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ABSTRACT

Pressure retarded osmosis (PRO) is a technology that generates power via mixing two solutions having
different salinity across a semipermeable membrane. Similar to other membrane-based technologies,
PRO processes are prone to membrane biofouling. In this study, the effects of membrane and operational
features on the membrane biofouling of a PRO process were investigated, through a comparison with
those of a reverse osmosis process. Surface roughness, charge, and hydrophobicity affected the propen-
sity of the biofilm formation on the support layer of the PRO membrane. Nevertheless, these physical
and chemical properties could not sufficiently explain the rapid flux decline of the PRO unit under an
enhanced biofouling condition. Water flow from the feed solution to the draw solution, and the struc-
tural property of the PRO membrane resulted in the accumulation of microorganisms in the support
matrix of the PRO membrane, which contributed significantly to the flux decline propensity. The results
suggested that the pretreatment of feed solution and/or new membrane fabrication are needed to min-
imize the access of microorganisms in the support matrix for reducing membrane biofouling in PRO.
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1. Introduction

Pressure retarded osmosis (PRO) is a technology in
which renewable energy is obtained from the osmotic pres-
sure formed between a high salinity draw solution and a low
salinity feed solution across a semipermeable membrane
[1-3]. Osmosis enables water to pass through the semiperme-
able membrane from the feed solution to the draw solution,
which dilutes the draw solution and increases its volume.
Pressure is then added to the diluted draw solution, and a
portion of the diluted draw solution is depressurized by a
hydroturbine to generate power [4,5]. Similar to other mem-
brane-based technologies, PRO processes are vulnerable to
membrane fouling [6-8]. Membrane fouling reduces water
flux across the membrane [6-8] and increases pressure drop
in the feed solution side and/or the draw solution side [6],
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which decreases power production and increases the energy
cost of operating the PRO processes. The PRO processes are
thus less viable as net energy producing processes.
Membrane fouling can be classified into organic foul-
ing, inorganic fouling, colloidal/particulate fouling, and
biofouling, depending on the nature of the foulants [9,10].
Organic, inorganic, and colloidal/particulate fouling can be
prevented to some extent by removing foulants in the feed
water [11,12], while fouling formed on membrane surfaces
can be removed by physical or chemical cleaning [7,8,13-16].
Microorganism-associated biofouling is relatively difficult to
remove [6,11,17]. Although feed water pretreatments (e.g.,
biocide addition and filtration) can remove 99.99% of micro-
organisms, the residual microbial cells enter the membrane
vessels and grow by attaching to the membrane surfaces [11].
Attached microorganisms on membrane surfaces are not easy
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to clean by physical or chemical methods [6,10,11], mostly
due to the formation of biofilms, which are communities of
microorganisms encapsulated by self-produced extracellular
polymeric substances mostly consisting of carbohydrates,
polysaccharides, and proteins [18-20].

Membrane biofouling in the PRO processes has been
rarely studied compared with that in the reverse osmosis
(RO) or forward osmosis process, which is a technology that
uses a semipermeable membrane, similar to the PRO pro-
cess. Until now, Bar-Zeev et al.’s [6] work is the only system-
atic study of membrane biofouling in a PRO process. They
observed severe biofouling in the support layer of a PRO
membrane and feed spacers, which resulted in ~50% water
flux decline and ~250% pressure drop increase in a laborato-
ry-scale PRO unit under an enhanced biofouling condition.
Unlike the fouling associated with organics and inorganics
[7], the biofouling could not be sufficiently removed by pres-
sure-aided osmotic backwash (only 12% recovery of perme-
ate water flux) due to the formation of irreversible fouling
[6,17]. Based on this observation and the osmotic backwash
test, they claimed that the PRO process would not be viable
without the proper treatment of biofouling.

Although Bar-Zeev et al. [6] introduced biofouling devel-
opment and its impact on the PRO performance (e.g., water
flux), the way in which a biofouling event is affected by the
physical and chemical properties of a PRO membrane and
the operational characteristics of PRO (e.g., passage of water
across a membrane from the feed solution side to the draw
solution side) have not been studied. Understanding of the
biofouling in association with membrane and operational
features is important because the study can provide insight
into membrane synthesis and process operation for biofoul-
ing reduction and, ultimately, the operation of a viable PRO
process in terms of net energy production.

The aim of this study was to correlate the membrane and
operational features with biofouling in a PRO process. First,
we analyzed the physical (e.g., surface morphology, mem-
brane structure, and roughness) and chemical properties (e.g.,
surface charge and hydrophobicity) of a model PRO mem-
brane. Second, to study the effect of the physical and chemi-
cal features of a PRO membrane on biofouling, biofilms were
formed on the membrane using a model bacterium under
a flow condition without pressure. Third, to investigate the
effect of the operational features of a PRO process on mem-
brane biofouling, a laboratory-scale PRO unit was operated
under an enhanced biofouling condition. With the purpose
of determining the unique features of membrane biofouling
in the PRO process, all of the experiments were conducted by
comparing the membrane biofouling in the RO process.

2. Materials and methods
2.1. Bacterium and membrane

Pseudomonas aeruginosa was used as a model bacterium
that causes biofouling in PRO and RO processes. This bac-
terium is often detected in osmosis processes such as RO
process [19,21,22]. P. aeruginosa was cultured in tryptic soy
broth (TSB; BD, Franklin Lakes, NJ, USA) at 250 rpm and
37°C using a shaking incubator. CSM-PRO-3 membrane
(Toray Chemical Korea, Seoul, Korea) and SWC5 membrane

(Hydranautics Nitto Denko, Oceanside, CA, USA) were used
for the model PRO and RO membrane, respectively.

2.2. Scanning electron microscopy

Surface and cross-sectional images of the PRO and RO
membranes were acquired using a field emission-scanning elec-
tron microscope (SU-70, Hitachi, Tokyo, Japan). Dried mem-
brane coupons were coated using a platinum ion-sputter coater
(E-1030, Hitachi, Tokyo, Japan) for 90 s. Magnifications were
x700, 20,000, and x500 for the cross-sectional, active, and sup-
port layers of the virgin membranes, respectively, at a voltage of
15 kV. For the observation of biofouled membranes, a pretreat-
ment process was conducted before observation. The biofouled
membranes were initially immersed in 4% glutaraldehyde
solution for 1 h at 4°C. Afterward, the cross-sectional, active,
and support layer membranes were sequentially immersed
in 50%, 80%, and 100% ethyl alcohol for 15 min, respectively,
for dehydration. The dehydrated membranes were dried in a
desiccator overnight. Magnifications were x5,000, x3,000, and
x3,000 for the cross-sectional, active, and surface layers of the
biofouled membranes, respectively, at a voltage of 15 kV.

2.3. Atomic force microscope analysis

An atomic force microscopy (AFM; PUCOStation; Surface
Imaging Systems, Herzogenrath, Germany) was used to eval-
uate the surface roughness of the membranes. The average
surface roughness (S,) and root mean square roughness (Rp, )
were analyzed for the active layer of the RO membrane and
support layer of the PRO membrane, respectively. Analytical
conditions were 0.4-0.6 N/m approaching force, 0.7 line/s
scanning speed, and 10 um x 10 pm scan area. Scanned
images of the surface layer were used to calculate S, and R,
values using the SPIP software (Surface Imaging Systems).

2.4. Contact angle measurement

The hydrophobicity of the membranes and the model
bacterium was evaluated by measuring the contact angle. For
the measurement of membrane hydrophobicity, membrane
coupons were prepared (5.5 cm length x 2.5 cm width) and
attached to glass slides using double-sided tape. For the mea-
surement of bacterial hydrophobicity, a biomass layer was
prepared by filtering a bacterial solution through a 0.1 um
polyvinylidene fluoride membrane (Durapore membrane fil-
ter, Millipore, Billerica, MA, USA). The bacterial solution was
prepared by collecting the bacterial cells (OD at 595 nm = 1.0)
at a speed of x8,000¢ for 10 min using a centrifuge and then
resuspending the collected cells in 10 mL deionized (DI) water
by pipetting two times. The membrane coupons and the bio-
mass layer were dried in a desiccator before measurement.
The Phoenix 300 static contact angle analyzer (Surface Electro
Optics, Suwon, South Korea) based on the pendent drop prin-
ciple was used to measure the contact angles by dropping
10 uL DI water on the membrane surfaces or biomass layer.

2.5. Zeta potential analysis

Zeta potential analysis was used to measure the sur-
face charges of the membranes and the model bacterium.
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The monitoring solution was prepared from 10 mL NaCl solu-
tion (0.01 M) with 20 puL monitor solution containing poly-
amide micelles (Otsuka Electronics, Osaka, Japan). The zeta
potential of the membranes was evaluated by laser Doppler
method [23] in a solid sample cell unit using an analyzer
(ELSZ-1000, Photal, Otsuka Electronics). The zeta potential of
the model bacterium in 0.01 M NaCl solution was measured
in a flow cell device using the same analyzer as that used for
measuring the zeta potential of the membrane surfaces.

2.6. Biofilm formation test

Biofilm formation on the membranes was evaluated
using a drip-flow biofilm reactor (DFR 110, BioSurface
Technologies, Bozeman, MT, USA). Initially, the membrane
coupons (2.5 cm width x 5 cm length) were inserted into the
channels of the DFR. To develop biofilms on the coupons,
a bacterial solution was dripped onto the biofilm reactor at
0.3 mL/min for 24 h. The bacterial solution was prepared by
adding 10 mL P. aeruginosa culture (OD at 595 nm = 1.0) in
1 L TSB. After cessation of the biofilm reactor operation, the
membrane coupons were washed twice with 1 mL of ster-
ilized phosphate-buffered saline (137 mM NaCl, 2.7 mM
KCl, 10 mM Na,HPO,, 2 mM KH,PO,; pH = 7.2). The cou-
pons were then treated with 4',6-diamidino-2-phenylindole
(DAPI; Carl Roth, Karlsruhe, Germany) solution for 15 min
in a dark room. Unbound DAPI was washed twice using
1 mL DI water. The biofilms were observed using a confocal
laser scanning microscopy (CLSM; Carl Zeiss LSM700, Jena,
Germany). Biofilms were captured using a z-stack mode of
the CLSM for acquisition of three-dimensional (3-D) images.
The CLSM images were obtained using a x20 objective lens
(Plan-APOCHROMAT 20%/0.8, Carl Zeiss). The Dbiofilm
images were used to assess the biovolume (um?®*/um?) and
thickness (um) of the biofilms formed on the membrane
coupons using the ImageJ software (National Institutes of
Health, Bethesda, MD, USA).

2.7. Operation of PRO and RO units

Laboratory-scale PRO and RO units (Fig. 1) were operated
to compare the performances of the two processes under an
enhanced biofouling condition. The dimensions of the PRO
membrane cell were 7.7 cm length, 2.6 cm height, and 0.3 cm

(a)

channel height, while those of the RO membrane cell were
5 cm length, 5 cm height, and 0.3 cm channel height. Before
and after the operation of the PRO and RO units, cleaning
was conducted to remove residual organic foulants and bac-
teria based on a previous study [18] as follows: (1) circulation
of 0.5% NaOCl solution for 2 h, (2) rinsing the units three
times for 10 min using tap water, (3) cleaning the units using
0.6 g/L sodium dodecyl sulfate at pH 11 for 30 min, (4) repe-
tition of step 2, (5) sterilization of the units using 98% ethanol
for 1 h, (6) repetition of step 2, and (7) rinsing the units three
times using DI water for elimination of residual ethanol. The
volume of each cleaning solution in the PRO unit was 3 L for
the feed solution loop and 6 L for the draw solution loop,
while that in the RO unit for feed solution was 6 L.

Synthetic wastewater was used as a feed solution of the
PRO unit and RO unit, while synthetic seawater RO brine
was used for a draw solution of the PRO unit. Synthetic
wastewater [18] was composed of 1.16 mM sodium citrate,
0.94 mM NH/(CI, 045 mM KH,PO,, 0.5 mM CaCl-2H,0,
0.5 mM NaHCO,, 2.0 mM NaCl, 0.6 mM MgSO,-7H,O,
and 0.02% d-glucose. Synthetic seawater RO brine [7] was
composed of 56.2 mM Na,SO,, 123.0 mM MgCl,, 3.78 mM
NaHCO,, 23.2 mM CaCl,, and 831.62 mM NaCl.

In order to achieve a stable permeate flux, the PRO unit
was prerun for 2 h using DI water for both the draw and the
feed solution loop. The operation was conducted at 10 bar
and 0.4 L/min for the draw solution loop, and at 0.4 bar and
0.4 L/min for the feed solution loop. Afterward, the PRO
unit was operated at the same condition for 24 h using 6 L
synthetic seawater RO brine for the draw solution loop and
using 3 L synthetic wastewater with and without 50 mL
bacterial solution (OD at 595 nm = 0.1) for the feed solution
loop. Similar to the PRO unit, the RO unit was preoperated
at 25 bar and 0.9 L/min for 15 h using DI water. Afterward,
the RO unit was run at the same condition for 24 h using 4 L
synthetic wastewater amended with and without 62.5 mL
bacterial solution (OD at 595 nm = 0.1) as the feed water.

3. Results
3.1. Physical characteristics of the PRO and RO membranes

For the analysis of the morphology of the PRO and
RO membranes, scanning electron microscopic (SEM)
images of the cross-section, active, and support layers was

(b)
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Fig. 1. Schematic diagram of the laboratory-scale PRO (a) and RO (b) units.
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obtained (Fig. 2). The cross-sectional images demonstrated
that the two membranes were asymmetric structures consist-
ing of dense active and loose support layers. The active lay-
ers of the PRO and RO membranes had similar morphologies
(i.e., peak and valley structures [22]). However, the support
layers of the two membranes had different morphologies.
The lattice pattern of the textile under the smooth polysul-
fone layer was visible in the PRO membrane. It is also noted
that crevices were observed near the crossing points between
the weft and warp threads (see arrows in Fig. 2). In the case
of the RO membrane, non-woven fabric was exposed without
a layer.

For the analysis of the surface roughness of the PRO and
RO membranes, S, and R, roughness was evaluated using
an AFM analyzer. The roughness of the support layer was
evaluated for the PRO membrane because feed water con-
taining microorganisms crosses the PRO membrane from the
support layer in the PRO processes [6]. On the other hand,
the roughness of the active layer was evaluated for the RO
membrane because feed water containing microorganisms
crosses the RO membrane from the active layer in the RO
processes [18,24]. As shown in Fig. 3, the active layer of the
RO membrane was ~1.9 times rougher than the support layer
of the PRO membrane, as evaluated from the S and R,
roughness.

S

3.2. Chemical characteristics of the PRO and RO membranes

Zeta potential was analyzed to evaluate the surface
charge of the membranes and the model bacterium as a func-
tion of pH from 5 to 9. Similar to the roughness analysis, the
support layer of the PRO membrane and the active layer
of the RO membrane were evaluated. As shown in Fig. 4,
both the PRO and the RO membranes showed negative zeta
potentials in all pH conditions, although the RO membrane
had slightly lower values (from -1.3 to —19.2 mV for the PRO

Cross section

Active [
layer

PRO membrane

RO membrane

Active layer

membrane and from —6.2 to —26.7 mV for the RO membrane).
On the other hand, the zeta potential tended to decrease with
increasing pH. The model bacterium also showed negative
zeta potentials in all pH conditions (from —45.9 to -52.9 mV),
but the negative zeta potentials were greater than those of the
membranes.

The contact angle of the membranes and the model bac-
terium was analyzed to evaluate their hydrophobicity. As
shown in Fig. 5, the average contact angles were 60.6°, 74.8°,
and 27.9° for the PRO membrane, the RO membrane, and the
model bacterium, respectively. This result indicates that the
model bacterium was less hydrophobic than the membranes,
and the RO membrane was slightly more hydrophobic than
the PRO membrane.

140 { mmm S,
—= Rgus
120 A
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40 +
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Fig. 3. Average surface roughness (S) and root mean square
roughness (Rp,,;) of support layer of the PRO membrane and
active layer of the RO membrane analyzed by AFM. Error bars
indicate standard deviations of three measurements. **P < 0.005
vs. roughness of the RO membrane.

Support layer

Fig. 2. SEM images of cross-section, active, and support layers of the PRO (upper row) and RO membranes (lower row) used in this
study. Arrows indicate crevices observed on support layer of the PRO membrane.
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Error bars indicate standard deviations of three measurements.

3.3. Biofilm formation on the PRO and RO membranes

Biofilms of the model bacterium were formed on the sup-
port layer of the PRO membrane and on the active layer of
the RO membrane, using a DFR. The reactor was operated
by dripping a bacterial solution onto the membranes. 3-D
images of the biofilms grown on the membranes for 24 h were
acquired using CLSM (Fig. 6(a)). Biofilms formed on the RO
membrane were flat and dense, while those formed on the
PRO membrane were relative rough and loose. Particularly,
biofilms were rarely formed on the bumps of the PRO mem-
brane. An analysis based on the CLSM images obtained by
z-stack mode was performed to evaluate the average thick-
ness and biovolume of the biofilms (Fig. 6(b)). The analysis
demonstrated that the biofilms on the RO membrane were
34% thicker than those on the PRO membrane. In addition,
the biofilms on the RO membrane had 40% larger biovolume
than those on the PRO membrane.
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Fig. 6. Biofilms formed on support layer of the PRO membrane
and active layer of the RO membrane. (a) CLSM images of 24-h
biofilms. (b) Biofilm thickness and biovolume analyzed by the
Image] software. Error bars indicate standard deviations of three
measurements. **P < 0.01 vs. thickness or biovolume of the bio-
films formed on the RO membrane.

3.4. Process performance under an enhanced biofouling condition

Under an enhanced biofouling condition, changes in pro-
cess performance were investigated using laboratory-scale
PRO and RO units. After a prerun using DI water for 2 h,
bacterial solution was added to the feed solution loop in
order to increase the speed of the biofouling process on the
membranes. The process performance was analyzed by mea-
suring normalized water flux (J/],) as a function of opera-
tional time (Fig. 7). In the PRO unit with the addition of the
bacterial solution, the normalized water flux declined from
the beginning of the unit operation and reached 0.11 when
the operational time ended (24 h). A significant decrease
in the normalized water flux was also observed in the PRO
unit without the addition of bacterial solution (J/], = 0.72 at
24 h), which might be due to the dilution of the draw solution
by the permeate water in the PRO unit operated via a closed
loop (Fig. 1). Compared with the decline of the normalized
water flux in the PRO unit, with the addition of the bacterial
solution, the flux decline in the RO unit was not substantial
up to 10 h of operation. Afterward, a significant flux decline
was observed and the normalized water flux reached 0.20
when the operational time ended (24 h). Unlike the PRO unit,
changes in the flux were not substantial (J/], = 0.91 at 24 h)
when the bacterial solution was not added. The results of
comparing the process performance under an enhanced bio-
fouling condition demonstrated that the PRO unit was more
vulnerable to the addition of bacterial solution than the RO
unit at the beginning of the operation.

4. Discussion

Microorganisms tend to adhere to solid surfaces and to
form biofilms. Bacterial biofilms develop through initial bac-
terial attachment to a surface, microcolony formation, matura-
tion into differentiated biofilm, and dispersal into planktonic
cells [25]. Initial bacterial attachment is a critical step among
the developmental stages [26], and begins by the mass trans-
port of cells to a surface sufficiently close to lead to reversible
attachment [27,28]. Palmer et al. [29] reported that reversible
attachment is governed by van der Waals forces, electrostatic
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without bacterial solution. Error bars indicate standard deviations of three measurements.

forces, and hydrophobic interactions, and is affected by
diverse surface features such as roughness, surface charge,
and hydrophobicity. Rougher surfaces are generally better
for the attachment of bacterial cells due to the greater surface
area for cell attachment [30,31]. Positively charged surfaces
tend to pull bacterial cells because bacterial cells typically
show negative charge at neutral pH. Hydrophobic surfaces
are better for attaching bacterial cells than hydrophilic sur-
faces [32,33], although the reason is under debate [34,35].

In this study, fewer biofilms were formed on the PRO
membrane than on the RO membrane (Fig. 6). Considering
that the PRO membrane has a lower roughness and hydro-
phobicity than the RO membrane, the result of biofilm for-
mation was expected. However, the opposite result would be
expected if the surface charge factor was more influential in
the initial bacterial attachment and subsequent biofilm for-
mation than the roughness and hydrophobicity. Note that
the RO membrane had more negative charge than the PRO
membrane (Fig. 4). It appears that the combination of rough-
ness and hydrophobicity was more important than the sur-
face charge in our study. Because bacterial attachment on a
surface involves a complex array of chemical and physical
interactions [29], it is difficult to predict relative biofilm for-
mation propensity based on limited information about mem-
brane features.

Although the PRO membrane was less vulnerable to bio-
film formation than the RO membrane (Fig. 6), flux decline in
a PRO unit was more responsive to an enhanced biofouling
condition from the beginning of unit operation than that in a
RO unit (Fig. 7). This result suggests that the biofilm forma-
tion on the membrane surface was not the sole contributor of
the flux decline in the PRO unit. As reported in the study by
Bar-Zeev et al. [6], microorganisms can accumulate and form
biofilm under the support layer (i.e., in the support matrix)
in our study. This speculation was verified by observing
cross-sectional images of the PRO membrane after cessation of
the PRO unit operation using SEM (Fig. 8). A significant accu-
mulation of bacterial cells was observed in the support matrix
of the PRO membrane (see the arrows in the cross-sectional
SEM image in Fig. 8). It is likely that microorganisms entered

the support matrix through the crevices near the crossing
points between the weft and warp threads of the support layer
(Fig. 2) and accumulated there. It appears that the accumula-
tion of bacterial cells in the support matrix was more influen-
tial than the biofilm formation on the support layer on the flux
decline of the PRO unit. In the case of the top SEM images,
similar to the results of biofilm formation (Fig. 6), fewer micro-
organisms were attached to the support layer of the PRO
membrane than to the active layer of the RO membrane.

In order to block the accumulation of microbial cells in
the support matrix, the support layer of the PRO membrane
should not pass through the microorganisms. In the case of
the model PRO membrane used in this study, the PRO mem-
brane needs to be fabricated without crevices on the surface of
the support layer (e.g., fabrication of a sealed support layer).
However, this would decrease the water flux across the PRO
membrane by decreasing the water permeability coefficient
[8] and by increasing the membrane structural parameter
[17]. Because the power density generated in PRO is the
product of water flux and applied hydraulic pressure [8], the
reduced water permeability coefficient and increased mem-
brane structural parameter would decrease in power density.
In other words, the fabrication of the PRO membrane that can
block the entrance of microorganisms to the support matrix
can prevent biofouling in the support matrix, but this would
potentially reduce the power density in the PRO membrane.
In the future, experiments will be necessary to evaluate the
degree to which the blockage affects the power density.

The results associated with the biofilm formation (Fig. 6)
and the flux decline (Fig. 7) suggest that biofouling devel-
opment in the PRO membrane somewhat differed to that in
the RO membrane. Fig. 9 shows the proposed conceptual
model of the biofouling development between the two mem-
branes. In the PRO membrane, the microorganisms move
to the support layer of the membrane via water flow, attach
onto the support layer, and form biofilms. Meanwhile, some
of the cells pass through the support layer, accumulate in
the support matrix, and form biofilms. This would result in
rapid flux decline from the beginning. Similar to the biofilm
formation in the PRO membrane, microorganisms move to
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Fig. 8. SEM images of cross-section, active, and support layers of the PRO and RO membranes after cessation of the PRO unit (upper
row) and the RO operation (lower row). Arrows indicate accumulation of bacterial cells.
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Fig. 9. A proposed conceptual model of the biofouling development on the PRO membrane (a) and the RO membrane (b).

the membrane surface (active layer in RO), attach onto the
surface, and form biofilms in the RO membrane. However,
microorganisms would not be able to pass through the dense
active layer of the RO membrane, which would cause a
delayed flux decline.

5. Conclusions

To obtain insight into biofouling in the PRO process,
in this study, analysis was carried out on the physical and
chemical properties of a model PRO membrane, biofilms
were formed on the membrane, and a PRO unit was operated
under an enhanced biofouling condition. The physical and
chemical properties of the PRO membrane determined the
degree of biofilm formation on the support layer by influenc-
ing the interactions between microorganisms and the surface.

Additionally, microorganisms entered the support matrix of
the PRO membrane and formed biofilms, mainly due to the
operational feature (i.e., water permeation from support layer
to active later) and structural property of the PRO membrane
(loose support layer). This accelerated flux declines during
the operation of the PRO unit, and will eventually affect
power production. In order to retard the biofouling in the
support matrix, the entrance of the microorganisms into the
support matrix needs to be reduced, possibly through exten-
sive pretreatment and/or substitution of a membrane with a
support layer that can protect a passage of microorganisms.
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