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Abstract

Cheese whey was concentrated to a concentration factor of 2.7 in a pilot scale forward osmosis
filtration system, using a commercial cellulose triacetate membrane in a spiral-wound configuration.
The whey was concentrated in a batch mode, using sodium chloride as the draw solution at initial
osmotic pressures of 53 to 75 bar. During the process, flux was shown to reduce due to the
simultaneous decrease in the bulk osmotic pressure of the draw solution, increase in the bulk osmotic
pressure of the whey and the effect of concentration polarisation on both sides of the membrane. The
flux is known to be driven by the effective osmotic pressures of whey and the draw solution on the
surface of the membrane active layer. A short-cut approach that requires minimal information in
advance about the osmotic pressure of whey and the geometry of the filtration system was
implemented, enabling the determination of these effective osmotic pressures. The results obtained
were shown to be in agreement with the fundamental forward osmosis flux model. The short-cut
approach can be utilised for estimating effective osmotic pressures of other liquid food streams to be

concentrated by forward osmosis, without the need of external measurements.
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1 Introduction

Whey, the liquid remaining after curd formation in cheese making, is a valuable resource for the
production of powders of high nutritional value [1]. Such a process requires the dehydration and
drying of whey, which are usually achieved by thermal evaporation and spray drying, respectively.
Evaporation is applied to increase the total solids content of whey to 40-70% [2,3] before drying to
95% or higher. Membrane filtration, mainly ultrafiltration and nanofiltration have been implemented
for the separation of whey constituents and as a concentration step prior to thermal treatment, in
order to reduce the total energy requirements for powder production [4]. When no separation of
individual components is required, whey is concentrated simply by removing water. In this case, a
membrane with the ability to reject small organic components and salts is required. Reverse osmosis

membranes have been previously used for whey concentration [5,6].

Reverse osmosis utilises high applied hydraulic pressures to overcome the osmotic pressure of whey,
resulting in high energy consumption for pumping [7] and the formation of a fouling layer on the
membrane surface [8,9]. Recently, interest was shown in the use of forward osmosis for the
concentration of whey, among other liquid foods [10-13]. Forward osmosis utilises the chemical
potential gradient of a solvent (usually water) across a semi-permeable membrane. The solvent in the
feed has a high chemical potential and moves to a draw solution on the other side of the membrane
where its chemical potential is lower, until an osmotic equilibrium is established [14,15]. The draw
solution is highly concentrated with an inorganic, organic or other solute and consequently has high
osmotic pressure [16,17]. Intrinsically, the maximum osmotic pressure of the draw solution depends

on the solubility of the solute.

Previous studies on the application of forward osmosis for whey concentration employed draw
solution osmotic pressures of 90-100 bar [18-20], surpassing the hydraulic pressure equivalent
employed in reverse osmosis, which typically lies in the range of 40 to 50 bar [7,21,22]. Considering
this advantage of forward osmosis, whey samples of initially high osmotic pressure can be processed
and concentrates of higher concentration factor can be potentially achieved. Previous bench scale
studies on the concentration of whey using forward osmosis utilised NaCl and NHsHCO3/NH,OH as the
draw solution and resulted in whey total solids contents of 28 % and 21% [18,19]. However, the draw
solution is diluted during the forward osmosis process and needs to be regenerated, which imposes

an additional cost to the overall process [17].

Water permeate flux, J,,, in forward osmosis is proportional to the effective osmotic pressure
difference across the active layer of the membrane, Am, ¢, and the water permeability coefficient of

the membrane, A (Eq. 1). The effective osmotic pressure, Aneff, is the difference between the
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osmotic pressure of the draw solution and feed at the surface of the active layer, mp ,, and g,

respectively (Eq. 2).

Jw =AAT’:eff (1)

ATfeff = Tpm— Mrm (2)

These active layer surface osmotic pressures for the feed and draw solution are not equal to their
corresponding bulk osmotic pressures, mp;, and mp,, due to concentration polarisation.
Concentration polarisation results from a change in concentration of solute present in either the feed
or the draw solution close to the active layer surface. For an asymmetric FO membrane where the
feed faces the active layer and the draw solution faces the support layer, external concentration
polarisation (ECP) and internal concentration polarisation (ICP) are evident on the active layer and

within the support layer, respectively (Fig. 1) [23].

Draw solution (D) Feed (F)

Tpm

l _ L HF.m

________________________ e p
< Jw
'4 PN
Support  Active Boundary
layer layer layer

Fig. 1 Effective osmotic pressure driving force, AT ¢ ¢, for a forward osmosis membrane subject to concentrative
external concentration polarisation (ECP) on the feed (F) side (ry ., > T p) and dilutive internal concentration
polarisation (ICP) on the draw solution (D) side (Ttp 1, < Tp p).

ECP is concentrative for the feed due to the formation of a boundary layer close to the active layer,
which poses a resistance to the diffusion of solute back into the bulk solution. Thus, the effective
osmotic pressure, T, is expected to be higher than the bulk, g ;. ICP is dilutive for the draw
solution, implying that mp ., is lower than 7 5, because as the draw solute diffuses through the
support layer it encounters a resistance inherent of the structure of the support layer and is diluted
by the water permeating across the membrane. A model has been developed to predict water

permeate flux for an FO membrane which takes into account both concentrative ECP and dilutive ICP

4
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gradients. These gradients are dependent on the mass transfer coefficient on the feed side of the
membrane, k, and the resistance to draw solute diffusion across the support layer, K (Eq. 3). This
implicit flux model requires knowledge of the feed channel dimensions to determine k, the membrane

support layer characteristics to determine K, and the feed and draw solution osmotic pressures.

o = A [ D) — n exp (2] o

An estimate of k can be obtained from calculation of the dimensionless Sherwood number, Sh, (Eqg.
4) by applying appropriate correlations involving the Reynolds number, Re, and Schmidt number, Sc
(Eq. 5) where d;, is the hydraulic diameter of the channel, L is the channel length and D is diffusion
coefficient of the draw solute across the membrane [24,25]. This determination may be a challenging
task for a commercial spiral-wound configuration membrane fitted with feed spacers. Moreover, the
mass transfer coefficient varies dynamically during the concentration process, due to changes in the
feed density, viscosity and concentration of dissolved compounds. Solute resistivity, K, was previously
defined for a forward osmosis process by Eq. 6, where B is the permeability coefficient of the draw
solute [26,27]. The value of K for cellulose triacetate (CTA) bench scale flat-sheet forward osmosis
membranes has been previously calculated using this equation by assuming that the membrane has a
high rejection of solute, thus B approaches zero [23,27]. In turn, the solute resistivity depends on the
structure of the support layer, expressed as the structural parameter, S, and the draw solute used (Eq.
7). Flat-sheet CTA membranes characterised in previous studies were shown to have structural
parameters in the range of 480 to 540 um [28,29]. The calculation can be further simplified if a solution

of negligible osmotic pressure is used as the feed.

Sh D

k = o (4)
Sh = aReP Sc¢ (ﬂ)d 5
= a ne C L ( )
- (L _BtAmpp
k= (JW) In (B+]w+A77-'F.m> (©)
S
K== (7)

Information on the concentration of whey at pilot scale using FO is limited [13]. In most reported
forward osmosis studies, the osmotic pressure driving force is given in terms of the bulk whey and
draw solution osmotic pressures, and not the effective osmotic pressure at the membrane surface.
Moreover, the effect of the osmotic pressure of whey as it is concentrated on permeate flux was not

discussed. In an industrial environment, an in-situ assessment of the effective osmotic pressure driving
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force without external measurements can be useful. Considering the above, the present work aims to
assess the performance of a pilot scale forward osmosis filtration system for the concentration of
cheese whey and provide a short-cut approach to quantify the effective osmotic pressures of the feed
and draw solution throughout the concentration process. This simple method requires no external
measurements of feed osmotic pressure and no information regarding the hydrodynamics of the
spiral-wound membrane module. This short-cut method can be adopted to other, complex feed

streams to be treated by forward osmosis.

2 Experimental

2.1 Materials

2.1.1 Whey specification

Liquid whey produced during the manufacture of blue cheese from pasteurised milk was supplied by
High Weald Dairy, West Sussex, at a pH of 4.8 + 0.2, conductivity of 6.9 £ 0.1 mS/cm and total solids
(TS) content of 6.6 + 0.5 %. The detailed composition of the inorganic constituents and the solids
content of the initial whey (1) and the concentrate (C) are provided in Table 1.

Table 1: Composition of blue cheese whey samples used in the pilot scale forward osmosis process; Elemental
analysis (ICP-OES) and solids content, expressed as total solids, ash and organics percentage. The estimated
concentration factor of each constituent is expressed as the ratio of the concentrate to the initial whey (C/I) on
a ‘wet’ basis of liquid sample. The ratio (C/l) was also calculated on a ‘dry’ basis (g /100g solids). Standard

deviations of the inorganic constituents were obtained from triplicate measurement the sample. Standard
deviations of total solids, ash and organic contents were obtained for duplicate measurement of the sample.

Propert | Sample 1 | Sample 1 Ratio Ratio | Sample | Sample 2 Ratio Ratio
y n (9] (ch) (ch- 2 (€) (c/) (c/n-
dry (1 dry
basis basis
(g/100 (g/100
8 8
solids) solids)
Ca 451+1 130343 | 2.89+0.0 1.03 64212 175613 | 2.7440.0 1.02
(mg/L) 1 1
K(mg/L) | 13851 | 4321+15 | 3.12+0.0 1.11 112248 352616 | 3.14+0.0 1.15
1 2
Mg 84.9+1 23542 2.77£0.0 | 0.98 118+1 323+1 2.73+0.0 1.02
(mg/L) 4 2
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Na 435+2 149819 | 3.44+0.0 1.22 597+1 1981+13 | 3.32+0.0 1.23

(mg/L) 3 2

P (mg/L) | 435%15 1165410 | 2.68+0.1 0.95 709+4 191345 2.7+0.02 1.00

Total 6.3+0.02 | 17+0.04 | 2.69+0.0 - 7.1+0.0 | 18.3+0.0 | 2.58+0.0 -

Solids 1 2 5 1

(%)

Ash (%) 0.57+0.0 | 1.5+0.01 | 2.62+0.0 - 0.55 % 1.6£0.01 | 2.89+0.1 -
2 9 0.03 5

Organic | 5.7+0.00 | 15.5+0.0 | 2.71+0.0 - 6.6% 16.6£0.0 | 2.51+0.0 -

s (%) 1 3 1 0.01 4 1

Density 1.022 1.066 - - 1.021 1.067 - -

(kg/L)

2.1.2  Draw solution

Food grade pure sodium chloride (NaCl) (Brenntag, UK) and tap water (water hardness of
approximately 230 ppm expressed as CaCOs) were used for the preparation of all draw solutions.
Sodium chloride was selected as the draw solution for concentrating whey, as it has potential to be
recycled within the cheese-making process. The initially highly concentrated solution is diluted as a
result of the forward osmosis process. The concentration of the final solution can be corrected by

addition of water or NaCl and further used in the salting or ‘brining’ process of certain types of cheese.

2.1.3 Membrane cleaning and maintenance

Chemical cleaning of the membrane was performed using citric acid, C¢HsO; as well as an enzyme
blend and neutral buffer in liquid form, as implemented in our previous study [13]. Sodium
metabisulphite, Na,S;0s, was used for membrane preservation at a concentration of 500 mg/L. All

membrane cleaning and preservation agents were kindly provided by Holchem Laboratories Ltd.

2.1.4 Pilot forward osmosis filtration system

A pilot forward osmosis filtration plant was utilised, a detailed description of which is provided in our
previous study [13]. The maximum volume capacity of the feed and draw solutions were
approximately 250 L. The liquid circulation volume of the pilot plant, including the liquid filling the
membrane module, pumps and piping was 34 L for the feed side and 11 L for the draw solution side.
Depending on the filtration mode used, single-pass FO or batch FO, the initial volumes for the feed

and draw solution were selected accordingly (see Sections 2.2.3 and 2.2.4). The circulation volume
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was accounted for in the calculation of flux. At the beginning of all experiments, the volume of pre-
existing water in the system was purged, in order to ensure that the circulation volume was filled with

the feed and draw solution.

2.1.5 Membrane module

The FO membrane module comprises of two commercial spiral-wound CTA membranes elements
(model FO-CTA-8040-45-SDS, Fluid Technology Solutions (FTSH,0), Albany, USA), of a total active
surface area of filtration, A,,, of 24 m?. These membranes are fitted with medium feed spacers and
standard draw solution spacers and are suitable for processing of moderate-fouling liquids such as
skim milk. The membranes have a pH operating range from 3 to 7 and their maximum operating
temperature is 60°C. The elements were assembled in series via an interconnector (FTSH,0), within
an 80” long pressure vessel (model ROPV R80B300S, Hydropure A/Asia Pty, Queensland, Australia).
Custom end-caps (First Line Environment Technology, Harbin, China) were employed to seal and
secure the membrane elements within the pressure vessel. The feed and draw solutions are in
counter-current flow [13] to allow a higher osmotic pressure driving force along the entire length of
the module [30]. A minimum transmembrane pressure of 0.35 bar (higher on the side ports of the
module) is required in order to prevent element seam failure. The pressure applied on the side ports
should not exceed 5 bar. The cross-flow velocity was estimated from the calculated area of cross-flow
of the feed channel and the volumetric flow rate of the feed. A feed cross-flow velocity of 0.12 m/s

was used in all the experiments.

2.2 Methods

2.2.1  Osmotic pressure of draw solution

The osmotic pressure of the draw solution was determined by measuring its water activity, «, at
different concentrations of salt. Water activity was measured via a water activity probe (Rotronic
Instruments) at 20 + 2 °C. Osmotic pressure, 7, was determined using Eq. 7, where V" is the molar
volume of the solvent, T is the absolute temperature of solution and R is the universal gas constant
[15,31]. The concentration of the NaCl was determined using a calibrated conductivity meter (Mettler

Toledo, UK).
T= (— g) Ina (7)

2.2.2 Determination of pure water permeability coefficient (RO mode)
The pure water permeability coefficient of the membrane, A, was determined by measuring the water
permeate flux, J,,,, as a function of transmembrane hydraulic pressure, AP. Water at a temperature of

20 £ 2 °C was used on both the feed and draw solution sides. The average AP was maintained below
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2.5 bar in order to comply with the low tolerance of the membrane module to hydraulic pressure. The
flux was calculated using Eq. 8 (in L/m?h), where AM is the change in mass of whey over a time

interval, At, p is the density of whey and A,, is the effective membrane surface area.

AM
Jw = p A At

2.2.3  Flux experiments with water as feed (single-pass FO mode)

Experiments were performed in forward osmosis (FO) mode, with the water as the feed and NaCl as
the draw solution. Water was recirculated while the draw solution was continuously purged in a single-
pass FO mode to maintain a constant bulk osmotic pressure, mp, ;,. The initial volumes of the feed and
the draw solution were 130 + 2 L and 250 £ 2 L, respectively. To meet the minimum transmembrane
pressure on the membrane module, the inlet pressure of the feed was set to 1.8 + 0.1 bar and the
draw solution inlet pressure was 0.55+0.05 bar, giving an average AP of approximately 1.1 bar. Flux
was measured over a wide range of bulk draw solution osmotic pressures, while the osmotic pressure

of water was considered negligible.

2.2.4 Batch flux experiments

2.2.4.1 Experiments with water as feed (batch FO mode)

Water and DS were re-circulated in batch FO mode. The initial volumes of the feed and the draw
solution were 150 + 2 L and 130 + 2 L, respectively. As water permeated from the feed to the draw
solution side, the volume of the feed decreased and the volume of the draw solution increased,
thereby decreasing its osmotic pressure. Both the flux and the bulk draw solution osmotic pressure,
Tpp, Were recorded as a function of time, until the amount water left in the feed tank was no longer
enough for further pumping. Initial bulk draw solution osmotic pressures of 53, 64 and 75 bar were
used. After each batch experiment the system was flushed with water on both the feed and draw
solution sides until the conductivity of the purged water indicated no traces of NaCl had remained in

the system.

2.2.4.2  Experiments with whey as feed (batch FO mode)

Batch permeate flux experiments using whey as feed were carried out at the same initial NaCl osmotic
pressures, as well as feed and draw solution volumes described in Section 2.2.4.1. Two independent
experiments were performed for each of the initial bulk draw solution osmotic pressures to assess the
reproducibility of the results across different batches of whey. Samples of the whey were collected
during the experiment, from which the total solids and percentage of inorganic material were
determined according to the method described in our previous work [13]. Chemical cleaning was

performed after each whey experiment.
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3 Results and Discussion

3.1 Flux for water as feed

The water permeate flux was plotted as a function of net driving force when the system is operated
in FO and RO modes (Fig. 2). Generally, the net pressure driving force is the maximum pressure driving
force available for filtration, noted as [(er_b - rcF,b) + AP] (Eg. 3). In FO mode, this driving force was
reduced to (ﬂD_b + AP) since water was used as feed, which has negligible osmotic pressure. In the
RO mode where water was used in both the feed and draw solution sides, the net pressure driving
force was taken simply as the average applied hydraulic pressure, AP. The plot of J,,, as a function of
AP showed the expected linear relationship (Eq. 1) where the gradient is the water permeability
coefficient, A, which was evaluated as 0.484 L/m?h bar. This value is in agreement with the 0.497
L/m?h bar calculated for the same membrane module in our previous study [13]. Water permeability
coefficients of 0.42-0.44 L/m?h bar and 0.7 L/m?h bar have also been reported for bench scale flat-

sheet [28,32] and spiral-wound [33] CTA membranes at 20°C.

Data obtained for water and the draw solution in the single-pass and batch FO modes demonstrate
that there is no difference in flux between the two modes (Fig. 2). However, flux in these FO modes
does not increase linearly with the net driving force and has a lower value when compared to the RO
mode for a given pressure driving force. This lower flux in the FO mode is caused by the internal
concentration polarisation effect on the draw solution side of the membrane. This ICP effect is of
dilutive nature because the direction of the water flux across the membrane causes the effective draw
solution osmotic pressure, 1 ,,,, to be lower than 7, ;. The ICP gradient increases as 7, 5, increases,

due to a higher flux. This result is in agreement with previous assessments of ICP in FO mode [23].

10
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Fig. 2 Flux, ], as a function of net pressure driving force [(nD,b - nF,b) + AP] for water on both the feed and
draw solution sides (mp ,, g, = 0) and the hydraulic transmembrane pressure, AP, is varied in the RO mode;
water as feed and NaCl as the draw solution(rtr,, = 0, AP = 1.1 bar) and 1y, ;, is varied in single-pass or batch
FO mode.

3.2 Fluxin whey batch experiments

For the whey experiments in the batch FO mode, the flux was recorded as a function of time for the
three different initial bulk draw solution osmotic pressures (Fig. 3a). The initial flux was shown to
increase from 4.2 + 0.2 L/m?h to 7.6 + 0.5 L/m?h, by increasing the initial bulk draw solution osmotic
pressure from 53 bar to 75 bar. Flux decreased with time due to the gradual decrease in the osmotic
of the draw solution caused by the water permeate and the gradual increase in the osmotic pressure
of the whey as it became more concentrated. The flux was further plotted as a function of
(nD,b + AP), rather than the complete net pressure driving force [(nD,b - nF,b) + AP], as the bulk
osmotic pressure of the whey was not known (Fig. 3b). The flux curves obtained for whey were
compared with the curve obtained with water as the feed in the single-pass FO mode (Fig. 2). For all
three initial bulk draw solution osmotic pressures, the initial flux (at the highest values of
(nD,b + AP)) decreased at a similar rate as that for the case when water was used in the feed but
started at a lower value. This lower value reflects the initial osmotic pressure of the whey, 7 ;,. As the
draw solution was further diluted, the flux decreased sharply and non-linearly for all initial bulk draw
solution osmotic pressures and appeared to approach zero even when there was still a substantial

residual net pressure driving force in the system.

11
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Fig. 3 Flux, J,,, of whey as a function of (a) filtration time and (b) bulk draw solution osmotic pressure and average
transmembrane hydraulic pressure, (nD,b + AP) for NaCl of initial bulk osmotic pressures of 53, 64 and 75 bar
in the batch FO mode. Error bars represent deviations between two independent experiments. Dash-dotted line
represents the flux curve for water as feed and NaCl draw solution in the single-pass FO mode.

The steeper decline in the whey flux compared to water as feed (Fig. 3b) is attributed to the increase
in the bulk osmotic pressure of whey, 7}, as filtration progresses, as well as the development of
(concentrative) external concentration polarisation on the feed side of the membrane. The apparent
residual net pressure driving force when flux becomes zero, specifically represents the osmotic
pressure of whey at the end of the filtration process, which is counter balancing the pressure driving

force from the hydraulic and draw solution osmotic pressure (nD,b + AP). At this point, the

12
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concentration polarisation gradients approach zero, due to the negligible flux (Eq. 3), implying that
the effective osmotic pressure of whey at the membrane surface, nF,m(tf), becomes equal to the
final bulk osmotic pressure of whey, 7y}, (tf). Extrapolation of the water permeate flux curves to zero
indicates values of np_b(tf) of 34 bar, 45 bar and 50 bar for the initial bulk draw solution osmotic

pressure of 53, 64 and 75 bar, respectively.

If a linear proportionality between the osmotic pressure and concentration of solutes in whey is
assumed, the three extrapolated values of g, when flux is zero can be used to estimate the bulk
osmotic pressure of whey throughout the filtration process, g 5, (t) (Eq. 9). This method was used for
the experiments where the initial draw solution osmotic pressure was 53 bar. A similar flux
extrapolation approach has been previously reported by Merson and Morgan [34], for estimating the
osmotic pressure of juice solutions concentrated by reverse osmosis. The physical correctness of the

method was later verified and used for the development of membrane osmometers [35,36].

Trp (tn)V(tn) =Tgp (tn—l)V(tn—l) (9)

With the bulk whey osmotic pressure evaluated by Eq. 9, flux was replotted as a function of the
corrected pressure driving force, [(nD,b - rcF_b) + AP] (Fig. 4). The flux was now shown to vary
linearly with pressure, indicating that the corrected pressure driving force is more representative of
the effective driving force in the concentration of whey in the batch FO mode. Further, the curves for
all three initial bulk draw solution osmotic pressures were shown to be concurrent. However, the
gradients are much lower than that calculated for the pure water permeability in the RO mode (Fig.
2). At any value of flux, the difference between the pure water and whey curves is attributed to the
effects of ICP on the draw solution side and ECP on the feed side of the membrane. This is true because
for the pure water flux curve, the hydraulic transmembrane pressure represents the effective driving

force, equivalent to an effective osmotic pressure difference in the FO mode.

13
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Fig. 4 Flux, ], of whey FO filtration as a function of the corrected bulk osmotic pressure and average hydraulic
transmembrane pressure, [(nD,b - nF,b) + AP], for NaCl of initial bulk osmotic pressures of 53, 64 and 75 bar
in the batch FO mode. Dashed line represents pure water flux in the RO mode. Dash-dotted line represents the
flux curve for water as feed and NaCl draw solution in the single-pass FO mode.

3.3 Evaluation of effective osmotic pressure of whey and draw solution

The three flux curves obtained in Fig. 4 were used as the basis for implementing a short-cut
methodology to evaluate the effective draw solution and feed osmotic pressures at the membrane
surface. The two effective pressures, p ,, and 7 ,,,, were expressed as the sum of the bulk osmotic
pressure and a pressure difference due to concentration polarisation effects. The concentration
polarisation is dilutive for the draw solution, suggesting that mp, ,, is lower than mp ;, by a pressure
difference Amp, (Eq. 10). Respectively, concentration polarisation is concentrative for whey, implying

that 7t ., is higher than m ,, by a pressure difference Amp (Eq. 11).
Tpm = Tpp — Amp (10)
T[F,m - Tl‘-F,b + AT[F (11)

Each of the three curves in Fig. 4 was expressed by a flux equation, depending on the effective driving
force; pure water in RO mode (Eq. 12), water-NaCl in single-pass FO mode (Eq. 13) and whey-NacCl (Eqg.
13). Consequently, at any given value of flux, Am, can be calculated from the difference between the
water and water-NaCl curves (Eq. 12 and Eq. 13) and Amy can be evaluated from the difference
between the water-NaCl and whey-NaCl curves (Eq. 13 and Eq. 14). Substituting the values of Amp, or
Amg in Eq. 10 or Eq. 11, respectively, provides the corresponding effective osmotic pressure at the

membrane surface, given that the bulk osmotic pressures are known experimentally.

J» = AAP (12)
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Jw=A4[(mpy — Amp) + AP] (13)

Jw=A4A[(rpp — Antp) — (mpp + Amp) + AP] (14)

3.4 Verification of short-cut method based on FO model fitting

The short-cut method, as described in Section 3.3, was employed to evaluate the effective osmotic
pressure of whey without the need of external osmotic pressure measurements. This is useful when
complex solutions such as liquid foods are to be concentrated using forward osmosis and little is
known of their composition or osmotic pressure. To verify the validity of this approach, experimental
data were fitted to the implicit flux model (Eq. 3), by obtaining additional data and simplifying
assumptions. This analysis was applied to the results from Sample 2 (Table 1), which was concentrated
using an initial bulk draw solution osmotic pressure of 53 bar. The solute resistivity of the membrane
support layer, K, was obtained from the batch FO experiments using water as the feed via Eq. 6,
assuming a negligible osmotic pressure of the feed. The effect of the draw solute permeability
coefficient, B, on flux was considered to be negligible, further simplifying Eq. 6, . The solute resistivity,
K, was found to be equal to 0.089 m2h/L (or 3.2 x10° m2s/m?3). This value corresponds to a membrane
structural parameter of 474 um, which is in agreement with values previously reported for CTA

membranes [28].

The bulk osmotic pressure of the draw solution, p, (as measured in the FO experiment), the
graphically estimated bulk osmotic pressure of whey, mp),, the membrane water permeability
coefficient 4 and the solute resistivity K, were substituted into Eq. 3. The modelled flux was forced to
match the experimental value of flux, by using the mass transfer coefficient, k, as the fitting
parameter. The resulting mass transfer coefficient ranged from to 5.8 to 9 L/m?h (1.6 x 10°® to 2.5 x
10® m/s). This variation in the mass transfer coefficient can be related to altered hydrodynamic
conditions in the feed channel as whey becomes more concentrated. Evaluation of the mass transfer
coefficient based on a correlation of the form given by Eq. 5 would require extensive characterisation
of the density and viscosity of whey as a function of its concentration factor, parameters affecting the

Reynolds and Schmidt numbers, Re and Sc, and consequently the Sherwood number, Sh.

With the mass transfer coefficient known, the effective osmotic pressure of the feed and draw
solution were calculated from Eq. 3, and the resulting, g m, fiux and Tp m rrux respectively, were

compared to the effective osmotic pressures calculated through the short-cut approach, g 1, shortcut
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and 7p m shorecut (Fig. 5). The short-cut approach and the flux model produced similar results,
verifying that the short-cut approach can be used for evaluating effective osmotic pressures in the
batch FO mode. This simple method can easily be implemented to other liquid food systems with
complex composition, where estimation of their osmotic pressure can be challenging or requires a
number of different measurements. A necessary condition for applying the proposed method is to
allow filtration to progress to the point where the flux approaches zero, implying that an osmotic

equilibrium is attained. Under these conditions the final value of the osmotic pressure of whey can be

obtained.
40 T T T T T T T T
g A TEF,m,shortcut A TCF,m,ﬂux
o)
\é g nD,m,shortcut o TED,m,qux
B 351 i
g o}
" é g
3 O 28,8 s ce®
S 301 A : ]
5 Aﬁ
& 2 A
o A A A
g o 2 0
©
0]
o
20 " L " L " L " L "
0 1 2 3 4 5

Experimental flux, J,, (L/m?h)

Fig. 5 Effective osmotic pressure as a function of the experimental flux for both draw solution and whey feed, as
demonstrated for whey sample 2 using short-cut approach (Ttg 1 snortcut 9Nd Tp m shorecut) and compared to the
forward osmosis flux model (g i fiyx AN Tp 1 £10x)- Whey was concentrated in the batch FO mode using NaCl
draw solution of an initial bulk osmotic pressure of 53 bar.

3.5 Osmotic pressure of whey and concentration factor

This study demonstrates a simple method for empirically quantifying the osmotic pressure of whey
throughout the batch forward osmosis concentration process. The effective osmotic pressure of whey
as determined using the short-cut approach, g ., chortcur Was plotted as a function of concentration
factor of whey and compared to the bulk osmotic pressure of whey as determined graphically from
the experimental flux curves, g}, (Fig. 6). At a low concentration factor, corresponding to the initial
stages of the batch process where flux is high, the difference between g, shortcur and g is high.
This demonstrates a high concentration polarisation effect, which is in agreement with the theoretical
flux model (Eq. 3). As filtration progresses flux decreases, due to an increase in g ;, (and decrease in

Tpp), causing the difference between 7 1, shortcur and mp )y to become gradually smaller. As flux
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approaches zero, the two pressures attain the same value, corresponding to the maximum osmotic

pressure of whey during the filtration process.

Total solids content (%)
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Fig. 6 Effective osmotic pressure of whey, Tlg m snortcut (Obtained using the short-cut approach), and bulk
osmotic pressure of whey, T (obtained graphically from experimental data), as a function of whey

concentration factor, for the experiments in the batch FO mode using NaCl draw solution of an initial bulk osmotic

pressure of 53 bar.

The maximum concentration factor of whey achieved in the pilot scale forward osmosis concentration
process was 2.7 £ 0.1, or 17 £ 1 % in terms of total solids, for all the initial bulk draw solution osmotic
pressures used. For the lower initial osmotic pressure of NaCl of 53 bar, osmotic equilibrium was
approached. However, the experiments at higher initial NaCl osmotic pressures of 64 and 75 bar
clearly demonstrated that a higher concentration factor would have been achieved, if the filtration
system was able to further process the small amount of whey towards the end of the process. This
suggests that in order to achieve a higher concentration factor in an industrial filtration system, a ‘feed
and bleed’ filtration mode would be suitable, which is commonly used in industry [37,38]. Another
limiting factor for concentration, in addition to osmotic pressure, would be the increasing viscosity of
whey, which dictates the ability of the concentrate produced to flow through the membrane filtration
system. Based on previous work done on milk, flow no longer occurs after a concentration factor of
40-50% of solids is reached [2,39]. In addition, at a total solids content of approximately 40%,

spontaneous lactose crystallisation may occur [2].
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The ratios of the individual inorganic elements in the initial whey and concentrate (Table 1) were found
to be slightly higher than that of the total solids for both whey samples 1 and 2. Clearly the ratio is
higher for sodium (Na) compared to the other elements for both samples. This can be attributed to
the reverse diffusion of sodium from the draw solute into whey throughout the duration of the
concentration process in the batch FO mode. This addition of sodium is unlikely to cause any concerns
on product quality, as discussed in our previous study [13]. The slightly higher ratios for potassium,
calcium and magnesium may be within experimental error, as demonstrated by the ratio of
concentrate to initial sample, C/I, calculated on a dry basis (g of inorganics/100g of solids).
Alternatively, they may reflect a loss of some organic content to the draw solution lowering the ratio
for these solutes. The transport of organic constituents of whey to the draw solution was discussed in
detail in our previous study [13]. It was found that small organic compounds such as lactose and
peptides were transferred from the bulk skim milk or whey, resulting in a foaming effect on the draw
solution. A loss of organic constituents, which are significantly higher relative to the inorganic
constituents has probably been minimal in the present study, as the ratio C/I for the organics is

essentially the same as that of the total solids.

3.6 Suitability of the method to other feed streams and limitations

The short-cut method developed here was proven accurate in evaluating the effective osmotic
pressure of a relatively complex feed such as cheese whey. Whey represents a feed with substantial
amounts of suspended and soluble matter. Various other complex liquids in the food and dairy
industry often require concentration, including fruit juices, skim milk or lactose solutions [4,40—42].
This method can be directly utilised to other liquid streams concentrated using a batch forward
osmosis process and enables to evaluate the effective osmotic pressure driving force, without the

need to evaluate the osmotic pressure of the feed in advance.

Both the proposed method and the forward osmosis model only account for the presence of
concentration polarisation but do not account for the occurrence of fouling. In the present work, the
experimental data have not indicated the presence of fouling in the system. The flux obtained for
whey matched that when synthetic NaCl solutions were used as the feed which were concentrated in
the batch FO mode using initial draw solutions osmotic pressures of 53 and 75 bar (Fig. A1, Appendix
A). In the presence of fouling, the experimental flux for a given pressure driving force would deviate
from that predicted by the forward osmosis model. Moreover, the method as developed in the
present study assumes a decreasing bulk osmotic pressure of the draw solution due to the batch FO
mode. The proposed short-cut method cannot be directly extrapolated to a continuous process where

the draw solution is constantly regenerated in order to maintain a constant bulk osmotic pressure.
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4 Conclusions

The present work demonstrates the potential of forward osmosis for the concentration of cheese
whey in a pilot filtration system operated in a batch mode. The process produced concentrates with a
concentration factor of approximately 2.7, by increasing the total solids content of whey from 6.5 to
18%. The maximum initial permeate flux was 7.2 L/m?h, obtained for an initial draw solution osmotic
pressure of 74 bar. The bulk osmotic pressure of whey was determined graphically from the permeate
flux curves plotted as a function of the bulk draw solution osmotic pressure and hydraulic pressure,
as the osmotic pressure of whey was initially unknown. The bulk osmotic pressure of whey was shown
to increase from 12 to 34 bar over the course of the batch forward osmosis process. It was also shown
that the final whey osmotic pressure can exceed osmotic pressures encountered in previous reverse
osmosis studies. Based on the theoretically known effective pressure driving force, obtained from the
pure water permeability of the membrane, the effective feed and draw solution osmotic pressures
were evaluated via a new short-cut approach. The short-cut approach was verified based on first

principles, by applying the forward osmosis flux model to the experimental data.

The study provides important information regarding flux performance at pilot scale, while quantifying
the effective osmotic pressures of the feed and draw solution. The proposed method requires no
information in advance of the osmotic pressure of the feed and can be directly applied to the batch
forward osmosis concentration of other complex liquid streams .The method is applicable only when

the system is allowed to approach an osmotic equilibrium and where no fouling is encountered.
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Appendix A: Comparison of whey flux with a synthetic feed solution

Concentration experiments in the batch FO mode were also performed utilising NaCl as the feed, for
the initial draw solution osmotic pressures of 53 and 75 bar. The initial osmotic pressure of these
synthetic feed solutions was calculated to be 13 and 14 bar and was found to be slightly higher compared
to the initial bulk osmotic pressure of whey, approximately equal to 11-12 bar (Fig. 6). The flux obtained
for the two synthetic solutions is in good agreement with the flux obtained for whey (Fig. Al). These
results indicate that no significant fouling has occurred over the range of total solids reported in the

present study and that viscosity changes are minimal.

10 T T T T T T
— - — water, NaCl various np , (single-pass FO)
O whey, NaCl np;, = 53 bar (batch FO)
O whey, NaCl Tpp = 75 bar (batch FO) ‘,'/‘
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Fig Al. Flux, J,,, in FO filtration as a function of the osmotic pressure in the bulk of the draw solution
and the average transmembrane hydraulic pressure, (nD,b + AP). Feed solutions: synthetic NaCl
solutions (initial bulk feed solution osmotic pressures, g 5, of 13 and 14 bar) and whey; Draw solutions:
NaCl solutions with initial osmotic pressures, 7 5, of 53 and 75 bar. The dashed line represents the

flux curve for water as feed and NaCl as draw solution.
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