
A

t
5
R
n
h
s
p
m
©

K

1

a
r
I
t
i
o
b
i
t
c
c

0
d

Journal of Membrane Science 294 (2007) 1–7

Rapid communication

Interfacial polymerization of thin film nanocomposites:
A new concept for reverse osmosis membranes

Byeong-Heon Jeong a, Eric M.V. Hoek a,∗, Yushan Yan b, Arun Subramani b,
Xiaofei Huang a, Gil Hurwitz a, Asim K. Ghosh a, Anna Jawor a

a Civil & Environmental Engineering Department and Water Technology Research Center,
University of California, Los Angeles, CA 90095, USA

b Chemical and Environmental Engineering Department, University of California,
Riverside, CA 92521, USA

Received 4 January 2007; received in revised form 4 February 2007; accepted 14 February 2007
Available online 21 February 2007

bstract

Here, we report on a new concept for formation of mixed matrix reverse osmosis membranes by interfacial polymerization of nanocomposite
hin films in situ on porous polysulfone supports. Nanocomposite films created for this study comprise NaA zeolite nanoparticles dispersed within
0–200 nm thick polyamide films. Hand-cast pure polyamide membranes exhibit surface morphologies characteristic of commercial polyamide
O membranes, whereas nanocomposite membranes have measurably smoother and more hydrophilic, negatively charged surfaces. At the highest
anoparticle loadings tested, hand-cast nanocomposite film morphology is visibly different and pure water permeability is nearly double that of
and-cast polyamide membranes with equivalent solute rejections. Comparison of membranes formed using pore-filled and pore-opened zeolites

uggest nanoparticle pores play an active role in water permeation and solute rejection. The best performing nanocomposite membranes exhibit
ermeability and rejection characteristics comparable to commercial RO membranes. As a concept, thin film nanocomposite membrane technology
ay offer new degrees of freedom in tailoring RO membrane separation performance and material properties.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Water is the backbone of the global economy—quality, reli-
ble, and sustainable supplies are vital for agriculture, industry,
ecreation, energy production, and domestic consumption [1].
mproving the effectiveness and efficiency of water purification
echnology, to produce clean water and protect the environment
n a sustainable manner, is considered by many the challenge
f this century [2]. In recent years, reverse osmosis (RO) has
ecome a critical water technology, which promises to greatly
ncrease the supply of clean water through purification of non-

raditional water sources. However, despite their elegant design,
onventional RO membranes are largely based on polymer
hemistry that is now more than 30 years old.

∗ Corresponding author. Tel.: +1 310 206 3735; fax: +1 310 206 2222.
E-mail address: hoek@seas.ucla.edu (E.M.V. Hoek).
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In the 1970s, composite membranes comprising ultra-thin
olyamide films – formed via in situ polycondensation on porous
olysulfone supports – were developed to replace integrally
kinned, asymmetric RO membranes—formed by phase inver-
ion of cellulose acetate [3,4]. A great advantage of thin film
omposite technology is that it allows development and success-
ul handling of extremely thin layers of barrier materials formed
rom almost any conceivable chemical combination [5]. In addi-
ion, the ultra-thin barrier layer and the porous support can be
ndependently optimized with respect to structure, stability, and
erformance.

Over the last 30 years, water flux and solute rejection by
olyamide thin film composite (TFC) membranes have contin-
ally improved, but reverse osmosis processes remain relatively

nergy-intensive, non-selective, and fouling-prone. A lack of
ignificant innovations in RO membrane materials persists
espite the pressing needs for desalination membranes with (1)
ncreased water permeability for energy savings, (2) improved

mailto:hoek@seas.ucla.edu
dx.doi.org/10.1016/j.memsci.2007.02.025


2 Memb

c
r
r
i

t
p
fi
n
p
e
a
[
p
z
t

p
s
e
t
S
s
m
p
c
e
h
e

2

2

N
t
m
[
fi
p
f
c
t
t

2

e
b
t
(
Z
w

B.-H. Jeong et al. / Journal of

ontrol of selectivity in membrane design, and (3) more fouling
esistant surfaces [6,7]. These constraints remain in the face of
ising worldwide demand for clean water and the sustainability
mperatives to control energy consumption.

Nanotechnology has produced entirely new classes of func-
ional materials whose application to desalination and water
urification need exploration. For example, recent reports on
ltration and desalination membranes fabricated from carbon
anotubes [8–10] and zeolite films [11–13] offer exciting new
ossibilities. Mixed matrix or nanocomposite membranes may
xhibit improved mechanical, chemical, and thermal stability
s well as improved separation, reaction, and sorption capacity
14]. Mixed matrix membranes developed for gas separation,
ervaporation, ion-exchange, and fuel cell applications employ
eolite or carbon molecular sieve particles disperse within rela-
ively thick membrane films [15–19].

Here we report on a new concept, that is, interfacial
olymerization of thin film nanocomposite (TFN) reverse osmo-
is membranes [20]. The goal, as depicted in Fig. 1, is to
mbed molecular sieve nanoparticles throughout the polyamide
hin film layer of an interfacial composite RO membrane.
ynthesized NaA zeolite nanoparticles, characterized by a
uper-hydrophilic and negatively charged three-dimensional
olecular sieve pore network, are used as the dispersed nano-

hase. It is hypothesized that super-hydrophilic, negatively

harged, molecular sieve zeolite nanoparticles will provide pref-
rential flow paths for water permeation while maintaining
igh solute rejection through combination of steric and Donnan
xclusion.

Fig. 1. Conceptual illustration of (a) TFC and (b) TFN membrane structures.
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. Experimental

.1. Nanoparticle synthesis

Zeolite nanoparticles (NaA-type) were synthesized from the
a2O–SiO2–Al2O3–H2O system with the use of an organic

emplate (tetramethylammonium hydroxide) by a hydrother-
al reaction according to previously published procedures

19,21]. The as-synthesized zeolite A nanoparticles are pore-
lled because the presence of the template inside the zeolite
ore structures. Pore-opened zeolite nanoparticles were obtained
rom the pore-filled particles by removing the template by
alcinations, assisted by a polymer network as designed as a
emporary barrier to prevent nanoparticle aggregation during
he calcination process [22].

.2. Nanoparticle characterization

The crystalline structure and the mean hydrodynamic diam-
ter of synthesized zeolite A nanoparticles were evaluated
y powder X-ray diffraction, XRD (Bruker AXS D8 diffrac-
ometer using Cu K� radiation) and dynamic light scattering
BI-90 Plus, Brookhaven Instruments Corp.), respectively.
eolite nanoparticles were dispersed in deionized laboratory
ater for light scattering measurements. Zeta potentials of

ynthesized zeolite nanoparticles were calculated from elec-
rophoretic mobility measurements (ZetaPALS, Brookhaven
nstruments Corp.) in 10 mM NaCl solution at unadjusted pH
∼5.8). Morphological characterization of zeolite nanoparti-
les was carried out using scanning electron microscopy, SEM
Hitachi S-4700). Samples were sputter-coated with a mix-
ure of gold and palladium. Energy dispersive X-ray (EDX)
pectroscopy (equipped with the SEM) was used to determine
he Si/Al ratio and elemental compositions of nanoparti-
les.

.3. Membrane formation

Both TFC and TFN membranes were hand-cast on pre-
ormed polysulfone ultrafiltration (UF) membranes (provided
y KRICT, Korea) through interfacial polymerization. A UF
embrane taped to a glass plate was placed in an aque-

us solution of 2% (w/v) m-phenylenediamine (MPD, >99%,
igma–Aldrich) for approximately 2 min, and MPD soaked
upport membranes were then placed on a rubber sheet and
olled with a rubber roller to remove excess solution. The MPD
aturated UF membrane was then immersed in a solution of
.1% (w/v) trimesoyl chloride (TMC, 98%, Sigma–Aldrich) in
exane [23]. After 1 min of reaction, the TMC solution was
oured off and the resulting membranes were rinsed with an
queous solution of 0.2% (w/v) sodium carbonate (Na2CO3,
PLC grade, Fisher Scientific). Nanocomposite membranes
ere made by dispersing 0.004–0.4% (w/v) of synthesized
eolite A nanoparticles in the hexane–TMC solution. Nanopar-
icle dispersion was obtained by ultrasonication for 1 h at
oom temperature immediately prior to interfacial polymeriza-
ion.
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.4. Membrane characterization

Images of thin film surface and cross-section were obtained
sing SEM (as described above) and transmission electron
icroscopy, TEM (JEOL 100CX), respectively. Membrane sam-

les were prepared for TEM imaging by peeling away the
olyester backing fabric, gently to ensure polysulfone and
olyamide layers remained together. Small pieces of the fabric
ree membrane samples were embedded in Epon resin (Eponate
2, Ted Pella, Inc.). Approximately 60–80 nm thick sections
ere cut on a Reichert-Jung Ultracut E ultramicrotome and
laced on Formvar-coated copper grids. The sections were
xamined at an accelerating voltage of 80 kV.

The surface (zeta) potential of hand-cast membranes was
etermined by measuring the streaming potential (BI-EKA,
rookhaven Instrument Corp.) with 10 mM NaCl solution at
nadjusted pH (∼5.8). Sessile drop contact angles of deion-
zed water were measured on air dried samples of synthesized

embranes in an environmental chamber mounted to the con-
act angle goniometer (DSA10, KRüSS). The equilibrium value
as the steady-state average of left and right angles. Surface

oughness of the synthesized membranes was measured by AFM
Nanoscope IIIa, Digital Instruments). A silicon nitride can-
ilever tip (NSC 14, MikroMasch) was used at a fixed scanning
ate of 1 Hz. The tip radius was less than 10 nm, and the can-
ilever length was 125 �m with a spring constant of 5 N/m. In the
peration of AFM, membrane surfaces were scanned in tapping
ode, which is appropriate for soft polymers [24].
Twelve measurements were made on three samples of each

embrane synthesized on three separate occasions. Average
alues for each membrane were computed after dropping the
ighest and lowest measured values.

Separation performance of the membranes was evaluated in
erms of pure water flux and solute rejection in a high-pressure
hemical resistant stirred cell (HP4750 Stirred Cell, Sterlitech
orp.). The effective membrane area was 13.85 cm2. The pure
ater flux was measured at room temperature (∼20 ◦C) after the
embranes were compressed for 3 h at 1.24 MPa. The solute

ejection test was then carried out with 2000 ppm aqueous solu-
ions of polyethylene glycol with average molecular weight of
00 g/mol (PEG 200), as well as 2000 ppm aqueous solutions
f NaCl and MgSO4 at the same pressure. Solute rejection was
btained from the average of initial and final feed concentrations
nd the average permeate concentration at a permeate recov-
ry of 50%. Four coupons from each membrane were evaluated
o determine average water permeability and solute rejections.
hree commercial RO membranes (SWHR, XLE, and NF90;
ilmTec Corp. Edina, MN) were also characterized following

dentical procedures.

. Results and discussion

The morphology of synthesized nanoparticles is illustrated

n Fig. 2(a). The crystal structure of the same nanoparticles is
onfirmed to be pure zeolite A according to the X-ray diffraction
XRD) pattern in Fig. 2(b) when compared to standards devel-
ped by the Joint Committee on Powder Diffraction Standards

a
s
f
i

ig. 2. Properties of synthesized zeolite nanoparticles by (a) SEM and (b) XRD.

http://www.icdd.com) [19]. Synthesized zeolite A nanoparti-
les exhibit particle sizes range from ∼50 to ∼150 nm with mean
ydrodynamic diameter of 100 nm confirmed by dynamic light
cattering.

In general, zeolites with lower Si/Al ratios are more
ydrophilic and have higher (negative) charge densities. The
egative charge is compensated by cations located in the
ntracrystalline channels and cavities, but not necessarily on
heir surfaces when dispersed in aqueous electrolytes. The Si/Al
atio of synthesized zeolite nanoparticles was found to be 1.5 by
nergy dispersive X-ray (EDX) spectroscopy. Pore-opened zeo-
ite nanoparticles exhibit a zeta potential of −72 ± 4 mV when
mmersed in an aqueous 10 mM NaCl solution at pH ∼ 6. Grown
lms of zeolite A are super-hydrophilic with sessile drop water
ontact angles less than 5◦ [25]. Synthesized zeolites are NaA-
ype, and thus, have entrance pores of approximately 4 Å [26].
ence, these small, super-hydrophilic, negatively charged pores

re highly attractive to water, but highly repulsive to anions due
o Coulombic repulsion [27].

Transmission electron microscope images and EDX spectra
re presented for pure polyamide TFC membranes in Fig. 3(a)
nd (b) and for zeolite-polyamide TFN membranes in Fig. 3(c)

nd (d). Both TFC and TFN membranes exhibit nano-scale
urface roughness, which is a well-known characteristic of inter-
acially polymerized polyamide RO membranes [24,28]. The
rregular morphology precludes quantification of a single film

http://www.icdd.com/
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ig. 3. Characterization of hand-cast thin film properties by TEM and EDX for
s 100,000× in TEM images.

ayer thickness, but both thin films are about 50–200 nm. In
ig. 3(c), zeolite nanoparticles appear considerably darker than

he polymer and are clearly located within the cross-section of
he thin film, but also at the interface. The EDX spectrum in
ig. 3(d) indicates the Al peak at ∼1.49 keV and Si peak at
1.74 keV, confirming the presence of the zeolite nanoparti-

les, which are absent from the pure TFC film in Fig. 3(a) and
he corresponding EDX spectrum in Fig. 3(b). Furthermore, the

peak at ∼0.53 keV is greater in the TFN membrane than in
he TFC membrane due to oxygen atoms contained in the zeolite
ramework. The sulfur peak is from the polysulfone support on
hich both films were cast.
Fig. 4(a)–(f) are SEM images of synthesized TFC and

FN membrane surfaces. The five TFN membranes depicted
n Fig. 4(b)–(f) were synthesized with increasing nanoparticle
oadings. At zero and low nanoparticle loadings, depicted in
ig. 4(a) and (b), surfaces of both TFC and TFN membranes

xhibit the familiar “hill and valley” structure of polyamide RO
embranes [28]. At higher zeolite loadings, Fig. 4(c)–(f), but

articularly Fig. 4(f), zeolite nanoparticles are visible on the
embrane surface. Three white circles in Fig. 4(f) are drawn

b
t
3

pure polyamide membrane and (c–d) nanocomposite membrane. Magnification

round features believed to be zeolite nanoparticles because of
heir more “cubic” shape, which is consistent with the morphol-
gy of zeolite A nanoparticles. Also, EDX analysis confirms
anoparticle presence at discrete locations within the film layer
nd at the interface.

Measured values of TFC and TFN membrane surface rough-
ess, water contact angle, and surface (zeta) potential are plotted
n Fig. 5(a). In general, as nanoparticle loading increases, TFN

embranes become smoother, more hydrophilic, and more
egatively charged. Most significant is the reduction in con-
act angle, which is normally interpreted as an increase in
ydrophilicity, from about 70◦ for the pure polyamide to about
0◦ for the nanocomposite with the highest nanoparticle load-
ng. The combination of relatively smooth, hydrophilic, and
egatively charged film layer typically produces better water
ermeability, salt rejection, and fouling resistance in water
urification applications [24].
In Fig. 5(b), pure water permeability of TFN mem-
ranes increases from 2.1 ± 0.1 × 10−12 m Pa−1 s−1 (same as
he TFC membrane) at the lowest zeolite loading, up to
.8 ± 0.3 × l0−12 m Pa−1 s−1 at the highest zeolite loading.
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ig. 4. SEM images of (a) TFC and (b–f) TFN membrane surfaces. Nanopartic
w/v).

bserved solute rejections of hand-cast membranes are all in
xcess of 90% at 50% recovery. The expected permeability-
ejection tradeoff is not observed for TFN membranes. It is
ossible that solute rejection by more permeable TFN mem-
ranes would be slightly lower if rejection tests are conducted
t constant flux instead of constant pressure in the dead end
ltration cell. However, all rejections should be higher if evalu-
ted in a spiral wound element operating at low recovery with a
easonable rate of crossflow over the membrane.
An additional set of TFN membranes were prepared with
dentical membrane formation conditions using pore-filled zeo-
ite nanoparticles (i.e., the template was not removed before
anocomposite thin film formation). Pure water permeability

t
n
d
T

dings are (a) 0.0%, (b) 0.004%, (c) 0.01%, (d) 0.04%, (e) 0.1%, and (f) 0.4%

f pore-filled TFN membranes (2.5 ± 0.1 × 10−12 m Pa−1 s−1)
s lower than the corresponding pore-opened TFN membranes
2.8 ± 0.2 × 10−12 m Pa−1 s−1). The lower water permeabil-
ty suggests zeolite nanoparticle pores play an active role
n water permeation through TFN membranes. However,
he water permeability of pore-filled zeolite nanoparticles
as also higher than pure polyamide TFC membranes

2.1 ± 0.1 × 10−12 m Pa−1 s−1).
We cannot rule out the presence and potential contribu-
ion to water permeation of molecular-scale voids between
anoparticles and the polymer; however, there are no significant
ifferences in NaCl rejections of pore-filled and pore-opened
FN membranes. Zeta potentials of pore-filled and pore-opened
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ig. 5. Effect of zeolite loading on (a) surface properties and (b) separation
erformance of synthesized TFC and TFN membranes. Note: TFC data are
lotted at 10−3 for convenience.

eolite nanoparticles are also statistically insignificant (data not
hown); hence, we suggest that Donnan exclusion is enhanced
or nanocomposite membranes through their more negative
eta potentials. In addition, as illustrated in Fig. 3(a) and (c),
anocomposite thin films exhibit different cross-sectional mor-
hology, which might indicate changes in the polyamide film
tructure. Changes in glassiness of polymers in nanocomposites
ave been reported elsewhere [29].

Finally, in Table 1, pure water permeability and NaCl
ejection of hand-cast TFC and TFN membranes are com-
ared to three commercial RO membranes. The hand-cast TFN
embrane exhibits the highest rejection and an intermedi-
te permeability. It is not clear how the properties of TFN
embranes might change if formed via modern commercial
anufacturing methods, which often employ specially designed

upport membranes as well as additives to monomer solu-

able 1
and-cast and commercial membrane separation performance

embrane
esignation

NP loading
(% w/v)

Permeability
(1012 m/Pa s)

NaCl rejection (%)

FC n/a 2.1 ± 0.1 93.4 ± 1.1
WHR n/a 2.6 ± 0.3 92.0 ± 1.9
FN-400 0.400 3.8 ± 0.3 93.9 ± 0.3
LE n/a 16.8 ± 0.8 93.0 ± 1.2
F90 n/a 27.7 ± 1.7 75.2 ± 3.1

C
A

R

rane Science 294 (2007) 1–7

ions that influence monomer solubility or hydrolysis, scavenge
olymerization byproducts, and alter organic-water miscibility
nd interfacial tension. Once formed, commercial membranes
re subject to a series of proprietary physical and chemical
reatments (chemical rinses, heat curing, chlorination, etc.).
and-cast membranes evaluated herein have not been optimized

or use in practical reverse osmosis applications, but nanocom-
osite membrane technology offers new degrees of freedom to
esign RO membranes with properties, potentially, not attain-
ble from polymeric materials alone.

. Conclusions

We demonstrate formation of zeolite-polyamide nanocom-
osite thin films by interfacial polymerization, which resulted
n reverse osmosis membranes with dramatically improved per-

eability and interfacial properties when compared to similarly
ormed pure polyamide thin films. This new concept com-
ines important properties of conventional membrane polymers
flexibility, ease of manufacture, high packing-density mod-
les) with the unique functionality of molecular sieves (tunable
ydrophilicity, charge density, pore structure, and antimicrobial
apability along with better chemical, thermal, and mechanical
tability). Water molecules appear to flow preferentially through
uper-hydrophilic, molecular sieve nanoparticle pores, while
olute rejection remains comparable to pure polyamide mem-
ranes. We believe thin film nanocomposite materials represent
breakthrough in the design of reverse osmosis membranes -

ntroducing new degrees of freedom in membrane design, which
ould lead to the next generation of high performance reverse
smosis membranes.
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