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ARTICLE INFO ABSTRACT

A green and sustainable technique is desired for juice concentration to increase its shelf life and save the
transportation cost. In this study, we investigated an integrated forward osmosis-membrane distillation (FO-MD)
process for juice concentration and developed a food preservative potassium sorbate as a renewable draw solute.
The upstream FO process was used to concentrate apple juice in ambient operation conditions for preserving
juice nutrition and flavor. Potassium sorbate preservative was developed as draw solute to minimize the ac-
cumulation of a draw solute in the concentrated juice without interfering juice flavor, and the slow diffusion of
potassium sorbate preservative across the FO membrane to the feed juice concentrate can also prevent the
bacterial growth during the concentration process by taking advantage of reverse salt flux. The downstream MD
process was used to recover potassium sorbate draw solutes from the FO effluent and maintain the constant draw
solute concentration for achieving stable water flux of FO membranes. Thin-film composite (TFC) polyamide
membranes and poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) electrospun nanofibrous mem-
branes were fabricated and employed in the FO and MD processes, respectively. Results illustrate that the in-
tegrated FO-MD process presents a synergistic flux balancing behavior and achieves a constant water flux for
both FO and MD membranes. The FO-MD process was able to continuously concentrate apple juice over long-
term bench-scale operation. Importantly, the concentrated apple juice has almost no loss in nutrition and also
has very low amount of potassium sorbate (0.45 g/L) far below the required maximum level in food industry
(1.00 g/L). Our work provides a food preservative potassium sorbate draw solute facilitated FO-MD process for
juice concentration, which may have practical application potentials in the food processing.
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1. Introduction

Juices are nutrition-rich products for our daily life, which contain
vitamins, minerals, and other beneficial constituents for human health
[1,2]. To increase shelf life and save storage and transportation costs,
commercial juices are generally concentrated from raw juices by re-
moving water [3-5]. To date, multi-stage vacuum evaporation and
freezing techniques have been widely used for juice concentration [6].
Nevertheless, both techniques are energy-intensive and also bear ne-
gative impacts on juice quality [7]. In comparison, the membrane
processes such as nanofiltration (NF), and reverse osmosis (RO), present
energy-efficient advantages for juice concentration. However, both of
them have to be operated under high pressure resulting in severe
membrane fouling, and obtains a limited low concentration final juice
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[2].

Currently, forward osmosis (FO) has been worked as an emerging
membrane technology for fruit juice concentration [8,9]. Although FO
has many advantages such as low operation pressure, ambient opera-
tion temperature, less membrane fouling, and potential high con-
centration products, FO is a dilution process and the lack of suitable
technology to re-concentrate draw solution limits the widespread ap-
plication of FO. To achieve a stable water flux, it is critical to provide a
constant draw solution concentration during the FO process. Nanofil-
tration (NF) and reverse osmosis (RO) have been explored to integrate
with the FO process for the concentration of draw solutions [10-13],
but, they could not be used to concentrate high osmotic draw solutions
due to the limit of operation pressure.

Membrane distillation (MD), which is driven by vapor pressure

Received 11 April 2018; Received in revised form 11 November 2018; Accepted 3 December 2018

Available online 04 December 2018
0376-7388/ © 2018 Published by Elsevier B.V.


http://www.sciencedirect.com/science/journal/03767388
https://www.elsevier.com/locate/memsci
https://doi.org/10.1016/j.memsci.2018.12.010
https://doi.org/10.1016/j.memsci.2018.12.010
mailto:yunxiahu@yic.ac.cn
https://doi.org/10.1016/j.memsci.2018.12.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.memsci.2018.12.010&domain=pdf

X. An et al.
Pump

FO Membrane
—¢

Feed

Balance

Pump

Journal of Membrane Science 573 (2019) 192-199

Conductometer

MD Membrane

==

Cooler

Balance

Pump
MD Side

Fig. 1. Schematic diagram of the forward osmosis (FO) —membrane distillation (MD) integrated system.

gradient across a hydrophobic membrane [14], has been integrated
with FO to concentrate the diluted draw solutions [15,16]. During the
operation of FO-MD integrated system, the feed solution is concentrated
by the FO process while the diluted draw solution is simultaneously
concentrated through the MD process. The integrated FO-MD process
combines the advantages of both processes to produces concentrated
feed product and draw solution, apart from high-quality water recovery
from the draw solution, which has been earlier applied for protein
concentration [17], dye wastewater treatment [18], urine treatment
[19] and water recovery from sewer mining [16] and oil wastewater
[20]. However, to our best knowledge, no study has been reported on
juice concentration via an integrated FO-MD system.

Another challenge for juice concentration is the lack of a suitable
draw solution with good stability, low price, nontoxicity and minimal
reverse salt permeation, favoring both FO and MD processes. In the past
few years, inorganic salt (e.g., NaCl, MgCl,) was mostly studied as draw
solutes to provide a osmotic driving force for the suitable water flux
also results in accumulation of the draw solute in the final juice pro-
ducts [8,21]. In addition, syrup, amino acid and gluconate salts were
used as draw solutes because of their high osmotic pressure and high
recovery [22,23]. But these nutrition-rich draw solutes increased the
possibility of membrane fouling by breeding microorganisms. Alter-
natively, food preservatives could be desirable draw solutes for its an-
tiseptic and necessities in food industry. Potassium sorbate, as a pre-
servative and electrolyte [24], has high osmotic pressure, high water
solubility and good thermal stability, non-toxicity and relative low
viscosity [25,26], exhibiting a great potential as a draw solute for the
FO process. As an essential additive, the accumulated potassium sorbate
in the concentrated juice by reverse flux, eliminates the need to remove,
and can also prevent the bacterial growth in the membrane during the
concentration process. In addition, potassium sorbate is a non-volatile
solute, which can be easily re-concentrated in MD process for reuse.

Herein, for the first time, we investigated a sustainable integrated
membrane process of forward osmosis-membrane distillation (FO-MD)
for apple juice concentration and developed a food preservative; po-
tassium sorbate as a novel renewable draw solution. Thin-film com-
posite (TFC) polyamide membrane was fabricated and its performance
to concentrate apple juice by FO was investigated. The poly (vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP) nanofibrous membrane
was fabricated based on our previous work [27] and its performance
was evaluated in the MD process to concentrate the diluted potassium
sorbate draw solution from the FO process. Finally, we investigated the
long-term performance of the integrated FO-MD system with apple
juice and potassium sorbate solution as feed and draw solution, re-
spectively, and measured the water flux of TFC FO and MD membrane
in the integrated system. The nutritional attributes of the apple were
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analyzed to evaluate the product quality. This work aims to demon-
strate the feasibility of the integrated FO-MD system to concentrate
apple juice with a novel draw solute of potassium sorbate, thus pro-
viding a facile approach of integrated membrane system for fruit juice
processing.

2. Experimental section
2.1. Materials and methods

Potassium sorbate (= 98.0 wt%) was purchased from Ningbo Wang
Long Technology Co., Ltd. (abbreviated as Sorb-K). Sodium chloride
(NaCl, = 99.5%) was acquired from Sino-pharm Chemical Reagent Co.,
Ltd. 100% apple juice (Great Lakes Fresh Food and Juice Co., Ltd.) was
obtained in the local supermarket. All chemicals and fruit juices were
used as received.

The thin-film composite FO membrane was fabricated following our
previous work [28] and the polyamide (PA) active layer was formed
through the interfacial polarization of m-phenylenediamine (MPD) and
trimesoyl chloride (TMC) on top of an PSF-b-PEG ultrafiltration mem-
brane support. Poly (vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP) nanofibrous membrane was prepared following our pre-
vious work [27] and used in the MD process. The detailed experimental
conditions of fabricating FO and MD membranes are provided in
Supporting information.

2.2. Osmotic pressure and relative viscosity measurement of different solutes

The osmotic pressure of potassium sorbate solutions with various
concentrations (0.5-2.0 M) were determined by the freezing-point
osmometer (Osmopro3250, YASN Limited., UK) upon suitable dilu-
tions. Osmotic pressures of NaCl solutions were also tested as controls.

The viscosities of potassium sorbate and NaCl draw solutions with
various concentrations (0.5-2.0 M) at 25 °C were determined using a
viscometer under the constant temperature (DVS+, Brookfield, USA).

2.3. The operation of FO, MD and FO-MD processes

The FO-MD experiments were operated in a lab-scale integrated FO-
MD system as shown in Fig. 1. In the FO-MD system, the draw solution
channel of the FO process was also the feed channel of the MD process.
The feed, draw, and distillate solutions were circulated at the flow rate
of 0.5L/min by individual gear pumps (WT3000-1FA, Longer Pump,
China). The feed solution temperature was maintained at 25 °C using a
water bath (SDC-6, Ningbo Scientz Bio-Tech CO., LTD, China). The
solution of potassium sorbate was maintained at 25 = 1 °C in a heating
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bath (B-260, Shyarong Biochemical Instrument Factory, China). The
distillate temperature of MD process was maintained at 20 °C using a
cooling water bath (SDC-6, Ningbo Scientz Biotechnology CO., LTD,
China) and was monitored using a digital thermometer. The water
fluxes of TFC FO membrane and nanofibrous MD membrane were
monitored as weight changes in the feed solution (FO) and distillate
solution (MD) using a digital balance (ME3002, Mettler, Switzerland).
The conductivity of the draw solution and distillate permeation was
measured by conductivity meter (CON2700, Eutech, USA).

The individual MD system was operated with two temperature
control system. Feed side was a potassium sorbate aqueous solution
maintained at 25-60 °C in the heating bath. The cold side was DI water
maintained at 20 °C using the cooling water bath.

2.4. Analytical methods

Total soluble solids were determined using an Abbe hand-re-
fractometer (WYT, Chengdu Haochuang Co., China) and expressed as
°Brix. Ascorbic acid in the juice was measured using a standard iodo-
metric titration method. Titratable acidity was measured using titration
method [29]. Briefly, juice samples were titrated with 0.1 M NaOH to
pH 8.2 and quantified as weight percentage of malic acid. Trace con-
centration of potassium sorbate in the juice solution was measured
using a UV-vis spectrophotometer (TU-1810, PERSEE, China) at
255 nm [30].

3. Results and discussion
3.1. Characterization of potassium sorbate solution as draw solution

The physicochemical properties of a draw solute, such as molecular
weight, water solubility, the pH and viscosity, are important parameters
affecting the performance of TFC FO membrane [31]. Theoretically, the
compounds with high molecular weight and high water solubility are
potential candidates as effective draw solutes, because the high mole-
cular weight of draw solutes is generally beneficial to achieve a lower
reverse solute flux for the FO membrane, whereas the high water so-
lubility of draw solutes helps to obtain a high osmotic pressure with a
high molarity of the solute in water [32]. Table 1 shows that potassium
sorbate has a much higher molecular weight of 160.22 g/mol than
58.44 g/mol of the widely used draw solute NaCl, indicating a potential
low reverse salt flux of TFC FO membrane when using potassium sor-
bate as a draw solute, because a large molecule can be rejected by TFC
FO membrane. The water solubility of potassium sorbate is 0.676 g/g,
much higher than 0.366 g/g of NaCl. In addition, the pH of potassium
sorbate solution is 7.3, favorable for the long-term operation of TFC
polyamide membrane.

Viscosity of draw solutions can cause severe concentration polar-
ization in the FO membrane, thereby reducing the water flux. As shown
in Fig. 2, potassium sorbate solution shows a comparable low viscosity
of 3.57 cP at concentrations under 1.0 M, but increases remarkably to
4.92 cP when its concentration further increases to 2.0 M. Although the
viscosity of potassium sorbate solution is higher than that of NaCl so-
lution under the same concentration, it is still far below 45 cP of the
reported large electrolytes [18] used as draw solutes during the FO
process.

The osmotic pressure of a draw solute is the most important

Table 1
Physicochemical properties of potassium sorbate and sodium chloride.
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parameter to determine its potential application in the FO process.
Potassium sorbate solution presents a reasonable high osmotic pressure
and increases its osmotic pressure linearly with its molar concentration,
as does NaCl solution. At 2.0 M concentration, the osmotic pressure of
potassium sorbate solution is 46 bar, comparable with 45 bar of the
reported poly(acrylic acid) sodium salt [18], although it is lower than
93 bar of NaCl solution at the same concentration.

Therefore, potassium sorbate shows good potential as a draw solute
since it exhibits appropriate solution properties including non-toxicity,
high water solubility, suitable molecular size, relative high osmotic
pressure and low viscosity [25,26]. More importantly, potassium sor-
bate has been widely used as a food preservative in juice and does not
affect the flavor of juice, as does salty NaCl.

3.2. The water flux and reverse salt flux of TFC FO membrane using
potassium sorbate draw solution

The fabricated TFC polyamide membrane has a dense polyamide
selective layer formed through the interfacial polarization of MPD and
TMC on top of the porous polysulfone-block-polyethylene glycol (PSF-
b-PEG) membrane support. The characteristic ridge-valley morphology
was observed on TFC surfaces (Fig. 3a), and the thickness of active layer
was approximately 320 nm (Fig. 3c). The (PSF-b-PEG) membrane sup-
port has large porous finger-like structure with great potential to de-
crease water and salt transport resistance and thus reduce Internal
Concentration Polarization. Importantly, the fabricated TFC polyamide
membranes were measured to have a relative high water permeability
coefficient A of 1.76 LMH/bar, a low NaCl permeability coefficient B of
0.09LMH and a structure parameter S of 370 um, having the higher
permeability-selectivity — performance (A/B, 19.6bar™') than
6-13 bar ™! of most reported TFC FO membranes [33-35]. In addition,
the high performance TFC membrane is important to ensure less reverse
salt accumulation in the concentrated product.

Potassium sorbate was used as a draw solute to investigate the
performance of TFC polyamide membrane under the AL-FS (active layer
facing to feed solution) operation mode and AL-DS (active layer facing
to draw solution) operation mode when DI water was used as a feed
solution. Results shown in Fig. 4 illustrate that the water flux of TFC
polyamide membrane increased with the increasing concentration of
potassium sorbate draw solution from 0.5M to 2.0 M, when operating
under both of AL-FS and AL-DS modes. The water flux of TFC mem-
brane was much higher when operating under the AL-DS mode than
under the AL-FS mode, as did the water flux of TFC membrane when
NaCl was used as a draw solution. For example, the water flux of TFC
membrane was 28.65 LMH under the AL-DS mode when 2.0 M po-
tassium sorbate solution was used as a draw solution, 2-fold increase
compared with 14.40 LMH of its water flux under the AL-FS mode. It is
a characteristic phenomenon for TFC polyamide membrane due to its
severe internal concentration polarization when operating in the AL-FS
mode [36]. While, with potassium sorbate used as a draw solute, the
water flux of TFC membrane was significantly lower than that with the
same concentration of NaCl draw solution, owing to a much lower os-
motic pressure difference between the feed and potassium sorbate so-
lution. When 2.0 M potassium sorbate solution was used as a draw
solution, the reverse salt flux of TFC membrane was 0.57 gMH and 1.01
gMH during the AL-FS and AL-DS modes respectively, approximately 10
times lower than the corresponding 5.21 gMH and 11.35 gMH when

Compound Chemical structure Abbreviation Molecular weight g/mol Water solubility (g/g water, 25 °C) Solution pH (1M, 25 °C)

Potassium Sorbate o Sorb-K 150.22 0.676 7.3
P

Sodium Chloride Na*CI NaCl 58.44 0.366 7.0
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Fig. 2. The viscosities (a) and osmotic pressures (b) of potassium sorbate and NaCl solutions with various concentrations in water at 25 °C.

2.0 M sodium chloride solution was used as a draw solution.

Specific salt flux (Jw/Js, 8/L) is used to determine the mass of draw
solute loss from the draw solution when one liter of water permeates
through the membrane to draw solution, and thus to compare the
performance of FO membrane with different draw solutes. Fig. 4c
presents that the TFC polyamide membrane exhibited a significant
lower specific salt flux when using potassium sorbate as draw solution,
as compared to NaCl solution in AL-FS and AL-DS modes. With 2.0 M
potassium sorbate draw solution, the specific salt flux of TFC polyamide
membrane was 0.04 g/L operating under both AL-FS and AL-DS modes,
5-6 times lower than the corresponding 0.20 g/L and 0.26 g/L when
2.0 M NaCl solution was used as a draw solution. Therefore, potassium
sorbate exhibits very low salt leakage across the TFC polyamide
membrane because of its relative large molecular size in comparison

[ g
=
1

with sodium chloride.

Commercially available 100% apple juice was used as a feed solu-
tion and potassium sorbate as draw solution to investigate the perfor-
mance of TFC polyamide membrane with real system. Fig. 5a shows
that when potassium sorbate draw concentration increased from 1.5 M
to 2.0 M, the water flux increased from 4.90 to 5.71 LMH in AL-FS
operation, due to the severe membrane fouling induced by viscous
apple juice leading to much low water flux in comparison with that
when DI water being used as feed solution. Fig. 5b shows that with
2.0 M potassium sorbate as a draw solution, the water fluxes under AL-
FS and AL-DS modes were very close to 5 LMH, which is not typical
with higher water flux when operating in the AL-DS mode than in the
AL-FS mode when DI water was used as a feed solution. It may because
of the severe membrane fouling and internal concentration polarization

Fig. 3. Surface (a) and cross-sectional (c) morphologies of

o =
> n
; 3

A (LMH/bar) or B (LMH)
o
th

54
>
3

TFC polyamide membrane, and its intrinsic transport
parameter including water permeability coefficient A,
NaCl permeability coefficient B and structural parameter S
(b). TFC polyamide membrane shows characteristic
fruitful ridge-valley morphologies of polyamide selective
layer with approximately 320nm thickness, and large
porous finger-like structure of the PSF-b-PEG membrane
support.
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(c) with various concentrations of potassium sorbate and sodium chloride solutions as draw solutions. DI water was used as feed solution.
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Fig. 8. 100% apple juice was concentrated using the integrated FO — MD system
and an individual FO system: the water fluxes (a) of FO process and MD process
in the integrated FO-MD system and also in an individual FO system; and the
conductivities (b) of potassium sorbate draw solution and MD permeate in the
integrated FO-MD system.

Table 2

Physicochemical properties of the pristine juice and concentrated apple juice
after 240h concentration through the integrated FO-MD system at ambient
temperature (25 * 1°C).

Property Pristine apple juice  Concentrated apple juice
TSS (°Brix) 10.6 + 0.7 45.1 = 0.4
Concentrated times —_ 4.25
Ascorbic acid (g/L) 1.1 £ 0.1 39 = 0.1
Titratable acid (mg/ 0.2 = 0.1 0.8 = 0.1
100 mL)
Potassium sorbate (g/L) e 0.45 = 0.09

induced by viscous apple juice in the TFC membrane support in the AL-
DS mode [22]. The optical images of the TFC membrane present a dark
brown color due to fouling in the membrane support after the AL-DS
mode operation, and a relative light color after the AL-FS mode op-
eration, indicating a more severe membrane fouling occurring in the
AL-DS mode than in the AL-FS mode.

Therefore, the AL-FS operation mode was much appropriate for
juice concentration to achieve a relative high-water flux and less
membrane fouling. In addition, the membrane water flux (5 LMH) here
is much higher than the reported water flux (approximately 2 LMH) of
other FO membranes used for apple juice concentration [22]. Because

our fabricated TFC membrane exhibits higher permeability-selectivity
than the reported commercial TFC membranes from HTI and the A/B
value of our fabricated TFC membranes is 19.5bar ™!, much higher
than 10.11 bar~! of commercial HTI TFC membranes [37].

3.3. Application of MD to concentrate potassium sorbate draw solution

The PVDF-HFP electrospun nanofibrous membrane was fabricated
for use in the MD process. Fig. 6a finds that PVDF-HFP nanofibrous
membrane has typical interconnected porous morphology and an
average pore size of 0.85 um (Fig. 6b), comparable with the reported
pore size of most MD membranes [38]. Moreover, the PVDF-HFP
electrospun nanofibers have an average diameter of 91 nm (Fig. 6¢) and
the PVDF-HFP nanofibrous membrane is very hydrophobic having
water contact angle (WCA) of 143°, and its liquid entry pressure (LEP) is
160 kPa (Fig. 6b), indicating high anti-wetting property of PVDF-HFP
nanofibrous membranes. The effect of temperature difference on the
MD performance of PVDF-HFP nanofibrous membranes were in-
vestigated. Results shown in Fig. 7a indicates that the water flux of the
PVDF-HFP nanofibrous membrane increased linearly with increasing
temperature difference and reached 25.4 = 0.5LMH when the tem-
perature difference between the heating solution and cooling solution
of the MD system was 40 °C, which is comparable with most of reported
nanofibrous MD membranes under similar conditions [39-41]. Besides,
the MD membrane exhibited almost 100% salt rejection since there was
no obvious change of conductivity in the permeate solution. Moreover,
there was no obvious effect of potassium sorbate concentration on the
water flux of PVDF-HFP nanofibrous membrane as shown in Fig. 7b. A
relative constant water flux of 7.6 LMH was achieved for all potassium
sorbate feed solutions having different concentrations including 1.0 M,
1.5M, and 2.0 M during the MD process, when the temperature dif-
ference between the heating and cooling solution of the MD systems
were 10 °C. Thus, all these results suggest that the PVDF-HFP nanofi-
brous membrane could achieve a stable and controllable water flux in
the MD process to concentrate potassium sorbate solution, providing
great potential to integrate with the FO process.

3.4. The integration of FO and MD system to concentrate apple juice

To concentrate apple juice and investigate the operation sustain-
ability of the integrated FO-MD system, we used commercial 100%
apple juice as a feed solution and 2.0 M potassium sorbate solution as
draw solution in the FO process. Both feed and draw solutions were
kept at ambient temperature at 25 * 1°C during the operation to re-
tain juice nutrition and quality. To match with the water flux (~5 LMH)
in the FO process, we adjusted the temperature of distillate side in the
MD process at 20 * 1 °C and achieved its water flux in the range of 4
LMH and 6 LMH. Fig. 8a shows that a relative stable water flux
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(approximately 5 LMH) was achieved in both FO process and MD pro-
cess during 240 h operation of the integrated FO-MD system to con-
centrate apple juice, indicating a stable performance of our fabricated
TFC FO membrane and PVDF-HFP nanofibrous membrane. In contrast,
individual FO process presented a remarkable water flux decline due to
the significant dilution of draw solution during the concentration of
apple juice. Potassium sorbate draw solution kept a constant con-
centration showing a constant conductivity, and the MD permeation
solution remained a constant conductivity below 30 uS/cm, as shown in
Fig. 8b. These results illustrate that the high recovery of potassium
sorbate draw solution and high rejection of potassium sorbate during
the operation of MD process.

Selected attributes of pristine juice and final product were analyzed
and shown in Table 2. The total soluble solid (TSS) increased from
10.6 *= 0.7°Brix to 45.1 * 0.4°Brix before and after concentration
through the integrated FO-MD system, and thus 100% commercial
apple juice was concentrated by 4.25 folds, which is higher than 2.36
fold of the reported juice concentration through reverse osmosis [6].
Besides, the nutrition in the final concentrated juice including ascorbic
acid and titratable acid was also concentrated accordingly. Importantly,
the amount of accumulated reverse potassium sorbate in the final
concentrated juice was only 0.45 + 0.09 g/L, which was far below the
required maximum level in food industry (i.e. 1.0 g/L in CODEX STAN
192-1995, Codex Alimentarius Commission). Thus, the potassium sor-
bate in the final product has no need to remove. Additionally, the
gradual addition of small amount of potassium sorbate preservative to
the juice concentrate can prevent the bacterial growth during the
concentration process. From the attributes analyzed in the processed
apple juice, it may be concluded that the concentrated juice obtained
from the FO-MD system has almost no loss in these nutrition parameters
and has acceptable amounts of potassium sorbate. Moreover, our results
suggest that the apple juice could be concentrated to an even higher
concentration with the integrated FO-MD system for an extended time,
showing considerable advantage of the FO-MD system for juice con-
centration.

4. Conclusion

In this study, we demonstrated the sustainability and stability of an
integrated FO-MD system for apple juice concentration. We also de-
veloped food preservative potassium sorbate as a practical draw solute
in the integrated FO-MD process owing to its high osmotic pressure and
suitable molecule size with very low accumulation in the final apple
juice product. Importantly, potassium sorbate preservative has a very
low reverse salt flux and thus has very low accumulation (far below the
regulated maximum level in food industry) in the final concentrated
juice, and slow diffusion of potassium sorbate preservative to the feed
juice concentrate can also prevent the bacterial growth in the juice
during the concentration process. Stable water flux (~ 5LMH) was
achieved through the integrated FO-MD system during 240 h operation,
indicating a high performance of our fabricated TFC FO and MD
membranes with less fouling during the apple juice concentration. A
4.25-fold  concentrated apple juice and clean  water
(conductivity < 25uS/cm) were obtained simultaneously to success-
fully confirm the application of the integrated FO-MD system for juice
concentration. Importantly, during the operation of the integrated FO-
MD system, apple juice feed solution and potassium sorbate draw so-
lution was kept at ambient temperature at 25 + 1°C to retain juice
quality, and the regeneration of constant potassium sorbate draw so-
lution was performed in the MD process with a distillate side at
20 * 1°C, providing cost-effective advantage of the integrated FO-MD
system in comparison with the evaporating or freezing methods. Thus,
our work develops a sustainable FO-MD integrated system with pro-
mising scale-up and practical applications, which is not only for juice
concentration but for other food processing and biomolecules con-
centration. Further scale-up investigation is needed to apply the
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integrated FO-MD system for industrial juice concentration.
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