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ABSTRACT: The effectiveness of TiO2 nanoparticles in improving the performance of polyamide (PA) thin-film composite (TFC)

membranes has been investigated. PA TFC membranes were prepared by interfacial polymerization with m-phenylenediamine (MPD)

and 1,3,5-benzene tricarbonyl trichloride (TMC) where TiO2 particles were added during and after interfacial polymerization. To dis-

tribute the TiO2 nanoparticles uniformly in the PA films, colloidally stable TiO2 sols were synthesized and added to the aqueous

MPD solution rather than to an organic TMC solution. Through the use of different incorporation methods, TiO2 particles were

located on the top surface, in PA film layer, and in both positions. In the case of dense PA layers, the hydrophilicity of the mem-

branes was significantly improved due to the presence of TiO2 particles, resulting in an increased water flux. On the other hand, the

enhancement of water flux was less significant when TiO2 particles were incorporated into a loose PA film that was prepared with

additives. In addition, a BSA fouling test confirmed that TiO2 nanoparticles effectively improve the antifouling properties of the

membranes for both dense and loose PA films. This effect is possibly due to increased hydrophilicity, covering of the fouling space,

and a reduction in surface roughness. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43383.
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INTRODUCTION

For several decades, thin-film composite (TFC) membranes pre-

pared by interfacial polymerization have been developed for use in

reverse osmosis (RO) and nanofiltration (NF) which have been

useful techniques for uses in drinking water production and desali-

nation of sea water.1–3 TFC membranes typically consist of ultra-

thin active layers and a porous support layer. As part of efforts to

maximize the performance of TFC membranes, both layers have

been carefully chosen and modified, which has led to an improve-

ment in their separation performances.4,5 However, further

improvements in the performance of TFC membranes in terms of

permeability, rejection, antifouling, and chlorine resistance are still

required for industrial implementation.6–11 The following

approaches regarding the enhancement of membrane performance

have been suggested: developing the composite membrane using

an ultra-thin layer, increasing the surface area of the active layer,

introducing a composite matrix membrane containing an

organic–inorganic hybrid system, and pretreatment of the surface.

Among these, the novel organic–inorganic hybrid membrane com-

bines the traditional benefits of membrane polymers with the

unique properties of inorganic nanomaterials.12 These membranes

can be prepared either by direct deposition of inorganic nanoma-

terials onto the membrane surface or by their incorporation into

the thin film during interfacial polymerization.13 Recently, a vari-

ety of inorganic materials such as SiO2, TiO2, zeolite, metal oxide

nanoparticles, graphene, and carbon nanotubes have been studied

for use in the organic–inorganic hybrid TFC membrane.14–17

TiO2 nanoparticles have a hydrophilic surface and good chemical

and physical stability along with their excellent photocatalytic

properties.18,19 These features render TiO2 nanoparticles as prom-

ising nanomaterials for organic–inorganic hybrid TFC mem-

branes. Kwak et al. and Kim et al. studied an organic–inorganic

hybrid polyamide (PA) membrane that was prepared by dipping

the support membrane into a positively charged TiO2 sol. The

TiO2 nanoparticles interacted with the PA on the membrane sur-

face in a self-assembly interaction that originated from coordina-

tion and hydrogen bonding with carboxyl groups (-COOH). The

resulting TiO2/PA membrane exhibited a higher permeability and

a new type of antibiofouling characteristic.20–22 Madaeni and

Ghaemi prepared a self-cleaning membrane using TiO2 as a clean-

ing agent. In their study, TiO2 particles were coated on a polyvinyl

alcohol surface using a dipping method.23
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PA TFC membranes are generally prepared through interfacial

polymerization of m-phenylenediamine (MPD) and 1,3,5-ben-

zene tricarbonyl trichloride (TMC), where these are dissolved in

aqueous (MPD) and organic (TMC) solutions, respectively. A

porous polymer films is initially soaked in an aqueous solution,

and then the excess is removed by roller. By contacting the film

with the organic solution, interfacial polymerization proceeds

on its surface. For a TiO2/PA hybrid membrane, some research-

ers prefer to add TiO2 nanoparticles to the organic solution.24

This approach exposes more TiO2 nanoparticles on the film

surface, which is expected to enhance membrane performance.

However, TiO2 nanoparticles are not readily dispersed into the

organic solution due to their hydrophilicity. Thus, the distribu-

tion of TiO2 nanoparticles becomes low on the surface, possibly

reducing the efficiency of TiO2 nanoparticles as hydrophilic

media.

We studied PA TFC membranes for uses in high flux RO mem-

branes using TiO2 nanoparticles, which were added not to an

organic solution but instead to an aqueous solution containing

MPD. We expected the TiO2 nanoparticles to exhibit improved

dispersion during interfacial polymerization although these

would be less exposed on the surface. To further improve TiO2

nanoparticle dispersion, a colloidally stable TiO2 sol was synthe-

sized by the sol–gel method, and this was directly added to the

aqueous solution. The TFC membranes were fabricated both by

varying the amount of TiO2 nanoparticles and by changing the

incorporation methods. The resulting membranes were eval-

uated in terms of their water flux, salt rejection, and antifouling

properties. In addition, the incorporation of TiO2 into loose

TFC membranes that were prepared with additives was also

conducted, and the performances of these membranes were

characterized. Finally, the efficiency of TiO2 nanoparticles in

enhancing the performance of the membranes, with reference to

the physical morphologies of the PA films, was discussed.

EXPERIMENTAL

TiO2 Sol Synthesis

TiO2 sol was synthesized using the sol–gel method. 29.58 mL

titanium tetraisopropoxide (TIP, Aldrich) was added dropwise

to the water/ethanol mixture (water:200 mL, ethanol:10 mL),

and the TIP-added mixed solution was placed in an oil bath (90

8C) for 30 min, followed by vigorous stirring at room tempera-

ture for 1 h. After adding an additional 2.66 mL of HCl for

peptization into the mixed solution, this was further reacted

through vigorous stirring for 2 h without sealing, to remove the

propanol from the solution. About 200 mL of deionized (DI)

water was then added to the mixed solution, and this was then

left to react at 90 8C for 18 h.25 After the reaction and reflux of

the mixed solution, a milky and opaque TiO2 sol was obtained.

Interfacial Polymerization of PA Membrane

The PA membrane was prepared on a flat-sheet commercial

polysulfone (PSF) ultrafiltration (UF) support supplied by

Woongjin Chemical in Korea as described in the literature.26 To

prepare to the amine aqueous solution, the following additives

were added to the DI water as a solvent: MPD (Aldrich) (2–3

wt %), triethylamine (TEA, Aldrich), D(1)210-camphorsul-

fonic acid (CSA, Aldrich), 2-ethyl-1,3-hexanediol (EHD,

Aldrich), and dimethyl sulfoxide (DMSO, Aldrich). The solution

was then vigorously stirred for 30 min at room temperature.

The transparent solution was obtained by dissolving 0.1 wt %

TMC (Aldrich) and 0.6 wt % tributyl phosphate (TBP, Aldrich)

in I-sol C (SK chemicals) organic solvent, and vigorously stir-

ring for 30 min at room temperature. The PSF support was

immersed in the MPD aqueous solution for 2 min, then passed

through a rubber roller to remove the excess MPD aqueous

solution on the PSF surface, and then dried for 1 min at room

temperature. For the interfacial polymerization of the PA

between the amine and acyl halide, the dried membrane was

immersed in the TMC organic solution for 1 min. After anneal-

ing the membrane for 10 min at 60 8C, the PA membrane was

finally rinsed with 2000 ppm K2CO3 aqueous solution for 2

min.

The PA TFC membranes with TiO2 were prepared by an

impregnation and deposition method. The impregnation

method is a process by which TiO2 nanoparticles are impreg-

nated on the inside of the PA membrane active layer by adding

TiO2 sol (1–10 wt %) to the MPD aqueous solution during the

interfacial polymerization process. The deposition was accom-

plished by immersing the PA membrane in the TiO2 sol for 1 h

after the interfacial polymerization process. Furthermore, the

impregnation and deposition of TiO2 nanoparticles were used

simultaneously in the preparation of the TiO2/PA membranes.

The preparation conditions for the TiO2/PA membranes are

summarized in Table I.

Table I. Details of PA TFC Membranes Containing TiO2

Sample TiO2 sol (wt %) (impregnation) TiO2 sol (h) (deposition) Additives (wt %)

M0 – – –

M1 1–10 – –

M2 – 1 –

M3 1–10 1 –

A0 – – TBP (0.6), TEA (3), CSA (3), EHD (0.2), DMSO (1.0)

A1 10 – TBP (0.6), TEA (3), CSA (3), EHD (0.2), DMSO (1.0)

A2 – 1 TBP (0.6), TEA (3), CSA (3), EHD (0.2), DMSO (1.0)

A3 10 1 TBP (0.6), TEA (3), CSA (3), EHD (0.2), DMSO (1.0)
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Evaluation of Permeation Performance and the Fouling Test

Measurement of water flux and salt rejection was conducted

using a 2000-ppm NaCl solution at a temperature of 25 8C and

a pressure of 225 psi, with a flow rate of 3 L/min.26,27 The water

flux was calculated by measuring the volume of permeated

water in units of L/m2h, and the salt rejection was determined

by the difference in conductivity between the permeate side and

feed side using a conductivity meter.

Rejection %ð Þ5 1-
Cp

Cf

� �� �
3100

Cp and Cf are the conductivity of the permeate side and feed

sides, respectively. BSA (200 ppm) was used as a model foulant

to evaluate the antifouling property of the membrane under the

same conditions as the permeation measurement.28–30

Sample Characterization

The X-ray diffraction patterns (XRD) of the TiO2 powder (TiO2

sol was dried at 40 8C for 2 days) were taken using a Rigaku D/

Max-2200V diffractometer attached to a Cu tube and graphite

monochromator at 40 kV. Transmission electron microscopy

(TEM, TECNAI G2 T-20S) was used to determine the TiO2

nanoparticles sizes. Scanning electron microscope (SEM, XL30S,

PHILIPS) imaging was performed to observe the surface mor-

phology of the TiO2/PA membrane, and an atomic force micro-

scope (AFM, Nanoscope IV, Digital Instruments) was used to

characterize the surface roughness. The distribution of TiO2

nanoparticles on the surface of the PA membrane was con-

firmed through energy dispersive X-ray spectroscopy (EDS,

Bruker Quantax 200). Attenuated total reflectance Fourier trans-

form infrared spectroscopy (ATR-FTIR, Bruker ALPHA-P FTIR

spectrometer) was used to detect the presence of the functional

group on the TiO2-coated and impregnated PA membrane. The

hydrophilicity of the TiO2/PA membrane was measured at vari-

ous parts of the surfaces by contact angle measurement (CA

SEO 300A). An image was taken as soon as a droplet of pure

water was delivered onto the PA membrane. To ensure the reli-

ability of the contact angle measurements, an average value was

chosen for the final result after performing the measurement

with the liquid drop in five different positions.

RESULTS AND DISCUSSION

Properties of TiO2 Nanoparticles

The TEM image in Figure 1(a) shows TiO2 nanoparticles from

the synthesized TiO2 sol dried at 40 8C for 2 days, resulting in a

wormhole-like meso-structure. From the image of the separated

TiO2 particle in Figure 1(a), the particle size is taken to be

approximately 7 nm. Most of the TiO2 nanoparticles were

aggregated and adjoined one another. Also, a peak area of

25.268 [101] was adopted to calculate the nanoparticle size in

the XRD pattern [Figure 1(b)]. Using the Scherrer equation

(s 5 kk/bcosh), the mean size s is determined by the shape fac-

tor k, the X-ray wavelength k, the full width at half maximum

(FWHM, b) and the Bragg angle h. The TiO2 nanoparticles

sizes measured in this way were between 7 and 8 nm. The XRD

peak of the synthesized particles is very similar that of to KCT-

2 TiO2 that was developed previously.25 The majority of the

TiO2 peaks showed the anatase phase, which is known for its

outstanding photocatalytic properties and hydrophilicity.24 A

minor diffraction peak originating from the brookite crystal

phase also appeared.

Characteristics of the PSF Support and PA TFC Membrane

Figure 2 shows SEM images of the surface of the PSF support

before interfacial polymerization, and the PA layer that was later

formed on it. As shown in Figure 2, the PSF support consists of

a number of pores, and these were then completely blocked by

the PA layer after interfacial polymerization. It is known that

the PA TFC membrane is likely to be composed of pores of sev-

eral Å in size, which are invisible in the SEM image. The surface

of the PSF support appears to be smooth (low roughness) while

the surface of the PA membrane shows a rough ridge and valley

structure. Table II shows the water flux and salt rejection of the

PSF supports and the PA membranes on the supports. As

shown in Table II, the PSF supports exhibited high water flux

and low salt rejection because of the presence of nonselective

pores, as shown in Figure 2. On the other hand, the PA mem-

branes prepared by the interfacial polymerization of MPD and

TMC, exhibited a salt rejection higher than 94% as shown in

Table II. The water flux and salt rejection of the PSF support

were 824.9 L/m2h and 6.82% respectively, at a pressure of 225

psi. The flux of the PA membrane that was prepared by interfa-

cial polymerization was significantly decreased to a value of

0.83 L/m2h. The thin and dense PA layers (thickness of 100–

Figure 1. (a) TEM image and (b) XRD pattern of synthesized TiO2 nano-

particles. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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200 nm) on the PSF support were coated through the interfacial

polymerization of MPD (amine) and TMC (acyl halide), which

caused a significant reduction in the flux together with an

increase of rejection.31 This indicates that it is desirable to

enhance the flux of the PA membrane. Several methods such as

modification through the use of additives and postprocessing

have been proposed to this end.

TiO2 Effect on a Dense PA TFC Membrane

To improve the water flux of the PA membrane, we incorporated

TiO2 nanoparticles into the membrane by impregnation (by add-

ing TiO2 into the MPD solution), deposition (by dip-coating),

and both impregnation and deposition, as described in the experi-

mental section. Figure 3 shows SEM images of the PA membrane

after TiO2 incorporation. As shown in Figure 3, the PA membrane

displays noticeably different distributions of TiO2 on the mem-

brane surfaces, according to the incorporation method used. In

the case of M0 that was prepared with only MPD and TMC and

without TiO2 nanoparticles, as shown in Figure 3(a), a ridge and

valley structure was visible on the surface of the PA layer. The

TiO2 was not visible in the SEM image [Figure 3(b)] for M1,

which was prepared by impregnation. However, the EDS mapping

analysis provided in the inset of Figure 3(b) indicated the pres-

ence of TiO2 inside the membrane, and also confirmed the pres-

ence of a large amount of impregnated nanoparticles throughout

the membrane with a uniform distribution as indicated by red

dots. In our study, a high dispersion of nanoparticles is believed

to originate from the approach of adding the hydrophilic TiO2 sol

directly into an aqueous solution, and not into a TMC organic

solution. If TiO2 nanoparticles are added to an organic solution,

the dispersion of the powder will be low due to the aggregation

and precipitation of particles in the organic solution. The PA layer

of M2 that had been immersed in TiO2 sol for 1 h was wholly cov-

ered with the deposited nanoparticles [Figure 3(c)]. As shown in

Figure 3(d), among the samples, the largest amount of the TiO2

nanoparticles was present on the membrane surface of M3. This is

because the impregnated TiO2 in the PA layer increased the affin-

ity for adsorption of nanoparticles during immersion coating.

Figure 4 shows the contact angles of the TFC PA membrane and

ATR spectra before and after the addition of TiO2. The contact

angle results indicate that M2 (68.118) exhibited a higher hydro-

philicity than M0 (79.088) and M1 (78.128). The lowest contact

angle was observed in M3. The contact angle of M3 (31.588) indi-

cates that this sample exhibited a more hydrophilic surface due

to a greater amount of TiO2 nanoparticles deposited on the M3

surface compared to M0, M1, or M2. At the moment water was

dropped onto the surface of M3, it spread over a wide area

because of the ultra-hydrophilic property of the TiO2, that was

distributed over the surface.32 The presence of TiO2 on the PA

layer was further confirmed by the ATR-IR spectra, shown in Fig-

ure 4(e). The peak (400–1000 cm21) of M3 that was related to

TiO2 bonds was significantly lower and wider than the peak of

the pure PA membrane (M0).33 Moreover, the absorption peak of

the hydroxyl group (3000–3500 cm21) also became stronger due

to the surface hydroxyl group of TiO2 from M3. Thus, it can be

concluded that M3 exhibited a more hydrophilic surface and

higher TiO2 loading than the other samples.

Table III indicates that the flux was dependent on the amounts of

TiO2 and their positions in the PA membrane. A positive correla-

tion exists here: increasing the amount of TiO2 sol that was added

to the amine aqueous solution led to an increase in the flux. M0

exhibited a very low flux of approximately 0.83 L/m2h while M1,

M2, and M3 showed enhanced water flux with increasing weight

percent of TiO2. Among these samples, the flux of M3 (22.84 L/

m2h) appeared to be the highest, twice those of M1 (9.54 L/m2h)

and M2 (11.88 L/m2h). It is understood that M3 was able to bear

a greater amount of TiO2 particles because the nanoparticles were

placed both on the surface and inside the PA layer.

It is of note that the salt rejection of the prepared membranes

exhibited a different behavior. Comparing M0 and M1, there

was almost no change in salt rejection while the water flux

increased as the weight of TiO2 increased. Similar trends were

observed for M3 (3%) and M3 (5%). This indicates that TiO2

worked effectively to enhance membrane performance. A slight

reduction in salt rejection for M3 (10%) is thought to be asso-

ciated with defects created at interface of inorganic materials

and polymer matrix because of high loading. On the other

hand, noticeable reductions were observed for M2 and M3

(1%). The salt rejections were initially expected to remain the

Figure 2. FE-SEM images of (a) PSF support and (b) PA membrane.

Table II. Performance of the PSF Support and PA Membrane (2000 ppm

NaCl Solution, 225 psi)

PSF support PA membrane (M0)

Flux (L/m2h) 824.91 0.83

Rejection (%) 6.82 94.83
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same or to increase for both samples, since the addition of TiO2

proved to increase the water flux while maintaining salt rejection.

We postulated that chlorine included in the TiO2 sol led to a

reduction in salt rejection by degrading the PA membrane. As

described in the Experimental section, HCl was selected as a cata-

lyst for TiO2 hydrolysis and condensation, and the resulting TiO2

sol was directly used for membrane fabrication and coating with-

out further purification. Thus, chlorine ions were present during

interfacial polymerization and immersion for the TiO2 coating,

and their concentration could have been greater than several

thousand ppm. Thus, chlorine in TiO2 sol would degrade the

membranes and create nonselective regions on the PA layer. In

addition, the salt rejections of M3 (3%) and M3 (5%) were

recovered to values similar to those of M0 and M1 as shown in

Table III. Thus, it is likely that TiO2 can exhibit a certain amount

of chlorine tolerance by embedding on the surface of the PA

layer. We may speculate that a strong interaction between the

TiO2 nanoparticles and the polymer happens as a result of coor-

dination or hydrogen bonding with COOH groups and might

contribute to the observed enhancement in chlorine tolerance.

However, this still requires further clarification and so further

investigations haves been formed.

TiO2 Effect on a Loose PA TFC Membrane Prepared with

Additives

High-flux membranes were prepared by adding additives such as

TEA, CSA, EHD, DMSO and TBP. It has been reported that these

additives improve the water flux of membranes by making these

more porous and hydrophilic.26 The performance of the PA TFC

membrane that was prepared with additives is summarized in

Table IV. It is shown that additives increased the water flux of the

membranes where A0 exhibited a flux of 80.29 L/m2h and a salt

rejection of 87.76%. A0 exhibited a higher flux than M0 because

of an additive effect that considerably changed the morphology

of the PA layers, shown in Figure 5(a). The flux of A1, prepared

with 10 wt % TiO2 sol-added to an amine aqueous solution, was

slightly higher than that of A0 but with a reduced salt rejection.

Thus, TiO2 nanoparticles did not produce a corresponding

increase in the water flux of A1, compared with that of M1. In

the case of A2, which was dipped in the TiO2 sol for 1 h, the flux

became even lower at a value of 66.74 L/m2h. The lowest flux was

exhibited by A3, which underwent both impregnation and depo-

sition of TiO2 nanoparticles, at only 55.88 L/m2h. As shown in

Figure 5(a,b), the high fluxes of A0 and A1 originated from the

porous morphology of the PA film. On the other hand, in the

cases of A2 and A3, the TiO2 particles were positioned in the cav-

ities and caused a narrowing of the passage of water molecules,

as shown in Figure 5(c,d), which is shown to decrease the water

flux in spite of the increase in hydrophilicity.

Figure 6 exhibit AFM images of M0, M3, A0, and A3 as well as

contact angles of A0 and A3. As compared with the root mean

squared roughness (Rrms 5 12.4 nm) of M0 [Figure 6(a)], the

surface of A0 [Figure 6(c)] presented low roughness as 8.6 nm

in Rrms by AFM, which corresponds to the previous study.26

The contact angle of A0 was measured to 60.238, that was lower

than that of M0 (79.088) as well. The low roughness would lead

to decrease in the contact angles. Thus, reduction in surface

roughness of A0 also played a role to improve water flux, along

with their porous structures by additives. Changes in surface

Figure 3. FE-SEM images of the surface morphologies of TiO2-impregnated or/and deposited PA membranes. (a) M0: PA membrane (no TiO2), (b) M1

(1 wt %): TiO2-impregnated PA membrane and EDS mapping image, (c) M2: TiO2-deposited PA membrane, and (d) M3 (1 wt %): TiO2-impregnated

and deposited PA membrane). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4338343383 (5 of 8)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


morphology resulting from TiO2 deposition can be visualized

using AFM where Rrms of M3 [Figure 6(b)] and A3 [Figure 6(d)]

were calculated as 7.9 and 5.7 nm, which were smother than M0

and A0, respectively. TiO2 particles placed on the PA surfaces led

to reduction in their surface roughness. As shown in Figure 6(f),

the contact angle of A3 was further reduced to 30.208, which is

similar to that of M3 (31.588). However, differing from M3

enhancing the water flux, A3 exhibited a reduction in the water

flux although salts rejected were improved. TiO2 particles on A3

were likely to narrow its void spaces and eventually decreased the

water permeance. Thus, the addition of TiO2 nanoparticles into a

high flux of loose PA membranes prepared with additives

appeared to be less effective than in the dense PA membranes.

Antifouling Properties of PA TFC Membranes with TiO2

Loading

Antifouling testing was conducted using a 200-ppm BSA aqueous

solution, a common organic foulant employed for these tests. Fig-

ure 7 shows the fouling resistance of the resulting membranes. As

shown in Figure 7, there were practically no changes in the flux

among M0, M1, M2, and M3 for 6 h, whereas the other samples

showed a noticeable reduction in water flux. This trend originates

from a difference in the flux of the membranes and their mor-

phologies. While water molecules selectively pass through certain

membranes, other impurities are being rejected by the mem-

branes forming cake layers on the membrane surface. This

reflected the fact that the cake layers grow quicker as the water

flux of a membrane increased, resulting in flux reduction because

of diffusion resistance by the accumulated cake layers. Thus, it is

shown that cake layers were thinner in the former samples because

of low flux, but more cake was accumulated in the other samples.

Furthermore, the latters exhibited more cavities on their surfaces

because of the additives inserted during interfacial polymeriza-

tion. These spaces may provide more possibilities for foulants to

remain on the membrane surface during water permeation.

The antifouling effect of TiO2 nanoparticles can be visualized

through a comparison of A0, A1, A2, and A3. It may be seen

from Figure 7 that resistance to fouling could be improved by

the addition of TiO2 nanoparticles. In particular, this appeared

to be effective when TiO2 particles were present on the surface

rather than in the PA layer. A2 exhibited higher antifouling

resistance than A1. A3 exhibited the maximum resistance

among the high flux PA membranes because of the presence of

TiO2 both on the surface and in the PA film. From these results,

it can be concluded TiO2 particles can enhance resistance to

Table III. Performance of PA TFC Membranes According to TiO2 Sol Concentration

M1 M3

M0 1% 3% 5% 10% M2 1% 3% 5% 10%

Flux (L/m2h) 0.83 2.36 3.40 5.58 9.54 11.88 13.99 16.25 21.69 22.84

Rejection (%) 94.83 93.38 94.13 95.57 94.97 85.64 85.19 94.95 94.33 91.42

Table IV. Performance of PA TFC Membranes That Were Prepared with Additives and TiO2 Nanoparticles

A0 (no TiO2) A1 (impregnation) A2 (deposition) A3 (impregnation1deposition)

Flux (L/m2h) 80.29 84.10 66.74 55.88

Rejection (%) 87.76 85.39 91.70 93.29

Figure 4. Contact angle of TiO2-impregnated or/and deposited PA mem-

branes. (a) M0: no TiO2, (b) M1 (1 wt %): TiO2 impregnation, (c) M2:

TiO2 deposition, (d) M3 (1 wt %): TiO2 impregnation 1 deposition, and

(e) ATR spectra of M0 and M3. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4338343383 (6 of 8)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


Figure 5. FE-SEM images of the surface morphologies of PA membranes that were prepared with additives and TiO2 nanoparticles. (a) A0: PA membrane

(no TiO2), (b) A1: TiO2-impregnated PA membrane, (c) A2: TiO2-deposited PA membrane, and (d) A3: TiO2-impregnated and deposited PA membrane).

Figure 6. Surface roughness of (a) PA membrane (M0) prepared without TiO2 nanoparticles, (b) TiO2/PA membrane (M3) produced using the impreg-

nation and deposition method with TiO2 nanoparticles, (c) PA membrane (A0) prepared only with additives, (d) TiO2/PA membrane (A3) produced

using the impregnation and deposition method with both additives and TiO2 nanoparticles, and (e) and (f) contact angles of A0 and A3, respectively.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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organic foulants by providing hydrophilic properties to the PA

layer.

CONCLUSIONS

TiO2 nanoparticles have been incorporated into PA TFC mem-

branes, by both impregnation and deposition. We prepared colloi-

dally stable TiO2 sols and added these to an aqueous MPD

solution to enhance the dispersion of TiO2 particles on a PA film.

It is clear that the presence of the TiO2 particles led to an increase

in the hydrophilicity of the PA TFC membranes, while the effi-

ciency of TiO2 particles appeared to differ depending on the phys-

ical structure of the PA film. For the case of dense PA films,

enhancement by TiO2 particles was significant, and the water flux

was improved by 10 times. However, TiO2 did not play such a sig-

nificant role in the case of loose PA membranes that were pre-

pared with additives. In this case, only modest changes were

observed, regardless of TiO2 loading. Thus, it can be concluded

that the addition of TiO2 particles works effectively for dense PA

TFC membranes, as these exhibited great improvement in the

water flux. In addition, the BSA fouling tests confirmed that the

fouling problem for organisms could be mitigated by the presence

of TiO2 because of the effects of hydrophilicity, pore covering by

TiO2, and a reduction in surface roughness. The membranes pro-

posed by this study featured extremely high water fluxes and salt

rejections above 94%, which appeared rather low for desalination

requiring salt rejections as high as 99.7%. Instead, these high flux

membranes would potentially be used for household water puri-

fier as well as recovery of special chemicals such as pigments and

draw solutes for FO (Forward osmosis) membranes.
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