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Improving fouling resistance of seawater desalination

membranes via surface modification

Jong-Min Lee, Hyun-Woong Lee, Yeo-Jin Kim, Hyung-Gyu Park,

sung-Pyo Hong and Ja-Young Koo

ABSTRACT

A commercial polyamide seawater reverse osmosis membrane (Woongjin Chemical CSM) was
surface-modified with fluoro-compounds. The effect of this surface modification on both water and
NaCl permeability before and after organic fouling was investigated. The structural and electrical
characteristics of the membrane surface were measured using atomic force microscopy and
electrokinetic analysis respectively. When modified, the membrane surface showed only slight
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changes to the surface roughness and surface charges. The modified membrane also showed highly Kyungbuk,
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(humic acid and sodium alginate). Contact angle analysis using the Owens-Wendt theory was used to

calculate the surface energy of the modified membrane. Lower surface energy of the modified

membrane was identified as the key factor in the improved fouling resistance of the membranes.

Key words | contact angle, fouling resistance, seawater reverse osmosis membrane, surface energy,

surface modification

INTRODUCTION

With the rise in global population, sea levels, desertification,
and industrialization, shortages of freshwater are growing at
an alarming rate all around the world. Recently, in order to
combat this crisis, there has been a great focus on the
development of water reclamation technologies. One of
these, seawater desalination, in particular with the use of a
reverse osmosis (RO) membrane, has seen a rapid growth
in the global market.

In many Middle Eastern countries, Saudi Arabia, the
United Arab Emirates, and Kuwait, in particular, desali-
nated water makes up a major component of their
available water resources (Alawadhi 2002; Drinking Water
from the Sea 2005). Although thermally driven processes,
such as distillation, are used in a majority of their desalina-
tion processing plants, most plants built after 1990 utilize
the RO membrane separation process due to its lower oper-
ational/maintenance costs and smaller environmental
footprint. Additionally, this process yields high quality
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water that is free from harmful factors such as boron (Sarp
et al. 2008).

Despite the many benefits of using RO for desalination,
it is not without problems. During seawater desalination RO
processes, the membrane suffers from a build-up of organic
matter on its surface, which is referred to as membrane foul-
ing. Fouling by such organic contaminants can cause
irreversible damage to the membrane surface that can
lower flux performance of the membranes during operation,
eventually leading to short membrane lifetimes. Previous
studies using RO systems in desalination processes have
found that natural organic matter (NOM) is the primary
cause of membrane fouling (Ghani ef al. 2000; Salinas
Rodriguez et al. 2009). NOM is a heterogeneous mixture
of complex compounds including humic substances, hydro-
phobic acids, carbohydrates, amino acids, carboxylic acids,
proteins, and hydrocarbons, all of which are either gener-
ated during the biological decomposition of animals and
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plants or exist in natural waters (Croué et al. 1999). The
major characteristic NOM in the RO desalination process
includes humic acid and sodium alginate (Jin et al. 2009;
Salinas Rodriguez et al. 2009). They are hydrophilic and
hydrophobic, respectively, and can cause variable degrees
of fouling based on the characteristics of membrane surface.

Chemical modification of membrane surfaces, via graft-
ing or deposition, for example, has previously been found to
impart fouling resistant characteristics to membrane sur-
faces (Kwak ef al. 2001; Rana & Matsuura 2010), and there
have been many attempts that have focused on increasing
the hydrophilicity of the membrane surface for fouling resist-
ance (Hachisuka & Ikeda 2001; Mickols 2001; Koo et al.
2009). In addition to improving hydrophilicity, membranes
with lower surface roughness have been found to be less
prone to fouling (Elimelech et al. 1997; Vrijenhoek et al.
2001). Membranes with a more neutral surface charge have
also been linked to anti-fouling characteristics (Sagle et al.
2009). However, many of these methods have been found
to impart undesirable characteristics to the membranes,
such as reduced flux, lower NaCl rejection, and weaker
mechanical properties.

This study focuses on achieving fouling resistance not by
increasing hydrophilicity or changing other surface charac-
teristics but by reducing the surface energy of the
membrane. Compounds containing fluorine were used to
coat polyamide seawater reverse osmosis (SWRO) mem-
branes in order to reduce the surface adhesion of major
organic foulants in seawater.

MATERIALS AND METHODS

The anti-foulants used for membrane surface modification
in this study were ATFP (1l-amino-3-(2,2,3,3-tetrafluoro-
ethoxy)-2-propanol) with four substituted fluorines
and AOFP (l-amino-3-(2,2,3,3,4,4,5,5-octafluoropentoxy)-
2-propanol) with eight substituted fluorines. These two
compounds were synthesized in the laboratory. Their struc-
tures are shown in Figure 1.

The surface modification of polyamide SWRO mem-
branes was accomplished through a dip-coating process.
Polyamide membranes made by interfacial polymerization
were dipped in aqueous anti-foulant solutions of various
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Figure 1 | Structures of the fluoro-compounds used for surface modification.

ATFP and/or AOFP concentrations and other additives for
40s. Then the membranes were stored in a 0.2wt%
sodium carbonate aqueous solution for 2 h then soaked in
deionized water for 30 min prior to testing.

The hydrophilicity of the membrane surface was
measured by the sessile drop method using a contact angle
analyzer (VCA Optima, AST Products Inc.). The reported
contact angle values are average values from four separate
sessile drop images for each membrane sample. An electro-
kinetic analysis (EKA) (electrokinetic analyzer; Brookhaven
Instruments Corp.) was used to measure the surface charge
of the modified membranes. The electrical potential of the
surface was measured in the range pH 4-11 in a 5mM
NacCl solution. The reported EKA curve is an average of
two separate measurements. The surface roughness of the
membranes was analyzed by atomic force microscopy
(AFM; Autoprobe M5, Park Scientific Instruments). The
reported surface roughness values are average values from
three separate images for each membrane sample. Surface
energy of each membrane sample was analyzed using a ten-
KRUSS) with
deionized water, diiodomethane, and ethylene glycol as

siometer (Processor-Tensiometer K100,

the probe liquids. The Owens-Wendt theory was used to cal-
culate the surface energy values and is shown in the
following equation:

P [P
9 1 O (e}
L(cosf+1) VO L, /oD (1)

Caf

where 0 is the measured contact angle, oy, is the total surface

energy of the liquid, o and o} are the dispersive and polar
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components of the liquid surface energy, of and o} are the
dispersive and polar components of the surface (Owens &
Wendt 1969).

Flux and rejection values of each flat sheet membrane
sample were evaluated using a constant transmembrane
pressure cross-flow filtration system (effective filtration
area ~3.5 inch?; 1 inch =2.54 cm). The crossflow system
was operated at 800 psi with a cross-flow rate of 1 gal/min
(1 gallon = 3.785 litres). The feed temperature was main-
tained at 25 °C and the pH was maintained at 8. The feed
solution was a simulated seawater mixture with NaCl con-
centration of 32,000 ppm. Permeate samples were collected
for 30 min after 1 h of steady-state operation. The samples
were then weighed and measured for conductivity. The flux
was calculated from the following equation:

AM 1
Jw = TtpW_A (2)
where ], is the permeate water flux, AM is the permeate mass
change over filtration time of Af, p,, is the density of water,
and A is the effective filtration area of the membrane
sample. NaCl rejection was calculated from the following
equation:

R = ( —g—i)xloo 3)

where R is the NaCl rejection, C;, is the conductivity of the
permeate, and Cr is the conductivity of the feed.

Fouling resistance of the membrane sample was evalu-
ated by adding 2 ppm of calcium chloride, 10 ppm of
sodium alginate (Wako) and/or 10 ppm of humic acid
(Aldrich) to the feed solution and measuring the flux decline
over a period of 2 h. Flux decline was calculated using the
following equation:

Flux decline(%) = < ]L _
0

) x 100 4)
where ], is initial flux before fouling and J is the flux of the
membrane after fouling.

A constant transmembrane pressure testing skid was used
to test 8-inch module elements. The system was operated at
800 psi with a recovery rate of 8%. The feed temperature
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was maintained at 25°C and the pH was maintained at
8. The feed solution was a simulated seawater mixture with
NacCl concentration of 32,000 ppm and boron concentration
of 5 ppm. The flux was measured by a built-in flow meter
and NacCl rejection was calculated using Equation (3) as pre-
viously described. Boron rejection was measured using an
auto-analyzer (swAAt, BLTEC Co., Tokyo).

RESULTS AND DISCUSSION

In order to first select the appropriate anti-foulant com-
pound for use in a full-scale 8-inch element, an initial
laboratory study was conducted using both ATFP and
AOFP as surface modifiers. Table 1 shows the permeate
flux and contact angles of these ATFP- and AOFP-modified
membranes. All of the modified RO membranes had signifi-
cant permeate flux reduction in comparison with the control
membrane. The flux decrease was larger for AOFP modifi-
cations that had eight fluorine substituents than for ATFP
modifications with only four fluorine substituents. Addition-
ally, as concentrations of the fluorinated compounds used in
the modifications increased, the membranes had larger
losses in flux performance. This is probably due to the
increasing hydrophobic interactions by the added fluorine
grafts which can interrupt the passage of water at the mem-
brane surface. These findings were consistent with the
contact angle analysis. When more fluorine groups attached
to the membrane surface, hydrophobicity rose significantly.
Contact angle measurements were higher with AOFP than

Table 1 | Comparison of permeate flux and contact angle of ATFP- and AOFP-modified

membranes

Surface Flux Nacl Contact
No. modification (GFD)? rejection (%) angle (')
1 Control 26.03 99.51 46.8
2 0.01% ATFP 17.53 99.58 118
3 0.05% ATFP 15.07 99.59 -
4 0.1% ATFP 13.63 99.63 126.3
5 0.01% AOFP 15.92 99.60 126.8
6 0.05% AOFP 9.17 99.57 -
7 0.1% AOFP 8.45 99.63 140.6

3Gallons per square foot per day (1 GFD = 1.7 litres per square metre per day).
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with ATFP and with increasing concentration of the fluoro-
compounds used in the modification.

Figure 2 shows the flux decline of the modified mem-
branes after 2h of fouling. As expected, the surface
modified membranes all had better fouling resistance than
the control membrane. Additionally, this was extremely evi-
dent in the sodium alginate fouling, where the surface
coatings on average showed three times less flux decline
than the control membrane. Because both ATFP and
AOFP showed similar resistance to fouling by humic acid
and sodium alginate, ATFP which had a smaller impact on
the permeate flux was chosen as the primary anti-foulant
compound for the SWRO surface modification.

Prior to utilizing the ATFP anti-foulant for a full-scale 8-
inch element, it was determined that the ATFP treatment on
its own had too much impact on the permeate flux of the RO
membrane. Therefore, a flux-enhancing additive was added
to the surface modification. The dip-coating process
remained the same but a small amount of additive was
added to the aqueous ATFP solution.

Figure 3 shows the flux decline of this ATFP + additive
modified membrane charted as a function of time during
cross-flow filtration of a characteristic seawater foulant sol-
ution (32,000 ppm NaCl, 5ppm boron, 10 ppm humic
acid, 10 ppm sodium alginate, and 2 ppm CaCl,). A clean
in place (CIP) cycle was conducted at hours 3, 5, and 7
using a 0.2% NaOH solution at 225 psi. As expected, the sur-
face-modified membrane showed flux declines that were
about half of that of the control membrane. But the most
impactful advantage was the recovery of the membrane
flux after CIP cycles. As seen at hours 3, 5, and 7, the modi-
fied membrane was able to recover its flux back to or
sometimes to levels even higher than the starting flux prior

(a) 7.14 (b) 7.11

6.54 6.33

5.94 585
5.1 5.34

to fouling. In comparison, the control membrane slowly
loses its ability to recover its flux after CIP cycles and suffers
a more dramatic flux decline over the same foulant filtration
cycle. NaCl rejection properties of both the control and
modified membranes remained above 99.5% and did not
change during the entirety of the cross-flow filtration.

Table 2 shows the results of surface roughness analysis
on ATFP + additive modified membranes. R, shows the
difference between the highest and lowest points within
the illuminated area. R,y is the mean-variance of discrepan-
cies between roughness at each pixel based on average
height Z, in the illuminated area as shown in Equation
(5). Here, S is illuminated area and f(x,y) is the coordinate
of height at each area; @ and b represent horizontal and ver-
tical lengths; Z, is the average height, which is shown in
Equation (6); R,y is the squared mean-variance of discre-
pancies between roughnesses at each pixel based on Z, in
the illuminated area shown by Equation (7):

a b
Rac =3 | | 10) - 20l ®
a b
zo— g | | s, ©
1 (@ b 2
Rims = |:S JO Jo‘f(x7 y) = Zo| 2dxd)’:| (7)

In terms of the relationship between a membrane’s foul-
ing resistant characteristics and surface roughness, smooth
membranes are reported to be less susceptible to fouling
than rough membranes (Elimelech ef al. 1997). The ATFP +
additive modification had a slightly less rough surface than

Figure 2 | Flux decline of modified membranes after 2 h of fouling represented as percentages. (a) Flux decline during humic acid fouling (10 ppm humic acid -+ 2 ppm CaCl); (b) flux

decline during sodium alginate fouling (10 ppm sodium alginate + 2 ppm CacCl,).
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Figure 3 | Flux decline as a function of time during cross-flow filtration of foulants
(10 ppm sodium alginate, 10 ppm humic acid, and 2 ppm CaCl,). A CIP cycle
using a 0.2% NaOH solution was conducted at 3, 5, and 7 h.

Table 2 | Atomic force microscopy analysis of surface modification

surface modification  Rp.(nm)  Rms(Nm)  Ra.e(nm)  Surface area (nm?)

Control 57820 64.60 51.73 757.10
ATFP + additive 555.73 5842 46.44 758.33

the control membrane, but the difference was not significant.
Although the anti-fouling effect may be assisted by this less
rough surface, it would be an exaggeration to say that the
majority of the anti-fouling properties of the surface modifi-
cation could be attributed to this change in surface
morphology.

Streaming potential analysis is often used to analyze the
electrical characteristics of RO membranes. Streaming
potential difference can intensify concentration polarization
at the surface of membrane to cause the foulants to deposit
on the membrane. Generally, forms of organic matter with
positive charges are more likely to be attracted to carboxylic
acid groups with negative charge on the surface of mem-
brane. Therefore, a more neutral surface is generally a
favorable characteristic of anti-fouling membranes. Figure 4
shows the EKA analysis of the ATFP + additive modified
membranes in comparison to the control RO membrane.
In terms of surface charge, there does not seem to be a sig-
nificant change between the modified and control
membranes. Rather, the control membrane has a more neu-
tral surface than the modified membrane which indicates
that the ATFP treatment does not impart its anti-fouling
properties due to surface charge differences.
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Figure 4 | EKA analysis of surface modified membrane.

The interaction between the membrane surface and the
foulants in solution is the key determinant of fouling. Lower
surface free energy during the adsorption of foulants onto
the membrane surface results in fouling resistance of the
membranes (Choo & Lee 2000). A tensiometer using three
different probe liquids (deionized water, diiodomethane,
and ethylene glycol) was used to take surface energy
measurements. As calculated by the Owens-Wendt theory,
the surface energy was 67.29 mJ/m? for the ATFP + additive
modified membrane and 48.62 mJ/m? for the control mem-
brane; thus surface energy was reduced by about 30% in the
modified membrane. Because this surface modification does
not impart major changes to the roughness or charge
characteristics of the membrane, the key anti-fouling mech-
anism for the ATFP coating is its ability to reduce the
available surface free energy. This change allows for the
membrane to resist major organic fouling by reducing over-
all adhesion of foulants on the surface. This result echoes
back to the flux recovery seen after the CIP process, which
is an indication of the weaker adhesion forces between the
foulants and the membrane surface.

With the ATFP + additive surface modification properly
characterized in laboratory-scale testing, a full-scale 8-inch
module element was rolled and tested in a cross-flow testing
skid. Table 3 is a summary of its performance in comparison

Table 3 | Surface modified 8-inch module element performance

Flux Rej. Boron Flux
surface modification (GPD)? (%) rejection (%) decline (%)
Control 7,368 99.75 92.5 5.54
ATFP + additive 7,457 99.75 92.1 2.5

Control® 7,500 99.75 92 -

aCatalog specifications.
PGPD = Gallons per day (1 GDP = 3.785 litres per day).
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with that of a standard SWRO element. Overall, the ATFP
+ additive surface modification yielded an SWRO mem-
brane element comparable to an existing commercial
element. Permeate flux, NaCl rejection, and boron rejection
of the surface-modified element were all within the necess-
ary specifications while showing a flux decline during
fouling half of that of the control membrane. Further field
testing of the ATFP-surface-modified elements is to be con-
ducted in the near future.

CONCLUSIONS

A commercial polyamide SWRO membrane (Woongjin
CSM) was
compounds. The effect of this surface modification on

Chemical surface-modified with fluoro-
both water and salt permeability before and after organic
fouling was investigated. The water permeability of the sur-
face modification significantly reduced the flux of the
SWRO membrane during cross-flow filtration, while
having negligible effects on NaCl permeability. The struc-
tural and electrical characteristics of the membrane
surface were measured using AFM and EKA respectively.
When modified, the membrane surface showed a slightly
decreased surface roughness and was slightly more nega-
tive. The modified membrane also showed improved
fouling resistance during cross-flow filtration of character-
istic seawater organic foulants (humic acid and sodium
alginate). By altering the surface modification formula
with addition of a flux-enhancing additive, the flux per-
formance of the SWRO membrane was maintained while
the anti-fouling properties of the ATFP compound still con-
tinued to be effective. Surface energy analysis of the
modified and unmodified membrane samples showed that
the key determining anti-fouling effect of the ATFP com-
pound was the 30% reduction in available surface free
energy. This lowered the adhesion of major organic fou-
lants which was especially evident after the flux recovery
after CIP cycles during foulant filtration. Testing of the 8-
inch-module element provided further evidence that this
surface modification met both the flux and rejection stan-
dards in the field while enhancing the element’s anti-
fouling properties.
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