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ABSTRACT: This article describes the preparation and characterization of thin film composite (TFC) membranes for the treatment of
water by desalination and removal of organic pollutants. The TFC membranes were prepared using trimesoyl chloride and m-phenyl-
diamine. Amine-functionalized f-cyclodextrins (CDs) were added to modify membrane flux and rejection. Contact angle measure-
ments demonstrate that the incorporation of the functionalized CDs increased the hydrophilicity of the membrane. All the modified
membranes showed improved fluxes with a maximum of 20 L m™> h™' compared to 5.59 L m > h™' for the unmodified membranes
at a pressure of 100 psi. Further, improved fluxes and salt rejections were achieved (maximum NaCl and Na,SO, salt rejections were
86% and 94.7%, respectively). Thus, the incorporation of functionalized CDs into TFC membranes improves both the hydrophilicity
for minimizing fouling and the rejection of salts without loss of flux. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

Commercial nanofiltration (NF) and reverse osmosis (RO) thin
film composites (TFCs) are primarily prepared by the interfacial
polymerization of m-phenyldiamine (MPDA) and trimesoyl chlo-
ride (TMC)."™ These TFC membranes have high salt rejection
properties but relatively low permeate fluxes and fouling resist-
ance, which increases operational expenses.”™ In order to reduce
these costs, developing TFC membranes with higher permeate
fluxes while keeping their high rejections of salts is necessary.

Polyamide RO membranes that are based on MPDA/TMC ex-
hibit high salt rejection properties but have relatively low per-
meate fluxes.> Interest has grown in research toward making
membranes that have higher fluxes, without compromising the
rejection properties. Similarly, for tight NF and RO membranes,
there is a need to increase flux without loss of rejection. In
addition, membranes that can be resistant to fouling and not
susceptible to oxidants are also being sought. To achieve this
goal, efforts to modify membrane surfaces have been made, and
these include surface coating in particular by grafting.'™ De-
spite an increase in fouling resistance, salt rejection and water

Membrane surfaces
modified through the concentration polarization-enhanced radi-

1,5
fluxes of coated membranes decrease.

cal graft polymerization method had their permeability reduced
by 20-40%, due to “caulking” defects in the polyamide layer.®
The rejection of salts either remained the same as the unmodi-
fied membrane or slightly improved.®

Other efforts include those made by Hong et al. where a 4.5-
bilayer poly(styrenesulfonate)/poly(allylamine hydrochloride)
film was deposited on porous alumina supports,”'® with a su-
crose and reactive dyes rejection of 99.4% and 99.9%, respec-
tively, and NaCl salt rejection between 20% and 40%. They
achieved a flux of 7.1 L m > h™' at 4.8 bar, comparable to or
greater than that of reported NF commercial membranes.”'’
Wang et al. reported a triamine 3,5-diamino-N-(4-aminophenyl)
benzamide) monomer combined with MPDA and reacted inter-
facially with TMC to prepare RO membranes.'' The flux of the
resultant membranes improved from 37.5 to 55.4 L m > h™ ' as
the 3,5-diamino-N-(4-aminophenyl) benzamide) concentration
in the amine solution was increased. The rejections of the mem-
branes were slightly decreased but the surface was more hydro-
philic, smoother, and thinner.'!

Additional Supporting Information may be found in the online version of this article.
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Lind et al. prepared pure polyamide TFC and zeolite-polyamide
thin film nanocomposite (TEN) RO membranes.'> Different physi-
cal-chemical post-treatment combinations were used after the inter-
facial polymerization reaction to change the molecular structure of
the polyamide and zeolite-polyamide thin films. Both the TFC and
TEN were more permeable, hydrophilic, and rougher than the com-
mercial seawater RO membranes. Salt rejection by the TEN mem-
branes was lower than TFC membranes. The nearly defect-free TEN
films that produced high rejections (99.4%) were achieved through
wet curing with a flux of 28.1 L m > h™" at 55 bar pressure.'?

Cyclodextrins (CDs) have been used in biotechnology and bio-
engineering but with little application in membranes."” Some
work has been done in making membranes for water treatment
but has been used predominantly in pervaporation.”'* The
common CDs available are o-, /-, and y-CDs with six, seven,
and eight cyclic glucose units, respectively. They are interlinked
by an «-1,4 glycosidic bonds."”” They have a high number of
exterior hydroxyl groups, making them very hydrophilic and
when incorporated into the polyamide thin film are expected to
increase surface hydrophilicity. Making an active thin film
hydrophilic have been shown to increase the permeate flux.'>'®

Improved solvent separation with pervaporation membrane per-
formance has been observed with the introduction of CDs.'” For
example, poly(vinyl alcohol) (PVA)/CD membranes prepared
through phase inversion have been used in the separation of etha-
nol/water mixtures."*'® Polymer membranes with CD units such
as poly(acrylic acid)/a-CD and PVA/f-CD were used in the sepa-
ration of xylene isomers by pervaporation.'”* Polyrotaxanes-
TiO,-PVA (PRs-TiO,-PVA) modified terylene membranes were
prepared through dip-coating with an aqueous solution contain-
ing PR (0-3%), a derivative of a-CD, TiO,, and PVA (1-10%) so-
lution. The -CDs in the PRs were meant to form inclusion com-
plexes with a wide variety of organic pollutants."”

Most of the research toward improving the membrane perform-
ances has shown improved solute rejection at the expense of the
permeate flux or improved permeate flux with less solute rejec-
tion.%*'"** A necessity, however, to develop membranes that have
higher permeate fluxes, without compromising their rejection
capabilities, needs to be sought. To achieve this goal, we investi-
gated the use of amine-functionalized CDs (f-CDs) to blend the
polyamide membranes. Incorporating these hydrophilic com-
pounds onto the polyamide thin film is expected to increase the
hydrophilicity of the modified TFC membranes, which could lead
to higher permeate fluxes.'>'® Amine f-CDs have cavities, which
were also expected to improve the overall porosity of the polyam-
ide thin film, resulting in membranes with improved permeate
flux.">** Moreover, the cavities can result in the formation of cap-
illary channels of water through the polyamide thin film during
the filtration, which could improve the permeate fluxes even
higher. Through these cavities, water molecules pass through
freely, but other solutes such as salts are restricted, which main-
tains a high rejection of the modified membranes.

In this article, polyamide TFC membrane were made from
MPDA and TMC with different amounts of amino f-CDs added
in situ to improve the permeate. This resulted in high permeate
flux and high rejection properties of salts and organics.
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Table I. Table Showing Different Types of Membranes with their Specific
Concentrations of MPDA and Amine-f-CDs

Types of m-Phenyldiamine Amine f-CD
membranes (%) (%)

A 2.0 1.5

B 2.0 1.0

@ i.5 i.5

D 1.5 1.0

E 2.0 0

F 1.5 0

EXPERIMENTAL

Materials

All chemicals used were of analytic reagent grade or higher, pur-
chased from Sigma-Aldrich and Merck. These chemicals
included sodium dodecyl sulfate, hexane, TMC and MPDA.
Ultrafiltration (UF) polyethersulfone (PES) (10 kDa) mem-
branes were supplied by Microdyn Nadir. The S-CDs were
amine functionalized and characterized as previously stated.®

Preparation of NF/RO Membranes

PES-Radel 300 (10 kDa) UF membranes were pre-treated in so-
dium dodecyl sulfate (0.5%) solution overnight. The UF mem-
branes were then washed with distilled water for 1 h, after which
they were dried under the fume-hood for 2 h. They were then
adhered onto a glass plate along the edges with double-sided tape
together with a paper tape in order to perform the interfacial po-
lymerization on the top dense surface of the UF membrane. A se-
ries of aqueous solutions (adjusted to pH 7, using ammonium
chloride) of the f-CDs were prepared as shown in Table 1.

The UF membranes were soaked for 3 h with their respective
aqueous solutions. After removing excess aqueous solution from
the UF membranes, the organic solution of TMC (1%) in hex-
ane was introduced and left to stand for 60 s before curing
them in an oven for 15 min, at 65°C.

Characterization of Membranes

Contact Angle Analysis. The contact angle measurements were
carried out using a Dataphysics Contact Angle Instrument (SCA
20, OCA 15EQC). Sessile drops of de-ionized water were measured
at a rate of 12 uL/s, on dry surfaces of the membranes at room
temperature. Images were captured 5 s after introducing the
drop, and the contact angles were measured. Five measurements
on different locations of the membrane sample were done and
averaged to obtain the contact angle of the membrane.

Attenuated Total Reflectance-Fourier Transform Infrared
Spectroscopy. To confirm the formation of the polyamide thin
film, the attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectroscopy was used. The FTIR spectrum was
collected by an ATR-FTIR Spectrometer (Perkin Elmer, Spec-
trum 100). The ATR-IR studies of the TFC membrane samples
were carried out using a germanium crystal. The angle of inci-
dence was fixed at 45°, and this gave a probing depth of about
0.4 pm in the IR region. The amount of contact between all the
samples and crystal was the same for all the samples. Dry
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Figure 1. The ATR-IR spectra of the modified, unmodified, and UF PES
support membranes. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

specimens of membrane samples were mounted on the crystal
with the active layer facing the crystal surface.

Morphological Analysis. Scanning electron microscopy (SEM)
images for the membranes were taken by mounting samples on
an FEI NovaNano SEM200 scanning electron microscope and
irradiating them with a beam of 20 kV. Samples were frozen in
liquid nitrogen and fractured for cross-section SEM analysis. All
SEM samples were carbon coated. Top-view transmission elec-
tron microscopy (TEM) samples were analyzed by a JEOL
JEM2100F transmission electron microscope using a dark field
imaging. The polyamide thin film samples were prepared by
growing them on a glass slide as described in the Experimental
section. The thin films were carefully removed from the glass
slide onto gelatine capsules filled with LR white resins. Samples
were then mounted on carbon-coated copper grids for TEM
analysis.”* The quantitative surface roughness analysis of the
composite membranes was measured by using an atomic force
microscopy (AFM; Nanoscope 3D Multimode; Veeco), which
utilized SNL cantilevers (Veeco) with spring constant 0.12 N/m
through the contact mode on dry air. Proper magnification and
accurate focusing for better viewing of the specimens were also
done. Samples were dried for 12 h in a vacuum oven before
AFM analysis was performed.

Permeation and Rejection Studies. The membranes were char-
acterized by studying their permeation and rejection properties
using NaCl and Na,SO, (1.0 g/L) solutions. A six-cell cross-flow
system was used for bench-scale water filtration experiments. Two
sets of three cells each were connected in parallel to a pressure
pump. After placing the membranes in the flow cells, de-ionized
water was used to compress the membranes for 8 h, at 450 psi.

After 8 h, the flow rate of pure water in the membranes was
determined at different pressures, and the results were used to
determine the pure water permeation (J,) by using™
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where Vis the volume collected at a particular time (t), A is the
active surface area of the membrane, and P is the pressure at
which measurements were taken.

Feed water with specific concentrations of NaCl and Na,SO,
salts in 10 L was used to carry out the experiment. The filtrate
was collected at a known volume and time from which the per-
meation was calculated using eq. (1).® The concentrations of
the dissolved salts were determined using an electrical conduc-
tivity meter (EC-meter, Basic 30"; Crison). The conductivity of
the filtrate was used to compute the salt concentration from
which rejection efficiencies were calculated by using®

C
R =100 1—-=2 2
( Cf), @

where C, is the pollutant concentration of the permeate stream
and Csis the pollutant concentration of the feed solution.

RESULTS AND DISCUSSION

ATR-IR Analysis

The modified and unmodified TFC membranes were character-
ized by ATR-IR spectroscopy. The germanium crystal was set to
45° angular setting to give the lowest penetration depth, while
ensuring an adequate signal quality. The TFC membranes in
Figure 1 shows an amide peak at 1660 cm™' characteristic of
amide 1 (C=0, stretch).”® It also showed a peak at 1604 cm
which was characteristic of the polyamide aromatic ring. A peak
at 1540 cm™ ' was characteristic of the amide II, where there is
a C-N stretch.”>*® The peaks ranging from 1000 to 1400 cm '
and at 1647 cm™' are characteristic of the PES UF membrane
support.%’28

The peaks at 1450 cm ™' and 1734 cm™" are characteristic of the
carboxylic groups. This is where there is a C-O stretching, OH
bending, and C=O stretching of the carboxylic groups.”’~*’
Intense peaks of the carboxylic group at 1450 cm ' and 1734
cm ™" were observed for the modified membrane, suggesting a
high concentration of carboxylic groups on the membrane.*®*°
The —COCI functional groups in the TMC are involved in the
crosslinking with the amine groups of the MPDA and the amine
f-CDs. Since, some of the —COCI groups may not be involved
in the reaction; they may be hydrolyzed to form carboxylic
acids.””*®

SEM Analysis

The microscopic structures and morphologies of the TFC mem-
branes studied using an FEI NovaNano SEM200 scanning elec-
tron microscope are shown in Figure 2. The membranes had a
generally similar surface morphology; but roughness was differ-
ent. Membranes B and D showed a high roughness. Membrane
C had a dense structural surface. The roughness of the polyam-
ide thin film of the modified TFC membranes increased due to
the incorporation of the amine f-CDs; as a result, high permeate
fluxes were observed.

The TFC membranes were frozen in liquid nitrogen and frac-
tured to show the cross-section of the TFC membranes. Figure
3 shows the cross-sectional images of the unmodified mem-
brane F and modified membrane C at 1000x magnifications.

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38667
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Figure 2. SEM images of TFC membranes: (a) Membrane E; (b) Membrane B; (c¢) Membrane C; and (d) Membrane D.

The rough edge of the TFC membranes is observed as there a
clear distinction between the polyamide thin film and the PES
support. There was a sharp distinction between the layers. The
thickness of the unmodified thin film had an average thickness
of about 6.73 um as shown in Figure 3(a). The modified
membranes have a thinner polyamide thin film of 3.27 um,
and this can explain the higher fluxes of PES as shown in
Figures 7 and 8.

TEM Analysis

TEM was also used to study the thin film of the modified
Membrane B and unmodified membrane E (Figure 4). The
polyamide thin film was grown on a glass slide, under the same
conditions as the membranes on a UF PES support. The
unmodified membrane was a uniform film across the surface
[Figure 4(a,b)], which was dense and thicker than the modified
membrane, which corresponded with the SEM image in Figure
4(a,b). Contrary to the unmodified membranes, the modified
membrane polyamide thin film showed dendritic structure
across the membrane [Figure 4(a,b)]. A dendritic structure was
not, however, present in the unmodified membrane images.
This dendritic structure is attributed to the amino {-CD incor-
porated into the membranes.

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38667
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The dendritic structure in the modified TFC membranes was re-
sponsible for the increase in porosity and roughness of the
modified membranes. It increased the total surface area of the
projected surface. An increase in surface area resulted in an
increase in flux.?*"! Figure 4(d) also showed that some parts of
the film are not as dense as the unmodified membrane in Fig-
ure 4(b). This explained the decrease in thickness of the modi-
fied membrane against the unmodified membrane as shown by
the cross-section of the membranes (Figure 3).

AFM Analysis

The AFM analysis, an important compliment to SEM, was also
used to characterize the surface morphology of the membranes.
Figures 5 and 6 show the AFM images of the unmodified Mem-
brane E and modified TFC Membrane B with projection areas of
20 pm X 20 pum. The unmodified Membrane E showed a typical
nodular morphology of RO/NF membranes.”>>* The modified
Membrane B on the other hand shows a nodular dendritic struc-
ture with large macrovoids due to the presence of the CDs.

The different morphologies observed between the modified and
unmodified TFC membranes may be due to the different poly-
merization and diffusion rates of the MPDA and amine f-
CDs.”" The interfacial polymerization to form the polyamide
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Figure 3. Cross-section SEM images: (a) Membrane F at 1000x magnification and (b) Membrane C at 1000x magnification with the polyamide thin
film on top and the PES UF membrane support below. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

thin film layer by the amines and acyl chloride in the organic  into the organic phase, it reacted quickly with the TMC to form
phase was controlled by the amine monomer diffusion from the a polyamide thin film. Since the CDs are larger molecules than
aqueous phase to the organic phase.’’* After the MPDA came the MPDA, their diffusion to the organic phase was much

Figure 4. Top view of TEM images: (a) unmodified Membrane E (100 nm); (b) unmodified Membrane E (200 nm); (c) modified Membrane B (100
nm); and (d) modified Membrane B (200 nm).
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Figure 5. AFM images: (a) three-dimensional image of unmodified TFC Membrane E (20 um x 20 um) and (b) the peak height histogram of the image
frame (20 um x 20 um). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

slower, until they were prevented from further diffusion by the  rous structure of the membranes. The rest of the amine f-CDs
interfacial layer or MPDA/TMC. The amine f-CDs that reacted not involved in the reaction were trapped between the active
with the TMC to form the thin film was responsible for the po-  film and support pores (Figure 4). The pore sizes of the 10 kDa
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Figure 6. AFM images: (a) three-dimensional image of modified TFC Membrane B (20 um x 20 um) and (b) the peak height histogram of the image
frame (20 pum X 20 pm). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table II. The Peak to Peak Maximum Distance (S,), Height Distribution (H;), Average Arithmetic Roughness (R,), Root Mean Square Roughness (R,),

and Peak Densities (P,,) of membranes

Sample identity Image scam area S, (nm) Hy (nm) Rq (nm) R (nm) P,
Membrane B 20 um x 20 um 65.3 100-2250 272 219 147
Membrane E 20 um x 20 um 10.8 500-2500 232 167 132

UF support membranes ranges between 100 A and 150 A%
The outer diameter of the f-CD was 15.3 A, with a height of
7.9 A."* Because of their smaller sizes than the pores of the UF
membrane support, they caused formation of the dendritic
structures on the modified membranes.

The height distribution (H,) of the modified membranes ranged
between 100 and 2250 nm at 20 um x 20 um area projections.
The unmodified membranes had height distribution ranging
between 500 and 2500 nm for the 20 um x 20 um area projec-
tions. The total peak density (P,) of Membrane B was slightly
more than Membrane E. The histogram of these heights of
Membrane E [Figure 5(b)] showed an even distribution,
whereas, for the modified membrane, it was unevenly distrib-
uted [Figure 6(b)]. This observation clearly showed an increased
surface area of the modified Membrane B than unmodified
Membrane E.

The surface roughness of the modified membranes was slightly
higher than that of the unmodified membranes (Table II). At
an area projection of 20 um x 20 um, the modified membranes
had an average roughness (R,) of 219 nm, higher than 167 nm
of the unmodified membranes. A similar pattern was observed
for the root mean roughness (R,;) and peak-to-peak maximum
distance for both membranes. This shows that the modified
membranes are rougher than the unmodified membranes. Other
researchers have shown that the introduction of nanoparticles
can result into a polymer chain nanostructure and pore size
change.”® Since, the CD nanosponges were incorporated into
the polyamide film, structural changes were observed.*?

The surface roughness of the top selective polyamide layer had
been found to be directly related to membrane permeability.*>*>
The porosity of the polyamide layer arises as a result of the
spaces between the chain segments within the crosslinked struc-
ture. The polymer chain nanostructure is made of a polymer
network within highly dense crosslinked structures.”” The den-
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Figure 7. A comparison between the flux of de-ionized water against con-
tact angles of TFC membranes at 100 psi. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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sity can be altered by solvents and nanoparticles, resulting in
interconnecting and irregular pores of the polyamide
membranes.*>*’

Contact Angle and Permeate Flux

The unmodified Membranes E and F had contact angles of 59°
and 60°, respectively (Figures 7 and 8). Akin and Temelli
reported commercial membranes with similar contact angles
between 60° and 70°.° These specific commercial RO mem-
branes such as RO Membrane AK had a contact angle of 64.8°
and RO Membrane AG had a contact angle of 63.5°. These con-
tact angles are comparable to Membranes E and F prepared in
this work. The modified Membranes A, B, C, and D showed
lower contact angles than Membranes E and F (Figures 7 and
8). Membrane D showed a slight decrease from 60° to 56°. The
rest of the modified membranes showed a considerable decrease
of the contact angle. For example, Membranes A and C had a
contact angle of 45°, and membrane B was 44°.

The decrease of the contact angle for the modified membranes
clearly suggest an increase of the hydrophilicity of the films due
to the introduction of the f-CDs.>*® The hydrolysis of the -
COCl groups to form carboxylic acids occurred during the
interfacial polymerization process in both the modified and
unmodified membranes. This resulted in a decreased contact
angles for both types of membranes.””*® The unmodified mem-
branes had a contact angles of 60°. The modified membranes
had even lower contact angles of 44° and 45°, respectively,
which are attributed to the hydrophilic CDs in the polyamide
thin film. Therefore, the hydrophilicity of the modified mem-
branes was increased even further.

Membranes E and F had relatively low permeate fluxes as shown
in Figures 7 and 8. Membrane E gives a permeate flux of 5.59 L
m > h™" at 100 psi (Figure 7) and 15.87 L m > h™' at 400 psi
(Figure 8). However, when comparing these permeate fluxes to
the modified, a different pattern is observed. Membrane A has a

A
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o 40 - $ +
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40 45 50 55 60 65

Contact Angles (degrees)

Figure 8. A comparison of the flux of de-ionized water against contact
angles of TFC membranes at 400 psi. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 9. A graph comparing the permeate flux and the rejection of NaCl
(1.00 g/L) by TFC membranes at 100 psi. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

permeate flux of 20.48 L m > h™ ' at 100 psiand 73 L m ™ >h™ ! at
400 psi. This pattern is similar for the other modified membranes
against the unmodified membranes (Figures 7 and 8). This clearly
shows a higher permeate flux of the modified membranes.

The modified membranes showed higher permeate fluxes than
the unmodified membranes because of the incorporation of the
amine f-CDs. The SEM images showed that the amine f-CDs
increased the porosity of the modified membranes (Figure 3).
Moreover, the AFM images show a nodular dendritic morphol-
ogy of the modified membranes (Figures 6 and 7). The higher
permeate flux of the modified membranes are thought to be due
to the increased roughness and porosity, which in turn gives an
increased surface area. A large membrane surface contacts more
water in a given projected area; hence, a higher permeate flux
was achieved.”’ The thickness of the modified polyamide thin
layer of the membranes was thinner than the unmodified mem-
branes, which could also give higher permeate fluxes."”

The hydrophilicity of the modified membranes caused by the
incorporation of the hydrophilic amine f-CDs contributed to
the higher fluxes.'” Beside the hydrophilic exterior of the amine
f-CDs, they also have cavities that can enhance the convective
flow of water molecules. It is known that the pores of NF mem-
branes ranges between 0.5 and 2 nm and the diameter of the f-
CDs between 0.62 and 0.78 nm.”">” As a result, water molecules
with a diameter of about 0.2 nm can pass through easily. The
amine f-CDs trapped inside the pores of the UF support formed
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Figure 11. A comparison of the permeate flux against the rejection of
Na,SO, (1.00 g/L) by TFC membranes at 100 psi. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 10. A graph comparing the rejection of NaCl (1.00 g/L) with
increasing in pressure. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

a dense network below the polyamide film. This dense network
can be a good environment to create capillary channels for
water molecules to pass through, which are large enough to
allow water molecules but restrict the passage of pollutants due
to particle size exclusion.”” ™’

Rejection of NaCl Salt and Permeate Flux

Sodium chloride (1.00 g/L) salt was used in this project to study
the rejection efficiency of the TFC membranes. Figure 9 showed
Membrane F with 85% NaCl salt rejection while Membrane E
had a 77% rejection. The modified membranes such as Mem-
brane A rejected NaCl salt at 85%. This rejection efficiency of
Membrane A was comparable to Membrane F and better than
Membrane E, but with a significantly better flux. Membrane B
had a 65% NaCl salt rejection, which is 8% less than membrane
E. Although the rejection was slightly lower for Membrane B
than the unmodified membranes, the permeate flux was signifi-
cantly higher. Membrane C rejected NaCl salt at 75%, which is
comparable to Membrane E. Membrane D rejected at 88% of
the NaCl salt. Membrane D had the highest rejection, with a
higher flux than the unmodified membranes. This clearly
showed that not only did the incorporation of amine f-CDs
into the polyamide thin film improved permeating fluxes but
also the solute rejections were not compromised.

122 : " = . i + Membr. A

A A z = Membr. B

80 1 . = |AMembr.C
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Figure 12. A comparison of the rejection of Na,SO, (1.00 g/L) against
increasing pressure. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Mazzoni et al. carried out a study where NaCl (1.17 g/L) was
used to study rejection efficiencies of commercial Desal DK
polyamide using pressures ranging from 2.5 to 25 bar.** The
rejections of the Desal DK membranes reported ranged between
15% and 60%.>* With a similar range of pressures used in this
work, the flux was slightly higher than the amino f-CD modi-
fied membranes, but the rejection properties were higher (Fig-
ures 7 and 8). Figure 10 shows the rejection of NaCl salt with
increasing pressure; Membrane A showed the lowest 53% NaCl
rejection at 200 psi. Membrane B had the lowest rejection of
58% (NaCl salt) at 200 psi. All the membranes showed the
highest rejection of up to 88%, whereas the Desal DK mem-
branes rejected up to 60 %.>* The modified membranes pre-
pared in this work showed NaCl rejection efficiencies better or
comparable to the unmodified membranes.

Rejection of Na,SO, Salt and Permeate Flux

The rejection of the Na,SO, is generally higher than the NaCl
salt because of size exclusion as the diameter of Na,SO, salt is
higher than that of NaCl salt.”"*>**"** Membrane E had a 91%
rejection of Na,SO,4, whereas Membrane F had a 92% rejection
(Figure 11). Membranes A, B, and C had Na,SO, rejection of
78%, 89.6%, and 85%, respectively. Membrane D had the high-
est rejection of 94% with double higher fluxes than the
unmodified membranes. As observed with the NaCl salt, the
rejections of the modified membranes are comparable to the
unmodified membranes, but the fluxes are significantly higher
for the modified membranes (Figure 11).

The rejection distribution of Na,SO, salt observed in all the
membranes prepared is constant for each membrane with increas-
ing pressure (Figure 12). The margins of the rejection efficiency
were between 72 &= 2% and 94.7 = 2% throughout the treatment
process. This showed that the subjection of the membranes to dif-
ferent pressure did not affect the membranes’ rejection efficien-
cies, while increasing the fluxes as shown in Figure 11.

CONCLUSION

The MPDA/TMC-based TFC membranes were successfully modi-
fied with amine f-CDs through an in situ interfacial polymeriza-
tion reaction. ATR-IR spectrum confirmed the presence of a poly-
amide thin film. TEM studies demonstrate the presence of the
amine f-CD polyamide polymer. The presence of the amine f-CDs
in the polyamide thin film increased the porosity as shown by the
SEM images. AFM showed an increase in the roughness of the
modified membranes. The contact angle studies also showed that
the modified membranes were more hydrophilic, which is attrib-
uted to the incorporation of the amine {-CDs. The rejection effi-
ciencies were similar to or better than the unmodified mem-
branes, while showing significantly improved fluxes. Flux
improvement is correlated to the increased surface area, porosity,
and hydrophilicity of the modified membranes due to the incor-
poration of the amine f-CDs. Studies to understand the mecha-
nism of ~-CDs membrane processes are underway.
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