
Received: 16 August 2017 Revised: 20 November 2017 Accepted: 27 November 2017
DO
I: 10.1002/pat.4242
R E S E A R CH AR T I C L E
Preparation and characterization of TiO2/Pebax/(PSf‐PES) thin
film nanocomposite membrane for humic acid removal from
water

Naeema Cheshomi1 | Majid Pakizeh1 | Mahdieh Namvar‐Mahboub2
1Department of Chemical Engineering, Faculty

of Engineering, Ferdowsi University of

Mashhad, Mashhad 91779‐48974, Iran
2Department of Chemical Engineering,

University of Gonabad, Gonabad, Iran

Correspondence

Majid Pakizeh, Department of Chemical

Engineering, Faculty of Engineering, Ferdowsi

University of Mashhad, Mashhad, Iran.

Email: pakizeh@um.ac.ir
Polym Adv Technol. 2018;29:1303–1312.
New thin film composite (TFC) membrane was prepared via coating of Pebax on PSf‐PES

blend membrane as support, and its application in wastewater treatment was investigated.

To modify this membrane, hydrophilic TiO2 nanoparticles were coated on its surface at

different loadings via dip coating technique. The as‐prepared membrane was characterized

using Fourier transform infrared spectroscopy, scanning electron microscopy (SEM), field

emission SEM, and contact angle analysis. The Fourier transform infrared spectroscopy anal-

ysis and surface SEM images indicated that TiO2 was successfully coated on the membrane

surface. In addition, the results stated that the hydrophilicity and roughness of membrane

surface increased by addition of TiO2 nanoparticles. Performance of TFC and modified

TFC membranes was evaluated through humic acid removal from aqueous solution.

Maximum permeate flux and humic acid rejection were obtained at 0.03 and 0.01 wt%

TiO2 loadings, respectively. Rejection was enhanced from 96.38% to 98.92% by the increase

of feed concentration from 10 to 30 ppm. Additionally, membrane antifouling parameters at

different pressures and feed concentration were determined. The results indicated that

surface modification of membranes could be an effective method for improvement of

membrane antifouling property.
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1 | INTRODUCTION

Natural organic materials (NOMs) constitute an important group of

surface water contaminants, which primarily consists of humic

substances.1,2 Additionally, the NOMs may react with chlorine com-

pounds during chlorination process of water, which lead to formation

of some carcinogenic disinfectant by‐products such as trihalometh-

anes and haloacetic acids.3 Thus, it is required to eliminate NOMs or

its by‐products from wastewater to have a healthy environment.

According to their solubility in different pH, NOMs can be categorized

into 3 groups: humic acid (HA), fulvic acid, and humin.4,5 Since HA is an

important part of NOMs, it has been used as a sample model of these

compounds in many researches.6

Up to now, different separation processes have been developed to

remove HA from water, including adsorption,7,8 advanced oxidation

processes,9,10 coagulation,11,12 and ultrafiltration (UF) process.13-16

Among these techniques, UF has attracted the researcher's attention
wileyonlinelibrary.com/jou
due to its low costs, low energy consumption, no need of change in

phase, and compatibility with the environment.17,18

Ultrafiltration membranes have been prepared in both

“asymmetric” and “composite” structures. However, in the art of

making high flux membranes, thin film composite (TFC) structure

is regularly suggested by researchers. Using a TFC membrane made

it possible to benefit from the good properties of selective layer for

retention of solute and high porosity of support layer for increase

of permeate flux.19 Anyhow, selective layer is main responsible for

TFC membrane performance, and therefore, its chemical and mor-

phological properties (depended to material selection) are important.

Although hydrophilic surface assesses the improvement of mem-

brane performance, hydrophobic polymers are still the most practi-

cal ones for preparation of UF membrane due to their superior

chemical and thermal stability.20 Accordingly, in the case of

composite UF membranes, the use of Pebax copolymer as selective

layer can be suitable due to its bicontinuous structure. In this case,
Copyright © 2018 John Wiley & Sons, Ltd.rnal/pat 1303
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water molecules may transfer through poly(tetramethylene oxide)

segments.21

The surface fouling is the main challenge in a HA removal via UF

process and plays a crucial role on the membrane performance.22 Foul-

ing leads to a decrease in membrane efficiency and the resultant flux

even after backwashing.23,24 The common approach to reduce the

membrane fouling is increment of membrane hydrophilicity.3 In this

case, different hydrophilic materials are introduced as modifier by

researchers. Inorganic additives, namely, TiO2, Al2O3, SiO2, ZrO2, and

ZnO, are a proper group of materials for this goal because of their ease

of access and use.4 Among the mentioned additives, TiO2 nanoparti-

cles have been considered as an appropriate modifier because of their

stability, commercial availability, ease of preparation, and their photo-

catalytic and super hydrophilic properties.25

To modify polymeric membranes with nanoparticles like TiO2,

solution blending is the most common method. Anyhow, in some

cases, this method leads to reduction of membrane permeability. Thus,

other methods like coating technique are suggested by researchers.26

For instance, Rahimpour et al26 applied both coating and entrapping

approaches for surface modification of polyethersulfone (PES) mem-

branes by TiO2 nanoparticles. They resulted that coating was more

appropriate for surface modification and reduction of fouling when

compared with entrapping method. Pourjafar et al27 prepared a PVA

(Poly Vinyl Alcohol)/PES composite membrane, which was modified

by TiO2 nanoparticles on the surfaces by coating method. The surface

hydrophilicity and roughness of modified membranes were increased

by coating of TiO2 nanoparticles. Also, water permeability of the mod-

ified membranes was higher than that one for nascent membrane.

Rajesh et al24 investigated the effect of TiO2 and combination ratio

of polyamide imide (PAI) and polysulfone (PSf) polymers on the separa-

tion of HA from water. They resulted that incorporation of PAI and

TiO2 nanoparticles has a huge effect on improvement of morphology,

hydrophilicity, pure water flux (PWF), rejection, and antifouling proper-

ties of PSf/PAI membranes. Anyhow, it should be notified that appro-

priate interaction between nanoparticles coating and selective layer

increases the stability of nanoparticles on the surface of membrane.

According to author's findings, in the current study, UF‐TFC

membrane was prepared and modified to apply in the field of

wastewater treatment. For this purpose, Pebax polymer was coated

on the PES‐PSf blend membrane as support layer. Indeed, PES‐PSf

blend membrane depicts smaller surface pores, higher porosity, and

flux when compared with porous PSf membrane.28,29 Surface

modification was performed using hydrophilic TiO2 nanoparticles to

improve hydrophilicity and antifouling properties of the prepared

membrane. The prepared membranes were characterized and used

for separation of HA from water.
TABLE 1 Introduction of prepared membranes

Membrane Sample Code TiO2 Concentration, wt%

Pebax/(PSf + PES) TFC 0

0.01% TiO2/Pebax/(PSf + PES) TFN (0.01) 0.01

0.03% TiO2/Pebax/(PSf + PES) TFN (0.03) 0.03

0.05% TiO2/Pebax/(PSf + PES) TFN (0.05) 0.05

Abbreviations: PES, polyethersulfone; PSf, polysulfone; TFC, thin film
composite; TFN, thin film nanocomposite.
2 | EXPERIMENTAL

2.1 | Materials

Polyethersulfone with Mw of 75 000 g mol−1 and PSf with Mw of

60 000 g mol−1 were obtained from BASF Company. Pebax 2533

was purchased from Arkema (France). Pebax 2533 is a member of
poly(ether‐block‐amide) copolymers, including 80 wt% soft

poly(tetramethylene oxide) segments and 20 wt% hard polyamide 12

segments.30,31 TiO2 nanoparticles (TiO2, particle size of 21 nm,

Degussa) were supplied by Evonik Company (Germany). N‐Methyl‐2‐

pyrrolidone and isobutanol from Merck were used as solvent. Distilled

water as the nonsolvent was used in coagulation bath.

2.1.1 | Preparation of TFC membrane

The support membrane was fabricated via phase inversion induced by

immersion precipitation technique. PSf and PES (1:1 w/w) were

dissolved in N‐methyl‐2‐pyrrolidone at 60°C for 15 hours under

magnetic stirring to obtain 17 wt% polymeric solution. After degassing,

the bubble‐free solution was cast on a nonwoven polyester by a casting

bar (Neurtek2281205) with a thickness of 250 μm. To solvent‐

nonsolvent exchange, the coated film was immediately immersed into

a distilled water bath as nonsolvent at room temperature and kept for

24 hours to remove residual solvent. At the first step for preparation

of selective layer, 10 wt% Pebax was dissolved in isobutanol at 90°C

for 6 hours under reflux conditions to prepare coating solution. After

degassing, the resultant solution was casted on the support membrane

by a casting knife with a thickness of 3 μm and immediately placed in an

oven at 80°C for 15 minutes.

2.1.2 | Membrane modification

For modification of TFC membrane, TiO2 nanoparticles were dispersed

in distilled water with concentrations of 0.01, 0.03, and 0.05 wt%

followed by 1 hour sonication and being stirred vigorously for another

1 hour. Afterward, the prepared TFC membrane was immersed inTiO2

colloidal suspensions for 1 hour. Finally, the coated membrane

was washed by water and was dried at ambient temperature. The as‐

prepared membranes were coded according to the modifier loading

(Table 1).
2.2 | Characterization tests

2.2.1 | FTIR analysis

Functional groups of as‐prepared membranes were detected by

Fourier transform infrared (FTIR) spectroscopy (Avatar 370 Nicolet,

Spectrometer, USA). All FTIR spectra were presented in wavenumber

range of 400 to 4000 cm−1.

2.2.2 | SEM and FESEM analysis

The morphology of prepared membranes was investigated using

scanning electron microscopy (SEM) (LEO 1450 VP, Zei, Germany)

and field‐emission SEM (FESEM) (ΣIGMA/VP, ZISS, Germany). For



FIGURE 1 Fourier transform infrared spectra of, A, TiO2

nanoparticles, B, Pebax membrane, C, support membrane
(polyethersulfone + polysulfone), D, thin film composite membrane,
and, E, thin film nanocomposite (0.03) membrane [Colour figure can be
viewed at wileyonlinelibrary.com]
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making electrical conductivity, all samples were coated by gold

sputtering. To have clean cuts for cross‐sectional images, as‐prepared

membranes were broken in liquid nitrogen.

2.2.3 | Contact angle measurement

The water contact angles of the as‐prepared membranes were

measured by sessile drop technique by instrument (OCA15 plus,

Dataphysics, Germany). The data of water contact angles are reported

as the average of measurements obtained from at least 4 water drop-

lets on each membrane surface.

2.2.4 | Membrane performance experiments

To measure the PWF, the membrane with effective area of 7.68 cm2

was placed in contact with distilled water at a constant pressure, and

the permeate volume and flux were measured every 10 minutes. This

process was repeated with HA feed instead of water to measure the

permeate flux. The concentration of HA in permeate was measured

by a UV spectrophotometer (Optizen POP QX) in 254 nm wavelength.

According to the stable measured flux, pure water and permeate

fluxes were calculated by the following equation.

J ¼ V
A⋅Δ

t; (1)

where V denotes the permeate volume (L) and A and Δt are the mem-

brane effective area (m2) and the permeate time (h), respectively.

The HA rejection factor was calculated as follows:

R %ð Þ ¼ 1−
Cp

Cf

� �
×100; (2)

where R is the rejection factor and Cf and Cp denote the HA concentra-

tions in feed and permeate, respectively.

2.2.5 | Membrane fouling resistance

One of the most important methods to investigate the membrane ten-

dency for fouling is measuring the flux recovery ratio (FRR) after filtra-

tion of feed solution. To study the fouling resistance of as‐prepared

membranes, the PWF was measured for each membrane after

90 minutes at a specific pressure, in accordance to Equation 1. Then

HA separation process was occurred, and permeate flux was calculated

by passing 2 hours. Afterward, the membrane was washed with dis-

tilled water for 30 minutes, and then PWFmeasurement was repeated.

Fouling‐resistance properties of as‐prepared membranes including

FRR, reversible fouling ratio (Rr), and irreversible fouling ratio (Rir) were

calculated by following equations:

FRR ¼ Jw2
Jw1

×100; (3)

Rr ¼ Jw2−JHA

Jw1
×100; (4)

Rir ¼ Jw1−Jw2
Jw1

×100; (5)

where Jw1 is the initial PWF, JHA is the permeate flux, and Jw2 is the

second PWF. All experiments were performed three times, and

the average amount of the results was reported.
2.2.6 | HA adsorption experiment

To study the effect of adsorption characteristics of the membrane on

its overall separation performance, adsorption tests were performed

using a batch system. To do this, the as‐prepared membranes were

cut into circular pieces with 5 cm diameter and placed them into a

HA solution of 20 mg/L in ambient temperature for 24 hours until

reaching equilibrium. The HA concentration in the solution was ana-

lyzed before and after the adsorption process using a UV spectropho-

tometer at wavenumber of 254 nm. Finally, the HA adsorption

capacity was calculated as follows:

HA adsorption capacity %ð Þ ¼ C0−C
A

×100; (6)

where A is the membrane area and C0 and C are the HA solution con-

centration before and after adsorption process, respectively.
3 | RESULTS AND DISCUSSION

3.1 | Membrane characterization

3.1.1 | FTIR analysis

Figure 1 illustrates the FTIR spectrum of TiO2 nanoparticles and TFC

and Thin Film Nanocomposite (TFN) membranes. For TiO2, in

Figure 1A, the bands which observed in the range of 450 to 800 cm
−1 are related to the stretching vibrations of Ti─O─Ti and Ti─O

groups on the surface of TiO2 nanoparticles.32,33 The bands at 1627

and 3398 cm−1 correspond to the stretching vibration of ─OH groups

on nanoparticles surface.34,35 The FTIR analysis of Pebax film is given

in Figure 1B. The band at 1112 and 1740 cm−1 is attributed to the

C─O─C and ─C═O stretching vibrations, respectively. Also, another

2 bands at 1640 and 3308 cm−1 are assigned to the presence of

H─N─C═O and N─H groups, in the hard Polyamide (PA) segment,

respectively.30,36 In FTIR spectra of Pebax (Figure 1B), it seems that

PA block of Pebax is significantly self‐associated via hydrogen bond-

ing.36 The FTIR spectrum of PSf‐PES support membrane is illustrated

in Figure 1C. The observed bands at 1110, 1240, 1150, and 1323 cm
−1 are corresponded to vibrations of C─O, C─O─C, and symmetric

and asymmetric O═S═O groups of PSf and PES, respectively. Also,

http://wileyonlinelibrary.com
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the bands around 1480 to 1580 cm−1 are related to aromatic ring

stretching vibrations of asymmetric C═C.28,33-35 In Figure 1D, the

results of FTIR analysis for TFC membrane are shown. It is clear that

all of the peaks in the FTIR spectra of Pebax film and support

membrane are observed in FTIR analysis of TFC membrane.

A comparison between the FTIR spectra of TFC membrane and

TFN (0.03) membrane (Figure 1E) reveals that in the spectrum of

coated membrane (Figure 1E), the bands around 500 to 800 cm−1 are

attributed to the presence of TiO2 nanoparticles on the membrane

surface. In addition, the broad peak around 3500 to 3700 cm−1 is

augmented the presence of significant amount of OH groups of TiO2

nanoparticles on membrane surface (Figure 1E). It is also observed that

a considerable amount of amide groups contributing to the spectrum

of Pebax disappear after modification of membrane by TiO2 nanopar-

ticles coating. This suggests that the interchain hydrogen bonding

between the amide groups of Pebax chains at surface of membrane

is partially broken by the presence of TiO2 nanoparticles. This behavior

was reported in previous studies, which focus on the effect of

nanoparticles on Pebax membrane structure via solution blending

method.37 These results can propose the interaction between TiO2

nanoparticles and Pebax polymer chains.
3.1.2 | Contact angle

Contact angle analysis was conducted to investigate the effect of TiO2

nanoparticles on hydrophilicity of the membranes. The surface contact

angle of prepared TFC and TFN membranes are presented in Table 2.

The results clearly show that the contact angle decreases by increase

of TiO2 nanoparticles concentration from 73.76° for TFC to 58.36°

for TFN (0.05). The contact angle is inversely related to the hydrophi-

licity. Therefore, addingTiO2 nanoparticles improves the hydrophilicity

of the membranes.38 Hydroxyl groups of TiO2 nanoparticles have

caused the possibility of interacting with amide groups of Pebax by

OH species. On the other side, hydrophilicity of membrane surface

has been improved by hydroxyl groups due to their polarity that facil-

itates the interaction with water molecules.39 This conclusion is in line

with the results of Luo et al40 who reported that by increase of TiO2

nanoparticles, the hydrophilicity of modified membrane is increased.
3.1.3 | Morphological studies

Figure 2 represents surface morphologies of TFC and modified TFC

membranes using FESEM technique. A comparison between the

surface FESEM images of TFC and TFN membranes indicates that

the selective Pebax layer of TFC membrane has no nanoparticles or

any defection on its surface. On the other side, little white spots were

observed on the surface of TFN membrane selective layer. This spots
TABLE 2 Contact angle of prepared membranes

Membrane Contact Angle, °

TFC 73.76 ± 0.13

TFN (0.01) 66.36 ± 0.23

TFN (0.03) 62.5 ± 0.24

TFN (0.05) 58.36 ± 0.17

Abbreviations: TFC, thin film composite; TFN, thin film nanocomposite.
confirm that deposition of TiO2 nanoparticles is well done.41 As clearly

seen in this figure, at high concentration of TiO2, aggregation of nano-

particles has induced on the top surface of modified TFC membrane.26

Figure 3A depicts the FESEM image of the selective TiO2‐coated

Pebax layer. This figure confirms that the selective layer was properly

coated on the support membrane. Also, it has clearly been observed

that TiO2 nanoparticles are successfully coated and well dispersed on

the membrane surface.39 Figure 3B illustrates the surface morphology

of TFN (0.03) membrane after PWF experiments. As can be seen, even

after permeation and washing, TiO2 nanoparticles are not removed

from surface of selective layer. This can be attributed to the strong

bonding between TiO2 nanoparticles and polymeric structure of the

membrane26 and was previously confirmed by FTIR results. Figure 3

C represents the cross‐sectional image of the TFN (0.03) membrane.

While TiO2 nanoparticles are deposited only on the surface of mem-

brane, cross‐sectional structure of all TFN membranes is similar to

TFC membranes.41 Additionally, as depicted in Figure 3C, the

membrane exhibits an asymmetric structure, consisted of a selective

Pebax layer with an approximate thickness of 1 to 2 μm, which has

successfully coated on finger‐like support layer.
3.2 | Membrane performance

3.2.1 | Pure water flux

The PWF of prepared membranes with different TiO2 nanoparticles

concentration at the pressures of 3 and 5 bar is depicted in Figure 4

A. Increase of hydrophilicity and clogging of surface tiny pores, which

are the results of addition of TiO2 nanoparticles, have 2 antithetical

effects on the flux. By addition of TiO2, the PWF first dropped, which

is followed by a raise and another drop. As seen in Figure 4A, the PWF

of TFN (0.01) membrane is lower thanTFC membrane, which is due to

pore clogging by TiO2 nanoparticles that overcomes the effect of

hydrophilicity increase. Bae and Tak38 have reported similar observa-

tions for PSF membranes in which the results showed that by addition

of TiO2 nanoparticles to the membrane, the flux decreased. They

mentioned that this behavior might be due to the plugging of some

pores on membrane surfaces.

As the concentration of TiO2 nanoparticles increase up to 0.03%,

hydrophilicity is also increased, which results in the adsorption of

water molecules, facilitates the penetration through the membrane,

and leads to the maximum value of PWF. At high TiO2 loading (TFN

(0.05)), the aggregation phenomenon of nanoparticles leads to a lower

contribution of hydrophilicity to the flux. In a similar study, Madaeni

and Ghaemi39 reported that at high TiO2 concentration, the PWF

was reduced due to agglomeration of nanoparticles.

In addition, a comparison between the PWF results at 2 different

operating pressures (3 and 5 bars) for all the as‐prepared membranes

shows a slight enhancement by increase of pressure. Generally, the

PWF is usually in direct relation with applied hydrostatic pressure. In

this condition, by increase of pressure, passing rate of water molecules

through the membrane increases. The observed trend is related to the

driving force enhancement and its beat to membrane resistance.

Ahmad et al42 observed a similar effect of operating pressure on flux

in UF membrane where flux increased with elevating the operating

pressure from 16.2 to 18.2 psi.



FIGURE 2 Field emission scanning electron microscopy surface images of, A, thin film composite, B, thin film nanocomposite (TFN) (0.01), C, TFN
(0.03), and, D, TFN (0.05)
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3.2.2 | HA rejection ratio and permeate flux

Figure 4B illustrates permeate flux values versusTiO2 concentration at

different pressures. As can be seen, the effect of applied pressure on

the permeate flux is similar to its effect on PWF.26 The comparison

between PWF and permeate flux for each prepared membrane at a

specific pressure shows that the permeate flux is lower than the

PWF. In UF membranes, PWF is proportional to the applied pressure

and has an inverse relation to hydrodynamic resistance of the mem-

brane. The adsorption of HA on the surface or pore plugging may

cause an additional resistance against the pass of feed flow.43

The performance of prepared membranes in terms of HA rejection

at different pressures is illustrated in Figure 4C. The results show that

the rejection is enhanced for modified membranes in comparison with

TFC membranes. As discussed above, the presence of TiO2 nanoparti-

cles on the surface results in enhancement of membrane hydrophilic-

ity, which causes more interactions between water molecules and

nanoparticles and formation of thin water layer.44

As seen in Figure 4C, HA rejection of TFN (0.01) is the maximum

among the other membranes. It can be said that inTFN (0.01) membrane,

TiO2 nanoparticles plug surface pores, which cause prevention of HA

passing and lead to improvement of rejection ratio. However, by increas-

ing extra amount of nanoparticles, they agglomerate and heterogeneously
distribute on the surface of membranes. Accordingly, HA molecules can

reach membrane surface and transport through the pores, which lead to

reduction of HA rejection.45 In another study, Song et al46 observed that

pepsin rejection of Polyvinylidene fluoride (PVDF)/Polyethylene glycol

(PEG) membrane, which was modified by TiO2 nanoparticles, decreased

at a higher TiO2 loading. They concluded that by increase of TiO2 concen-

tration, aggregated particles were formed on the membrane surface.

The comparison between the experimental results of all mem-

branes at different operating pressures (Figure 4C) shows a smooth

decrease of HA rejection by increase of pressure. The increase in feed

pressure will increase the driving force, which overcomes the mem-

brane resistance and leads to more HA molecules passing through

the membrane. In addition, increasing the pressure causes accumula-

tion of HA molecules on the membrane surface, which can decrease

the hydrophilicity. Therefore, the rejection is decreased with pressure

at constant feed concentration.42 In a research of oil removal from

water using membrane separation technique, Madaeni et al47 resulted

that accumulation of oil droplets on the membrane surface caused

decrease of hydrophilicity property on the surface that led to more

pass of oil through the membrane and thus reduction of rejection.

The effect of feed concentration on the permeate flux and HA

rejection of TFN (0.03) sample at a constant pressure of 3 bars is



FIGURE 3 A, Field emission scanning electron microscopy image of top surface of thin film nanocomposite (TFN) (0.03), B, top surface of TFN
(0.03) after pure water flux test, and, C, scanning electron microscopy image of cross section of TFN (0.03)

FIGURE 4 A, Pure water flux, B, permeate flux, C, humic acid rejection, D, humic acid rejection and permeate flux in different feed concentrations
of TFN (0.03) at P = 3 bar, of membranes [Colour figure can be viewed at wileyonlinelibrary.com]
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presented in Figure 4D. A decrease in permeate flux is observed with

an increase of feed concentration from 10 to 30 ppm. It can be

concluded that the increase of feed concentration results in more
concentration polarization and as a consequence increase of fouling

possibility in UF membranes.48 The deposited HA on the surface of

membrane plays the role of an additional resistance to feed flow pass

http://wileyonlinelibrary.com
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and decreases the permeate flux. On the other hand, HA rejection

increases with increase of feed concentration. The mentioned

additional resistance causes lower permeation of HA through the

membrane, and therefore, HA rejection enhances.42,43
3.2.3 | HA adsorption

Figure 5 shows HA adsorption capacity of the prepared membranes

with different concentrations of TiO2. As experimental results

illustrate, with increasing TiO2 loading, the amount of adsorbed HA is

increased from 2.58 mg/cm2 for TFC to 6.51 mg/cm2 for TFN (0.03)

sample. The adsorption of HA occurs mainly because of electrostatic

interaction betweenTiO2 and carboxylate groups of HA and hydrogen

bonding interactions between these carboxylates and OH groups of

TiO2.
49,50 The increase of adsorption would be because of the increase
FIGURE 5 Effect of TiO2 concentration on humic acid (HA)
adsorption of membranes [Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 6 Humic acid rejection of membranes (o before adsorption
and after adsorption) [Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 3 FRR, Rr, and Rir values of prepared membranes

Membrane

FRR Rir

3 bar 5 bar 3 bar

TFC 50.69 ± 0.06 45.31 ± 0.04 49.31 ± 0

TFN (0.01) 55.57 ± 0.09 52.41 ± 0.04 44.43 ± 0

TFN (0.03) 72.74 ± 0.06 54.09 ± 0.02 27.25 ± 0

TFN (0.05) 57.67 ± 0.01 52.63 ± 0.09 42.32 ± 0

Abbreviations: FRR, flux recovery ratio; TFC, thin film composite; TFN, thin film
in the number of active accessible adsorption sites. At high TiO2

loading (0.05 wt%), as mentioned in previous sections, the agglomeration

phenomenon of nanoparticles is occurred, which causes a decrease in

access to the active adsorption sites. Therefore, adsorption capacity

of the membrane with 0.05 wt% TiO2 is lower than that of TFN

(0.03) sample.

Regarding to the high value of HA rejection for all the prepared

membranes, the role of membranes in 2 aspects of adsorption and

membrane filtration is investigated. Therefore, HA rejection is

compared before and after adsorption process for the membranes,

which is illustrated in Figure 6. For this purpose, HA rejection ratio of

a membrane after adsorption test is compared with the ratio of a

similar membrane without any adsorption process. The results show

that the HA rejection for modified TFC membranes decreases from

99.14% before adsorption process to 94.15% after adsorption process.

In addition, this decrease can be seen for TFC membrane, which is

from 96.14% before adsorption process to 92.78% after adsorption

process. This trend shows that adsorption process also occurred in

the membrane without any TiO2 nanoparticles. This comparison

between the value of HA rejection before and after adsorption process

confirms that the effect of adsorption process on the removal of HA

from water is negligible, and the main factor involved in this separation

is membrane filtration.
3.2.4 | Membrane fouling analysis

The calculated values of FRR, reversible fouling ratio (Rr), and irrevers-

ible fouling ratio (Rir) are presented inTable 3. The results indicate that

FRR value of membrane increases from 50.69% for TFC membrane to

72.74% for TFN (0.03), while Rir and Rr values were decreased and

increased, respectively. By looking at the results, it is observed that

FRR value and antifouling properties are improved in the modified

membranes. This improvement is due to increase in hydrophilicity

and reduction of interactions between the contaminant and membrane

surface.26 The increase in hydrophilicity facilitates the presence of a

thin layer of water on membrane surface, which suggests that the

HA fouling in modified TFC membranes is reversible and can easily

be eliminated by washing.44 However, FRR value of TFN membranes

decreases at 0.05 wt% TiO2 concentration. As discussed in previous

sections, the increase in TiO2 concentration to 0.05 wt% causes

agglomeration. This result in lower rejection of HA in some parts of

the membrane and as a consequence increase of Rir and decrease of

FRR. Accordingly, the amount of TiO2 for modification of the mem-

brane surface should be optimized.46 In a related study, Luo et al40

observed that the antifouling performance of the PES UF membrane
Rr

5 bar 3 bar 5 bar

.06 54.69 ± 0.03 8.33 ± 0.17 5.68 ± 0.06

.12 47.59 ± 0.05 9.32 ± 0.09 6.06 ± 0.18

.17 45.9 ± 0.03 11.63 ± 0.26 10.62 ± 0.09

.02 47.36 ± 0.09 11.45 ± 0.15 8.38 ± 0.03

nanocomposite.

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


TABLE 4 Comparison of HA removal reported of literatures with prepared membranes in this study

Membrane
Membrane
Process Filler Pressure, bar

Permeate
Flux, L/m2·h HA Rejection, % FRR, % Ref.

PEI UF PEG 3 188 56 42.68 Hwang et al23

PES UF GA 3 24 87 88 Mehrparvar et al51

PES UF DBA 3 26 81 73 Mehrparvar et al51

PAN UF CS + Fe3O4 5.5 25.5 96.5 … Rekha Panda et al48

RC UF Negatively charge
(sulfonic acid group)

1 … 91 67 Shao et al52

RC UF Negatively charge
(carboxylic acid group)

1 … 96 56 Shao et al 52

Cellulose acetate UF OMMT 3 160 95.047 … Sabet Dehkordi et al18

PVDF UF PEG 1 … 83 58 Song et al46

PVDF UF TiO2 1 … 88 63 Song et al46

TFN (0.03) UF TiO2 3 75.32 98.22 72.74 This study

TFN (0.01) UF TiO2 3 46.32 99.14 55.57 This study

Abbreviations: CS, chitosan; DBA, diaminobenzoic acid; FRR, flux recovery ratio; GA, gallic acid; OMMT, Organically modified montmorillonite; PAN,
Polyacrylonitrile; PES, polyethersulfone; PEI, Polyetherimide; RC, regenerated cellulose; TFN, thin film nanocomposite; UF, ultrafiltration.
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was improved by coatingTiO2 nanoparticles on the membrane surface.

They offered coating of TiO2 nanoparticles as a strong potential type

of antifouling technique.

As seen inTable 3, increasing the pressure leads to the increase of

Rir and decrease of Rr. The increase of pressure in UF membranes, as

the driving force, causes concentration polarization in the feed side,

the increase of fouling phenomena, and formation of a cake layer on

the membrane. These factors are the main reasons for increase of Rir

and decrease of Rr with pressure.43

Table 4 compares the results of the present study with some pub-

lished studies in the literatures regarding permeate flux, rejection, and

FRR for HA removal from water, although the conditions under which

the experiments were performed are not exactly the same. According

to Table 4, the HA rejection value for the prepared membranes of this

study is comparable with the other membranes used in the other stud-

ies; however, the simultaneous improvement of HA rejection, perme-

ate flux, and FRR makes a superiority for this study in comparison

with the others.
4 | CONCLUSIONS

In this study, a composite membrane consisted of a selective Pebax

layer on a porous PES/PSf blend support was prepared for removal

of HA from water. To modify the prepared membrane, its surface

was coated with hydrophilicTiO2 nanoparticles of different concentra-

tions (0.01, 0.03, and 0.05 wt%). The SEM and FESEM images showed

that the selective Pebax layer was successfully coated on the porous

support, and nanoparticles were properly distributed on the surface

of membrane. Also, at a higher TiO2 loading, an agglomeration phe-

nomenon of nanoparticles occurred. The results of FTIR and contact

angle analysis confirmed that the presence of TiO2 nanoparticles

enhanced membrane hydrophilicity. Furthermore, the performance of

prepared membranes was investigated in terms of the PWF, permeate

flux, HA rejection, solute adsorption, and antifouling properties under

different operating pressures and feed concentrations. The results
showed that the membrane hydrophilicity and tiny pores blocked by

TiO2 nanoparticles have 2 different effects on the flux, and the best

PWF value was observed inTFN (0.03) membrane. On the other hand,

the addition of TiO2 nanoparticles improved HA rejection and the anti-

fouling properties of the prepared membranes. The main mechanism

involved in the separation procedure was membrane filtration.

The prepared nanocomposite membranes were compared with the

membranes used in other studies. Humic acid rejection of TFN (0.01)

membrane in present study proposes the best rejection value

compared to that one of membranes in the other studies.
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