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Polyethersulfone Hollow Fiber Membranes Developed for Oily Emulsion Treatment
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Polyethersulfone (PES) hollow fiber membranes were produced, containing 3% of two types 
of clay (Brasgel PA - MMT and Cloisite NA - CLNa), in order to modify the characteristics of the 
polyethersulfone membrane. By means of the X-ray diffraction, it was possible to observe an exfoliated 
and/or partially exfoliated structure in the membranes containing clay. From the analysis of contact 
angle, it was possible to notice an increase in the hydrophilicity of the membrane with the introduction 
of the clay. Through scanning electron microscopy (SEM), the morphology of the porous support 
of the membrane was modified with addition of clay, favoring greater uniformity of the pores and 
fingers. In the flow measurements with distilled water, the membranes with clay obtained the highest 
flows, being the greater flow with the Cloisite Na clay (~22 L/h.m2) and was in agreement with the 
contact angle results. In the analysis of permeation with the oily emulsion, the membrane with Brasgel 
PA clay in its structure presented the greatest flow (~16 L/h.m2) and the membrane with Cloisite Na 
presented the greatest yield (78.28%). Therefore, the clay acted by modifying both the morphology 
and the hydrophilicity of the polyethersulfone membrane, improving flow and yield.
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1. Introduction

Nowadays, the membrane separation process (MSP) has 
been widely used in the treatment of effluents worldwide. 
MSP covers the most diverse processes in the treatment of 
water, such as: purification, brackish water desalination, 
wastewater recovery and treatment of hazardous industrial 
wastes to the environment1-3. In this context, the advancement 
of this technology, including selective permeation and 
reduced energy consumption4, has brought about a great 
development in the area of effluent treatment, improving 
the quality of public health and the environment, replacing 
traditional methods of separation5,6.

Due to their excellent properties, some polymer membranes 
have been applied in the treatment of water contaminated by 
oily materials7,8. It is of fundamental importance for society to 
treat this effluent since oily water generated in several sectors is 
disposed of in the environment without any adequate treatment, 
thus bringing risks to the environment and to human health7.

Polymer membranes are changing every day, from the 
initial development of a film to its fiber form, and even 
the advancement of the composite membrane, in order to 
obtain better separation performances. In order to obtain 
membranes with a particularly efficient geometry for various 
applications and together with a suitable morphology, 

hollow fiber membranes have been manufactured. Such 
membranes are generally fabricated using the process known 
as spinning, being a variation of the phase inversion process 
in which the polymer is dissolved and then extruded (extruder 
with two concentric circular holes) towards a bath containing 
non-solvent, where precipitation will occur9.

The preparation of the hollow fiber polymeric membranes 
is made from different materials, but polyethersulfone (PES) 
is one of the polymers that has attracted attention because of 
its excellent chemical resistance, mechanical strength, high 
stiffness, thermal stability and biological compatibility10. 
Even with all these properties suitable for producing good 
membranes, there are still problems with hydrophilicity. 
Therefore, some researchers try to solve this problem 
by adding inorganic materials to the polymer matrix11,12. 
Muhaman, Salim & Lau13, added SiO2 nanoparticles on 
polyethersulfone membranes to improve hydrophilicity and 
consequently filtration in water treatment. Zangeneh et al.10 
studied the influence of the TiO2-SiO2 addition doped- with 
boron on polyethersulfone membranesThe addition of 
nanoparticles modified the morphology, increased porosity 
and membrane flux.

The aim of this work is to produce polyethersulfone hollow 
fiber membranes with montmorillonite clay nanoparticles 
for the treatment of oily emulsions.
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2. Materials and Methods

2.1 Materials

The polymer used as matrix for the production of the 
membranes was polyethersulfone, under the tradename 
Veradel® 3000P (Mw = 63,000 g/mol), purchased by Solvay. 
Brasgel PA (MMT) and Cloisite Na (CLNa) clays were used 
as nanoparticles, both supplied by Bentonit União Nordeste 
(BUN), in the form of powder, particle size less than 74 μm 
and cation exchange capacity of 90 meq/100g. 

N, N-Dimethylformamide P.A./ACS was used as solvent, 
to obtain polymer solution and it was also used in the internal 
liquid for membranes. The polyvinylpyrrolidone (PVP) was 
used to control the viscosity of the polymer solution. Both were 
purchased from Labsynth Produtos para Laboratório Ltda.

2.2 Methods

Initially, polyethersulfone was dried at 80°C for 24 
hours to eliminate adsorbed water. For the pure polymer 
membrane, the solvent was mixed with the polymer and 
PVP under stirring for 1 hour at a speed of 1200 rpm. For 
the clay-containing membranes, the dispersion was initially 
prepared with clay and solvent, under stirring for 1 hour at 
1200 rpm. After that time, the polymer and the viscosifier 
were added into the solution under the same period and 
stirring velocity. After the preparation the solutions were 
left resting for a period of 24 hours, so that the bubbles were 
eliminated and the solution stabilized. The compositions of 
the solutions are presented in Table 1.

The hollow fiber membranes were prepared using a 
laboratory extruder, comprising two concentric orifices, 
allowing the simultaneous extrusion of the inner liquid 
and the polymeric solution. After extrusion, the polymeric 
solution remained in contact with the non-solvent bath until 
complete precipitation. Soon after, the fibers were collected, 
washed with distilled water and remained in it for 24 hours. 
In order to change the morphology of the membranes, 10% 
of DMF solvent was added in the inner liquid, to delay the 
precipitation of the membranes. Fig. 1 shows the schematic 
representation of the process to obtaining the hollow fiber 
membranes.

The parameters established for the production of the 
membranes are in Table 2.

Table 1. Compositions of the spinning solutions.

SAMPLE SOLVENT
(wt%)

SOLID COMPONENTS = POLYMER + CLAY (23%) PVP ADDITIVE
(wt%)POLYMER (wt%) CLAY(wt%)

Pure PES 70 100 - 7

MMT 3% 70 97 3 7

CL Na 3% 70 97 3 7

Table 2. Spinning conditions of hollow fiber membranes.

PARAMETERS VALUES

Solution viscosity 4200 - 4400 mPa.s

Solution temperature ≈ 26 °C

GAP 5 cm

Internal fluid flow 3 g/min

Solution flow 6 g/min

Figure 1. Schematic representation of the process to obtain hollow 
fiber membranes by spinning solution.

2.3 Characterizations
Chemical analysis of the clays were performed by 

semiquantitative method in a Shimadzu EDX 720 equipment, 
under a nitrogen atmosphere. X-ray diffraction analysis 
for the clays were conducted on a Shimadzu XRD-6000 
equipment using copper Kα radiation, 40 kV voltage, 30 
mA current, scanning range from 2 to 60° and 2°/min 
scanning speed. For the membranes, the BRUKER D2 
PHASER diffractometer was used, with scanning range, 
from 3 to 70°. The contact angle analysis was performed 
by the sessile drop method through a portable contact angle 
equipment Phoenix-i model of the Electro Optics - SEO 
Surface. The drop was manually formed by means of a 
micrometric doser. The image of the drop is captured by the 
camera built into the equipment and analyzed in the software. 
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Thirty pictures were taken within 10 seconds of interval. 
For the analysis of the hollow fiber membrane morphology, 
cross-sectional photomicrographs of external (ECS) and 
internal (ICS) surface were made, using a VEGA 3 - TESCAN 
equipment, operating at 30 kV. For the flow measurements 
with distilled water and with the water/oil emulsion, modules 
with five hollow fiber membranes and 20 cm of length were 
produced. The total membrane area was approximately 89 
cm2. Fig. 2 illustrates the module produced for the flow 
measurements. Calculation of the flux (J) of the volumetric 
permeate for all membranes was determined by equation 1:

                  
.J Time Membrane area

Permeate volume=

Figure 2. Membrane module with five hollow fiber membranes inside. 
CF, CP and CR indicate feed, permeate and rejection concentrations, 
respectively.

For the flow measurement with water/oil, an oil emulsion 
was initially produced, with 200 mg.L-1 oil, produced under 
stirring in Ultra Turrax, under a speed of 15,000 rpm, for a 
period of 30 minutes. An aliquot of this emulsion was collected 
and the oil value in mg.L-1 was measured on UV-Visible. To 
measure the oil concentrations in the feed and permeated, it 
was used the spectrophotometer (UV) UV-VIS Biochrom 
Libra S50. The sample preparation followed the instructions 
of the Petrobras Manual described by Cirne et al.14.

3. Results and Discussion

Table 3 show the semi-quantitative chemical analysis for 
Brasgel PA (MMT) and Cloisite Na (CLNa) clays It is possible 
to observe that the two clays contain the characteristic elements 
of bentonite clay, such as alumina (Al2O3) and silica (SiO2). 
For Brasgel PA clay it is possible to observe the presence of 
exchangeable cations in the form of oxides, such as MgO, 
Na2O and CaO, due to the polycationic characteristics of 
this clay. Cloisite Na has a Na2O value much higher than 
that of CaO, thus assigning a natural sodium characteristic15.

The chemical analysis also allows to verify the presence of 
accessory minerals in the two types of clays and represented 
by iron (Fe2O3), calcium (CaO), titanium (TiO2), potassium 
(K2O) oxides16.

Fig. 3 illustrates the X-ray patterns of Brasgel PA 
clays and Cloisite Na. The MMT clay presented a basal 
interplanar distance (d001) of 14.50 Å and Cloisite Na 14.82 
Å, characterizing the two clays as montmorillonites17. 

Table 3. Chemical analysis by X-ray fluorescence of Brasgel PA 
and Cloisite Na clays.

Present elements
Clays (contents in %)

MMT CLNa

SiO2 63.8 55.1

Al2O3 20.2 27.1

Fe2O3 9.0 2.6

MgO 2.4 4.2

Na2O 1.6 10.1

CaO 1.5 0.3

TiO2 0.9 0.1

K2O 0.32 ―

Others 0.56 0.47

This interplanar distance is characteristic of montmorillonites 
containing Na+ ions in their structures. Characteristic peaks 
of impurities such as kaolinite (K) at 19° were found for both 
types of clays. It is also possible to observe the presence of 
characteristic peaks of some constituent materials, such as 
quartz (Q), in the range of 22-30°16,17.

Figure 3. X-ray diffraction patterns of the Brasgel PA and Cloisite 
Na clays.

The Cloisite Na clay, presented lesser amount of accessory 
materials than Brasgel PA clay. This can be observed for 
angles larger than 10°, where Cloisite Na presents a higher 
degree of purity. 

In Fig. 4, the X-ray diffraction patterns of the membranes 
obtained with the pure polymer and for the membranes with 
the two types of clay (MMT and CLNa) are shown.

The membrane obtained from the pure polymer illustrates 
that preparation process influenced the structure of the 
PES, i.e., the solvent (DMF) affected the crystallinity of 
the polymer, with the appearance of a peak before 20°12,18.
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Figure 4. XRD diffractions patterns of PES and PES membranes 
with 3% MMT and CLNa.

It is possible to observe that the characteristic peak of 
montmorillonite clay is not evident in membranes containing 
3% MMT and CLNa. This may indicate a possible exfoliated 
and/or partially exfoliated structure. According to Liang et 
al.12, the non-appearance of the characteristic montmorillonite 
peak can be attributed to an efficient intercalation of the 
polymer chains between the lamellae of the clay, generating 
an exfoliated and/or partially exfoliated structure.

According to Ghaemi et al.19 and Wang, Zhang & Ye20, 
membranes with exfoliated structures have also been observed, 
which can be attributed to the entropy increase when the clay 
layers are dispersed in DMF. Then, the dispersion of DMF/
clay is added to the PES/DMF solution, thereby, disturbing the 
arrangement of the layers of the clay. The delaminated clay 
layers favor the intercalation of the polymeric chains with 
the stirred solution. When the film is immersed in the non-
solvent bath, the solvent is continuously exchanged for water 
(non-solvent), reducing the diffusion rate. Clay layers filled 
with polymer chains form intercalated/exfoliated structures 
where diffusion can be hampered by the precipitated surface.

Fig. 5 shows the contact angle analysis for the membranes 
produced.  The contact angle measurement is a way to 
evaluate the hydrophilicity and hydrophobicity properties 
of the membrane surface, where this implies the interaction 
energy between the surface and the liquid used21-23. Thus, it is 
an extremely important analysis regarding the influence on the 
flow properties and the antifouling capacity of the membranes.

For the membrane produced from the pure PES, it was 
possible to observe a low hydrophilicity of the membrane. 
The membrane had an average contact angle of 52°, where 
it was the lowest value for all membranes. Thus, showing 
that the pure PES membrane is the least hydrophilic22.

For the membranes containing clay, what happened was 
expected, since there was a greater decrease of the average contact 
angle in relation to the PES membrane, thus evidencing that the 
presence of clay acts directly on the hydrophilicity of the membrane. 

Figure 5. Contact angle for PES and PES flat membranes with 3% 
MMT and CLNa.

Ahmad et al.24 observed that the addition of different amounts 
of ZnO increased the hydrophilic membrane characteristic. 
Besides, the high molecular weight of PES (63,000 g/mol) 
provide a hydrophilicity characteristic to the membranes. 
Celik et al.25 showed that the presence of PES with a higher 
molecular weight caused the membrane to have a higher 
hydrophilicity and Fornes et al.26 observed that a better 
dispersion of the clay in a polymer matrix is given in polymers 
with high molecular weight, as, for example, in the studies 
realized in the polyamide 6.

For the membranes with Brasgel clay, an average 
contact angle of 33°. The membranes containing the Cloisite 
Na clay had the same behavior as the ones with Brasgel 
clay. The membrane obtained an average contact angle 
of 32°. Both clays favored a greater hydrophilicity of the 
membrane, regardless of the origin and degree of purity 
of the membrane. This behavior in the decrease of the 
contact angle with the addition of clay was also observed 
by Carvalho et al.27.

Fig. 6 to 8 illustrate the cross-section SEM images of 
the PES membrane and the membranes with the different 
types of clay. The membranes presented an asymmetric 
structure with the presence of pores and macropores 
throughout the cross section. They have an extremely thin 
and apparently dense upper layer, where it is supported by 
the porous support, with the presence of pores, macropores 
and pores in the shape of “fingers”. As is seen from the 
figures, there was a uniformity in the size and shape of the 
fingers, this may be attributed by the presence of DMF in 
the internal liquid during the preparation of the hollow 
fiber membranes. There was also the appearance of a dense 
layer at the center of the porous support, relatively thin, 
different from the literature18. The DMF acts to retard the 
precipitation, where the pores became smaller and more 
regular throughout the porous support of the membrane, 
modifying its morphology.
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Arthanareeswaran & Starov28 studied the effect of the 
solvent on obtaining PES membranes by phase inversion. 
They evaluated the pure water flow, strength, mechanical 
stability and separation performance of these membranes. 
The researchers used N,N-dimethylformamide (DMF), 
N-methyl-2-pyrrolidone (NMP) and dimethyl sulfoxide 
(DMSO) as solvents and evaluated the performance of the 
membranes obtained. From SEM analysis, they verified 
that the PES membranes formed an asymmetric structure. 
The number of pores formed on the upper layer of PES 
membranes was a result of the combined effect of the 
thermodynamic properties of the system and the kinetics 
of membrane formation. The formation of the macroporous 
layer of these membranes was controlled by the diffusion 
rate of solvent and non-solvent (pure water). The order of 
the pure water flow of the membranes with different solvents 
was as follows: DMF>NMP>DMSO. Membrane strength 
and mechanical stability decreased with decreasing PES 
concentration, while increasing with solvent concentration.

Figure 6 shows the SEM images of the cross section of 
the PES membrane. The presence of macropores and “fingers” 
is visible, with a good uniformity, both in size and shape. 

Fig. 7 and 8 show SEM images of the cross-sectional of 
membranes with 3% of MMT and CLNa clay, respectively. 
Comparing with the PES membrane (Fig. 5), the membranes 
containing clay showed a greater uniformity of the pores and 
macropores throughout the cross-section of the membrane. 
There was also a higher concentration of pores in the porous 
support, since the clay acted as a porogenic agent29. The 
membranes also presented well defined “fingers” than the 
PES membrane, confirming that the presence of clay acts 
directly on the membrane morphology of PES.

As seen by XRD, an exfoliated and/or partially exfoliated 
nanocomposite was obtained. The formation of this structure 
reduces the interaction between the polymeric chains, which 
results in a delay in the coagulation of the polymer in the presence 
of the clay. On the other hand, due to the hydrophilicity of the 
clay and the formation of bonds with the DMF, it increases 
the diffusion of non-solvent and decreases the DMF output, 
resulting in a delay in the coagulation of the polymer, causing 
a decrease in the pores and “fingers” formation19.

Fig. 9 shows the results of the flow measurement test 
with distilled water for the membranes produced with the 
test pressure of 1.0 bar. 

In general, it can be seen that for all compositions the 
flow has tended to remain constant over time30, with values 
close to 5, 20 and 22 L/m2.h, for pure PES, PES+3%MMT and 
PES+3%CLNa membranes, respectively.  The PES membrane 
obtained a low flow when compared to the membranes with 
the presence of clay. For membranes containing clay, the ones 
that obtained a higher flow and better standard, throughout 
the time of the test, was the membrane containing 3% CLNa. 

Figure 6. SEM photomicrographs of PES hollow fiber membrane.

Figure 7. SEM photomicrographs of PES+3% MMT hollow fiber 
membrane.

Figure 8. SEM photomicrographs of the hollow fiber membrane 
of PES+3% CLNa.
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Figure 9. Flow measures with distilled water for pressure of 1.0 bar.

The presence of the solvent together with the amount of 3% 
of clay favored the membranes to have a higher permeability 
due to the more uniform morphology in both quantity and 
pore size as observed by SEM. The cross-section of the 
membrane acquired a greater uniformity as well as a smaller 
thickness of the dense layer in the center of the porous support, 
increasing the permeability of the membrane.

Fig. 10 shows image obtained by OM of the emulsion 
used for the experiment. It was possible to observe that 
there was a good homogeneity of the system, showing that 
the time and stir velocity were sufficient to produce a stable 
emulsion of oil in the distilled water. According to the Figure 
9, the oil droplets have an average size of less than 10 μm 
in the water/oil emulsion.

Figure 10. Images obtained by OM of the oil-water emulsion with 
a concentration of 200ppm.

Fig. 11 shows the results of the water/oil flow measurement 
test through the porous membrane support under the pressure 
of 1.0 bar for all membranes produced.

The membranes obtained a reduction (of ~32% for 
PES+3%MMT and ~25% for PES+CLNa) in the permeate 
flow with oil emulsion, when they are compared with the 
flow of distilled water (Fig. 9), showing that even with 

Figure 11. Flow measures with water/oil emulsion for 1.0 bar pressure.

a fluid with different characteristics, it was possible to 
have a pattern for all the membranes. The decrease in 
the permeate flow was attributed to the phenomenon of 
fouling, i.e., the formation of an oil crust on the surface 
of the membrane, which behaves as a barrier restricting 
the passage of the fluid31,32.

The membrane that obtained the greatest flux during 
the time was the one containing the montmorillonite clay. 
This can be attributed to a greater affinity of the water 
with this type of clay, causing the membrane to obtain 
a greater flow. 

Table 4 presents the values of oil concentration in the 
permeate (Cp) and the yield (rejection coefficient), using oily 
emulsion with concentrations (C0) of 130, 124, 121 mg.L-1 
for the Pure PES, PES + 3% MMT and PES + 3% CLNa  
membranes, respectively, at 1.0 bar of pressure.

In general, the yield of the membranes submitted to the 
water-oil emulsion flow, obtained significant oil reductions 
in the permeate collected33. Where the membrane with 3% 
CLNa obtained a lower final concentration of oil in the 
permeate of 26.6 mg.L-1.

The addition of PES + 3% CLNa clay in the membranes 
favored a greater reduction of the oil concentration in the 
permeate and for the membrane with 3% MMT, this did not 
occur. This last composition presents a low yield due to its 
larger size of the fingers and macropores, facilitating the 
passage of the oil to the permeate. It is possible to observe 
that it presented a greater flow, where can be supposed that 
also had a greater amount of oil in the permeate.

The results obtained show that the membranes containing 
clay can be applied for the purification of oily emulsions. 
As reported by Chakrabarty, Ghoshal & Purkait34, MSPs 
represent a potential solution to the problem of oily effluent 
with microdroplet of oil. The emulsified oil can be retained by 
the size exclusion membrane by increasing its concentration 
in the feed stream and facilitating the coalescence of droplets 
of oil of micron and submicron dimensions into larger droplets 
so that they can be easily separated by gravity.
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4. Conclusions

Polyethersulfone (PES) hollow fiber membranes, containing 
3% of two types of clay (Brasgel PA - MMT and Cloisite NA 
- CLNa) was prepared with success. The results showed the 
formation of nanocomposites membranes with exfoliated and 
/ or partially exfoliated structure for both types of clay. From 
a contact angle it became apparent that the clay increased 
the hydrophilicity and the water flow in the permeation tests 
with water and oily emulsion.  The morphology of the PES 
hollow fiber nanocomposite membranes was changed with the 
presence of clays and provided an increase in the permeate 
flow of the membranes. The membrane with Brasgel PA clay 
in its structure presented the greatest flow (~16 L/h.m2) and 
the membrane with Cloisite Na presented the greatest yield 
(78.28%). Therefore, the clay acted by modifying both the 
morphology and the hydrophilicity of the polyethersulfone 
membrane, improving flow and yield.
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