UF step in ternfsaghievable VCF, the implications of high
protein (casein) contents and high viscosity lingtlUF performance at higher VCF’s and the
requirement for DF water addition which would hdawebe removed during subsequent RO
processing.

In contrast a cascade MF/RO hot process as presemt¢his study, has a number of
advantages over either a UF/RO or RO alone apprioache following reasons:

* 1.4 um MF step can easily achieve a VCF of >5@waillg most milk components to
cross the membrane.

* The large pore size MF membrane used in this stictiyeved an average flux value of
319 L-m% h! essentially limiting the need for a very large MFnt and by proxy
capital and operational costs.

 Removal of >99.9 % of microorganisms (Elwell andrtizano, 2006) allows the
subsequent RO process to be performed at 50°C wtitbompromising the
microbiological quality of either the RO plant tietsubsequent skim concentrate.

» Operation of the RO plant at 50°C greatly enhatficesperformance compared to cold
operation and thus provides a realistic approactkim milk concentration whereby

capital and operational costs are minimized.
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3.3. Fouling resistance

Throughout RO processing, fouling was expectedctuounder two forms: i) organic caused
by proteins, lactose or organic acids and ii) iaoig mostly related to calcium phosphate
precipitation, especially at higher protein concatmvns (Hiddink et al., 1980). The third
common fouling form, namely biofouling associatehwgrowth of biomass, was excluded
as i) two out of the three RO processes were peddrat low temperatures, ii) for the
MF/RO hot process, most microorganisms originatigspgnt in the milk were expected to be
retained during the MF pre-treatment, and the R@ wum for a relatively short duration
thereby limiting microbial growth overtime. The fowg resistanceR: was empirically
correlated to cumulative permeate volumefor the three RO processes, as shown in Fig.4.
As expected due to more particles accumulating dmtomembrane surface in continuous
mode, fouling resistance increased with increa&inm all cases. However, while the rapid
initial increase in fouling resistance during RQaMF/RO processes was similar, following
a trend akin to a Langmuir adsorption model (Tohglg 2020), it was much lower in the
MF/RO hot process with a linear relationship obsedrvlhat difference can be related to the
lower viscosity of the MF/RO hot retentate (3.46 ars) compared to that of RO (5.32
mPa-s) and MF/RO (5.33 mPa-s) retentates, thesglcing concentration polarization on
the retentate side via a higher turbulence at temlbmane surface. Indeed, at a constant TMP
of 2.9 MPa, the higher temperature was found toesme the recirculation flow rat@g
during the MF/RO hot process (8207-8583 Lebmpared to 6554—7375 L Hor the cold
processes) which resulted in a higher cross-floleoiy, increasing shear at the membrane
surface and reducing fouling propensity (Hiddinkalet 1980; Skudder et al., 1977).

Based on these experimental results, the rateafgghof fouling resistanc®;, was plotted
against the cumulative permeate volumeccording to equation (B8), as illustrated in Fig.
with the estimated parameters reported in Tablednpared to the MF/RO hot proceBs,
was found to be three times as high for both colat@sses at the start of the filtration,
indicating a much more rapid fouling build-up afC5With increasind-, the rate of fouling
build-up of both cold processes decreased univiag approximately four-fold as low when
F.~ 50 L-m?® was reached. On the other haRgremained almost constant with increasing
F. during the MF/RO hot process, indicating a linkaild-up of fouling resistance over the

entire trial duration.
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Table 3. Parameters of fouling resistaRea function of cumulative permeate volume for
RO, MF/RO and MF/RO hot processes.

Coefficientc; (m™) Coefficientc, (L-m™?)
RO 28.2x16° 37.0
MF/RO 20.6x16° 26.3
MF/RO hot 120.1x18 504.0

3.4. Physicochemical properties of the concentrates
Skim control samples 9 % (w/w) DM, as well as RCKF/RO and MF/RO hot 18 % (w/w)

DM concentrates were heat-treated (80-120°C) tertaa the impact of pre-concentration

on the physicochemical characteristics of the comated system post-heat
treatment/evaporation using conditions commonlyliagpin commercial processes. The
viscosity of the control and concentrates was nreasdirectly after evaporation to 42 %
(w/w) DM (Fig.6). Heat treatment of RO, MF/RO and=NMRO hot concentrates (~18 %
(w/w) DM) at 80 and 120°C did not significantly nease solution viscosity compared to
control samples. In contrast heat treatment airttegmediate temperature of 90°C yielded
significantly (P<0.05) higher post-evaporation wsity for RO, MF/RO and MF/RO hot
concentrates relative to the control sample, whiemonstrated a similar viscosity to that
observed at 80°C. WPNI values as presented in Figghowed no significant (P>0.05)
difference in heat classification between controld aconcentrated samples post-heat
treatment at each individual treatment conditio®, @ or 120°C).

It is well-established that casein micelle struetis relatively heat stable (Vasbinder and de
Kruif, 2003), with viscosity increases post-heatatment likely related to whey protein
denaturation/aggregation. Additionally, some of thdolded whey proteins (primarilg-
lactoglobulin) may interact with the hairy brush asein micelles through covalent bonds
between thiol groups and disulfide residueskefand asrcasein, increasing the volume
fraction of the whey-casein micelle complexes anahting their interactions, an effect
likely exacerbated at higher DM contents (Vasbinaled de Kruif, 2003). While there was
limited differences in sample properties within igeg temperature treatment in this study,
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this may relate to slight compositional (proteig/dnatter) differences between replicate
samples post-evaporation which may mask true icgs® behaviours.

Heat treatment, before evaporation, remains negessanactivate pathogenic bacteria or
prevent spoilage, thus ensuring the production a€rabiologically-safe concentrates;
however, the impact on physicochemical properties/ rhave far reaching consequences
relative to process efficiency and heat classificaat higher DM contents and by proxy high
protein contents. Processing implications surroogdncreased solution DM/viscosity may
include reduced heat transfer coefficients, a higpeopensity for fouling in heat
exchangers/pipework, which may negatively impactigment run times, CIP intervals and
discharge of milk solids to effluent treatment (&y@nti et al., 2014). If concentration of
skim milk by RO before both heat treatment and evajpon was to be implemented at
commercial scales, the addition of a MF step pttoRO could facilitate the use of lower
heating temperatures before evaporation. This clomiitl any potential deleterious effect on
both solution viscosity and WPNI values post-evagion, while ensuring the

microbiological stability and safety of the finaiopluct.

3.5. Energy consumption
The energy consumption of all filtration proces@e$é, RO, MF/RO and MF/RO hot) was

calculated based on the power consumption of tled, feecirculation and high pressure
pumps, as well as that of the heat exchanger (graglto maintain the RO plant at 15°C).
The total energy consumptions of the RO and cast#e®RO and MF/RO hot processes
were 396.49+8.76, 421.21+21.19 and 178.46+25.42 kaf water removed, respectively
(Table 4). Whilethe energy, utilities and chemical consumption e tleaning cycles were not

considered in this manuscript, they would be retevahen evaluating operational cost at an

industrial scale.
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Table 4. Total energy consumption during perforneasicMF, RO, MF/RO and MF/RO hot processes.
Feed Recirculation pump Heat Total Energy consumption
pump (kW) Booster pump (kW) exchanger energy (kJ-L* permeate)
(kW) (kW) (kW)
RO 0.50+0.02 1.14+0.03 3.67+0.05 2.84+0.08.15+0.04 3969
MF 0.17+0.11 1.85+0.05 - - 2.03+0.03 21+2
MF/RO 0.52+0.01 1.23+0.15 3.87+0.00 2.94+0.318.56+0.15 380+69
Combined MF and MF/RO - - - - - 421+21
MF 0.17+0.02 1.85+0.05 - - 2.03+0.03 21+2
MF/RO hot 0.56+0.04 1.27+0.06 3.70+0.09 - 5.53+0.19 137422
Combined MF and MF/RO hot - - - - - 178+25

+ standard deviation
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In order to compare the energy consumed per uhihve of water removed by the three RO
processes (RO, MF/RO and MF/RO hot), the cascaddRMMprocesses must also account
for the energy consumed by the MF plant to produgesen volume of MF permeate to feed
the subsequent RO process. In this study under g &f@ for the RO process, 2 kg of MF
permeate (RO feed) were required to produce 1 IRpermeate.

Due to the relatively large pore size, low operaiopressures and high temperatures
employed during MF, this process consumed relativiédtle energy (20.63 kJ-L of
permeate). On the other hand, the RO processegaéecu high hydrostatic pressure to be
generated in order to overcome the osmotic resistam the retentate side (Fell, 1995),
primarily exerted by a multistage centrifugal higtessure pump which consumed between
3.67-3.87 kW, with a large proportion of that enecgnverted directly into heat. Therefore,
RO processes performed under cold conditions (RDMIFRO) consumed more energy per
unit of water removed than the MF/RO hot procesge tb a combined effect of lower
permeate flux and hence feed flow, coupled withrieed to remove the heat generated by
the high pressure pump to maintain the filtratiomgess at 15°C. Although the feed
temperature was ~5°C throughout both RO and MF/Rf2qsses, a tubular heat exchanger
within the membrane plant recirculation loop, eqeaig with a heat-meter, consumed
between 2.84-2.94 kW to maintain the plant tempeeatt 15°C. This provides a good
insight into the actual energy being utilised feparation as opposed to direct conversion
into heat. The cascade MF/RO process consumed méi¥ energy per unit volume of water
removed compared to the RO process due to thei@alifiltration step in the former, as the
flux characteristics for both RO and MF/RO wereiknthroughout processing. Conversely,
with an energy consumption of 178 k3:lof water removed, the MF/RO hot process
consumed 58 and 55 % less energy per unit volumeabér removed compared to the
MF/RO and RO processes, with 421.21 and 396 kJdspectively. This lower energy
consumption is primarily related to the absenceaafling of the RO plant during processing
at 50°C. Essentially, the feed entering the plant 42°C coupled with the heat generated by
the high pressure pump yielded an overall procaspérature of 50°C. In this study, the MF
permeate feeding the MF/RO hot process was pretidedm 5 to 42°C using a plate heat
exchanger; however, the energy consumed in thisheie not been considered in the energy
calculations as it was only included due to thedtics surrounding milk holding and quality
implications thereof which were artefacts of thaestuling of the pilot-scale filtration trials.
In the commercially envisaged process the cascatldR® step would occur immediately

after MF (50°C), likely with some storage bufferjrigus only requiring a heat exchanger to
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compensate for frictional heating but without a dhéer intermediate cooling or reheating
prior to concentration. A logical process configioa incorporating the MF/RO hot process
would include pasteurisation (i.e., 73°C x 15 spenerative cooling to 50°C before cream
separation, with the skim milk thereof directly de®y the MF and subsequent RO steps,
before either cooling and storage or further prsicgsof the concentrated skim.

In commercial dairy plants, multiple-stage evapaatequipped with either thermal or
mechanical vapour recompression (MVR/TVR) are tgitycemployed to reduce the energy
consumption associated with water removal (RamiPatel, and Blok 2006). These authors
reported that the typical energy demand for a gestalling film evaporator equipped with
TVR is ~ 300 kJ-I* of water removed. This energy demand is almostfolbthat observed
for the MF/RO hot process in this study, albeit dmcentration range was significantly
lower under a VCF of 2. On the other hand, considethat a MVR evaporator consumes ~
55 kJ- ! of water removed with a commercial RO plant conisign20-40 kJ-L[* (Fox et al.,
2010), a number of conclusions can be drawn. Fiistis likely that the energy figures
generated at pilot-scale greatly underestimateetifieciency of a multi-loop commercial
installation. Secondly while there are clear adages for RO pre-concentration relative to
TVR evaporators the similarities in energy consuarmpbetween RO and MVR evaporators
per unit water removed seem to rule out the lattersbined use. However, the installation of
a RO pre-concentration step to limit the size efshbsequent MVR evaporator could still be
advantageous from a capital cost perspective. lyinateful consideration should be given to
any retrofitting of an evaporator with a RO pre-cemtration step as product flow rates, tube
wetting and temperature conditions within the evapoy will all likely be affected with

potentially unpredictable outcomes relative to picicand process performance.
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4. Conclusion

Reverse osmosis is an attractive low cost soluforwater removal from skim milk. The
addition of an MF pre-treatment as part of a casddilation approach did not significantly
alter the subsequent RO performance at 15°C comipsreRO alone. However, the
introduction of an MF step, as a significant migoddgical hurdle, allowed the subsequent
RO step to be operated at 50°C which greatly imgulofiux performance, limiting the
accumulation of foulants at the membrane surfag®utthout processing. Under the
concentration factors applied (VCF2), > 50% of ithreate water in skim milk was removed,
with >55% reduction in the energy usage for RO afel at 50 compared to 15°C.
Assessment of the physicochemical characterisfi¢geat-treated and evaporated skim milk
and RO concentrates determined no implicationgiveldo WPNI values and by proxy heat
classifications when heating RO concentrates coatpbéw a skim milk control. However,
heating RO concentrates at temperatgs88°C yielded a higher post-evaporation viscosity,
which suggests that altered heating conditionsepegoration may be necessary to ensure
subsequent drying performance is not compromised.

Further work is required to determine the longewityolymeric RO membranes subjected to
operational use at 50 °C, in addition to carefuhrtaring of the microbiological quality of
the MF permeate feeding the RO plant and the irafdios of high temperature processing
on the growth of microorganisms within the RO platgelf during commercially

representative production cycles.
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7. Figure captions

Figure 1: (A) Process scenarios investigated irs thiudy. Scenario 1 refers to the
conventional concentration process while scen&jo3 and 4 describe the combination of
RO, MF/RO and MF/RO hot with evaporation. (B) Scla¢imof the filtration plant.

Figure 2: MF permeate flux (blue) and temperatwed)(as a function of time.

Figure 3: Typical evolution of RO permeate fluxesaafunction of time.

Figure 4: Fouling resistané¢g of RO, MF/RO and MF/RO hot processes as a funafon
cumulative permeate volume.

Figure 5: Rate of change of fouling resistaRg@s a function of cumulative permeate
volume.

Figure 6: Apparent viscosity (300,550°C) of skim control and RO concentrates at 42%
DM, subjected to heat treatments (80-120 °C). Sampbt sharing a common superscript
differ significantly @ < 0.05). Analysis of variance was performed wittliscrete treatment
temperatures.

Figure 7: WPNI values of skim control and RO coricaes subjected to heat treatments (80-
120 °C). Analysis of variance was performed wittiscrete treatment temperatures.
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8. Appendix
(A) CIP procedure

Before each filtration, 2 % aqueous solution ofURBasil-115 (caustic) was recirculated for
15 min at 45-50°C and flushed with RO water. Pasgfion, three discrete cleaning steps
were applied: i) a solution of 1 % enzyme/caustitrasil-69:67 in a 1:2 ratio (Eco lab,
USA), ii) a 1 % aqueous solution of Ultrasil-78tfim acid) (Eco lab, USA) and iii) a 2 %
agueous solution of P3-Ultrasil-115. Each clearsalytion was recirculated for 15 minutes
at 45-50°C, followed by flushing with RO water f&6 minutes. Clean water flux was
measured gravimetrically before and after thedfiion, as well as after CIP, using reverse
osmosis water under operational conditions for ihdfhand RO processes.

(B) Modelling of filtration performance

The transmembrane pressifenyp (t) was calculated as follows:

PH()+P, (£)
APryp(t) = ———— = B (1) (B1)

whereP (1) is the feed inlet pressure (PB),(t) is the outlet pressure of the retentate (Pa) and

Pp(t) is the permeate pressure (Pa) at time

The initial RO membrane resistanceaR,, was calculated as follows:

Pg(to)+P_ (to)
A(f_Pp(tO)_A”(tO))
Ro = Qp(to)n(to) (82)

where A is the membrane surface areaz)(nQp(to) iIs the permeate flow rate across the
membrane (i} s?) att, andy is the viscosity of the RO retentate (Pa-s).

The fouling resistancB; was expressed as follows (Persson and Nilssori,)199

P()+P, (0)
A(T—Pp(t)—ATc(t)>

Qp(O1(D)

Rf(t) = - R, (B3)

The total resistandg (t) is considered to be the sum of the initial meménasistance aj,
R,, and the fouling resistané®(t).
Rioe(t) = R, + Rf(t) (B4)

Fick's law for permeate flow rat®, (m*-s’) across the RO membrane is related to the
hydraulic pressure and osmotic pressure acrossndgrabrane as follows (Shirazi et al.,
2010):
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APrpp (t)—Am(t) APrpmp(t)—Am(t)
t)=A-K,(t = A B
Qp( ) p( ) U] N'Reot(t) (BS)

wherekK (t) is the membrane permeability (m).

During RO performancel was empirically expressed against cumulative petenealume
Fc in a non-linear relationship, similarly to a Langmmodel (Tong et al., 2020):

‘F,
= ﬁ (B6)

whereF. is the cumulative permeate volume across the memeb¢L- i), c; (m?) andc,
(m) are the coefficients of the model. Note thakit> F., the correlation betwedr andF

would become linear as follows:

.FC
Ry = G’ (B7)

C2
For each replicate trial, parametexrsand c, of this resistance model were estimated by
minimising the sum square difference between tkestance values predicted by the model
and the experimental ones using a non-linear estmarogramme written in Matlab (The
Mathworks, Inc., Natick, USA). The averaged coeééint values of both replicate trials were

eventually used to model the fouling resistaRce

The rate of accumulation of fouling resistanRe (m?) relative to cumulative permeate

volumeF; was expressed as follows:

R. = dR;/dF, = —2 (B8)

(c2+Fp)?
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Fig.1. (A) Process scenarios investigated in this study. Scenario 1 refersto the conventional
concentration process while scenarios 2, 3 and 4 describe the combination of RO, MF/RO and
MF/RO hot with evaporation. (B) Schematic of the filtration plant.
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Highlights

» A cascade filtration process for efficient remowhivater from skim milk

* Fouling resistance is reduced when reverse osnsogerformed at 50°C

* Flux is increased when reverse osmosis is perform&a versus 15 °C

* Heat classification of skim milk is not affected Ihgat treatment at 18 % dry matter
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