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A B S T R A C T

Highly enriched grapefruit juice is expected to be obtained through forward osmosis (FO) without degradation of
its nutrients. However, this technology is facing several key issues that must be explored to validate the suit-
ability of FO as a dewatering process, namely, membrane performance testing, fouling control, and product
quality assessment. In this work, grapefruit juice was dewatered using a commercial thin-film composite FO
membrane that exhibited stable performance. The simulation results also suggested that the dewatering could be
further enhanced by improving the S value of the current TFC FO membrane. Severe membrane fouling was
observed, and it was predominantly due to suspended particles larger than 0.45 μm, such as pectin. However,
sustainable osmotic dewatering operation could be attained by implementing appropriate fouling control stra-
tegies, such as separating large-sized particles by sedimentation or centrifugation prior to osmosis and re-
covering the declined water flux by physical cleaning. The dehydrated feed exhibited no significant loss of
nutritional value, suggesting that the FO membrane dewatered the juice effectively while retaining its con-
stituents. In addition, the FO process could be further improved to obtain enhanced-quality grapefruit juice by
applying pressure to the feed stream or employing a sugar-based draw solution such as glucose.

1. Introduction

Juices extracted or pressed from fruits or vegetables are highly
nutritious, as they contain vitamins, minerals, and other beneficial
constituents [1]. The dewatering of juice products is necessary to en-
sure their stability and reduce their preservation and transportation
costs [2]. However, the thermal processes commonly applied for con-
centrating juice products, such as evaporation, have been reported to
have detrimental impacts on the sensory and nutritional values of the
products. Thus, this conventional technology should be replaced by
processes without negative impacts on the sensory or nutritional values
of juice products [3–5].

During the past decades, forward osmosis (FO), in which water
permeates through a membrane driven by the osmotic pressure differ-
ence, has been acknowledged as a potential alternative to the thermal
dewatering processes [6]. Highly dewatered juice products are expected
to be obtained via FO without nutrient degradation. The use of FO for
several types of juices (Table 1) to assess the potential of osmotic de-
hydration has been investigated in previous studies. The juice products

were found to be highly dehydrated through FO, and no significant loss
of nutrients was observed. However, the efficiency of osmotic dewa-
tering was limited by its poor performance, mainly due to the low water
permeability of FO membranes. Nevertheless, the recent development
of thin-film composite (TFC) FO membranes with high water flux has
brought progress in the investigation of FO for juice dewatering [7–9].
The newly developed TFC osmotic membranes are expected to shorten
the processing time for juice dewatering compared to the low perfor-
mance cellulose triacetate (CTA) membranes, potentially resulting in
the practical application of FO.

Previous studies on the dewatering performance of FO have focused
mainly on water flux and concentration rate. However, several addi-
tional issues still need to be examined to verify whether FO is suitable
for practical use in the juice industry. Although the newly developed
membranes demonstrate significantly improved performance, they
have not yet been verified systematically in the context of juice de-
watering. Membrane fouling caused by the particulate constituents
present in the juices is suspected to rapidly lower the FO efficiency
[10–12,14,15]. However, there is a lack of practical work focusing on
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fouling control strategies for sustainable juice dewatering. Additionally,
reverse salt diffusion from the draw solutes has raised food safety
concerns due to its potential risk to the juice quality. Nonetheless, the
effect of reversely diffused salts on the nutritional value of juices has
not yet been discussed in detail.

In this study, we systematically investigated the challenges of FO as
a dewatering process and their possible improvements to achieve
practical dewatering of grapefruit juice. The performance of FO in juice
dewatering (i.e., the permeate water and reverse salt fluxes) was first
examined using a TFC FO membrane to determine whether current
commercial membranes are suitable for application in practical juice
dewatering. In addition, a simulation was performed to discover how
much further the FO membranes could be improved to obtain a better
dewatering rate. Subsequently, the sustainability of FO as a dewatering
process was considered through an investigation of the fouling behavior
by grapefruit juice. Following the fouling experiments, the fouling re-
versibility was assessed using several fouling control methods. Lastly,
the characteristics of grapefruit juice processed at various concentration
rates were analyzed to ensure the safety and quality of the product. We
also suggested improvements by which the reverse solute flux could be
reduced to enhance the quality of the final product. These results are
expected to demonstrate the feasibility of osmotic dewatering for
practical use, which has not been reported in the literature.

2. Experimental

2.1. Osmotic membrane and grapefruit juice as feed

A thin-film composite (TFC) membrane (Porifera, Inc., CA) was used
throughout the FO experiments in our study. This commercial mem-
brane has shown good stability and performance, exhibiting high water
and low salt permeabilities [16,17]. The membrane was received as a
flat sheet and stored in deionized (DI) water at 4 °C, followed by rinsing
with DI water several times. All the FO tests were carried out in the
active layer facing feed solution (AL-FS) membrane orientation.

100% pure Florida grapefruit juice (Natalie's Orchid Island Juice
Company, FL) was used as the feed solution to simulate a real juice
extraction process. Natural juices that do not undergo a dewatering
process such as evaporation have been reported to contain all the nu-
trients, such as vitamins and minerals, that are found in raw grapefruit,
whereas the nutrient content is usually reduced in thermally processed
juices [18,19]. The juice feed solution was frozen at −4 °C to ensure its
microbiological safety, thawed at 4 °C, and used within 7 days.

2.2. FO experimental setup

The FO tests were performed using a laboratory-scale cross-flow
unit as described in our previous studies [20,21]. A custom-built acrylic
cell in which both the feed and draw channel had dimensions of 7.7 cm
in length, 2.6 cm in width, and 0.3 cm in height provided an effective
membrane area of 20.02 cm2. The flow rate of both the feed and draw
streams was maintained at 0.5 Lmin−1 via recirculation with two
variable-speed gear pumps (Cole-Parmer, IL). The temperature of both
solutions was adjusted to 20.0 ± 1.0 °C using a thermostat. A reservoir
of the bulk draw solution was placed on a digital balance linked to a

computer that collected weight data once per minute. The permeate
water flux, Jw, passing through the osmotic membrane was determined
based on the change in the draw water weight, whereas the change in
the feed water conductivity was measured using a conductivity meter
(Hach Company, CO) to calculate the reverse salt flux, Js.

2.3. FO performance and fouling experiments

The protocol for the performance tests and fouling runs of FO in-
cluded the following steps. Firstly, a new TFC membrane coupon was
placed in the test cell. The inserted membrane was then stabilized in
AL-FS mode using DI as both the feed and draw solutions for 20min.
After stabilization, 1 L of grapefruit juice and 2 L of the NaCl draw so-
lution replaced the DI water as the feed and draw, respectively.
Different NaCl draw concentrations (1, 2, and 3M) were employed for
the performance tests, whereas 2M NaCl was used during the fouling
runs. Baseline experiments were also carried out to probe the influence
of the dilution of the draw solution on the decline in the permeate flux
using a synthetic feed mimicking the ionic composition of raw grape-
fruit juice but containing no foulants. Each test was repeated at least
twice by loading different membrane coupons.

2.4. Sedimentation and centrifugation for fouling mitigation

In this study, sedimentation or centrifugation, both of which have
been widely used in the food industry, was employed as a pretreatment
step to assess their effect on fouling mitigation. Gravitational sedi-
mentation was performed by allowing the particulate matter to settle
for 4 h after which only the top of the bulk solution was collected,
leaving the settled particulates behind.

Centrifugation was carried out to separate the particulate matter
from the bulk grapefruit juice solution. The bulk juice was centrifuged
at 3000×g (4 °C) for 10min using an Allegra X-15R (Beckman Coulter,
CA) to remove particles such as suspended pectin. Component analysis
results (not shown in this paper) confirmed that the grapefruit juice was
not degraded after centrifugation under these conditions.

2.5. Pressure assisted osmosis (PAO) system and glucose as the draw
solution for improved grapefruit juice quality

Two different methods were employed to alleviate the impact of
reverse salt flux on the final product quality: the use of a PAO system
and the adoption of glucose as the draw solute. During the PAO ex-
periments, the gear pump for the recirculation of the feed solution was
replaced by a high-pressure pump (Hydracell, MN). The hydraulic
pressure at the feed was applied using a back-pressure regulator posi-
tioned at the outlet of the feed channel of the test system. Fine mesh
feed spacers were inserted in the draw channel to ensure the mechan-
ical stability of the osmotic membrane [22,23]. The PAO tests were
carried out after stabilization at a hydraulic pressure of 6 bar.

In our work, glucose (Sigma-Aldrich, MO), which has been studied
as a possible draw solute, was employed in the FO tests as a re-
presentative monosaccharide draw solute [24]. The osmotic pressure of
this sugar-based draw solution ranged from 34.2 to 58.6 bar for
1.0–2.0M solutions [24]. The reverse-diffused glucose can be expected

Table 1
Previously reported performance of FO in juice dewatering.

Juice product Membrane type Initial water flux (L m−2 h−1) NaCl draw concentration (M) Concentration rate (°Brix) References

Grape CTA 8.5 6.0 4.4 to 54 (12.3 fold) [10]
Beetroot CTA 12.4 6.0 2.3 to 52.0 (22.6 fold) [10]
Pineapple CTA 10.5 6.0 4.4 to 54.0 (12.3 fold) [10]
Orange CTA 16.8 4.0 8.0 to 10.6 (1.3 fold) [11]
Tomato TFC-RO 7.1 4.0 4.3 to 7.5 (1.8 fold) [12]
Sucrose CTA 5.8 4.0 10.0 to 56.4 (5.6 fold) [13]
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to act as a sweetener in the final juice products. The reverse sugar flux
was determined by analyzing the change in the total organic carbon
(TOC) with a TOC-V CPH analyzer (Shimadzu, Japan).

2.6. Characterization of the raw and concentrated grapefruit juices

The concentrated grapefruit juices were sampled after the FO tests
and subsequently characterized to determine their quality. Cations in
the juices were quantified using inductively coupled plasma (ICP)
spectroscopy, whereas the concentrations of protein, sucrose, and vi-
tamin C were determined using high-performance liquid chromato-
graphy. Lastly, sugar content was analyzed using a sugar refractometer.

3. Results and discussion

3.1. Basic performance evaluation of osmotic dewatering of grapefruit juice

3.1.1. Performance of the TFC-FO membrane for grapefruit juice
concentration

The basic performance parameters of FO, including the water and
reverse solute fluxes, were first tested using different concentrations of
the NaCl draw solution. Fig. 1 presents the initial permeate water and
reverse salt fluxes when 1, 2, and 3M NaCl were used as the draw
solution. The initial water flux reached 13.2 and 18.4 Lm−2 h−1 using
2 and 3M NaCl as the draw solution, respectively. This represents a
significantly improved juice dewatering performance compared to re-
sults in the literature for cellulose triacetate (CTA) and TFC reverse
osmosis (TFC-RO) membranes.

The dewatering rates found in the literature were below
10 Lm−2 h−1 despite the high concentration of the employed draw
solutions (4–6M NaCl), showing very poor performances although high
concentrations of the juices were attained. Tomato juice was hardly
concentrated, with a water flux of 7.1 Lm−2 h−1 [12], and beetroot
juice was dehydrated with a dewatering rate of 12.4 Lm−2 h−1 using 4
and 6M NaCl draw solutions, respectively [10]. Furthermore, pine-
apple and grape juices were concentrated 12- and 12.3-fold with initial
permeation fluxes of 10.5 and 8.5 Lm−2 h−1, respectively, using a 6M
NaCl draw solution [10]. The satisfactory performance of the tested
membrane suggested that the processing time required to effectively
concentrate the raw juices could be shortened using high-performance
membranes. However, it has to be noted that the processing time is not
solely determined only by the membrane performance. Other operating
issues, such as the viscosity of the concentrated juice and membrane
fouling caused by impurities, should also be considered, since these
factors severely decrease the dewatering rate.

3.1.2. Effect of the membrane properties on the water flux in the osmotic
dewatering of grapefruit juice

The above analysis demonstrated that the dewatering rate during
grapefruit juice concentration could be significantly improved by the
progress made in the development of high-performance membrane. We
carried out a theoretical sensitivity analysis in which the intrinsic
characteristics of the membranes, such as the water permeability, A, the
salt permeability, B, and the structural parameter, S, were varied to
determine whether the processing performance could be improved
further. The improved permeation flux, Jw, obtained by changing the
values of A, B, and S can be defined as in Eq. (1) [25]:
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where πD b, and πF b, are the osmotic pressures of the bulk draw and feed
solutions, respectively, kf is the mass transfer coefficient of the feed
stream, and Dd is the diffusion coefficient of the draw water.

The effect of cross-flow on the mass transfer coefficient can be de-
scribed as follows (Eqs. (2)–(4) [25]:
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where kf is the solute mass transfer coefficient of the feed water, Sh is
the Sherwood number, Df is the diffusion coefficient of the feed water,
and dh is the hydraulic diameter of the cell channels. Sh is determined
using either the laminar or turbulent flow correlation for a rectangular
channel, as given above. In these expressions, Re is the Reynolds
number, Sc is the Schmidt number, and L is the length of the channel.

The intrinsic parameters of the membrane were characterized using
the FO method as described in the literature [26]. The FO tests were run
in four stages using DI water as the feed and draw solutions of different
concentrations (0.5, 1.0, 1.5, and 2.0M NaCl). The water and reverse
salt fluxes were measured at each stage. The membrane parameters
were then estimated by means of the least-square method to minimize
the errors between the calculated and experimental fluxes. The derived
values of the membrane characteristics, A, B, and S were
2.22 Lm−2 h−1 bar−1, 0.49 Lm−2 h−1, and 269 μm, respectively. In
the modeling data, the increase in B was assumed to be proportional to
the increase in A due to the trade-off between the water and salt

Fig. 1. Initial water and reverse solute fluxes in the dewatering of grapefruit juice using 1–3M NaCl as the draw solution, and comparison with previously reported
results. The cross-flow and temperature during the experiments were fixed to 10.7 cm s−1 and 20.0 ± 1.0 °C, respectively. The average Js/Jw throughout the tests
was 1.14 g L−1. The water and reverse solute fluxes were determined for the first 5min.
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permeabilities [27]. The osmotic pressure of the bulk grapefruit juice
feed solution was measured using an Osmomat 030 (Gonotec GmbH,
Germany).

As shown in Fig. 2(a), the water flux increased significantly with an
increase in S, whereas increasing the value of A had only a minor im-
pact on the dewatering performance. Specifically, the water flux in-
creased from 14.3 to 21.9 Lm−2 h−1 (a 53.1% increase) when S was
reduced from 269 to 150 μm. In contrast, the water flux increased
slightly from 14.3 to 16.1 Lm−2 h−1 (a 12.6% increase) when A was
increased by a factor of 4.05 (from 2.22 to 9.00 Lm−2 h−1 bar−1). This
was likely because the water permeability of the current TFC FO
membrane was sufficiently high, and the increase in the water flux with
further increase in A was limited due to the enhanced external con-
centration polarization (ECP) and the dilutive internal concentration
polarization (ICP) [28]. Improving the water flux by reducing the
structural parameter, which is inversely proportional to the intensity of
the dilutive ICP is, therefore, more effective to overcome this challen-
ging issue. The increasing trend in the water flux became more evident
as the S value was decreased while operating with a 3M NaCl draw
solution (Fig. 2(b)). These results suggest that the osmotic dewatering
performance of grapefruit juice could be further enhanced by devel-
oping improved osmotic membranes. In particular, the processing time
could be shortened to meet the requirements for effective osmotic de-
watering for the concentration of grapefruit juice by developing a
support layer with a low structural parameter. However, it has to be
noted that the particulate constituents in grapefruit juice can severely
risk the dewatering performance by fouling the osmotic membrane.
Therefore, investigating the membrane fouling behavior and im-
plementing proper fouling control strategies is also critical.

3.2. Mitigation of fouling in grapefruit juice dehydration

3.2.1. Fouling behavior in FO during grapefruit juice processing
Previous studies of osmotic dewatering have barely examined the

impact of the fouling caused by particle accumulation on FO perfor-
mance, and have discussed only the recovery of the flux decline by
simple physical cleaning [12]. However, as grapefruit juice contains
suspended pulps such as pectin, serious concerns arise regarding the
significant decrease in the dewatering rate due to the instant accumu-
lation of pulp on the membrane active layer surface. In addition, de-
tachment of the pulp is rather challenging. Thus, in this study, the flux
decline behavior during the concentration of grapefruit juice was in-
vestigated by performing several fouling tests.

The results of the fouling runs using non-filtered grapefruit juice and
juice passed through 0.45 and 1 μm filters are shown in Fig. 3. For the

non-filtered and 1 μm-filtered grapefruit juice, the water flux declined
immediately after the start of the fouling test, whereas very little
fouling of the TFC membrane occurred when only substances smaller
than 0.45 μm were present in the bulk feed solution. These results de-
monstrated that the fouling layer that severely blocks the osmotic
membrane during grapefruit juice concentration comprises mainly
large-sized suspended constituents. Furthermore, a previous FO study
on orange juice dewatering revealed that calcium ions interact with the
polysaccharides found in pectin, consequently forming a gel layer that
intensifies the fouling [29]. These results imply that suspended pectin,
which is abundant in grapefruit juice, should be properly managed to
achieve sustainable grapefruit juice dewatering through FO.

3.2.2. Fouling control in FO grapefruit juice processing
Suitable control of membrane fouling during grapefruit juice de-

watering is a critical issue for sustainable operation. However, this
membrane fouling cannot be controlled by most existing technologies,
such as chemical dosing, separation of constituents by micro-/ultra-
filtration, and chemical cleaning, as they may degrade the juice quality
or reduce its nutritional content. Therefore, in our work, hydraulic
methods were adopted; namely, the cross-flow rate was increased two-

Fig. 2. Effects of the membrane characteristics (A, B, and S) on the dewatering rate in FO using (a) 2M and (b) 3M NaCl as the draw solution. Modeling conditions:
cross-flow velocity: 10.7 cm s−1, diffusion coefficient: 1.23× 10−9 m2 s−1, dynamic viscosity: 0.98 cP. The lines represent the simulation results, and the star
symbols indicate the model fluxes based on the experimentally determined membrane characteristics.

Fig. 3. Flux decline caused by grapefruit juices using three filtration approaches
(no filter, 1 μm filter, and 0.45 μm filter). During the fouling tests, 2M NaCl was
employed as the draw solution, and the temperature and cross-flow velocity
were adjusted to 20 °C and 10.7 cm s−1, respectively. The experimental baseline
presents the flux decline caused by dilution of the draw solution.
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or three-fold (21.4 and 32.1 cm s−1) relative to the base condition
(10.7 cm s−1). The faster cross-flow relieved the flux decline during the
early stages of the FO run. However, increasing the shear-force was not
effective for longer runs (Fig. 4(a)). These findings are in contrast with a
previous work on FO membrane fouling, in which the flux decline was
sufficiently diminished when a high cross-flow rate was applied [30].
The mitigation of the fouling in the previous study was attributed to the
enhanced shear force generated by the accelerated cross-flow, which
hindered the accumulation of dissolved foulants on the membrane
surface. The conflicting results in this work likely originated from the
size of the fouling matters, which were larger than 0.45 μm. The strong
shear force interfered with the adhesion of the large-sized suspended
particles on the membrane surface; however, it was not effective at
flushing the particles once they were accumulated on the surface, due
to their high weight.

In our study, the suspended constituents larger than 0.45 μm were
identified as the primary cause of fouling during juice dewatering, and
could not be mitigated using the hydraulic method. Therefore, these
problematic substances were separated from the bulk feed solution
using simple pretreatment methods such as sedimentation and cen-
trifugation. Unlike in micro- or ultra-filtration, the physically separated
constituents could be reintroduced to the grapefruit juice solution after
dewatering, thus avoiding nutritional losses during the pretreatment
stage. As shown in Fig. 4(b), the water flux declined less rapidly after
sedimentation/centrifugation, suggesting that these pretreatment stra-
tegies were better choices for relieving membrane fouling. This is be-
cause the majority of the suspended particles, such as pectin, could be
separated by the pretreatment methods. More advanced separation
technologies are likely to be more effective in removing the particulate
fouling matter. However, sedimentation or centrifugation is a more
ideal option, as these methods allow easy reconstitution of the grape-
fruit juice by re-introducing the extracted constituents to the dewatered
feed solution.

3.2.3. Reversibility of membrane fouling during long-term FO juice
dewatering operation

Even though membrane fouling can be considerably reduced by
centrifugation or sedimentation, the small amount of flux decline has to
be managed for sustainable grapefruit juice dewatering via FO.
Therefore, the fouling reversibility during long-term operation of FO
grapefruit juice dewatering was examined. Physical cleaning by in-
creasing the cross-flow rate three-fold (32.1 cm s−1) relative to the base
rate was carried out after each cycle for five cycles. Fig. 5(a) shows the
flux decline produced by centrifuged grapefruit juice and the corre-
sponding flux recovery by physical cleaning after each fouling cycle.
The decline in the dewatering rate was mostly recovered by simple
physical flushing after each cycle, indicating that the fouling matter in

the centrifuged grapefruit juice could be readily detached by the strong
shear force [30]. Thus, the dewatering of grapefruit juice was validated
as sustainable when regular physical cleaning was applied and sus-
pended pulps such as pectin were pre-separated. This was further
confirmed by scanning electron microscopy (SEM) images of the sur-
faces of the virgin membrane and the physically cleaned membrane
after the 5th cycle. No distinct deposits were detected on the membrane
surface after long-term operation, as demonstrated by the image in
Fig. 5(c), which shows a similar surface morphology to that of the
virgin membrane (Fig. 5(b)).

3.3. Characteristics of the concentrated grapefruit juice and improvements
to enhance juice quality

3.3.1. Measurement of the quality of the final grapefruit juice product
The quality of concentrated product is regarded as the most crucial

issue in FO dewatering, since the reverse salt flux from the draw solu-
tion is suspected to degrade the quality of FO-processed juice products.
Therefore, the accumulation of diffused salts in the feed after FO op-
eration and their impact on the quality of the juice should be in-
vestigated. Most previous studies on the use of FO for juice dewatering
evaluated only the concentration factor by measuring the sugar content
of the final products [11,13]; only one study measured the amount of
diffused salts in the final product [31]. Hence, more careful discussion
is required to assure the quality of juice products concentrated using a
TFC membrane.

The major constituents of 10, 30, 50, and 75% concentrated
grapefruit juices are listed in Table 2. The results showed that the
contents of each component remained the same within the allowable
margin of error, indicating that all the measured components of
grapefruit juice were retained without any significant loss or degrada-
tion. This demonstrates that FO can successfully be used to obtain de-
hydrated juices with high product quality. Nevertheless, the increased
sodium content in the processed juice due to reverse salt diffusion raises
concerns about unfavorable effects on sensory values.

For a more complete understanding, the dewatered juices were re-
constituted to the same sugar content as the raw grapefruit juice. The
sodium concentrations of the reconstituted solutions are shown in
Fig. 6. As shown, the sodium content of the reconstituted juices in-
creased linearly with the concentration rate of the juices, reaching 18.1
mg/100mL (i.e., 0.0181% (w/v)) when the grapefruit juice was con-
centrated four-fold and re-diluted. However, such a low salt content
could enhance the sweetness of the processed grapefruit juice rather
than deteriorating its taste and odor [32,33]. The amount of reversely
diffused salt was very small in comparison with that reported in a
previous study on the dewatering of pineapple juice, in which the salt
concentration of the processed juice reached a peak amount of 0.58%

Fig. 4. Impact of (a) hydraulic fouling control (increasing the cross-flow rate) and (b) sedimentation/centrifugation pretreatment on the flux decline during
grapefruit juice dehydration. 2 M NaCl was employed as the draw solution. The experimental baseline represents the flux decline due to the dilution of the draw
solution.
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(37.9 times higher than in our study) [10].

3.3.2. Improvement of the product quality using pressure assisted osmosis
and glucose as the draw solute

The small amount of reversely diffused salts present after osmotic
dewatering might raise concerns regarding juice quality. To improve
the quality of the grapefruit juice and to ensure the safety of the de-
watered solution, proper strategies to control salt diffusion should be
applied. In this work, PAO, which has been studied for the enhance-
ment of water flux in wastewater treatment or seawater desalination,
was introduced because of its potential to reduce reverse salt diffusion
in dewatering processes [28,34]. A sugar-based draw solution, glucose,
was also tested, as reversely diffused glucose could also act as an ad-
ditive to enhance or preserve the sweetness of the grapefruit juice.

The water and specific reverse salt fluxes during PAO with applied
pressures in the 0–6 bar range are shown in Fig. 7(a). As shown, this
pressure applied system did not significantly improve the dewatering
rate (13.2–14.8 Lm−2 h−1 at applied pressures of 0–6 bar). Meanwhile,
a dramatic reduction of Js/Jw (from 1.02 to 0.37 g L−1, a 64.1% de-
crease) was observed using the PAO process. This can be attributed to
the great reduction in the effective concentration difference of the salts

Fig. 5. Long-term grapefruit juice dewatering operation using FO. Physical cleaning was applied after each 20 h cycle by increasing the cross-flow rate to
32.1 cm s−1. (a) Flux decline curve as a function of time during FO. SEM images of (b) the virgin membrane and (c) the cleaned membrane after the 5th cycle. The
centrifuged grapefruit juice feed and the 2M NaCl draw solution were replaced at the initiation of each fouling cycle. The temperature and cross-flow velocity were
adjusted to 20 °C and 10.7 cm s−1, respectively.

Table 2
Characteristics of raw and 10, 30, 50, and 75% concentrated grapefruit juices.

Constituent Unit Raw Concentrated

10% 30% 50% 75%

Protein (g/100 g) 0.4 ± 0.0 0.4 ± 0.0 0.6 ± 0.1 0.8 ± 0.0 1.7 ± 0.1
Sucrose (g/100 g) 2.5 ± 0.0 2.7 ± 0.0 3.5 ± 0.1 5.1 ± 0.0 10.2 ± 0.1
Vitamin C (mg/100 g) 17.4 ± 0.2 19.0 ± 0.8 24.9 ± 0.5 35.0 ± 0.8 70.2 ± 1.0
Sugar content (o Brix) 11.4 ± 0.0 12.4 ± 0.0 16.5 ± 0.1 22.2 ± 0.1 45.1 ± 0.1
Ca (mg/100 g) 6.3 ± 0.1 7.3 ± 0.3 9.1 ± 0.1 12.8 ± 0.2 25.4 ± 0.3
K (mg/100 g) 102.5 ± 0.2 114.6 ± 1.0 146.7 ± 1.4 205.5 ± 0.4 410.8 ± 1.2
Mg (mg/100 g) 8.6 ± 0.1 9.9 ± 0.0 12.5 ± 0.5 17.5 ± 0.5 35.9 ± 0.5
Na (mg/100 g) 0.4 ± 0.0 3.3 ± 0.3 16.4 ± 1.0 30.5 ± 1.9 72.4 ± 2.6
P (mg/100 g) 9.5 ± 0.0 10.5 ± 0.0 14.0 ± 0.3 18.8 ± 0.2 38.3 ± 0.3

Fig. 6. Na concentration of the raw and reconstituted grapefruit juices. The
sugar content of each processed juice was adjusted to 11.4 °Brix by adding DI
water.
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across the membrane due to both the intensified enhanced ECP and
dilutive ICP, which were influenced by the hydraulic pressure [35].
PAO effectively limits the reverse diffusion of salts, as the hydraulic-
pressure-driven water flux increases the effective feed concentration on
the active layer surface while simultaneously diluting the effective draw
concentration within the support layer [35]. Fig. 7(b) shows the water
flux and the corresponding Js/Jw at glucose draw concentrations of
1.0–2.0M. The water flux during the FO dewatering of grapefruit juice
was relatively low (13.1 Lm−2 h−1) even when 2.0M glucose was
employed as the draw solution. However, due to its low osmotic pres-
sure yield and resulting low specific solute flux, glucose could be uti-
lized as a suitable draw solute. Moreover, the small amount of diffused
sugar would positively affect the concentrated juice product.

The quality of the 50% dehydrated grapefruit juices processed by
FO using a glucose draw and PAO at 6 bar is presented in Table 3. Only
the sugar content and sodium concentration were analyzed, since the
other constituents in the juice were shown to be retained with no sig-
nificant loss. The sodium content of the juice concentrate remained
very low when glucose was used as the draw solution, whereas the
sugar content increased slightly due to reverse diffusion of glucose,
demonstrating the effectiveness of the glucose draw solute as an ad-
ditive in juice dewatering. When PAO was utilized with a pressure of
6 bar, the amount of accumulated salt was greatly reduced as expected
(from 30.5 to 11.4 mg/100 g, a 62.6% decrease). The results show the
potential of PAO as an osmotic dewatering process to provide improved
food quality by significantly lowering salt diffusion.

4. Conclusion

The challenges of applying FO in food processing, as well as possible
improvements to the process, have been examined from a practical
perspective. Specifically, the performance of FO for the concentration
of grapefruit juice was evaluated. In addition, the extent and mechan-
isms of FO membrane fouling and fouling-mitigation approaches were
also investigated. Lastly, the safety and quality of the final product were
determined. The major conclusions that have been drawn from the

present work are summarized below:

● Compared to the poor performance reported in previous FO studies,
the successful osmotic concentration of grapefruit juice was
achieved using a TFC membrane, with a stable dewatering rate and
low salt permeability. The dewatering rate could be further im-
proved by reducing the structural parameter value, S, of the osmotic
membrane.

● Membrane fouling severely decreased the water permeation rate due
to the suspended matter such as pectin in the grapefruit juice.
Simple sedimentation and centrifugation noticeably alleviated the
water flux decline by isolating the suspended constituents from the
bulk juice. Increasing the cross-flow rate was found to be ineffective
for fouling mitigation. The decline in the water flux was readily
recovered by simple physical cleaning, leading to the sustainable
operation of FO dewatering.

● The draw solutes barely diffused into the juice, and thus, high-
quality processed juice was obtained. Except for an increase in so-
dium, the contents of the nutritional substances were maintained
after concentration. Applying pressure on the feed side helped to
further enhance the quality of the juice product by inhibiting reverse
salt diffusion. In addition, glucose can be employed as the draw
solution; the reversely diffused glucose acts a sweetener, and thus
does not adversely affect the quality of the dewatered feed.
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