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Abstract: Ultrafiltration (UF) is one of the most widely 

used membrane technologies for the effective separation 

of macromolecules in feed solutions. However, despite 

good separation efficiency, the UF membranes made up 

of pure polymers suffer to a greater extent because of low 

flux problem, which affects the process time and load. To 

handle this limitation, the base polymer is blended with a 

suitable additive to modify the structural and surface mor-

phology of the membrane to provide better fluxes. In this 

current study, a series of polyethersulfone (PES) UF asym-

metric membranes blended with polyethylene glycol and 

iron oxide nanoparticles was prepared using the phase 

inversion technique. Prepared membranes were analyzed 

for their morphology, thermal stability, and membrane 

characterization. Morphology studies using scanning 

electron microscopy and atomic force microscopy con-

firmed the increase in the number of pores, pore size in 

support layer, and surface roughness in the blended mem-

branes, ensuring the chances of enhanced flux. Surface 

hydrophilicity was increased with the increase in the iron 

oxide concentration in the composite membranes. Ther-

mal analysis studies showed the better thermal stability of 

the blended membranes. Pure water flux of the prepared 

composite membranes was improved to a maximum of 

four times in comparison with pure PES membrane. Dye 

rejection studies clearly showed that the blended mem-

branes almost had the same rejection as that of pure PES 

membrane. Thus, the prepared PES composite UF mem-

brane is a promising candidate for the treatment of dye-

polluted wastewater, ensuring high fluxes and effective 

rejection.
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1  Introduction

Membrane-based separation techniques are widely 

used nowadays for concentrating and purifying macro-

molecular solutions compared with other conventional 

separation routes (1–3). Ultrafiltration (UF) membranes 

for water and wastewater treatment are being largely 

analyzed because they are highly efficient in remov-

ing all the suspended and dissolved particles, includ-

ing molecules and ions present in the feed stream (4). 

Various membrane materials, especially polymers such 

as polyvinylidene fluoride (5–7), polysulfone (8–10), 

polyacrylonitrile (11–13), polyethersulfone (PES) (14–

17), poly vinyl alcohol (18–21), and cellulose acetate 

(22–25), have been used as starting materials for making 

UF membranes for water and wastewater treatment. 

PES is one of the better polymers for making UF mem-

branes because of its excellent thermal, mechanical, 

and chemical properties for membrane processes (26). 

PES has been successfully used in making asymmet-

ric UF membranes with different pore morphologies 

(26–28). However, pure PES membranes possessed 

hydrophobic surface and high fouling nature, which 

ultimately caused low fluxes with their usage (29). To 

overcome this limitation, the PES membrane is blended 

with hydrophilic and inorganic additives to modify the 

surface and structure of the membrane, which improved 

the flux (12, 15, 30–36). However, some of existing 

properties and qualities of pure PES membrane, such 

as solute rejection, thermal stability, etc., are reduced 

in blended membranes (31). Among the various hydro-

philic polymer additive blended with PES membranes, 

polyethylene glycol (PEG) is of special interest. PEG 

increased the cast’s solution viscosity and thus 

enhanced better pore interconnectivity when applied in 

correct amount (37, 38). Moreover, the addition of PEG 

suppressed the macrovoid formation and enhanced the 

Brought to you by | New York University Bobst Library Technical Services

Authenticated

Download Date | 7/14/15 7:16 AM



152      R. Krishnamoorthy and V. Sagadevan: PEG and Fe
2
O

3
 blended PES UF membrane for dye removal studies

surface hydrophilicity of the membrane (39). PES mem-

brane prepared with low molecular weight PEG (200 Da) 

exhibited good rejection characteristics in comparison 

with high molecular weight PEG (38). Several studies 

have been conducted for PES membranes blended with 

inorganic additives, especially metal oxide nanoparti-

cles (14–17). In general, the inorganic additives enlarged 

the pore size, resulting in high permeate flux, but with 

considerable loss in the solute rejection percentage (40).

Recently, iron oxide nanoparticles are widely used as 

additives for polymeric and ceramic membranes (41–45). 

The impregnation of iron nanoparticles provided good 

dechlorination to a wide range of chlorinated organics 

(46). Iron nanoparticles are also excellent absorbents, and 

their presence in the membrane could increase the mem-

brane’s thermomechanical stability. Ceramic/polymeric 

membranes blended with iron oxide have been studied 

for the treatment of water polluted with phenol/organic 

matter (41) and for the removal of arsenic in water (42, 

43). Polyvinylchloride membrane blended with iron nan-

oparticles has showed improved performance for its ion 

exchange applications. The addition of polyaniline and 

iron oxide to PES membrane resulted in better rejection 

of copper ions (44). In our earlier study, PES membrane 

blended with zerovalent iron nanoparticles, indicated that 

the permeate flux increased by 2.5 times whereas rejection 

was decreased by a maximum of 12% when applied to 

metal ion rejection studies (45).

In this study, a series of PES membrane blended 

with PEG and iron oxide nanoparticles (FeON) is pre-

pared using the dry/wet phase inversion method. The 

prepared membranes are characterized for their mor-

phology, thermal characteristics, and UF features. Even-

tually, the blended membranes are used to study their 

dye rejection performance. The obtained results for the 

characterization and performance tests of the composite 

membranes are compared with the features of pure PES 

membrane.

2  Materials and methods

2.1  Materials

PES (Veradel 3200P) in powder form was supplied by 

Solvay Specialities India Pvt. Ltd (India), and it was dried 

at 120°C for 8 h before being used. Iron oxide nanoparticle 

(FeON, mean particle size of 20 nm) solution was procured 

from Reinste Nanoventures Pvt. Ltd (India). N,N-dimethyl 

formamide (DMF) solvent and PEG (molecular weight, 200 

Da) were obtained from SRL Chemicals (India). Orange II 

(molecular weight, 350.3 g mol-1) and Congo red (molecu-

lar weight, 696.7  g  mol-1) dye powders were purchased 

from Avra Synthesis Pvt. Ltd (India). Freshly prepared 

deionized water was used for gelation bath preparation, 

dye solution preparation, and membrane storage. All the 

reagents used in the membrane preparation process were 

of analytic grade and used as such in the preparation 

process.

2.2  Membrane preparation

The phase inversion technique is the most widely used 

membrane preparation method especially for PES-based 

membranes (47). On the basis of earlier studies, it was 

understood that the PEG 200 additive would attribute to 

pore size reduction, and its optimum concentration for 

PES membrane was observed to be 5 wt% (38). Hence, 

the PEG additive concentration was fixed at 5 wt%, 

and the FeON additive concentration varied from 1 to 4 

wt%. The cast solution for a given membrane prepara-

tion was prepared by dissolving required amounts of the 

PES, PEG, and FeON in DMF solvent, as shown in Table 

1, in a round bottom flask. The solution was mechani-

cally stirred (400 rpm, along with mild heating) for 8 h to 

ensure complete dissolution. The cast solution was then 

Table 1: Composition and characterization results for the pure and blended PES membranes.

Membrane 

ID

   Membrane composition (by wt%) 

 

Surface 

roughness, 

R
a
 (nm)

 

 

Contact 

angle (°)

 

 

Porosity, ε 

 

Decomposition 

temperature, 

T
d
 (°C)

Polymer  PEG  FeON  Solvent 

(DMF)

M1   15  0  0  85  53.76  67  0.583  358

M2   15  5  0  80  50.44  64  0.672  243

M3   15  5  1  79  57.12  58  0.709  339

M4   15  5  2  78  62.29  54.5  0.727  419

M5   15  5  3  77  66.34  52  0.742  468

M6   15  5  4  76  70.77  52  0.746  503
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ultrasonicated for 30 min to ensure the uniform distribu-

tion of FeON. Then the solution was allowed to stand for 

2 h at room temperature to remove the air bubbles, which 

would otherwise prove detrimental to the membrane 

structure. The blended solution was then cast on smooth 

glass plate with the help of a doctor blade for a fixed 

thickness of 200 µm. Before casting, a gelation bath of 

deionized water was kept ready at 20°C. The casted mem-

brane was air dried for 30 s, and then it was immersed 

in the gelation bath. After 30 min of gelation, the mem-

brane was removed from the gelation bath and washed 

with distilled water to remove any residual solvent. The 

composite UF membrane sheet was subsequently stored 

in a deionized water container.

2.3  Membrane characterization

The surface morphology of the prepared membranes 

was investigated by scanning electron microscopy (SEM) 

(Quanta FEG 200, FEI Co., USA). The membrane sample 

was cut into small pieces, dried using a filter paper, 

dipped in liquid nitrogen (for 30 s), and sputtered with 

gold before SEM measurement. SEM observation studies 

were conducted on the top surface and cross section of the 

membrane sample.

Atomic force microscopy (AFM; SPM CP-II, Vecco Co., 

Fort Collins, CO, USA) was used to analyze the surface 

roughness (R
a
) for the prepared membranes. Results 

obtained were for an effective sampling area of 5 × 5 µm.

The hydrophilicity of pure and blended membrane 

surfaces was measured in terms of water contact angle. 

The contact angle on the membrane surface was meas-

ured using a goniometer (DGX Digidrop, France). The 

mean contact angle of each membrane was obtained by 

averaging the static contact angle measured at four differ-

ent positions on the membrane sample’s surface.

The porosity of the prepared membranes was cal-

culated by observing the water uptake capacity of the 

respective membrane sample. The rectangular cut of 

membrane sample (30 × 40 mm) was taken and soaked 

in deionized water for 24 h. The wet weight was weighed 

after wiping the excess water on the sample surface using 

filter paper. Subsequently, the wet sample was placed in a 

vacuum oven at 80°C for 24 h. The dry weight of the mem-

brane sample was then weighed until the weight became 

constant. Membrane porosity was calculated using 

 Equation [1] as follows:

 

w d

w

-
,

W W

Al
ε

ρ
=

 

[1]

where ε is the membrane porosity, W
w
 and W

d
 (kg) are the 

wet and dry weights of the membrane sample, respec-

tively, A (m2) is the membrane surface area, l (m) is the 

membrane thickness, and ρ
w
 (kg m-3) is the density of 

water. The measurement process was repeated for three 

times, and the average porosity values were reported.

The thermal stability of the membrane samples was 

measured using a thermogravimetric analysis (TGA) instru-

ment (STA 409PC; Seiko Instruments Inc., Chiba, Japan). A 

membrane sample of 5 mg was heated from 50°C to 900°C 

with a constant heating rate of 10°C min-1 under nitrogen 

atmosphere. Initially, the membrane sample was vacuum 

dried for 4 h at 50°C to remove moisture content before the 

start of the analysis. The weight loss behavior of the sample 

was obtained, and the decomposition temperature (T
d
) was 

defined as the temperature corresponding to 3% weight loss.

2.4  Permeability and rejection studies

Permeability and rejection studies were conducted in a 

dead-end UF-stirred cell filtration system connected to a 

nitrogen gas cylinder. The UF-stirred cell (Amicon, Model 

8400) had an inner diameter of 76  mm and a volume 

capacity of 400 ml with a Teflon-coated magnetic paddle. 

The effective filtration area was 38.5 cm2. The feed side of 

the UF-stirred cell was pressurized using the nitrogen gas. 

A constant agitation speed of 400 rpm was maintained to 

reduce the concentration polarization effect. Before meas-

urement, all membrane samples were compacted at a 

pressure of 414 kPa for approximately 1 h. Pure water flux 

of every membrane sample was then measured at an oper-

ation pressure of 276 kPa using Equation [2] as follows:

 
w

,
Q

J
A T∆

=

 
[2]

where J
w
 (L m-2 h-1) is the permeate flux, Q (L) is the volume 

of water collected, A (m2) is the membrane area, and ∆T 

(h) is the sampling time.

Rejection studies for the prepared membranes were 

conducted using Orange II and Congo red dye solutions 

at an operation pressure 276 kPa. The concentration of the 

dyes in the feed solution was kept constant at a value of 

0.2 g L-1. Permeate was collected over defined time inter-

vals in graduated tubes, and the tube contents were ana-

lyzed for dye concentration. Solute rejection percentage 

(%SR) was calculated using Equation [3] as follows:

 

p

f

%SR 1- 100,
C

C

 
= × 

 
 

[3]
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where C
p
 and C

f
 are dye concentrations in the permeate 

and feed streams, respectively. The dye concentration in 

the permeate and feed streams was measured using a UV-

Vis-NIR spectrophotometer (UV-3600; Shimazdu Corp., 

USA) at 486 and 495 nm pertaining to the dyes.

3  Results and discussion

3.1   Characterization of pure and composite 
membranes

SEM images of the top and cross section of pure and 

blended membranes are shown in Figure 1. All the pre-

pared membranes exhibited asymmetric phenomena and 

consisted of a very thin skin layer and support layer. It 

was also observed that all membranes possessed a finger 

like cross section, but at the same time, they exhibited 

morphological differences among them. As evident 

from the Figure 1, the addition of PEG 200 increased 

the number of pores on the top surface while the cross 

section became more crystalline and little denser. Similar 

results were obtained by other related work (37–39). With 

the addition of FeON, it was clearly seen that there was a 

rough aggregation of FeON on the top surface as shown 

by the SEM image for 1% FeON membrane. This could be 

due to the availability of lone electron pairs from hydro-

gen atoms of the PEG polymer chain, which attracted 

the FeON. However, with the increase in the concentra-

tion of FeON, the distribution of the FeON became more 

uniform throughout the surface. Moreover, the size of the 

pores increased marginally with FeON addition because 

of the rapid solidification of the membrane in the gela-

tion bath due to increased FeON concentration. As shown 

in Figure  2, the support layer, which regulates the flux, 

became voider with the addition of FeON. This could be 

due to the demixing of the polymer solution resulted from 

the nucleation and growth of the polymer rich phase. 

This in turn regulated the diffusion rates of the coagu-

lant and solvent across the skin layer, which led to mac-

rovoid formation. The SEM images clearly indicated that 

the addition of PEG and FeON to the base PES polymer 

has influenced the final morphology of the blended 

membranes.

Figure 2 shows the 3-D topographic AFM images of 

the top surface of the synthesized membranes. The bright 

high peaks denoted the nodules, and the dark depres-

sions represented the pores present on the surface. It was 

observed that the nodules merged and became denser 

with the addition of PEG to the membrane, which is an 

indication of effective separation (38). However, with 

further addition of FeON to the blended PES and PEG, 

slight decoupling of nodules was observed, which was 

due to the agglomeration of the FeON particles. Surface 

roughness values of the prepared membranes from AFM 

analysis are presented in Table 1. The surface roughness 

of the PES membrane decreased with the addition of PEG 

200. This could be due to the nodule coupling, which 

created a smooth surface. However, with the addition 

of FeON to the blended membrane, surface roughness 

increased because of loosely packed nodule aggregation 

in the active skin layer of the membrane. The high surface 

roughness values for the PES membrane blended with 

PEG and FeON indicated the chance of high fluxes associ-

ated with them (40).

Water contact angle measurement is one of the most 

suitable methods for evaluating the surface hydrophilicity 

of UF membranes. By theory, the contact angle of hydro-

philic UF membrane should be less in comparison with 

hydrophobic UF membrane when the membrane mor-

phologies are similar (48). As shown in Table 1, it could 

be seen that the contact angle of the blended membranes 

decreased, which indicated the enhanced hydrophilic-

ity due to the addition of PEG and FeON to PES. This is 

mainly due to the FeON presence in the membrane, 

which contains a considerable amount of hydroxyl group 

responsible for the hydrophilicity enhancement. It was 

also observed that the surface hydrophilicity improve-

ment almost flattened when the FeON concentration was 

increased from 3 to 4%.

Results of the membrane porosity studies are pre-

sented in Table 1. There was a sharp increase in the poros-

ity values of the blended membranes with the addition of 

FeON up to 3% concentration. However, the porosity value 

was almost constant when the FeON concentration varied 

from 3 to 4%. As the FeON concentration was increased, 

the support layer resulted with larger size macrovoids 

(as observed from the SEM images), resulting in a more 

porous membrane. On the basis of the contact angle and 

porosity studies, it was understood that the hydrophilicity 

and porosity enhancements were considerably increased 

up to 3 wt% of FeON addition to the PES membrane 

blended with PEG 200, after which the enhancements 

almost leveled.

The outcome of the TGA analysis, as shown in 

Figure  3, clearly indicated the improved thermal stabil-

ity of the membranes blended with FeON in comparison 

with the membranes blended with pure PES membrane 

and PES/PEG 200. As shown in Table 1, the decomposition 

temperature (T
d
, temperature at 3% weight loss) of the PES 

membrane blended with PEG 200 (0% FeON) decreased 
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compared with the pure PES membrane. This was due 

to the weak thermal resistance of the PEG 200 additive. 

However, with the addition of FeON to the blended mem-

brane, the thermal stability of the membrane increased 

to a greater extent. The thermal analysis results further 

ensured the uniform distribution of FeON throughout the 

membrane and also the good compatibility between FeON 

and PES.

3.2   Separation properties of pure and 
composite membranes

The pure water flux of all the prepared UF membranes was 

measured using a dead-end UF-stirred cell, as described 

previously. As shown in Figure 4, the flux of the blended 

membranes has a substantial increase than that of pure 

PES membrane. The pure water flux of the membrane 

A E

B
F

C
G

D H

Figure 1: SEM images of the top surface (A–D) and cross section (E–H) of membranes; (A and E) 100% PES, (B and F) PES and PEG (0% 

FeON), (C and G) 1% FeON, (D and H) 3% FeON.
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Figure 2: AFM images of the membrane top surface; (A) 100% PES, (B) PES and PEG (0% FeON), (C) 1% FeON, and (D) 3% FeON.

Figure 3: TGA curves of pure PES and blended PES membranes. Figure 4: Pure water flux of pure PES and blended PES membranes 

at 276 kPa.

blended with PEG 200 (0% FeON) increased approxi-

mately 1.5 times as compared with pure PES membrane. 

This was in accordance to that of the SEM and AFM 

analysis results, which clearly indicated the increase in 

the number of pores on the surface for the membrane 

blended with PEG 200. With further addition of FeON, it 

was observed that the water flux was improved sharply 

and reached a maximum of four times in comparison 
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prepared membranes were characterized by studying 

their membrane morphology (porosity and roughness), 

surface hydrophilicity (water contact angle), porosity 

(water uptake), and thermal stability. The addition of 

PEG and iron oxide nanoparticles remarkably influenced 

their membrane morphology and properties. Results 

indicated that the blended membranes have improved 

hydrophilicity, porosity, and thermal stability. This was 

primarily due to the increased number of surface pores 

and void thickness in the support layer of the blended 

membranes due to the iron oxide nanoparticle addition. 

Moreover, it was understood that the additives were uni-

formly distributed throughout the membrane with the 

increase in the concentration of iron oxide nanoparti-

cles. The analysis of separation characteristics showed 

that pure water flux was greatly enhanced to a maximum 

of four times as compared with pure polymer membrane. 

Dye rejection studies using Orange II and Congo red 

clearly indicated that the rejection was almost constant 

and comparable with that of pure polymer membrane. 

A very close analysis on the obtained results revealed 

the better separation characteristics of 3 wt% iron oxide 

nanoparticles UF membrane among the synthesized 

series. It was also understood that any addition of iron 

oxide nanoparticles of more than 3 wt% would result 

with a considerable reduction in the rejection percent-

age. The performance of the prepared blended mem-

branes in terms of fouling resistance, long-term stability, 

membrane modules, and handling of real-time industrial 

effluent is to be subsequently conducted as an extension 

of the current research work. Thus, PES UF membrane 

blended with PEG and iron oxide nanoparticles seems 

to be a promising candidate for the treatment of dye-

polluted wastewater, ensuring high fluxes and effective 

rejection.

Nomenclature

R
a
 Surface roughness average

ε Membrane porosity

W
d
 Weight of dry membrane

W
w
 Weight of wet membrane

ρ
w
 Density of water

A Membrane surface area

l Membrane thickness

T
d
 Decomposition temperature

J
w
 Pure water flux

Q Permeate quantity

∆T Sampling time

% SR Percentage solute rejection

C
p
 Solute (dye) concentration in the permeate

C
f
 Solute (dye) concentration in the feed

with pure PES membrane. The predominant reasons for 

the increase in the flux are due to the enhanced surface 

hydrophilicity and formation of larger crystalline macro-

void support layer due to the addition of FeON, as evident 

from SEM and AFM analysis results. It was also noticed 

that the flux boost almost leveled when the FeON concen-

tration varied from 3 to 4 wt%, as inferred from the contact 

angle and porosity studies.

The results of dye rejection studies are presented in 

Figure 5. Orange II and Congo red were used as probe mol-

ecules for the rejection study. As shown in Figure 5, the 

rejection percentage of both dyes was almost constant for 

pure and composite membranes. The rejection of Congo 

red dye varied from 93.2% for the pure PES membrane to 

92.5% for the 3 wt% FeON composite membrane, which 

was almost constant. However, with the increase of FeON 

concentration from 3 to 4 wt%, it was seen that the rejec-

tion decreased considerably from 92.5 to 89.8% on a com-

parative scale. Similar results were observed for Orange 

II rejection. Rejection studies indicated that any further 

addition of FeON of more than 3 wt% could lead to sub-

stantial reduction with regard to solute rejection. This 

could be due to the slight enlargement in the pore size 

of the composite membrane. Analyzing the performance 

results, it was clear that the 3 wt% FeON composite UF 

membrane had better separation features in comparison 

with the other synthesized membranes.

4  Conclusions

A series of UF composite membranes was prepared by 

blending PEG and iron oxide nanoparticles with PES. The 

Figure 5: Dye rejection studies of pure PES and blended PES mem-

branes at 276 kPa.
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Appendix

Structural formula for Congo red:

Structural formula for orange II:
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