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ABSTRACT

Recently, a hybrid system consisting of forward osmosis (FO) and membrane distillation (MD)
has come into the spotlight. In the FO-MD hybrid system, freshwater is obtained from feed water
through the FO process and the diluted draw solution from the FO process is re-concentrated by the
MD process. However, relatively little information is available on the optimization of the hybrid sys-
tem of FO and MD and their combination in a single module. Accordingly, this study focused on the
development of an integrated module for the FO-MD hybrid system. The module was designed, fab-
ricated, and tested in a bench-scale system. The effect of design and operating parameters, including
flow velocity, the temperature of solutions, and membrane areas, on the overall performance of the
module and system, was investigated. With the control of the temperature of the draw solution, the
integrated FO-MD module enabled the constant flux operation, which is essential for the practical
implementation of FO technology.

Keywords: Forward osmosis (FO); Membrane distillation (MD); Integrated module; Hybridization;

Operating conditions

1. Introduction

Water scarcity is being globalized due to the huge
amount of increase in water demands and the great devel-
opment of various kinds of industries [1]. Rapid climate
change and industrialization make the challenge of pre-
senting proper and clean drinking water more difficult
and complicate [2]. In order to mitigate such issues, vari-
ous desalination technologies have been developed in the
past few decades [3-6]. However, commercial technologies
such as reverse osmosis (RO) use a lot of energy for con-
verting saline water to freshwater [7]. Moreover, RO has a
limited recovery of 75%—-85% due to its own characteristics
and it means that 15%-25% of high salinity brine has to be
disposed of [3,8,9]. In fact, the negative impacts of brine
disposal on our ecosystem has been declared in various
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literature and researches [10,11]. Therefore, innovative
approaches are necessary to take both indispensable objec-
tives of the constant water resource and protection of the
ecosystem [4,11-13].

In this context, forward osmosis (FO) has drawn attention
as one of the innovative technologies for the desalination of
seawater, brackish water, and wastewater to create an ongo-
ing supply of freshwater [14]. FO is an osmotically-driven
membrane separation that uses high osmotic pressure of
draw solution as its driving force [15]. FO has many advan-
tages such as low operation pressure and high resistance
against membrane fouling [16]. These have sparked a great
deal of interest from academia and industry over the past
decade [14,15,17-19]. Novel membranes have been devel-
oped to revolutionize the performance of the FO process
[19,20]. Mechanisms on internal concentration polarization
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(ICP) and fouling have been extensively investigated
together with a substantial advances in process modeling
and optimization [17]. Application of FO technology has
been explored for seawater desalination, wastewater recla-
mation, produced water treatment, and fertigation [18,21-
23]. Several FO pilot plants have been also constructed and
operated [24,25].

Nevertheless, the widespread use of FO technology is
still limited by step for regeneration of its draw solution
[19,26]. As the draw solution is diluted after the FO process,
it should be concentrated again to enable its continuous use
[27]. In fact, draw solution regeneration is the most energy-
consuming step in FO processes because it is necessary
to compensate for the mixing energy used by FO [26].
A few works have addressed the issues on the draw solu-
tion regeneration by developing novel draw solute mate-
rials and applying techniques such as reverse osmosis,
nanofiltration, electrodialysis, magnetic separation, and
distillation [17,18,26-29].

Among them, an emerging approach that holds poten-
tial is membrane distillation (MD) [30-32]. As one of the
thermal separation processes, MD uses heat as its driv-
ing force to create the difference in the vapor pressure
between the feed and the distillate sides [33]. Unlike con-
ventional distillation technologies such as multi-stage flash
and multi-effect distillation, the operation temperature of
MD is relatively low (—60°C), allowing the utilization of
renewable or waste heat sources [34]. This can make MD
to be an economically feasible [35,36]. Moreover, the use of
MD is not limited by the osmotic pressure of the feed solu-
tion, allowing MD to concentrate solutions of high osmotic
pressure [37]. Accordingly, MD is suitable to regenerate a
dilute draw solution [30]. In addition, FO can work as a
pre-treatment process to separate multivalent/divalent ions
and organic matter as well as to reduce inorganic scaling
and organic fouling in the MD process [30,38]. A handful of
studies have been performed to apply MD to draw solution
regeneration in FO [30,38—40].

In this study, we considered the combination of FO
with MD for continuous regeneration of draw solution in
a novel platform. Unlike previous works on the FO-MD
hybrid system in the literature, there are two main dif-
ferences in our study. First, hollow fiber MD membranes
were used for the hybrid system. Since hollow-fiber MD
membranes exhibit large surface area per unit volume
(e.g. the packing capacity of the hollow-fiber membrane
module may reach 500-9,000 m?*m?) and high productivity
per module [31], they were selected in our study. Previous
researches of FO-MD hybrid system mostly focused on the
use of flat sheet MD membranes for the FO process [30,40].
Second, an integrated the FO-MD module was designed and
fabricated instead of combining two separate processes.
Accordingly, the feed water is first treated by the FO mem-
brane and the diluted draw solution was re-concentrated
by the MD membrane in the same device. This is expected
to allow a reduction in the footprint of the device and
stable operation of the process.

Nevertheless, little information is available on this novel
system even if there is a great deal of potential. Accordingly,
the focus of this study is the investigation of the effect of
operating conditions on this integrated FO-MD system under

non-fouling conditions as the first step toward its practical
implementation. The control of FO flux by regulating the
temperature of the draw solution, which is also the feed
solution to the MD, was also attempted.

2. Materials and methods
2.1. Preparation of feed and draw solutions

Deionized (DI) water was used for the feed solution
(FS) of forward osmosis (FO) process and permeated solu-
tion (PS) of direct contact membrane distillation (DCMD).
The draw solution, which was also used as the feed solution
for MD, was prepared by dissolving a special grade NaCl
(Samchun Pure Chemical Co., Ltd, Korea) into DI water
and its concentration was 1.0 M.

2.2. Membranes

Flat sheet FO membranes (TORAY chemical, Inc., Seoul,
Korea) were used for FO experiments. Hollow fiber PVDF
membranes (Econity, Korea), which have a nominal pore size
of 0.22 um, were used for MD experiments. The characteris-
tics of the FO and MD membranes are described in Table 1.
Before the experiments, the flat sheet FO membranes were
stored in DI water at 4°C after being cut and rinsed with
DI water. The hollow fiber MD membranes were stored
under vacuum.

2.3. Experimental setup

Two kinds of FO-MD hybrid systems were prepared
for the bench-scale experiment. Fig. 1a shows the schematic
diagram of the system using the integrated FO-MD module.
On the other hand, Fig. 1b presents the schematic diagram of
the system using separate FO and MD modules. Details on
the structure of the integrated FO-MD module is illustrated
in Fig. 2. The membrane area of the flat sheet FO membrane
was 12 cm? Two bundles of the hollow fiber MD mem-
branes were used with the total membrane area of 77.84 cm?.
The feed water was supplied through the pipe attached to
the top pieces. The permeate passes through the FO mem-
brane and is mixed with the draw solution, which is also the
feed solution for the MD membrane. Eventually, the perme-
ate is collected through the MD membrane and mixed into
the distillate solution that passes inside the fibers. The flow
rates were measured using flow meters. The electric con-
ductivities of the feed and draw solutions were monitored
using conductivity meters. Two water baths were used to
control the temperatures of the solutions. The mass of the
solution was periodically monitored by digital scales and
recorded by computers to calculate flux. The FO-MD sys-
tem using the separate FO and MD modules was operated
under similar conditions to the system with the integrated
module

2.4. Experimental procedures

A set of experiments were performed using the integrated
FO-MD module (Fig. 1a) and the FO-MD hybrid sys-
tem with separate modules (Fig. 1b). In each experiment,
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Table 1
Membrane characteristics
Material A (L/m? h bar) B (L/m?h) S (mm)
FO (flat sheet
(flat sheet) Polyamide 6.68 0.54 0.378
DCMD (hollow-ib Material Pore size (um) Porosity Tortuosity
CMD (hollow-fiber) PVDF 0.22 0.75 2
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Fig. 1. Schematic diagrams of each system. (a) Integrated module system and (b) single module hybrid system.

the initial volume of the solutions was set to 2 L. The FO
experiments were performed in the active layer facing on
the feed solution (AL-FS) mode. The temperature of the
feed solution for the FO tests was fixed at 20(+1)°C and
the draw solution temperature was adjusted to 40(+1)°C,
50(+1)°C, and 60(+1)°C. The temperature of the draw solu-
tion changed since this is also the temperature for MD
feed, which should be considered in the integrated module.
The feed temperature was fixed at 20°C because it is not
the control parameter for the operation. The rate of cross-
flow of each solution was adjusted to 0.4, 0.8, and 1.2 L/min
to reveal the effect of flow rate. The MD experiments were
carried out in the DCMD configuration with the outside-in
mode. The temperature of permeate (distillate) solution
maintained at 20(+1)°C and feed solutions were adjusted to
40(£1)°C, 50(x1)°C, and 60(x1)°C. The flow rate of the feed
solution was controlled to 0.4, 0.8, and 1.2 L/min. The flow
rate of the distillate was adjusted from 0.1 to 0.4 L/min.
Details on the test conditions are summarized in Table 2.

3. Results and discussion
3.1. Effect of flow rate on FO flux

In the FO-MD hybrid process, it is necessary to have a
balance between the FO flux and the MD flux. Otherwise,
a steady-state condition cannot be achieved. Accordingly, it
is necessary to know the factors affecting the FO flux and
MD flux. To begin, the effect of flow rates of the feed and

Fig. 2. Circumstantial modular configurations of the integrated
FO-MD module.

draw solutions on the FO flux was investigated in the inte-
grated FO-MD module. The tests were carried out using
1.0 M NaCl solution as the draw solution. In Fig. 3a, the
flow rate of the FO feed solution was adjusted from 0.4 to
1.2 L/min while the flow rate of the draw solution was fixed
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Fig. 3. Effect of flow rate in the FO process in the integrated FO-MD module. (a) Flow rate of feed solution and (b) flow rate of

draw solution.

Table 2
Experimental conditions of single module tests

FO DCMD
FS 04,0812 04,0812
Flow rate (L/min)
DS/permeate  0.4,0.8,1.2 0.1,0.4
T 5 FS 20 40, 50, 60
emperature (£°C) g0 meate  40,50,60 20

at 0.4 L/min. The temperatures of both solutions were set to
20(+1)°C. As expected, the average water flux increased as
an increase in the feed flow rate. In the integrated FO-MD
module, the average flux increased from 19.9 to 21.1 L/
m? h as the feed flow rate increased from 0.4 to 1.2 L/min,
which corresponds to about 6% rise. Since an increase in the
feed flow rate reduces the external concentration polariza-
tion (ECP), the flux can be improved. Nevertheless, the flux
was not sensitive to the feed flow rate because the ECP was
less important than the ICP in FO processes [41].

In Fig. 3b, the flow rate of the draw solution was
changed from 0.4 to 1.2 L/min while the feed flow rate was
constant at 0.4 L/min. Again, the temperatures on both
sides were fixed at 20(+1)°C. Unlike the previous case, an
increase in the flow rate of the draw solution did not result
in an increase in FO flux. As a matter of fact, the average
flux slightly decreased from 19.9 to 19.2 L/m? h by increas-
ing the flow rate of the draw solution from 0.4 to 1.2 L/min.
This is attributed to the ICP on the draw solution side in
FO processes. Since the ICP occurs inside the porous sup-
port of the FO membrane, it is not easily affected by the
flow of the draw solution [17]. Instead, an increase in the
flow rate of the draw solution may result in an adverse
impact by increasing the pressure on the draw side, it
may cause a slight reduction in the FO flux. In summary,
it appears that the FO flux cannot be easily controlled
by adjusting the flow rates of the feed and draw solutions.

3.2. Effect of flow rate on MD flux

A set of MD experiments were carried out to examine
the effect of the flow rate on MD flux in the integrated

FO-MD module. In this case, the feed solution of the MD
membrane is the same as the draw solution of the FO
membrane. In Fig. 4a, the flow rate of the MD feed solu-
tion was adjusted from 0.4 to 1.2 L/min while the flow rate
of the distillate solution was fixed at 0.4 L/min. The tem-
peratures of feed and distillate solutions were 50(+1)°C
and 20(+1)°C, respectively. As the feed flow rate increased
from 0.4 to 1.2 L/min, the MD flux increased from 1.34 to
2.5 L/m? h, indicating that the MD flux is sensitive to the
feed flow rate. This is because the temperature polariza-
tion (TP) in MD can be reduced by increasing the feed flow
rate [31]. Since the TP on the feed side is a major factor lim-
iting the MD flux, the reduction of the TP by the increased
feed flow rate leads to an increased flux.

In Fig. 4b, the flow rate of the distillate (permeate)
solution was adjusted to 0.1 and 0.4 L/min, respectively.
Due to the limited cross-sectional area of the flow chan-
nel inside the hollow fiber membranes, it was not possible
to further increase the flow rate of the distillate solution.
Nevertheless, it is evident that the MD flux was affected
by the distillate flow rate. The MD flux was 0.96 L/m? h at
0.1 L/min and 1.31 L/m? h at 0.4 L/min, respectively. Again,
this can be explained by the TP effect. Since the TP also
occurs on the distillate side, an increase in the distillate
flow rate reduces the TP, thereby increasing the MD flux.
Based on these results, it can be concluded that the MD
flux can be controlled to a certain degree by regulating the
flow rates of the feed and distillate solutions.

3.3. Effect of draw solution (DS) temperature on FO flux

As the next step, the temperature of the draw solution
in FO was changed to examine its effect on the FO flux.
It should be mentioned that the FO draw solution is the
same as the MD feed solution. Thus, the temperature of the
FO draw solution should be higher than that of the FO feed
solution. In Fig. 5a, the temperature of the draw solution
was set to 40(+1)°C, 50(x1)°C, and 60(+1)°C while the feed
temperature was 20(x1)°C. The flow rates of the feed and
draw solutions were 0.4 and 0.8 L/min, respectively. Results
showed that the temperature of the draw solution did not
significantly affect the FO flux. The FO flux was 18.8 L/m*h at
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Fig. 4. Effect of flow rate in the hollow-fiber DCMD process in the integrated FO-MD module. (a) Flow rate of feed solution and

(b) flow rate of distillate solution.

40(+1)°C and 18.5 L/m? h at 60(+1)°C. According to the van't
Hoff equation, the osmotic pressure increases with the tem-
perature. However, the effect seems to be negligible between
40°C and 60°C, which corresponds to 0.64% from the the-
ory [42,43]. The water permeability of the FO membrane is
affected by the feed temperature rather than the draw solu-
tion temperature, suggesting that the FO flux is not sensitive
to the temperature on the draw solution side. On the other
hand, the FO flux may be slightly reduced by the effect of
the thermal-osmosis phenomenon [44,45], which makes the
water move from the hot side to cold side. It appears that the
thermal-osmosis phenomenon decreased the FO flux with
an increase in the draw solution temperature.

3.4. Effect of feed solution (FS) temperature on MD flux

The dependence of the MD flux on the feed tempera-
ture in the integrated FO-MD module was shown in Fig. 5b.
The flow rate and the temperature of the distillate solution
were 0.4 L/min and 20(+1)°C, respectively. The MD flux pro-
portionally increased with the feed solution temperature.
The MD flux was 0.7 L/m?h at 40(+1)°C and increased up
to 3.8 L/m?h at 60(x1)°C. This is attributed to an increase in
the driving force with the temperature difference between
the feed and distillate solutions [31].

3.5. FO-MD hybrid system using separate FO and MD modules

The two-hybrid systems are shown in Fig. 1 was com-
pared. First, the hybrid system consisting of a FO mod-
ule and an MD module (Fig. 1a) was used to examine the
flux behavior in FO and MD. In Fig. 6a, the temperatures
of the FO feed, draw solution, and distillate was 20(x1)°C,
50(1)°C, and 20(+1)°C, respectively. The flow rates of the
FO feed, draw solution, and distillate was 0.4, 0.8, and 0.4 L/
min, respectively. The initial FO flux was 18.6 L/m? h and
decreased to 13.0 L/m? h with time, which corresponds to
a 30% reduction in FO flux. On the other hand, the MD

flux was almost constant at 1.68 L/m? h. It seems that the
amount of water passing through the FO membrane was
larger than that that through the MD membrane, leading
to a net dilution of the draw solution with time. Although
the water balance between FO and MD was set to achieve
the steady-state, it did not maintain during the operation
of the hybrid system.

Accordingly, the temperature of the MD feed solution
(FO draw solution) was increased from 50(x1)°C to 60(+1)°C
in the middle of the operation. The results are shown in
Fig. 6b. With the increase in the temperature after 600 min,
the MD flux increased from 1.8 to 2.71 L/m? h. This led to
an increase in the FO flux by 9%. Nevertheless, the FO flux
began to decrease after 1,400 min, indicating that the stable
operation of the FO-MD hybrid system is difficult using
the separate modules. Since the constant flux is desired in
practical membrane processes, these flux behaviors may be
problematic in this FO-MD hybrid system.

3.6. FO-MD hybrid system using an integrated module

In Fig. 7a, the FO and MD fluxes are shown as a function
of time in the FO-MD hybrid system using the integrated
module. The temperature of the FO draw solution was fixed
at 50(x1)°C. The normalized water flux of FO was reduced
to 0.8 at the end of the experiment. The MD flux slightly
increases with time and its average value was 2.06 L/m? h.
The normalized water flux of FO was reduced to 0.8 at
the end of the experiment. Compared with the results in
the hybrid system using two separate modules (Fig. 6a),
the FO flux was more stable and the MD flux was higher
by approximately 20%.

To obtain more stable FO flux, the temperature of the
draw solution was adjusted between 50(+1)°C and 60(1)°C
at 400; 1,200; and 2,800 min. As shown in Fig. 7b, the FO
flux was almost constant during the operation of the inte-
grated FO-MD module. The MD flux was controlled
between 2.12 and 3.95 L/m? h by the temperature, allowing
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the adjustment of the concentration of the draw solution.
In fact, the conductivity of the draw solution was changed
from 80.5 to 83.5 mS/cm, allowing the constant flux oper-
ation of FO. Fig. 7c confirms the establishment of the
water balance between FO and MD. In summary, it is evi-
dent from the results that the constant flux operation of
FO can be done by adjusting the draw solution tempera-
ture in the FO-MD hybrid system using the integrated
module.

The mechanism of the flux control in the integrated mod-
ule can be explained as follows: when the FO flux is reduced
during the operation, an action is taken to increase the tem-
perature of the draw solution. This leads to an increase in
the MD flux, thereby raising the concentration of the draw
solution. Accordingly, the osmotic pressure of the draw
solution increases to raise up the FO flux. If the FO flux is
too high, the temperature of the draw solution is reduced
to decrease the draw solution concentration. Again, the FO

flux can be adjusted by this control action. Thus, the con-
trol of the FO flux can be relatively easy with the integrated
module in the FO-MD hybrid system.

4. Conclusion

In this study, the effect of operating conditions on the
performance of FO-MD hybrid systems was investigated.
A novel technique that integrated flat sheet FO and hollow
fiber MD membranes into a single module was attempted.
As a result of this study, the following conclusions were
drawn:

® In the integrated module, the FO flux slightly increased
with an increase in the flow rate of the feed solution.
Nevertheless, the FO flux was not significantly affected
by the flow rate of the draw solution. The average FO flux
ranged from 19 to 21.1 L/m? h.
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The MD flux was sensitive to the flow rate of the feed draw solution temperature led to the constant flux oper-

solution. The average FO flux ranged from 1.34 to 2.5 L/
m? h. This is because the temperature polarization (TP)
in MD can be reduced by increasing the flow rate of the
feed solution. The MD flux was also affected by the flow
rate of the distillate solution but its influence was less
significant.

The temperature of the draw solution did not signifi-
cantly affect the FO flux. A slightly decrease in the FO
flux was observed with an increase in the temperature.
This may be attributed to the effect of the thermal-osmo-
sis phenomenon. On the contrary, the MD flux increased
with the temperature of the MD feed solution, which is
the same as the FO draw solution in the integrated mod-
ule. The MD flux was 0.7 L/m? h at 40(x1)°C and increased
up to 3.8 L/m? h at 60(x1)°C.

In the FO-MD hybrid system using separate FO and MD
modules, the FO flux was unstable during the operation.
Although the water balance between the FO and MD was
set in the beginning, it changed with time, leading to a net
reduction in the FO flux.

In the FO-MD hybrid system using an integrated mod-
ule, the FO flux was more stable than the hybrid system
using the separate modules. Periodic adjustment of the

ation of the FO process.
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