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ABSTRACT

Membrane-based desalination technologies including reverse osmosis (RO), forward osmosis
(FO), and membrane distillation (MD) hold promise as efficient methods to produce fresh
water from saline water sources. However, the fouling properties of these membranes are
quite different due to the difference in the driving forces among them. Accordingly, the
objective of this study is to compare fouling behavior and physical cleaning efficiency for
these three membranes under similar operating conditions. Colloidal silica and alginate were
used as model foulants and NaCl was added to feed solutions. Laboratory-scale experiments
were carried out to compare fouling rates and recovery of flux by physical cleaning. Results
showed that fouling propensity was the highest in FO membrane and the lowest in MD
membrane, which may be attributed to the effect of cake-enhanced concentration polariza-
tion. On the other hand, physical cleaning was more efficient to recover flux in FO and RO
than in MD, suggesting that the fouling in MD is less reversible than that in FO and RO.

Keywords: Desalination; Membrane distillation; Forward osmosis; Reverse osmosis;
Membrane fouling; Physical cleaning

1. Introduction Desalination of sea water can be one of the solutions
to alleviate such problems [1]. The fresh water
demand is growing and thus the worldwide desalina-
tion capacity is expected to expand continuously. Cli-
mate change by global warming will be a driver to
accelerate the applications of desalination not only in
arid areas but also in other countries [2].

The shortage of available water has become a criti-
cal issue around the world due to increasing popula-
tions and decreasing supplies of fresh water.
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Many desalination plants adopt a technology
called reverse osmosis (RO), which uses semiperme-
able polymeric membranes to separate dissolve ions
from water. However, RO requires high energy to cre-
ate a hydraulic pressure that exceeds the osmotic pres-
sure of the saline solution. Due to this drawback,
other technologies for desalination are being consid-
ered such as forward osmosis (FO) and membrane
distillation (MD) [3]. FO is one of the evolving mem-
brane technologies where a highly concentrated draw
solution is placed opposite the feed solution to pro-
vide a driving force (osmotic pressure) to separate
ions from water using a semipermeable membrane.
[4-7]. FO can be used as a stand-alone system or a
hybrid system combined with RO [8]. MD is another
emerging membrane technology that uses vapor pres-
sure as its driving force to produce fresh water from
saline water [9,10]. Since MD is less sensitive to the
osmotic pressure of feed solution, it can be used to
concentrate high salinity feed water such as RO brine
[11,12].

Although membrane technologies hold promise as
efficient desalination methods, one of the annoying
problems is membrane fouling, which leads to a
decrease in separation efficiency and increase in
energy costs to maintain its original productivity [13].
Fouling propensity of membrane systems depends on
the properties of membrane materials, types of fou-
lants, and the operating conditions such as flux and
recovery. To develop effective strategies for fouling
control, it is important to have a fundamental under-
standing of fouling behaviors and mechanisms
[14,15].

There have been many studies on fouling behav-
iors of RO, FO, or MD membranes under various con-
ditions [10,14,16-18]. Since the mechanisms of
desalination by these membranes are quite different,
different fouling phenomena have been reported. For
example, it has been reported that fouling of FO mem-
brane is less severe or more reversible than that of RO
membrane [19]. However, few works have been
attempted to simultaneously compare the fouling
propensity of these membrane systems. Accordingly,
this study intends to compare fouling propensity and
physical cleaning effect of RO, FO, and MD mem-
branes using same feed water conditions. Colloidal sil-
ica and alginate were selected as model foulants and
background salt concentration was varied to examine
the effect of ionic strength on membrane fouling. The
rates of flux decline were compared as well as the
reversibility of fouling by physical cleaning method,
which helps to understand the different fouling mech-
anisms in different membrane systems.
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2. Materials and methods
2.1. Feed solutions

The colloidal silica used as the model colloidal fou-
lant is ST-ZL (SNOWTEX®, Nissan Chemical) with
70-100 nm particle sizes. This colloidal silica has
40 wt.% and pH is 9-10. Considering specific gravity
(1.29-1.32), 5,000 ppm of silica feed solutions were
prepared by dilution with deionized (DI) water. The
alginate used as the model organic foulant is the med-
ium viscosity alginic acid sodium salt from brown
algae (Sigma-Aldrich). This alginate has 3.50
+0.04 x 10° g/mol [20] and powder form. Alginate
feed concentration used in fouling experiments was
500 mg/L

To identify the effect of salt concentration on foul-
ing propensity by silica and alginate, NaCl was added
to the feed solutions. NaCl concentrations were
adjusted to 0, 1,000, and 35,000 ppm, respectively. The
conditions of the feed water are summarized in Table.
1. Using these feed solutions, fouling tests for FO, RO,
and MD membranes were carried out.

2.2. Experimental conditions
2.2.1. Forward osmosis

Fig. 1 shows the schematics of laboratory-scale FO
membrane system used in this study. A commercial-
grade polymeric FO membrane was used in the active
layer (AL)-feed solution (FS) orientation. The length,
width, and depth of the channel of the acrylic mem-
brane module were 62, 15, and 2 mm, respectively
and its effective membrane area was 12.5 cm®. A micro
gear pump was used to supply feed and draw solu-
tion at 0.5 L/min, which corresponds to crossflow
velocity of 0.19 m/s. In all FO fouling experiments,
volume of feed and draw solutions was 1 L. The oper-
ation of FO was carried out in a counter-current flow
configuration. The NaCl solution of 4 M was used as

Table 1
Feed conditions according to the type of foulants and fou-
lant concentrations

Division of feed conditions

Feed 1 Silica 5,000 ppm

Feed 2 Silica 5,000 ppm and NaCl 1,000 ppm
Feed 3 Silica 5,000 ppm and NaCl 35,000 ppm
Feed 4 Alginate 500 ppm

Feed 5 Alginate 500 ppm and NaCl 1,000 ppm
Feed 6 Alginate 500 ppm and NaCl 35,000 ppm




24534

Y. Jang et al. | Desalination and Water Treatment 57 (2016) 24532-24541

Data Logging System

Chiller PC
Flowmeter (22.5°C)
:
 — 1
Draw Solution
Gear pump
Module

Gear pump
:
——

STIRRING Chiller PR / BALANCE \—

(22.5°C)

Fig. 1. Schematic diagram of laboratory-scale FO system.

the draw solution. Temperature of feed and draw
solution was maintained at 22.5°C using a chiller. An
electronic balance was connected with PC to continu-
ously measure water flux.

2.2.2. Reverse osmosis

The schematic diagram of laboratory-scale RO
membrane system used is shown in Fig. 2. A thin film
composite RO membrane was used in this study,
which was SW30-2521 (DOW FILMTEC™) modules.
The water permeability of this membrane was experi-
mentally determined at 1.6 LMH/bar using a dead-
end stirred cell. The length, width, and depth of the
channel of the laboratory-scale RO membrane module

Pressure gauge
High pressure pump

Q‘? Module

were 86, 49, and 1 mm, respectively. The effective
membrane area was 43 cm” and the flow rate was
0.5L/M, which corresponds to crossflow velocity of
0.17 m/s. During the RO runs, feed temperature was
kept constant at 22.5°C. The feed volume in RO pro-
cess was 3.5 L because the effective area of the RO
membrane was about 3.5 times larger than that of the
FO and MD membranes. An additional RO experi-
ment was carried out using NaCl 35,000 ppm solution
without any foulant.

2.2.3. Membrane distillation

Fig. 3 illustrates the schematic diagram of the
laboratory-scale MD system. In the MD tests, a
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Fig. 2. Schematic diagram of laboratory-scale RO system.
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Fig. 3. Schematic diagram of laboratory-scale DCMD system.

hydrophobic PTFE flat sheet MF membrane (Millipore,
USA) was used, which has the nominal pore size of
0.22 pm pore. The dimension of MD module was same
as that of the FO module. The direct contact MD
(DCMD) configuration was selected. The temperatures
of the feed solution and permeate were 51 and 26°C,
respectively. The operation of MD was also carried
out in a counter-current flow configuration. The vol-
ume of feed and permeate water was 1 L.

3. Results and discussion
3.1. Fouling by colloidal foulants (silica)

The changes in flux in FO, RO, and MD mem-
branes with time were compared using feed solutions
containing the colloidal silica. The results are shown
in Fig. 4. No significant flux decline was observed
when the RO and MD membranes were applied to
treat feed solution containing only colloidal silica. On
the other hand, rapid flux loss occurred when the FO
membrane was used, as shown in Fig. 4(a). Within
500 min, the FO flux was reduced by 70%. Increasing
the NaCl concentration up to 1,000 mg/L did not
affect the fouling behaviors of these membranes, as
shown in Fig. 4(b). However, fouling was detected in
all three membranes when the feed contained the col-
loidal silica of 5,000 mg/L and NaCl of 35,000 mg/L
as depicted in Fig. 4(c). The relative values of flux
after 500 min for the FO and RO membranes were
only 0.3 and that for the MD membrane was approxi-
mately 0.45, which is summarized in Fig. 4(d).

The effect of salt concentration in the feed solution
on flux decline in FO system was investigated to
understand the fouling mechanisms of FO membrane.
As shown in Fig. 5, the normalized flux (the ratio of
final flux to initial flux) increased with increasing the
NaCl concentration in the feed solution. This can be
explained by introducing the concept of the cake-en-
hanced osmotic pressure (CEOP) phenomena by the
reversed solutes flux (RSF). According to this mecha-
nism, the cake layer hinders the back diffusion of salt
passing from membrane surface to the bulk solution,
resulting in elevation of osmotic pressure near the
membrane surface and severe flux decline [21-25].
Accordingly, it is likely that significant flux drop in
FO experiments results from CEOP caused by RSF. As
the NaCl concentration in the feed solution increases,
the RSF may be decreased, leading to less severe
CEOQP effect.

On the other hand, the CEOP in RO system is
caused by the ions in the feed solution [21] because
there is no RSF in RO system. Accordingly, fouling
occurred by the feed solution containing colloidal par-
ticles under high ionic strength while no fouling
occurred under low ionic strength conditions, as
shown in Fig. 4(c). Similar phenomena seem to occur
in MD system, leading to flux decline in the presence
of cake layer under high ionic strength. Nevertheless,
the normalized flux for MD is higher (0.45) than that
of FO and RO (0.3) under these conditions, suggesting
that MD is less sensitive to flux decline by CEOP. This
is probably because MD is not significantly affected
by concentration polarization phenomenon [9].
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Fig. 4. Comparison of flux behaviors in FO, RO, and MD systems: (a) Feed water containing colloidal silica of 5,000 mg/
L, (b) Feed water containing colloidal silica of 5,000 mg/L and NaCl of 1,000 mg/L, (c) Feed water containing colloidal
silica of 5,000 mg/L and NaCl of 35,000 mg/L, and (d) Normalized flux after the experiment.

3.2. Fouling by organic matters (alginate)

In Fig. 6, the dependence of flux in FO, RO, and
MD membranes on time was compared using feed
solutions containing alginate. Again, no significant
flux decline was observed in RO and MD systems
using the feed solution containing only alginate. On
the other hand, a rapid flux drop occurred in FO sys-
tem, as depicted in Fig. 6(a). Increasing the NaCl con-
centration up to 1,000 mg/L does not affect the flux
behaviors, as shown in Fig. 6(b). However, the flux in
RO system was reduced from the beginning when the
feed water containing alginate of 500 mg/L and NaCl
of 35,000 mg/L was used. The fouling by alginate is
attributed to the adsorption onto the membrane sur-
face. At high ionic strength, the repulsive interaction

1.0
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sl 222 Silica 5,000 ppm & NaCl 1,000 ppm
' B Silica 5,000 ppm & NaCl 35,000 ppm

3
5 06 4
=
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Fig. 5. Effect of NaCl concentration on flux decline by col-
loidal silica in FO system.
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Fig. 6 Comparison of flux behaviors in FO, RO, and MD systems: (a) Feed water containing alginate of 500 mg/L, (b)
Feed water containing alginate of 500 mg/L and NaCl of 1,000 mg/L, (c) Feed water containing alginate of 500 mg/L
and NaCl of 35,000 mg/L, and (d) Normalized flux after the experiment.

between alginate and membrane surface may be
reduced, leading to the adsorption and subsequent
flux decline. As shown in Fig. 6, fouling by alginate
occurs from the beginning, which is a typical behavior
for adsorptive membrane fouling. The RSF in FO is
the main reason why flux decline in FO system is the
most serious. Fig. 7 shows the effect of NaCl concen-
tration on the normalized flux after FO experiments
using feed solution containing alginate. Unlike the
case with silica (Fig. 5), the normalized flux values are
similar regardless of the NaCl. When the feed solution
contains only alginate, the adsorption can occur due
to the RSF. As the NaCl concentration increases, the
RSF may be reduced. Nevertheless, the solution near
the membrane may have enough ion concentrations to
induce the adsorption of alginate. In summary, the
difference between silica and alginate is attributed to
the difference in the fouling mechanisms.

0e

0.6

0.4

Normalized flux (JwiJo)

0.2 4

0.0

[ Alginate 500 ppm
EZ2A Alginate 500 ppm & NaCl 1,000 ppm
Alginate 500 ppm & NaCl 35,000 ppm

Fig. 7. Effect of NaCl concentration on flux decline by algi-
nate in FO system.



24538

0.8 4

0.6 1

04 4

Normalized flux (Jw/Jo)

0.2 4

0.0

I Flux after fouling
[ Flux after physical cleaning

(a)

Y. Jang et al. | Desalination and Water Treatment 57 (2016) 24532-24541

0.8

0.6

044

Normalized flux (Jw/Jo)

0.2 4

0.0 T

B Flux after fouling
[ Flux after physical cleaning

(b)

0.8 4

0.6 4

0.4

Normalized flux (Jw/Jo)

02 4

0.0

R Flux after fouilng
[ Flux after physica cleaning

(©)

Fig. 8. Comparison of flux recovery for FO membranes fouled by colloidal silica: (a) Feed water containing colloidal silica
of 5,000 mg/L, (b) Feed water containing colloidal silica of 5,000 mg/L and NaCl of 1,000 mg/L, and (c) Feed water con-
taining colloidal silica of 5,000 mg/L and NaCl of 35,000 mg/L.

It should be noted that no fouling occurred in MD
system by alginate. Since the MD membrane is
hydrophobic, it was expected that adsorptive fouling
also occurred. Nevertheless, it appears that the effect
of organic adsorption on MD flux is not important.
Since the vapor transports through the membrane in
MD system, the adsorption of alginate may not affect
it. An in-depth analysis will be required to further
elucidate the sensitivity of MD flux to organic
foulants.

3.3. Effect of physical cleaning on flux recovery

A physical cleaning method was applied to the
fouled membranes. This was carried out using deion-
ized water for 30 min at the recirculation flow rate of
1.0 L/min, which corresponds to 2 times higher than
the flow rate in the fouling experiments. Fig. 8 com-
pares the flux before and after physical cleaning for
FO membranes fouled by colloidal silica. The recovery
of flux by physical cleaning was high, which ranged
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Fig. 9. Comparison of flux recovery for FO membranes fouled by alginate: (a) Feed water containing alginate of 500 mg/
L, (b) Feed water containing alginate of 500 mg/L and NaCl of 1,000 mg/L and (c) Feed water containing alginate of

500 mg/L, and NaCl of 35,000 mg/L.

from 0.72 to 0.97. This suggests that the FO fouling by
colloidal silica is reversible and the flux is easily
recovered by simple physical flushing. Fig. 9 shows
the flux before and after the physical cleaning for FO
membranes fouled by alginate. The recovery of flux
by the physical cleaning ranged from 0.65 to 0.95,
which are similar to those in the case of colloidal silica
fouling. It is likely that the fouling by alginate is also
reversible.

The effects of the physical cleaning on the control
of fouling by colloidal silica (5,000 mg/L) at high ionic
strength (35,000 mg/L) are compared in FO, RO, and

MD systems. As shown in Fig. 10(a) and (b), the nor-
malized flux increased from 0.3 to 0.9 for the FO
membrane and from 0.28 to 0.95 for the RO mem-
brane. On the other hand, the flux recovery for the
fouled MD membrane was not high: the normalized
flux increased from 0.4 to 0.45 by applying the physi-
cal methods. This suggests that the fouling in MD
membrane is less reversible than that in FO and RO
membranes. This is attributed to the hydrophobic
properties of MD membrane. It is likely that chemical
cleaning methods should be applied to control fouling
for MD membrane.
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Fig. 10. Comparison of flux recovery for FO, RO, and MD membranes fouled by colloidal silica in NaCl solution of
35,000 mg/L: (a) FO membrane, (b) RO membrane, and (c) MD membrane.

4. Conclusion

In this study, the fouling and physical cleaning
behaviors of FO, RO, and MD membranes were
compared and the following conclusions were
withdrawn:

(1) Colloidal silica resulted in membrane fouling
for FO membrane while it did not cause flux
decline in RO and MD membranes at low or
moderate NaCl concentrations (<1,000 mg/L).

)

At high NaCl concentration (35,000 mg/L),
flux decline occurred in not only FO but also
RO and MD membranes. Nevertheless, the
fouling propensity was the lowest for MD
membrane.

Alginate also resulted in fouling for FO mem-
brane. The flux decline immediately occurred
from the beginning of the operation, suggest-
ing that adsorption was the major fouling
mechanism. Again, MD membrane showed
the lowest fouling propensity.
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(3) The fouling in FO membrane is attributed to
the CEOP by RSF. Nevertheless, the flux was
readily recovered by applying a simple physi-
cal cleaning method (i.e. flushing).

(4) Although MD membrane was less sensitive to
fouling than FO and RO membranes, the
recovery of flux by the physical cleaning was
the lowest. This suggests that MD fouling is
irreversible compared with FO and RO foul-

ing.
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