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HIGHLIGHTS

» Hydrophilicities of RO membranes are measured by contact angle analysis.

» Contact angles are compared by the sessile drop method and captive bubble method.
» Sessile drop method shows inconsistent contact angles with various conditions.

» In contrast, captive bubble method shows reliable and reproducible contact angles.
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Contact angle measurement is conducted to determine surface hydrophilicity of RO membrane with the in-
tention of predicting membrane performance or fouling potential. Most researchers of membrane technology
have used contact angles without considering effective factors for contact angle measurement such as mea-
surement time, drop volume and membrane sample preparation. In fact, significantly different contact angles
are reported even on the same RO membrane. In this study, contact angles were measured by the sessile drop
method and captive bubble method and were compared with various conditions such as measurement time,
drop volume, membrane sample preparation and liquid type in the commercialized RO membranes. As a re-
sult, sessile drop method showed unreliable contact angles, which varied dramatically with the preparation
conditions. On the other hand, the captive bubble method, which represents conditions closer to the real RO
membrane process, showed reproducible contact angles. For the different commercially available RO mem-
branes, similar hydrophilicity was observed. Overall, the captive bubble method appears to be a more ade-
quate method for measuring contact angle of RO membranes.
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1. Introduction

Surface analysis of reverse osmosis (RO) membrane is widely used
for studying membrane performance or membrane fouling. In terms of
membrane performance, it is well known that a rougher membrane,
whose larger effective surface area and/or more hydrophilic membrane
provides a better wettability, possess a higher permeate flux under oth-
erwise identical surface properties [1,2]. In terms of membrane fouling, a
more hydrophilic, softer and neutrally charged membrane results in a
low fouling potential [3,4]. Typically, the surface properties of RO mem-
brane are characterized by its hydrophilicity, roughness, and surface
charge. These properties can usually be measured by contact angle ana-
lyzer, atomic force microscopy and zeta potential analyzer, respectively.

However, it is unclear if these analytical techniques can exactly
measure the heterogeneous membrane surface of polyamide RO
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membranes during its application. It is reported that atomic force mi-
croscopy has limitations to measure the surface roughness of RO
membranes because the roughness increases with increasing analysis
area and is limited to a maximum analysis area of only 10x 10 um?
[5]. Also, the zeta-potential analysis of RO membranes is utilized,
and it is generally agreed that the streaming potential method is
more useful than other methods, which are inadequate to measure
extremely small pores in RO membranes compared to microfiltration
(MF) or ultrafiltration (UF) membranes [6].

Interestingly, the contact angle measurements of RO membranes
have rarely been studied. Even though some studies tried to clarify
the characterization of new membranes or modified membranes
and to predict membrane fouling based on contact angle measure-
ments, most of them did not follow an accurate protocol, making it
hard to compare the individual data. Table 1 summarizes the reported
contact angles on various models of RO membrane. In general, higher
contact angles indicate a more hydrophobic surface [7]. As shown in
Table 1, the contact angles differ significantly even when measured
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Table 1
Literature summary of contact angles of RO membranes measured by the sessile drop
method.

RO membrane type Model Contact angle (°) in [Ref.]
SWRO SW30HR 17.2-32.0 [7-9]
SWC3+ 70.1-88.0 [8,10]
eBWRO LFC1 20.1-78.0 [7,11-13]
XLE 39.8-67.6 [7,14-17]
BW30 25.9-76.0 [7,18-21]
HL 27.5-51.9 [7,11,22-24]

on the same RO membrane. These differences might result from various
factors, such as measurement time, drop (or bubble) volume, liquid
types, temperature and humidity. Therefore, it is necessary to establish
a measurement protocol that can measure reproducible and reliable
contact angles, which will easily compare the quality of RO membranes.

The objective of this study is to investigate an adequate contact
angle measurement for RO membranes. Two popular methods of con-
tact angle measurements - sessile drop method and captive bubble
method - are used in commercially available thin film composite
polyamide RO membranes. The consistency of contact angle is evalu-
ated by different measurement time, drop (or air bubble) volumes
and membrane sample preparation or liquid types.

2. Materials and methods
2.1. RO membranes

Table 2 describes seven commercially available polyamide RO
membranes chosen in this study and their performances supported
by each manufacturer. As shown in Table 2, the RO membranes can
be classified by seawater RO (SWRO; SWC5, SW30HR, TM820, SHN,
and SHF) membranes and brackish water RO (BWRO; LFC1 and FLR)
membranes. The RO membranes SWC5, SW30HR, TM820, and LFC1
were selected since they are widely used in both industry and academia
[25-28]. Additionally, SHF was equipped on a pilot scale in Kijang, Re-
public of Korea. SHF, SHN and FRN were kindly received from Woongjin
Chemical Co., Republic of Korea, while other RO membranes were pur-
chased from the respective manufacturer. The RO membranes were
stored as flat sheets in deionized (DI) water (Barnsted NANO Pure,
USA) at 4 °C, as described in detail in our previous researches [29,30].

Table 2
Commercially available polyamide RO membranes chosen in this study and their per-
formances (provided by each manufacturer).

Type Model Manufacturer Permeate  Salt Max. pH
flow*® rejection® operation  range
(m?/d) (%) temp.
5)
SWRO* SWC5 Hydranautics  34.1 99.7-99.8 45 3-10
Nitto denko ~ (37.2 m?)¢
SW30HR Dow Filmtec 23 99.6-99.75 45 2-11
(30 m?)¢
TM820  Toray 23 99.75 45 2-11
(34 m?)¢
SHN Woongjin 246 99.75 45 3-10
Chemical (37.2 m?)¢
SHF Woongjin 34.1 99.7 45 3-10
Chemical (34.4 m?)¢
BWRO" LFC1 Hydranautics 41.6 99.5 45 3-10
Nitto denko ~ (37.2 m?)¢
FLR Woongjin 34 99.6 45 3-10
Chemical (37.2 m?)¢

¢ SWRO: seawater RO membrane.

> BWRO: brackish RO membrane.

¢ SWRO: under 800 psi of pressure with 32,000 mg/L of NaCl solution; BWRO: under
225 psi of pressure with 2,000 mg/L of NaCl solution.

4" Effective membrane area (m?) for 8 inch module.

Two RO membranes, LFC1 and SWC5, as representative fully coated
and uncoated RO membrane in this study were used in order to mea-
sure the contact angle by two methods at various conditions.

2.2. Membrane characterization

Attenuated total reflection Fourier transform infrared spectros-
copy (ATR-FTIR; Nicolet spectrophotometer 5700, Thermo Electron
Corp., MA) was used for obtaining chemical and elementary infor-
mation of membrane surface. The analysis of high wave-number
region (3800-2600 cm~') of FTIR was used for analyzing thin
(thickness<200 nm) polyamide top layers [31] since polyamide top
layer (thickness: ~200 nm) mainly influences the contact angle.
This analysis informs whether seven RO membranes are fully coated
or uncoated.

2.3. Contact angle measurement

2.3.1. Basic information

Typical methods of contact angle measurement are the sessile drop
method (including captive bubble method), the Wilhelmy plate meth-
od, and the capillary rise method. Among them, the sessile drop method
and captive bubble method are used most frequently in the literature.
For both methods, a contact angle analyzer (KRUSS, DSA100, Germany)
was used. Fig. 1 illustrates the schemes of sessile drop method and cap-
tive bubble method. Sessile drop method was measured by deposition
of a liquid droplet onto the membrane surface (Fig. 1(a)) by using an
‘I'-shaped needle, while the captive bubble method was conducted by
forming an air bubble onto the immersed RO membrane surface in the
liquid by using a ‘J'-shaped needle (Fig. 1(b)). DI water was used as a
liquid for both the methods. Theoretically, contact angles measured by
both sessile drop method and captive bubble method are described by
the Young-Dupré equation (Eq. (1)), assuming that surface is smooth
and homogeneous [32].

Ysc = Vs. + Y1080, (1)

(+ys: solid-liquid interfacial energy, v g: liquid-gas interfacial ener-
2y, Ysc: solid-gas interfacial energy, 6.: equilibrium contact angle).

2.3.2. Sessile drop method

Since membrane sample preparation is an essential prerequisite to
measure contact angle by sessile drop method, the membrane sample
was kept dry in contrast to the captive bubble method. Membrane
samples were dried at 40 °C to be below 45 °C which is the maximum
operation temperature of RO membranes (Table 2) in the vacuum
oven. The contact angle measurement was then performed as follows.
A dangling droplet of 6 pL of DI water at the end of ‘I'-shaped needle
was carefully deposited to membrane surface to avoid the effect of
falling force by gravity (Fig. 1(a)). From this moment, all processes
were recorded for 500 frames (approximately 16 s) at least. Contact
angle values, calculated by DSA100 software (KRUSS, DSA100, Ger-
many), were determined as the averaged values during the periods
of 300-500 frames (about 10-16 s).

For assessing the effect of measurement conditions onto contact
angle value, first, membrane samples were compared when dried
under atmospheric conditions and dried at 40 °C in the vacuum oven
to investigate the effect of membrane sample preparation. Second,
contact angle values were recorded as a function of time to find out
the effect of measurement time. Finally, droplet volumes of DI water
were varied between 1 and 8 pL. Droplets larger than 8 pL of volumes
of DI water fell easily from the needle which might affect contact
angle value because they were too heavy. To guarantee a statistical in-
tegrity, at least three samples were used for each RO membranes and
contact angle measurements were performed on at least five positions
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Fig. 1. Schemes of (a) sessile drop method with ‘I'-shaped needle and (b) captive bub-
ble method with ‘J'-shaped needle (6: contact angle and green line: analyzed water
drop (or air bubble) surface).

on each sample. Each experiment was performed at the same time in
order to minimize other effects on contact angle values such as temper-
ature (24 °C+1 °C) and humidity (60%+ 10%). As a control, contact
angle of indium tin oxide (ITO) glass (Samsung Corning Ltd., Republic
of Korea) was measured.

2.3.3. Captive bubble method

Membrane samples for the captive bubble method were used as
taken out from the preservation condition without any further prep-
aration. Membrane samples were attached to a glass support and
immersed into DI water at room temperature. The effect of measure-
ment time (up to 16 s) and the effect of various volumes of air bubble
(6-20 pL) in captive bubble method were compared with sessile drop
method. 6 pL of air bubble was the smallest volume that could be at-
tached onto the membrane surface. A ' shaped syringe needle was
used to dispense an air bubble from beneath the membrane sample
(Fig. 1(b)). Other processes such as recording and calculating contact
angle were the same as described for the sessile drop method. In ad-
dition, for investigating the effect of liquid types, membrane samples
were also immersed into the 3.5% sodium chloride (Aldrich, St. Louis,
MO) solution and the contact angle was compared to those measured
in DI water. 10 pL volume of air bubble was employed when the effect
of measurement time and liquid types was investigated with the aver-
aged values during the periods of 300-500 frames (about 10-16 s). Again,
ITO glass was used as a control substrate.

3. Results and discussion
3.1. Characteristics of RO membranes

Fig. 2 shows the ATR FT-IR spectra of different polyamide RO
membranes in the high wavenumber region between 3800 cm ™'
and 2600 cm ™. The peak in the 3300-3400 cm ™! region indicates
a hydroxyl (—OH) group, which is characteristic for fully coated RO
membranes. While uncoated RO membrane consists only of a pure
polyamide layer, fully coated RO membranes are usually coated with
other substances such as polyethylene glycol or polyvinyl alcohol [33].
Therefore, SW30HR (SWRO) and LFC1 (BWRO) were identified as
fully coated RO membranes while the other RO membranes were
uncoated RO membrane in this study.

3.2. Limitation of sessile drop method for measuring RO membrane
hydrophilicity

Fig. 3 illustrates the irregular contact angles on sessile drop meth-
od as a function of measurement time, liquid drop volume, and mem-
brane sample preparations. Fig. 3(a) shows that the contact angles
measured by sessile drop method decreased with time. While contact
angles on ITO glass were constant over time, contact angles on RO
membranes significantly decreased in the beginning of the measure-
ment and gradually decreased afterwards. This reduction can be
explained by various reasons. First, the liquid drop is likely to be
adsorbed to the dried membrane surface, which essentially altered
the surface nature be exposing more hydrophilic components. Next,
the slight reduction of contact angle was probably due to the contin-
uous spreading on the membrane surface and hence enhanced evap-
oration. Noteworthy, these effects occurred for both fully coated and
uncoated RO membranes.

Fig. 3(b) shows that somewhat arbitrary contact angles were mea-
sured with different drop volumes from 1 pL to 8 pL. In contrast, con-
tact angles on ITO glass were only slightly decreased due to an increased
gravitational force. On the other hand, contact angles on LFC-1 and
SWC5 RO membranes showed completely opposite behavior. First, the
contact angle of LFC1 was in general higher than the contact angle of
SWC5, which indicates that LFC1 consists of a more hydrophobic sur-
face. However, when 4 L of liquid drop was used, a similar contact
angle was measured for LFC1 and SWC5. Next, while contact angles
for LFC1 seemed to decrease with increasing drop volume, they in-
creased for the SWC5 with increasing drop volume.

In addition, the variations of the contact angles depending on the
different membrane sample preparations are compiled in Fig. 3(c).

Absorbance

3800 3600 3400 3200 3000 2800 2600
Wavenumber (cm™)

Fig. 2. The wavenumber region of 3800-2600 cm ™~ in ATR FT-IR results for commer-
cially available polyamide RO membranes.
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Fig. 3. Limitation of the sessile drop method for measuring RO membrane hydrophilic-
ity on (a) measurement time for 16 s approximately (drop volume: 6 pL), (b) drop vol-
ume (1-8 pL), and (c) membrane sample preparation (dry oven at 40 °C and
atmospheric dry).

The result showed that contact angle values can differ up to 30° be-
tween the dried membrane at atmospheric condition and the dried
membrane at 40 °C in the vacuum oven. Note that so far only differ-
ences up to 4° were reported for different drying conditions in the
temperature range of 40-80 °C [34]. From these results, it can be con-
cluded that membrane sample preparation for characterization of RO

membranes by the sessile drop method is one of the most important
factors considered in contact angle measurement, although it was
mostly omitted in the literature up to now.

Overall, the results indicate that sessile drop method has a weak-
ness due to membrane damage caused by the drying process [35]. In
contact angle measured by sessile drop method, it was expected that
contact angles of fully coated RO membranes were lower than those
of uncoated RO membrane since fully coated RO membranes have
more hydrophilic functional group (i.e. -OH) (Fig. 2). However,
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Fig. 4. Contact angle values on the captive bubble method; (a) measurement time for
16 s approximately (drop volume: 10 pL), (b) drop volume (6-20 pL) and (c) liquid
type (deionized water and 3.5% sodium chloride solution).
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Table 3
Summary of contact angles measurement by sessile drop and captive bubble methods in this study.
SWC(C5 SW30HR TM820 SHN SHF LFC-1 FLR
Sessile drop method?® 382+21 183408 275+19 285+2.1 71.24+1.2 54.04+3.3 346+39
Captive bubble method” 406+14 385+1.0 39.04+1.2 39.7+1.0 372+12 37.94+0.8 39.1+£08

¢ Sessile drop method: measured with 6 pL of deionized water.
P Captive bubble method: measured with 10 pL of air bubble.

opposite results were shown in Fig. 3, in which fully coated RO mem-
brane LFC1 was more hydrophobic than uncoated RO membrane
SWC5. It is also presumed that the drying process can damage the
surface and result irreversibly in more hydrophobic surfaces. These
uncertainties in contact angle measurements of RO membranes with
measurement time, drop volume and membrane sample preparation
suggest that the sessile drop method is somewhat limited for routine
characterization method of RO membranes.

3.3. Reliability of captive bubble method

Fig. 4 describes the results of the corresponding contact angle mea-
surements by the captive bubble method. Fig. 4(a) shows that contact
angles on both RO membranes and ITO glass by captive bubble method
were constant compared to contact angles by sessile drop method
(Fig. 3(a)). As the measurement is conducted under water, any effects
of swelling or evaporation could be eliminated and it thus represents
more realistic RO membrane in the process.

Fig. 4(b) shows that linearly increasing contact angles were ob-
served with different air bubble volumes from 6 pL to 20 pL. This in-
crease can be explained by increased buoyancy force. As the air
bubble was forced stronger onto the membrane surface due to a
higher buoyancy force, larger contact angles were observed. The results
showed more stable experimental data rather than the unreliable con-
tact angles that were obtained with different drop volumes by the
sessile drop method (Fig. 3(b)). Thus, unlike the sessile drop method,
the captive bubble method is more capable to assess the hydrophilicity
of RO membrane surface. However, the possibility cannot be excluded
that the surface of the membrane is fully wetted by water and the air
bubble might be in touch with water layer, but not with the membrane
surface, rendering the measurement of contact angle of membrane less
conventional, requiring further investigation.

In addition, the contact angles were measured using two different
liquids (DI water and 3.5% sodium chloride solution) and the results
are depicted in Fig. 4(c). Generally, the contact angles measured in
DI water were slightly higher than the contact angles measured in
sodium chloride solution. The only exception was observed for the
SHF membrane. This indicates that the ionic strength affects the con-
tact angles not as much as previous reports suggested which utilized
only the sessile drop method. They observed much lower contact
angles for 3.5% sodium chloride solution rather than DI water [16].

The data for contact angle at identical conditions for both methods
(sessile drop and captive bubble method) were presented in tabular
form along with statistical analysis (Table 3). As shown in Table 3,
the contact angles measured by captive bubble method were similar
for all RO membrane with values at around 40°, while the contact
angles measured by the sessile drop method resulted in fluctuating
values from 18.3° to 71.2° for the different RO membranes. As men-
tioned already above, the captive bubble method is more suitable to
obtain reliable and reproducible contact angles of RO membranes.
Moreover, the captive bubble method represents a measurement that
is much closer to the real RO membrane process. For example, a drying
process is a necessary step in the membrane sample preparation for the
sessile drop method, which might alter the polyamide RO membrane
dramatically and differently for different RO membranes. In contrast,
RO membrane samples that are analyzed by the captive bubble method
are already wetted in DI water during membrane storage. Therefore, the

influence of swelling during the contact angle measurement can be
neglected, because the RO membrane samples are already completely
hydrated [35-37]. In addition, similar and time independent contact
angles by the captive bubble method (Table 3 and Fig. 4) might be
explained that the air bubble is mostly in contact with water molecules
from the fully hydrated polyamide layer [38,39].

Overall, the captive bubble method appears to be a more representa-
tive characterization technique allowing a fast measurement of the
membrane hydrophilicity in real RO membrane process, because the
RO membrane is never dried in the full process ranging from its manu-
facture step to the autopsy step at the end of membrane lifetime. All RO
membranes in this study show a similar performance in terms of salt
rejection and only varied in the permeate flow (Table 2). Therefore,
the surfaces of commercially available polyamide RO membranes
seem to have similar hydrophilicities in operation. As such, it is easy
to understand that all RO membranes possess similar contact angles.

4. Conclusion

We observed that contact angles obtained by the sessile drop meth-
od, even though mostly used in the literatures, showed inconsistent
values with different measurement times and drop volumes. Further,
the membrane sample preparation had a strong effect on the contact
angles. In contrast, we could show that reliable and reproducible con-
tact angles can be obtained by the captive bubble method, which are
essentially independent of measurement times, drop volumes and lig-
uid types. Further, captive bubble method represents measuring condi-
tions that are likely more similar to the real RO membrane process,
since the contact angle is measured under wet conditions. As such, it
represents an important step forward in studying and detecting fouling
behavior of RO membranes.

Acknowledgments

This research was supported by the WCU (World Class University)
program through a Korea Science and Engineering Foundation grant
funded by the Ministry of Education, Science, and Technology (R31-
10013) and by the National Research Foundation of Korea Grant funded
by the Korean Government (NRF-2010-C1AAA01-0029061) and by a
grant (code# C106A1520001-06A085500121) from the Plant Technolo-
gy Advancement Program funded by Ministry of Construction, Trans-
portation of the Korean Government.

References

[1] A. Kulkarni, D. Mukherjee, W.N. Gill, Flux enhancement by hydrophilization of
thin film composite reverse osmosis membranes, J. Membr. Sci. 114 (1996)
39-50.

[2] A. Schafer, L. Nghiem, T. Waite, Removal of the natural hormone estrone from
aqueous solutions using nanofiltration and reverse osmosis, Environ. Sci. Technol.
37 (2003) 182-188.

[3] J.Gilron, S. Belfer, P. Vaisanen, M. Nystrom, Effects of surface modification on antifouling

and performance properties of reverse osmosis membranes, Desalination 140 (2001)

167-179.

D. Rana, T. Matsuura, Surface modifications for antifouling membranes, Chem.

Rev. 110 (2010) 2448-2471.

I. Koyuncu, J. Brant, A. Luttge, M.R. Wiesner, A comparison of vertical scanning

interferometry (VSI) and atomic force microscopy (AFM) for characterizing

membrane surface topography, J. Membr. Sci. 278 (2006) 410-417.

[4

[5



28

(6]

(7

[8

[9

[10]

(11]

[12]

[13]

(14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

Y. Baek et al. / Desalination 303 (2012) 23-28

M. Elimelech, W.H. Chen, J.J. Waypa, Measuring the zeta (electrokinetic) potential
of reverse osmosis membranes by a streaming potential analyzer, Desalination 95
(1994) 269-286.

C.Y. Tang, Y.-N. Kwon, J.O. Leckie, Effect of membrane chemistry and coating layer on
physiochemical properties of thin film composite polyamide RO and NF membranes:
IIl. Membrane physiochemical properties and their dependence on polyamide and
coating layers, Desalination 242 (2009) 168-182.

X. Jin, X. Huang, E.M.V. Hoek, Role of specific ion interactions in seawater RO
membrane fouling by alginic acid, Environ. Sci. Technol. 43 (2009) 3580-3587.
L. Zou, I. Vidalis, D. Steele, A. Michelmore, S. Low, J. Verberk, Surface hydrophilic
modification of RO membranes by plasma polymerization for low organic fouling,
J. Membr. Sci. 369 (2011) 420-428.

M.L. Lind, D. Eumine Suk, T.V. Nguyen, E.M.V. Hoek, Tailoring the structure of thin
film nanocomposite membranes to achieve seawater RO membrane performance,
Environ. Sci. Technol. 44 (2010) 8230-8235.

E.M. Vrijenhoek, S. Hong, M. Elimelech, Influence of membrane surface properties
on initial rate of colloidal fouling of reverse osmosis and nanofiltration mem-
branes, ]. Membr. Sci. 188 (2001) 115-128.

Y.N. Kwon, J.O. Leckie, Hypochlorite degradation of crosslinked polyamide mem-
branes: I. Changes in chemical/morphological properties, ]. Membr. Sci. 283 (2006)
21-26.

W.S. Ang, M. Elimelech, Fatty acid fouling of reverse osmosis membranes: impli-
cations for wastewater reclamation, Water Res. 42 (2008) 4393-4403.

P. Xu, J.E. Drewes, T.U. Kim, C. Bellona, G. Amy, Effect of membrane fouling on
transport of organic contaminants in NF/RO membrane applications, J. Membr.
Sci. 279 (2006) 165-175.

S. Kim, E. Hoek, Interactions controlling biopolymer fouling of reverse osmosis
membranes, Desalination 202 (2007) 333-342.

G. Hurwitz, G.R. Guillen, E. Hoek, Probing polyamide membrane surface charge,
zeta potential, wettability, and hydrophilicity with contact angle measurements,
J. Membr. Sci. 349 (2010) 349-357.

A.Sarkar, P.I. Carver, T. Zhang, A. Merrington, KJ. Bruza, ].L. Rousseau, S.E. Keinath, P.R.
Dvornic, Dendrimer-based coatings for surface modification of polyamide reverse
osmosis membranes, ]. Membr. Sci. 349 (2010) 421-428.

K. Boussu, Y. Zhang, ]. Cocquyt, P. Van Der Meeren, A. Volodin, C. Van
Haesendonck, J. Martens, B. Van der Bruggen, Characterization of polymeric
nanofiltration membranes for systematic analysis of membrane performance, J.
Membr. Sci. 278 (2006) 418-427.

D. Norberg, S. Hong, J. Taylor, Y. Zhao, Surface characterization and performance eval-
uation of commercial fouling resistant low-pressure RO membranes, Desalination
202 (2007) 45-52.

M. Pontie, H. Dach, ]. Leparc, M. Hafsi, A. Lhassani, Novel approach combining
physico-chemical characterizations and mass transfer modelling of nanofiltration
and low pressure reverse osmosis membranes for brackish water desalination
intensification, Desalination 221 (2008) 174-191.

A. Simon, L.D. Nghiem, P. Le-Clech, S.J. Khan, J.E. Drewes, Effects of membrane
degradation on the removal of pharmaceutically active compounds (PhACs) by
NF/RO filtration processes, J. Membr. Sci. 340 (2009) 16-25.

J.A. Brant, K.M. Johnson, A.E. Childress, Characterizing NF and RO membrane surface
heterogeneity using chemical force microscopy, Colloids Surf. A Physicochem. Eng.
Asp. 280 (2006) 45-57.

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

A.Subramani, E. Hoek, Direct observation of initial microbial deposition onto reverse
osmosis and nanofiltration membranes, J. Membr. Sci. 319 (2008) 111-125.

ARD. Verliefde, E.R. Cornelissen, S.G.J. Heijman, E.M.V. Hoek, G.L. Amy, B.V. Bruggen,
J.C.van Dijk, Influence of solute-membrane affinity on rejection of uncharged organic
solutes by nanofiltration membranes, Environ. Sci. Technol. 43 (2009) 2400-2406.
0. Coronell, BJ. Marifias, D.G. Cahill, Depth heterogeneity of fully aromatic polyamide
active layers in reverse osmosis and nanofiltration membranes, Environ. Sci. Technol.
45 (2011) 4513-4520.

S.Lim, S. Lee, S. Choi, J. Moon, S. Hong, Evaluation of biofouling potential of microorgan-
ism using flow field-flow fractionation (FI-FFF), Desalination 264 (2010) 236-242.

S. Lee, E. Lee, M. Elimelech, S. Hong, Membrane characterization by dynamic hysteresis:
measurements; mechanisms; and implications for membrane fouling, J. Membr. Sci.
366 (2011) 17-24.

J.S. Louie, I. Pinnau, M. Reinhard, Gas and liquid permeation properties of modified
interfacial composite reverse osmosis membranes, ]. Membr. Sci. 325 (2008)
793-800.

W. Lee, CH. Ahn, S. Hong, S. Kim, S. Lee, Y. Baek, J. Yoon, Evaluation of surface prop-
erties of reverse osmosis membranes on the initial biofouling stages under no filtra-
tion condition, J. Membr. Sci. 351 (2010) 112-122.

Y. Baek, J. Yu, S.H. Kim, S. Lee, . Yoon, Effect of surface properties of reverse osmosis
membranes on biofouling occurrence under filtration conditions, J. Membr. Sci. 382
(2011) 91-99.

C. Tang, Y. Kwon, ]. Leckie, Effect of membrane chemistry and coating layer on
physiochemical properties of thin film composite polyamide RO and NF membranes:
L. FTIR and XPS characterization of polyamide and coating layer chemistry, Desalina-
tion 242 (2009) 149-167.

J. Howe, Bonding, structure, and properties of metal/ceramic interfaces: Part 1.
Chemical bonding, chemical reaction, and interfacial structure, Int. Mater. Rev.
38 (1993) 233-256.

C.Y. Tang, Y.N. Kwon, J.O. Leckie, Effect of membrane chemistry and coating layer on
physiochemical properties of thin film composite polyamide RO and NF membranes:
1. FTIR and XPS characterization of polyamide and coating layer chemistry, Desalina-
tion 242 (2009) 149-167.

C. Combe, E. Molis, P. Lucas, R. Riley, M. Clark, The effect of CA membrane properties
on adsorptive fouling by humic acid, J. Membr. Sci. 154 (1999) 73-87.

M. Rosa, M. de Pinho, Membrane surface characterisation by contact angle measure-
ments using the immersed method, J. Membr. Sci. 131 (1997) 167-180.

AR. Roudman, F.A. DiGiano, Surface energy of experimental and commercial
nanofiltration membranes: effects of wetting and natural organic matter fouling,
J. Membir. Sci. 175 (2000) 61-73.

A. Nabe, E. Staude, G. Belfort, Surface modification of polysulfone ultrafiltration
membranes and fouling by BSA solutions, J. Membr. Sci. 133 (1997) 57-72.

D. Ludlow, C. Calebrese, S. Yu, C. Dannehy, D. Jacobson, D. Hussey, M. Arif, M.
Jensen, G. Eisman, PEM fuel cell membrane hydration measurement by neutron
imaging, ]. Power. Sources 162 (2006) 271-278.

S. Cui, J. Liu, MLE. Selvan, SJ. Paddison, D J. Keffer, BJ. Edwards, Comparison of the hy-
dration and diffusion of protons in perfluorosulfonic acid membranes with molecular
dynamics simulations, J. Phys. Chem. B 112 (2008) 13273-13284.



	Measuring hydrophilicity of RO membranes by contact angles via sessile drop and captive bubble method: A comparative study
	1. Introduction
	2. Materials and methods
	2.1. RO membranes
	2.2. Membrane characterization
	2.3. Contact angle measurement
	2.3.1. Basic information
	2.3.2. Sessile drop method
	2.3.3. Captive bubble method


	3. Results and discussion
	3.1. Characteristics of RO membranes
	3.2. Limitation of sessile drop method for measuring RO membrane hydrophilicity
	3.3. Reliability of captive bubble method

	4. Conclusion
	Acknowledgments
	References


