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ABSTRACT

As aresult of its emerging contribution to water recovery and clean water production, forward
osmosis (FO) in integrated membrane system has recently especially been preferred by research
communities on membrane science and desalination technology. In this study, the effectiveness
of FO reverse osmosis (RO) integrated membrane system in whey dewatering was investigated
in laboratory scale experiments in which FO and RO were utilized for whey concentration and
water recovery, respectively. FO experiments were carried out at different conditions of cross-
flow rate, temperature, membrane kind, membrane orientation mode, and microfiltration (MF)
pretreatment. A single-step RO system was applied for water recovery from the FO draw solu-
tion. In the FO process, about 1.6 L water of 3 L whey was withdrawn into 3M NaCl draw solu-
tion during 6 h operating time, and a sufficiently high performance in whey concentration was
obtained, with the solid content being increased from 6.8 to 14.3%. However, the process resulted
in a high salt permeation into the whey, in addition to some soluble organics being permeated
into the draw. RO process are operated with relatively low performances due to excessive salt
concentration of the FO draw solutions, which indicates that there is a need for RO implementa-
tion in two or three sequential levels for achieving an absolute success in the water recovery from
whey. Despite the fact that MF pretreatment to some extent decreased the FO performance, it
could be used for directly productive activities intended to recover fats from whey. Results have
proved that prior to whey powder production, the integrated system could be effectively
employed for whey concentrations up to a solid content of 25-35%. Accordingly, FO-RO system
can be utilized as a novel alternative in concentrating whey compared to ultrafiltration-RO com-
bined system widely used worldwide. However, before practical implementation of the system,
an optimization between alleviating the salt concentration in FO draw and multi-step RO imple-
mentation should have to be considered concurrently with the economics of the investment.

Keywords: Forward osmosis; Reverse osmosis; Integrated membrane system; Whey; Water
recovery

1. Introduction

sis between two solution phases of separation and

Forward osmosis (FO) is an osmotically-driven aaias .
purification of waste streams [1]. In this process, water

membrane process that works by spontaneous osmo-
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flows across a semi-permeable membrane from the
solution having low concentration (feed solution) to
the solution having high concentration (draw solu-
tion), due to the osmotic pressure difference. This
phenomenon brings about the use of a concentrated
draw solution in a controlled FO process so as to pro-
vide a high osmotic pressure difference, enabling
water transport through the membrane. The process
results in a diluted draw solution, which needs to be
concentrated both for reuse in FO system and to pro-
duce clean water, so that it necessitates a complemen-
tary treatment with another process featuring an
integrated treatment technology. Hence, FO process as
a pretreatment step in the combined treatment for the
disposal or recovery of waste content is accompanied
by processes such as reverse osmosis (RO), membrane
distillation, membrane osmotic distillation, decomposi-
tion with heating, and magnetic separation [2-6]. The
water gained from the whole system is of high quality
and with nearly complete retention of microorgan-
isms, particulates, and organic matter as well as sig-
nificant retention of dissolved salts [7-9].

FO is superior to the pressure-driven membrane
process. One of its main advantages is the use of lim-
ited external energy to separate solutes and solvent
from each other. Another advantage is that a draw
solution having relatively high osmotic pressure can
be readily supplied from renewable sources such as
seawater or concentrated brackish water, etc. [1]. The
cost of the process is remarkably lower as there is no
hydraulic pressure operation involved, nearly com-
plete rejection of contaminants, potentially low mem-
brane fouling tendency, and more environmentally
friendly desalination technology [10,11]. However,
there are still a number of technical barriers in using
this in large-scale industrial applications. One of the
major drawbacks is the lack of an optimized mem-
brane that can produce a high flux comparable to
commercial RO membranes; research is being under-
taken on this subject [10]. Moreover, internal concen-
tration polarization which significantly limits flux
efficiency, and finding easily separable draw solutes
are the other major challenges. In addition, the mem-
brane flux can be adversely affected by membrane
fouling [12,13]. In spite of all these constraints, the
process pursues its development depending on desali-
nation needs, as it is one of the extensively studied
processes in separation science and technology in the
recent years. The process can be successfully utilized
in many applications such as electricity production
[14-17], power generation [18-21], water or wastewa-
ter reclamation [7,8,22,23], seawater desalination or
brine concentration [12,24], concentration of liquid
foods [25-27], protein enrichment and concentration

[28], and even for water purification and reuse in
space [29,30]. Additionally, it may also be used as a
promising alternative to decrease the energy usage of
a dewatering process such as desalination and concen-
tration processes [4,26,31]. In a detailed perspective,
its combined application with RO process has drawn
the attention of research communities towards mem-
brane science and technology. Up to now, FO-RO
integrated membrane system has been successfully
tested for direct potable reuse of wastewater [2,32].
Some of the studies have proved that FO-RO is capa-
ble of treating low-quality waste streams such as land-
fill leachate and industrial wastes [33-35]. Taking into
account all these features, one can conclude that FO
process not implemented for concentrating whey
liquors may be applied as an economical and viable
pretreatment or dewatering method prior to whey
powder production, concurrently with water recovery
from whey by RO process.

Cheese whey is a by-product of the dairy industry
and its production is estimated to be over 10° tonnes
per year, yielding an important source of environmen-
tal pollution [36]. Approximately, 47% of the whey
produced world-wide every year is disposed of in the
environment, which leads to both serious environmen-
tal pollution problems and a significant loss of valu-
able products [37—-40]. Due to its rich nutrient content,
cheese whey has been used for the production of dif-
ferent chemicals such as organic acids (lactic, acetic),
alcohol (ethanol), single cell protein, methane, and
cheese whey powder [41]. About 50% of the cheese
whey produced worldwide is now treated using dif-
ferent methods and transformed into various food
products. It has been reported that the European
Union uses about 45% of cheese whey directly in
liquid form, 30% in the form of powdered cheese
whey or cheese whey protein concentrates, and 15%
as lactose [42].

Based on literature survey, no study has presented
on whey concentration using a FO-included mem-
brane system. In that sense, the main objective of this
study was to investigate, using laboratory-scale
research, the capabilities of both FO process in whey
concentration and complementary RO process in clean
water production from whey. For whey concentration,
the influences of cross-flow rate, temperature, mem-
brane kind, membrane orientation mode and microfil-
tration (MF) pretreatment on FO performance were
particularly examined. The performance of the FO
process was evaluated based on parameters such as
the net osmotic pressure difference, volumetric water
permeation, water and salt fluxes, and whey solid
content. Besides, the performance of RO process in
water recovery from FO draw solutions was



788 C. Aydiner et al. | Desalination and Water Treatment 51 (2013) 786—799

determined based on water flux and rejections.
Finally, the capability and competence of FO-RO
integrated system on water recovery from whey con-
currently with whey concentration were straight-
forwardly exposed with an intent directed to its
industrial-scale implementation in dairy industry.

2. Materials and methods
2.1. Materials

FO experiments were conducted using flat sheet
cellulose triacetate (CTA) FO membrane (Hydration
Technologies Inc., OR). Four different membrane kinds
with flat sheet form were tested in RO experiments as
well as FO experiments of which CPA-3, LFC-3 and
ESPA-2 membranes (Hydranautics Inc., CA) were
made from composite polyamide, whereas GE-PA
membrane was manufactured from polyamide (GE
Osmonics, MN). PVDF membrane having a pore size
of 0.45um (GE Osmonics, MN) was used in MF pre-
treatment of whey. Cheese whey was obtained from
industrial facilities of Cayirova Milk&Milk Products
Inc., located at Kocaeli, Turkey. The characteristics of
raw whey and its liquor concentrated at the best con-
ditions of FO experiments were given in Table 1.

2.2. Methods

2.2.1. Experimental procedures

FO experiments. A laboratory scale FO system
shown in Fig. 1(a) was employed in the experiments.
The cross-flow membrane module was a custom-made
cell with equivalent flow channel at both sides of the
membrane. Hydrodynamic flow at the channels was
concurrently operated. The membrane module made
from Delrin acetal resin material (DulPont, Delaware)
has an effective membrane area of 140cm” Two
speed-controllable peristaltic pumps (EW 77111-67,
Cole Parmer, IL) were used to pump the solutions.
Two flow meters with a maximum flow rate of
10Lmin~' were separately placed on the feed and
draw lines of the setup to enable the desired same
flow rates on each line. The setup was also equipped
with a constant-temperature water bath (462-7028,
VWR Scientific, IL) to maintain the same temperature
(25+0.5°C) at both the feed and draw solutions during
FO tests.

In FO experiments, the influences of five opera-
tional parameters—cross-flow rate (150, 300, 450, and
600Lh~") (0.25, 0.50, 0.75, and 1.00ms "), temperature
(20, 25, 30, 35, and 40 °C), membrane kinds (CTA-FO,

CPA-3, LFC-3, ESPA-2, and GE-PA), membrane orien-
tation modes (normal and reverse), and MF pretreat-
ment of whey-were explored to evaluate the process
effectiveness. Normal orientation mode means that the
active or selective layer of the membrane faced the
draw solution while its support layer faced whey or
feed; in reverse mode, the active and support layers of
the membrane were in contact with the feed and the
draw, respectively. The experiments including cross-
flow rate and temperature parameters were executed
in reverse mode of CTA-FO membrane for 2h using
2M NaCl draw solution. While temperature was kept
constant as 25+0.5°C in the cross-flow rate experi-
ments, the cross-flow rates at both flow channels were
maintained at 300Lh ™' (0.50m s ') in the temperature
experiments. In the subsequent three experiments
including membrane kinds, membrane orientation
modes and MF pretreatment, 3M NaCl as the draw
was used to increase whey dewatering performance of
FO system. These experiments were carried out at a
cross-flow rate of 300Lh~}, temperature of 25+0.5°C,
and duration of 6h. In all FO experiments, the system
was employed with 3L volumes for both the feed and
draw sides. The process was conducted in the normal
mode for the membrane kind experiments and in
reverse mode of CTA-FO membrane for the MF pre-
treatment experiments.

MF and RO experiments. MF and RO experiments
were executed using laboratory scale pressure-driven
membrane system (Fig. 1(b)). The system had a flat-
sheet cross-flow membrane module having an effec-
tive membrane area of 140 cm? (GE Osmonics, MN). It
was equipped with a feed tank, high-pressure pump
of 100bar with a flow volume of 330Lh~! (Bosch,
Germany), flow splitter, digital flow meter (max
720Lh™") (Honsberg, Germany), and manual oil
pump for clamping the module. In the experiments,
the processes were employed in the concentration
mode, which means that permeate solutions were not
returned into the feed tank while the retentate was.
The permeate solutions were collected in a beaker and
flow rates were measured by an electronic balance
(Precisa XT2220M-DR) and recorded by a computer.
MF pretreatment of raw whey were carried out for
45L feed volume along 180min filtration time by
maintaining a transmembrane pressure of 2 bar, cross-
flow rate of 0.60ms ' and temperature of 25+ 0.5°C.
The draw solutions obtained from the membrane kind
experiments were filtrated by the reverse osmosis
membranes. RO filtration experiments were executed
under the conditions of 3L draw solution, 120 min fil-
tration time, 0.30ms ' cross-flow rate, 25+0.5°C tem-
perature, and 25bar transmembrane pressure.
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Table 1

Characteristics of raw and FO concentrated whey
Parameter Unit
pH -
Conductivity mScm !
Cl mgL™’
Osmolality mmol kg
Density gem ?
Freezing point C
SCOD mgL™’
STOC mgL™’
NH,-N mg L!
NO,-N mgL™!
NOs;-N mgL~!
TKN mgL™’
Org-N mgL™’
TN mgL~'
PO,P mgL~!
TP mgL~!
Total protein %

Fat %

SNF (fat-free dry matter) %

Total solid content %
Lactose %
Minerals %

Raw whey FO' concentrated whey
4.65+0.19 4.62
6.91+0.40 13.43
932+ 34 3,386
334+33 671
1.0242 +0.0016 1.0440
—0.529+0.039 —1.248
61,855 +6,792 125,151
38,561 +2,242 67,350
15421 202
0.1+0.1 0.5

257 +16 319
1,362 +151 2,145
1,208 + 162 1,943
1,619 +149 2,465
363 +23 635
436+75 769
2.46+0.16 5.08
0.42+0.15 0.79
6.69 +0.39 13.49
7.12+0.52 14.28
3.37+0.22 6.52
1.02+0.09 1.84

?At the best experimental conditions-membrane type: FO membrane, operation mode: reverse mode, draw solution: 3M NaCl, tempera-
ture: 25 +0.5°C, cross-flow rate: 300Lh~! (0.5ms™), process time: 360 min, each volume of feed and draw solutions: 3 L.

2.2.2. Analytical procedure

Total protein, fat, fat-free dry matter (solids-not-fat
[SNF]), total solids, lactose and minerals contents of
whey samples were measured by Lactostar instrument
equipped with thermal and optic sensors (Funke Ger-
ber Company, Germany). The pH, conductivity, and
temperature measurements were taken using WIW
Multi 340i Meter (WTW, Weilheim, Germany). For
density measurements in the samples, DA-130N den-
sity meter (KEM Co., Ltd., Kyoto, Japan) was used.
Osmolalities of the samples were determined in dupli-
cate for each data point by Advanced Osmometer
instrument (Model 3250-Advanced Instruments Inc.,
USA) in accordance with freezing point depression
method after completing the entire experiment. Water
qualities in whey and draw solution were analyzed in
accordance with standard methods [43]. Besides,
nitrite, nitrate, and TOC, TN parameters were ana-
lyzed using GBC UV-visible Cintra 20 spectrometer
(Cintra, Australia), and HACH IL 550 TOC-TN (Hach
Lange Ltd., Germany) instruments, respectively.

2.2.3. Performances of processes

FO performance. The permeated water volume, V
was determined from osmolality differences between
the feed and draw solutions in the FO system. First,
the osmolalities at both sides were individually mea-
sured at definite time intervals along the experiments,
and thereafter V was determined from the differences
in sequential time points in accordance with osmolar-
ity-based mass balance calculation. The results were
also made valid by verifying them with whey solid
content (Wsc). The water flux, J,, was determined
from the volume increase in the draw solution using
Eq. (1) [44].

1 AV,

where A,, is the membrane area, t the time, and V;
the volumetric water permeation at any time. The salt
flux, Js that flew in reverse direction from the water
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Fig. 1. Experimental membrane system setups (a) FO system (1: feed tank, 2: draw tank, 3: peristaltic pumps, 4: water
bath, 5: clamp, 6: membrane module, 7: flow meters) and (b) RO system (1: high pressure pump, 2: feed tank, 3: pressure
gauges, 4: water bath, 5: clamp, 6: membrane module, 7: balance, 8: computer, 9: digital flow meter, 10: clamp arm).

flux between both solutions was calculated using the
following equation [44]:

1 AG-Vy)

Js= A X A (2)
where C; is the salt concentration at any time. Net
osmotic pressure difference (Ampe), which refers to
the osmotic pressure difference between the draw and
the feed was determined from the difference in the
osmotic pressures determined individually at both
sides [44,45]:

ATtpet = Tap — Tpp (3)

where 7, and 7y, are the osmotic pressures of the
draw and the feed, respectively. The osmotic pres-

sures of the solutions were calculated in accordance
with the van’t Hoff equation.

n=R-T[m-d] (4)

where R is the ideal gas constant (8.314JK 'mol '), T
the absolute temperature (K), m the osmolality
(mosmkg "), and d the solution density (kgL ™").

MF and RO performances. In pressure-driven mem-
brane filtration experiments, the permeate fluxes were
determined from the water permeation performance
of each membrane process using Eq. (1). The percent-
age rejection rates of contaminants, R; were calculated
by Eq. (5).

R; (%) =100 x ( —E—i’) (5)



C. Aydiner et al. | Desalination and Water Treatment 51 (2013) 786799 791

where C,; and C;; are the values of contaminant i
measured in the permeate and the feed, respectively.
It should be noted that whey as the feed is used for
MF process; while the draw solution from the FO sys-
tem is the feed solution for RO process.

3. Results and discussion
3.1. FO experiments influences of FO operating parameters

In FO experiments, whey concentration by FO was
broadly investigated in light of four system parame-
ters: cross-flow rate, temperature, membrane kinds,
and operation modes. The performance results com-
prising of net osmotic pressure difference, volumetric
water permeation, water and salt fluxes, and total
solid content of whey are presented in the subsequent
subsections.

3.1.1. Cross-flow rate

The water permeation and whey concentration
performances for cross-flow rates are depicted in
Fig. 2. The net driven force is a function of water vol-
ume passed into the draw, whose influence on water
passage from the feed into the draw decreased as the
permeated volume increased due to dilutive operation
preferred for the draw solution in FO process. The
pressure differences of 95-96bar at the beginning of
the experiments reduced to 74-83 bar due to the trans-
ferred water of 385480 mL.

Fig. 2 also indicated that water volume that
passed into the draw somewhat increased as the
cross-flow rate was increased. In the process, despite
varying flow rates, water fluxese ranged between
10.6 and 14.3Lm *h~'. The highest water flux at

(@) (b)

the end of 2h process time was observed at cross-
flow rate of 600Lh™'. A similar trend was observed
in salt flux variations among 150 and 450Lh"’, a
distinctive difference appeared at 600Lh™'. After the
turning point of about 0.25h, salt flux at 600Lh™’
reached a steady state at the end of the process,
while the others were decreasing after their turning
points at around 1 and 1.5h. The lowest and highest
final salt fluxes were determined at 150 and
450Lh~' flow rates with 0.52 and 5.38gm *h',
respectively. Whey was concentrated depending on
water permeation, which increased with cross-flow
rate, and its solid content rose to the levels of 7.23,
8.30, 850 and 8.61% in an order of the increasing
flow rate.

3.1.2. Temperature

The influences of varying temperatures at both
solutions on the performance of FO system can be
seen from Fig. 3.

As the temperature increased from 20 to 35°C, the
net pressure difference decreased from the levels of
95-100 to 72-84 bar. However, its highest decline was
seen at 40°C. The permeated water increased to some
extent from 435 to 546 mL with the increase in temper-
ature from 20 to 35°C; it resulted in 535mL at 40°C.
This meant that the increased temperature from 35 to
40°C accounted for a fall in effective osmotic pressure
difference inside the membrane as an inherent result
of higher internal concentration polarization. The vari-
ations in final water fluxes with temperature which
was determined between 10.0 and 169Lm *h™'
seemed to be the same as those of the permeated
water volumes. Despite similar variation trends at

(c) (d) (e)
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100 500 25 10 9.0
400 20 —
90 \ 8.5
300 9 15 6 N
o X
80 8.0
200 10 4
0150 L/h a 3
B N,
701 & 300 L/h 100 s 5 ’/O/C:)/O\K 75
% 450 L/h :
0 600 L/h D%E/D [a}
60 0 0 043~ 7.0
SERSIPCIRNCINS SISO SISO IR SIS ()

Fig. 2. Water permeation and whey concentration performances in reverse mode FO process for various cross-flow rates:
(a) net osmotic pressure difference; (b) volumetric water permeation; (c) water flux; (d) salt flux; and (e) total solid

content of whey.
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Fig. 3. Water permeation and whey concentration performances in reverse mode FO process under various temperatures:
(a) net osmotic pressure difference; (b) volumetric water permeation; (c) water flux; (d) salt flux; and (e) total solid

content of whey.

turning points 0.5 and 1.5h for salt fluxes, high salt
passage of 122gm “h ' into whey was observed at
30°C. The process exhibited a good performance at 35°
C, with a salt flux of 1.1gm *h~' compared to other
temperatures. The proportions of 14.5 and 18.2 of
water in whey were withdrawn into the draw solution
at 20 and 35°C, respectively. Whey was concentrated
to the levels of 8.7-9.1%, which were as low as in the
cross-flow rate experiments. The results so far show
that the performances of water and salt fluxes needs
to improve concurrently, keeping the flow rate and
temperature within reasonable limits so as to prevent
further energy consumptions, a practical implementa-
tion of FO. In this regard, for all subsequent experi-
ments, FO was employed at a cross-flow rate of
300Lh~" and temperature of 25+0.5°C. In addition,
the process time was increased to 6h so as increase
the whey solid content, and 3M NaCl draw solution
was used instead of 2M used up to now to increase
the water flux performance.

3.1.3. Membrane kind

In the membrane kind experiments, the process
was operated in normal orientation mode so as to take
into account its possible effects on increasing the per-
formance. The results are depicted in Fig. 4.

FO process revealed discrete behaviors of mem-
brane kinds for all performance parameters in which
FO membrane definitely exhibited a clear superiority
over all the other RO membranes. Despite operating
with higher driven forces compared to 2M NaCl
from about 165bar in the beginning to 138-162bar in
the end, the process could be employed with an
inadequate performance even for FO membrane that
382mL of water in whey was transferred to the

draw with the final water and salt fluxes of
123Lm *h™' and 0.08gm *h™', respectively. The
lowest water permeation of 108mL resulted from
ESPA-2 membrane, which is nearly a quarter of that
of FO membrane. Although the evolutions for the
permeation and flux rates of water were similar in
characteristics for the various membrane kinds, dis-
tinctive variations in salt fluxes of the membranes
were observed. However, final salt fluxes of the
membranes were determined in a quite low range of
0.02-0.1gm 2h~'. While about 12.7% of water in
whey was withdrawn into the draw solution at the
end of 6h by FO membrane, this value was desig-
nated as 9.1, 5.3, 3.6, and 5.0% for RO membranes
comprising CPA-3, LFC-3, ESPA-2, and GE-PA,
respectively. On the other hand, a sufficient concen-
tration of whey was not ensured as the solid content
reached 8.4% after treatment.

3.1.4. Operation mode

The operation mode experiments were carried out
using FO and CPA-3 membranes with both reverse
and normal orientationsas they performed better than
others. Similar experiments were conducted by Aydin-
er et al. [46], except that they considered the interrela-
tionship between the performance and membrane
fouling behaviors to be independent of membrane
type and operating mode in organic-inorganic binary
FO system [46]. In that study, two different
approaches grounded on modeling- and ex-situ mem-
brane characterization-based performance analysis
were applied for the evaluation of performance-foul-
ing relationships depending on a general performance
evaluation. On the other hand, by a thorough evalua-
tion of the results, this study intended to assess the
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Fig. 4. Water permeation and whey concentration performances in normal mode FO process for different membranes: (a)
net osmotic pressure difference; (b) volumetric water permeation; (c) water flux; (d) salt flux; and (e) total solid content

of whey.

feasibility of FO process as a novel implementation
combined with RO process in whey concentration.

As can be seen from Fig. 5, the FO membrane pre-
sented too high a water transport performance in
reverse operation mode obtained so far. In spite of
decrease in net driven force from 165 to about 84 bar,
a high final water flux of 14.34L m >h™' was estab-
lished. About 1.6L water of 3L whey was taken into
3M NaCl draw solution within 6h operating time,
and a sufficiently high performance for whey concen-
tration was obtained with a noticeable increase in
whey solid content from about 6.8 to 14.3%. However,
the process resulted in a high final salt permeation of
48g/ m?h into the whey; moreover, it did not reach a
steady state at the end of 6 h whey processing in FO
reverse mode. Against higher salt passages less inter-
nal membrane fouling that originated from both
organic and inorganic solutes had taken place than
that of RO membrane [46]. Neither FO membrane in
normal mode nor CPA-3 membrane in both modes
yielded enough good performance when compared to
reverse operation of FO membrane. Besides, as indi-
cated in Table 2 for the water qualities in the draw
solution after FO processing, any organic carbon leak-
ages into the draw were not observed in reverse oper-

ation modes of both membranes. In addition, the
passages in small varying amounts of nitrogen and
phosphorous were determined for all operations of
the membranes, except for TP in normal mode of
CPA-3. Low contamination of whey constituents in
the draw in reverse mode provided meant that FO
process can be executed for higher concentrations
until the desired higher solid content is achieved.

3.2. Water recovery by RO

A single-step RO process was implemented for
water recovery from the draw solutions at operation-
mode experiments. Depending on the predominant
effect of high salt concentration on RO membrane, the
process could be operated only with a permeate flux
under 5L/m?h, and rejection rates of 63-81, 75-90,
47-96, and 19-27% for KOIL, N, P, and Cl~, respec-
tively (Table 2). These results put forward that an
additional RO operation is needed at least in second-
step implementation, for achieving an absolute success
on the basis of water recovery, especially in terms of
the removal of dissolved salt ions. Very low permeate
fluxes from the first step RO of FO draw solutions
prevented to maintain sequencing lab-scale RO opera-
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Fig. 5. Performance comparisons of FO processes operated at normal and reverse modes: (a) net osmotic pressure
difference; (b) volumetric water permeation; (c) water flux; (d) salt flux; and (e) total solid content of whey.

tions, which means that the first step RO should have
a higher scale such as a pilot plant to obtain the per-
meate volume required for the last-step RO in terms
of completely testing the quality of product water. On
the other hand it can be suggested that to remove dis-
solved salt ions more effectively, single-step mem-
brane distillation (MD) can be utilized instead of
multi-step RO processes for water recovery from the
draw solutions. At this point, it should be emphasized
that the assessment of capabilities of both membrane
systems (FO-RO and FO-MD) and the selection of
their appropriate one in whey concentration should be
comprehensively taken into consideration on the basis
of total economics including capital and operating
costs, concurrently with the efficacy of whey powder
production.

3.3. MF pretreatment of whey

Prior to FO run, MF processing of raw whey was
conducted to compare the effectiveness of MF pre-
treatment with direct whey processing by FO. The
performance results of the MF pretreatment and the
direct FO processing and MF-FO system are shown in
Table 3 and Fig. 6, respectively. In addition, time evo-

lutions of whey contents concentrated by MF, FO and
MF-FO are presented in Fig. 7.

Fig. 6 indicates that the direct FO processing
resulted in higher water permeation than MF-FO sys-
tem. FO water flux was determined as 7.3 and 14.3 L/
m?h with or without MF pretreatment, respectively.
However, any difference in salt flux variation for both
processing events was not observed. In MF pretreat-
ment, fat content of whey was completely not consid-
ered, while protein and lactose content was taken as
about 16% (Table 3). It was ascertained that MF pro-
cess somewhat decreased the FO performance. Also
the whey concentration using both FO and MF-FO
treatments did not reach to steady-state at the end of
6h. The direct FO was more effectively employed to
concentrate whey in spite of relatively lower net
osmotic pressure difference in which whey was con-
centrated to a solid content of 14.3%. The solid content
of whey pre-concentrated by MF pretreatment from a
starting value of 6.8% to the final value of 7.9% could
be raised to a lower level of 12.9% than the direct FO.
The FO processing proved that whey concentration
using the direct FO could be effectively improved to
an order of 25-35% of solid content by a continuous
operation. It was comprehended as another choice
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Table 3
Performance of MF process in whey pretreatment
Parameter Unit Raw whey Concentrated whey Permeate stream R (%)
Water flux Lm ?h! - - 9.12 -
Density gem ™’ 1.0267 1.0272 1.0231 0.4
Freezing point C —0.643 —0.652 —0.580 9.8
Osmolality mmol kg 361 366 326 9.8
Total protein % 2.38 2.67 225 15.8
Fat % 0.37 0.49 0.00 100.0
Fat-free dry matter % 6.39 7.42 6.27 154
Total solid content % 6.76 791 6.27 20.7
Lactose % 3.05 3.32 2.80 15.8
Minerals % 0.99 1.02 0.97 5.0
(@) (b) (c) (d) (e)
Ar_ (bar) V(mL) J (L ik’ J (g ih) W (%)
175 1800 30 75 - 15.0
0 MF/FO
X FO
150 1500 25 6.0 13.5
1200 20 / 12.0
125 45
900 15 0 10.5
100 3.0 /O/
600 10 bl 9.0
o
75 300 5 L5 g/ 75
50 0 00L2

ANY ™ X5 b ANY™H X450

QANY™H X5 o

6.0
DNV ™ X450 QN Y>> X9 6 f(h)

Fig. 6. Influence of MF pretreatment on FO performance in whey concentration: (a) net osmotic pressure difference; (b)
volumetric water permeation; (c) water flux; (d) salt flux; and (e) total solid content of whey.

that MF pretreatment could be directly used for addi-
tional productive activities intended to recover fats
from raw whey by producing cream or butter foods,
as well as whey powder production by subsequent
treatments including FO processing and thereafter
using various drying technologies such as spray dry-

ing.

3.4. Proposed integrated membrane system

Whey consists of rather valuable food sources such
as fats, proteins, lactose, and minerals. So, a lot of
researchhas been ongoing on the fractionation of whey
contents that are widely used as food additives and
nutrition materials. From the results obtained in this
study, an integrated membrane system can be pro-
posed for the recycling and reuse of water from whey
(Fig. 8). The integrated system involves two or three

sequential processing steps: (1) preferentially pre-con-
centration of whey by MF to recover fats, (2) concen-
tration of the pre-concentrated whey by FO process,
and (3) clean water production from the water with-
drawn into the FO draw solution by RO process.
According to the results, FO-RO system could be
successfully utilized for whey concentration with a
performance up to the whey solid content of 25-35%.
However, full-scale adaptation to the conditions of
continuous operation needs to use sequencing RO
treatments both to properly recover the whey water
and to permanently concentrate the diluted draw
solution in the closed loop in the system. Moreover,
as in the practices commonly applied in a conven-
tional production system on whey products, the pro-
posed system can be readily incorporated into a more
comprehensive application oriented to both water and
valuable product recovery from whey by which the
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Fig. 7. Time evolutions of MF (a), FO (b), and MF-FO (c)
concentrated whey contents (total protein, fat, SNF, total
solid content, lactose, and minerals).

FO concentrated whey is thereafter handled for whey
powder production using various drying technologies
such as spray drying.

4. Conclusion

The technological efficacy of FO-RO integrated
membrane system in water recovery from whey has
been explored in which the capabilities and compe-
tences of FO and RO processes were elaborately inves-
tigated for whey concentration and clean water
production, respectively. The prominent findings
obtained from the study are presented below:

(1) For whey concentration, FO process was operated
with a sufficiently high performance that resulted
in an increase in whey solid content from 6.8 to

14.3% by employing FO membrane in reverse
mode. However, it was observed that the process
performance did not reach steady-state at the end
of 6h operating time. This meant that whey
could be concentrated up to 25-35% of solid con-
tent, with longer operating times of 15-20h.
However, FO processing should be carried out
using a draw solution including NaCl concentra-
tion less than 3M to prevent high salt leakage
into whey.

(2) For water recovery, RO process was used to pro-
duce clean water by withdrawing the whey water
from FO draw solution. However, it was ascer-
tained that multi-step implementation of RO pro-
cess is required for clean water production by
which high amounts of dissolved salt ions led to
relatively low performance. It was also concluded
that by lowering NaCl concentration of the draw
in FO step, the required order in RO step can be
thoroughly minimized, improving the RO perfor-
mance.

(3) MF pretreatment somewhat decreased the FO
performance. However, after MF processing, MF
concentrate could be centrifuged to recover fats
from whey to produce cream or butter foods, as
well as whey fractionating and lactose recovery
by ultrafiltration and nanofiltration membrane
processes from MF permeate. In addition to its
use with preferentially MF pre-concentration of
whey, FO-RO integrated membrane system could
be employed by first concentrating the pre-con-
centrated or raw whey using FO and subse-
quently obtaining clean water from the FO draw
solution using RO. Besides, after FO processing,
the concentrated whey will be directly used for
whey powder production by an appropriate pro-
cess such as spray drying.

In light of the results obtained, FO-RO system seems
to have an adequate technological base for recovering
water from whey. In this respect, future work will
become relevant to the investigation the technical and
economic aspects of water recovery from whey by
continuous operation of FO-RO system. By this
means, together with the economics of whey powder
production from the concentrated whey, a thorough
assessment of FO-RO system in whey processing will
be carried out for its real-scale implementation.
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