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ABSTRACT

This research aimed to utilize the concentrated brine by incorporating a forward osmosis
(FO) system as a post-treatment in a reverse osmosis (RO) plant. The objective of this study
was to optimize the operating condition of an FO system utilizing RO brine. Water flux and
reverse solute flux were measured at different draw solution (DS) concentrations. Change in
the salinity of the feed and permeate flux are the two parameters that were monitored and
evaluated. To further optimize the process, membrane fouling was also investigated. Fouled
membrane was subjected to scanning electron microscopy and energy dispersive X-ray anal-
yses. Seawater was used as the feed while sodium chloride was used to simulate different
brine concentrations. It was observed that increasing the concentration of brine enhances
permeate flux. However, increase in reverse solute flux was also observed compensating the
high water flux. Fouling in the support layer of FO membrane was evident at 200 g/L DS
concentration. While 100 g/L was found to be the most suitable for FO system with almost
similar fouling propensity as compared to 50 and 75 g/L. With lower internal concentration
polarization and optimized operating condition, FO system could be efficiently used in
utilizing RO brine.
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1. Introduction

As early as 1970s, researchers have already been
investigating the application of forward osmosis (FO)
to produce drinking water [1]. However, the introduc-
tion of reverse osmosis (RO) process overshadowed
the potential of FO for desalination. Nowadays, RO is
widely used in desalination for water purification.

*Corresponding author.

However, the concentrated brine produced from the
RO system is a huge challenge for waste disposal.
Thus, the utilization of RO concentrate should further
be explored. Ng and Tang cited that FO could be used
for drinking water industry and brine reclamation [2].
Integrating RO and FO processes is a promising com-
bination to treat the RO brine prior to disposal. There
are various ways to utilize the brine from the seawater
RO plant. One of those is to generate electricity from
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the salinity gradient using a pressure retarded osmosis
process as reported by Yip and Elimelech [3]. In 2008,
Skilhagen et al. mentioned that the osmotic power
stands out as a promising and yet unexploited new
and renewable energy resources [4]. In addition,
Ahmad and Williams also presented their findings in
recovering energy from brine prior to disposal [5].
However, these studies of recovering energy from RO
brine using FO process should still be elucidated. It
was believed that FO membranes are not easily fouled
due to the absence of external pressure as compared
to RO process. But an important parameter is being
neglected, the membrane fouling caused by internal
concentration polarization. Internal fouling in FO
membrane plays an important role in optimizing the
operating condition of the FO system. Concentration
polarization directly affects the permeate flux as well
as the transport of solute into the membrane. Several
studies were already conducted to show the relation-
ship between water flux and reverse solute flux [6,7].
On the other hand, just few studies were conducted to
investigate the effect of membrane fouling to the over-
all performance of the FO system, especially the uti-
lization of brine using seawater as feed water. In 2006,
McCuncheon did an experiment to explain the influ-
ence of concentration polarization to flux behavior
under a FO mode [8]. And recently, She et al. pre-
sented a research relating the reverse and forward dif-
fusion of solute across the membrane [9]. However,
further investigation on the effect of RO concentrate to
membrane fouling using seawater as feed in harvest-
ing energy for possible electricity generation is still
needed. This research aimed to utilize the concen-
trated brine by incorporating an FO system as a post-
treatment in an RO plant. The objective of this study
was to optimize the operating condition of an FO sys-
tem by minimizing the effect of internal concentration
polarization. The suitable condition could maximize
the permeate flux while lowering the reverse solute
flux, which can improve the system efficiency as well
as prolonging the life span of the membrane.

2. Materials and methods
2.1. Experimental setup

The laboratory-scale FO system is composed of
two closed loops, one for the feed solution and the
other for the draw solution (DS). Gear pumps, due to
its stability and reading consistency, were used to
inject the feed and DSs into the FO cell. Blue-White®™
flowmeters with an acrylic meter body and stainless
steel floats were used to prevent scaling caused by
high salt concentration. Cellulose acetate membrane
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from Hydration Technology Innovation (HTI) was
utilized in this experiment with an effective area of
0.0065 m?. To reduce the strain on the membrane,
mesh spacers were installed at both sides of the
membrane, which serves as a support, and promote
turbulence and mass transport. JSR Cire water bath
maintains the temperature of both operating solutions.
AND GF-4000 analytical balance recorded the change
in mass of the DS to be used in the calculation of per-
meate flux. Thermo Scientific Cimarec magnetic stirrer
was used to ensure that the reconstituted seawater is
well mixed. The schematic diagram of the laboratory-
scale FO system is illustrated in Fig. 1.

2.2. Operating condition

The laboratory-scale FO system was operated in a
counter-current flow. Reconstituted seawater was used
as the feed solution while different sodium chloride
concentrations served as DS. The brine is flowing on
the permeate side and the seawater on the active layer
side. Water flux and reverse salt flux (RSF) were mea-
sured at different DS concentrations to determine the
most efficient operating concentrations for both feed
and DS. Change in the salinity of the feed and perme-
ate flux are the two parameters that were monitored
and evaluated. The FO system was operated with a
flowrate of 0.2 L/min for both feed and DS at a con-
stant temperature of 25°C. Synthetic seawater was
used as the feed while sodium chloride (NaCl) was
used to simulate different brine concentrations: 50, 75,
100, and 200 g/L. Operating parameters are summa-
rized in Table 1.
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Fig. 1. Laboratory-scale FO system.
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fouling resistant feature and casted on a weldable
nonwoven support. The maximum operating tempera-
ture is 71°C, and the pH range is 3-8 as provided by

Fig. 3. Average flux at different DS concentrations.
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To further optimize the FO process, concentration
polarization on and within the membrane was investi-
gated, an index in assessing the intensity of membrane
fouling that could affect the efficiency of the system.
Fouled membrane was subjected to scanning electron
microscopy (SEM) and energy dispersive X-ray (EDX)

Fig. 4. Increase in salinity at different DS concentrations.

2.3. FO membrane

The OsMemTM CTA-NW membrane from HTI
was used in the experiment. This FO membrane has a
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Table 2
Composition of reconstituted seawater

Compound in order Final concentration

of addition (ppm)
NaF 3
STC12'6H20 20
H3BO3 30
KBr 100
KCl 700
CaClz'ZHzo 1,470
Nast4 4,000
MgCl,-6H,0O 10,780
NaCl 23,500
NaZSiO3-9H20 20
Na4EDTA 1
NaHCO; 200
Total concentration 40,824

analyses. To further increase the efficiency of FO sys-
tem, the effect of membrane fouling on both permeate
flux and RSF was investigated by evaluating the
results of EDX and elucidating the SEM images of the
fouled membrane. Thermo Scientific Orion Star A222
measured the increase in the salinity of the feed solu-
tion, which was used in calculating reverse solute
flux.

3. Results and discussions

Batch experiments were conducted at different
brine concentrations to determine the effect of increas-
ing DS concentration to permeate flux. The FO system
was operated for 3 h for each DS concentration. The
change in mass of the DS was recorded every 60 s
using a digital top loading balance. The computed dif-
ference in mass as well as the effective area of the
membrane was used to calculate the permeate flux.
The data gathered from batch experiments were plot-
ted to visualize the flux trend for each DS concentra-
tion as illustrated in Fig. 2. Even though the graph
shows a scattered plot, an evident linear trend is

Table 3
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clearly observed. The average flux was computed for
each DS concentration. As expected, increasing DS
concentration enhances permeate flux due to the high
osmotic difference across the membrane. The DS with
a concentration of 200 g/L recorded the highest per-
meate flux of 6.24 LMH, while 50 g/L DS concentra-
tion recorded the lowest with 1.07 LMH. The average
flux for each DS concentration is plotted in Fig. 3. A
logarithmic increase in permeate flux was observed at
increasing DS concentration. The graph generated an
equation of y=3.7668 In(x) —13.805, wherein the
change in permeate flux decreases as the DS concen-
tration increases. This could be attributed to the ten-
dency of the membrane to be fouled at high DS
concentration resulting to an increase in internal con-
centration polarization. The salt is deposited on the
membrane blocking the pathway where the permeate
passes through.

Solutes from the DS have a tendency to penetrate
the membrane to the feed side. It was found that
increasing the DS concentration increases the permeate
flux; however, the increase in DS concentration also
increases the transport of solute across the membrane.
The increase in the salinity of the feed solution is illus-
trated in Fig. 4. The highest salinity of 0.23 ppt was
obtained at the highest DS concentration of 200 g/L.
To further evaluate the rate of transport of solutes
from the DS side to the feed solution side, the graph
of the reverse solute flux at different DS concentra-
tions was generated. A logarithmic pattern was
observed with an equation of y = 0.2406 In(x) — 0.8697.
At low DS concentration, solutes from the DS could
enter the pores of the membrane’s support layer and
easily diffuse back to the DS side. In contrast, at high
DS concentration, deposition of salts in the support
layer could be severe, making it difficult for the
solutes to diffuse back to the DS side, which also
blocks the passage of the water from the feed side.

Deposition of salts in the membrane was quantita-
tively analyzed by EDX. The percent composition of
the foulants is enumerated in Table 3. The elements C
and O came from the material used for membrane

EDX analysis of the fouled membrane at different DS concentrations

Element (composition, %)

Draw solution concentration (g/L) C O Na Cl

50 53.23 38.12 3.29 5.36
75 53.86 35.30 3.91 6.94
100 53.22 34.93 4.16 7.70
200 52.88 34.07 4.54 8.52
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SEM images of the fouled membrane at different DS concentrations

Support layer

Active layer
Magnification: 1,000

Magnification: 500%

Magnification: 1,000

Virgin membrane

50 g/L DS

75 g/L DS

100 g/L DS

200 g/L DS

fabrication. As seen in the table, the % composition of
Na and ClI increases as the DS concentration increases.
This can be attributed to the deposition of salts at high
DS concentration. It was proven that the composition
of foulants at elevated salt concentration triggers pore
blocking that prevents passage of water from the feed
side to the DS side.

To further investigate the salt deposition on and
within the membrane, SEM analysis was conducted.
Table 4 shows the images of the active layer (mem-
brane surface) and the support layer at different DS
concentrations. The first row of micrographs shows
the images of the virgin membrane, which sets as

basis for comparison. For the active layer, increasing
the DS concentration increases the amount of foulant
on the membrane surface. It can be observed that the
membrane surface was severely fouled at 200 g/L DS
concentration, while the other three DS concentrations
have almost similar amount of foulants. It was also
found that the foulants adhered on the surface of the
membrane can be easily removed by physical wash-
ing. On the other hand, adhesion of salts in the sup-
port layer was clearly seen in the SEM images
magnified at 500x. Solutes were predominant at the
outer part of the support layer. However, for the
200 g/L DS concentration, solutes penetrated the pores
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of the support layer as seen in the photomicrograph
magnified at 1,000%, thus increasing the deposits of
salts in the membrane. This deposit causes internal
concentration polarization that lowers the transport of
water across the membrane and increasing the diffu-
sion of salts to the feed side, which resulted to the
low change in permeate flux and high reverse solute
flux. Based on these results, the brine concentration of
100 g/L is the optimum DS concentration. At 100 g/L
DS concentration, the average permeate flux and
reverse solute flux were 3.46 LMH and 0.24 mol/m*hr
as shown in Figs. 3 and 5, respectively.

4. Conclusion

Performance of the laboratory-scale FO system was
evaluated by investigating three important parameters:
permeate flux, reverse solute flux, and membrane
fouling. Increasing the DS concentration increases per-
meate flux, which compensates the increase in reverse
solute flux. Highest permeate flux was recorded at the
highest DS concentration but recorded the lowest rate
of water transport or the change of permeate flux with
respect to DS concentration, which was caused by
high internal concentration polarization at elevated
salt concentration. Membrane fouling was severe at
200 g/L DS concentration, while the others showed
similar fouling propensity. Thus, 100 g/L was the
most suitable DS concentration that can be used in
FO process to minimize internal concentration
polarization with an optimized permeate flux and
reverse solute flux of 3.46 LMH and 0.24 mol/m? hr,
respectively.

R.C. Eusebio et al. | Desalination and Water Treatment 57 (2016) 27899-27904

References

[1] J.O. Kessler, C.D. Moody, Drinking water from sea
water by forward osmosis, Desalination 18 (1976)
297-306.

[2] H.Y. Ng, W. Tang, Forward (direct) osmosis: A novel
and prospective process for brine control, in: Proc.
79th Annual Technical Exhibition and Conference of
Water Environment Federation, Dallas, Texas, 2006,
pp. 4345-4352, doi: 10.2175/193864706783778952.

[3] N.Y. Yip, M. Elimelech, Performance limiting effects in
power generation from salinity gradients by pressure
retarded osmosis, Environ. Sci. Technol. 45 (2011)
10273-10282.

[4] S.E. Skilhagen, J.E. Dugstad, R.J. Aaberg, Osmotic
powe—Power production based on the osmotic
pressure difference between waters with varying salt
gradients, Desalination 220 (2008) 476—482.

[5] M. Ahmad, P. Williams, Application of salinity gradi-
ent power for brines disposal and energy utilisation,
Desalin. Water Treat. 10 (2009) 220-228.

[6] A. Achilli, T.Y. Cath, A.E. Childress, Selection of
inorganic-based draw solutions for forward osmosis
applications, J. Membr. Sci. 364 (2010) 233-241.

[71].S. Yong, W.A. Philip, M. Elimelech, Coupled reverse
solute permeation and water flux in forward osmosis
with neutral solutes, J. Membr. Sci. 9-17 (2012)
392-393.

[8] J.R. McCutcheon, M. Elimelech, Influence of concentra-
tive and dilutive internal concentration polarization on
flux behavior in forward osmosis, J]. Membr. Sci. 284
(2006) 237-247.

[91 Q. She, X. Jin, Q. Li, C.Y. Tang, Relating reverse and
forward solute diffusion to membrane fouling in
osmotically driven membrane processes, Water Res. 46
(2012) 2478-2486.

[10] D. Reish, Toxicity, in: A.D. Eaton, L.S. Clesceri, EW.
Rice, A.E. Greenberg, M.A H. Franson (Eds.), Standard
Methods for the Examination of Water and
Wastewater, twenty-first ed., American Public Health
Association, Washington, DC, 2005, pp. 8-11.


http://dx.doi.org/10.2175/193864706783778952

	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Experimental setup
	2.2. Operating condition
	2.3. FO membrane
	2.4. Composition of reconstituted seawater
	2.5. Analytical methods

	3. Results and discussions
	4. Conclusion
	References



