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Abstract: This paper presents the results obtained from the evaluation of clay nanoparticles as an additive for improving 
the characteristics and performance of composite membranes cast with polysulfone (PS), polyethersulfone (PES), and 
polyvinylidene fluoride (PVDF). Different concentrations of clay nanoparticles, ranging from 1 to 10% based on the 
polymer mass, were used to prepare all dope solutions. The addition of clay nanoparticles changed the internal pore 
morphology of membranes, which resulted in significant changes on their performance, regarding its water permeability, 
and fouling potential. The optimum nanoclay concentration for permeability enhancement was different for each polymer, 
1.5%, 2.0%, and 6.0% for PS, PES, and PVDF, respectively. This difference can be attributed to the differences of 
polymer’s hydrophobicity, based on the contact angle of a sessile water drop, which is higher for PVDF (PVDF is more 
hydrophobic than PS and PES). The flow improvement changed based on the main polymer. Significant changes in 
internal pore structure were observed for all membranes. The proportion of macrovoids was decreased and pores had a 
better connectivity across the cross section for PES and PS membranes. For PVDF membranes, the addition of 
nanoclay had a different effect on their microstructure. In this case, internal pores were 20% wider, factor that increased 
the average membrane porosity. The simultaneous evaluation of the clay nanoparticles used as an additive have clearly 
demonstrated its potential application for composite membrane production. It is also worth to note that the best way for 
identifying and evaluating the potential for an additive for membrane casting is considering its effects for different 
polymers, under the same casting conditions. 
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1. INTRODUCTION 

Ultrafiltration (UF) and microfiltration (MF) 
membranes have been widely used in the last 50 years 
to remove pathogens from water [1]. One of the main 
drawbacks of membrane systems operation is the 
adsorption of fouling compounds, which often causes a 
rapid decline on membrane flux. Fouling refers to the 
deposition or precipitation of feed components over the 
membrane surface and/or within its pores. [2-5]. 

The membrane’s base material affects structural 
properties, such as pore size, roughness and 
hydrophilicity. This study evaluated the modification of 
membranes made with three base polymeric materials: 
polysulfone, (PS), polyethersulfone (PES) and 
polyvinylidene fluoride (PVDF). The modification of the 
membrane structure is a method for improvement of 
surface properties aiming to make the material less 
prone to fouling.  

Many industrial fields use PS and PES as common 
materials for membrane synthesis due to their good 
membrane forming ability, acidic and alkaline 
resistance and mechanical resistance [5-7]. PVDF is a  
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fluoropolymer which has been considered as a good 
candidate for hydrophobic membrane synthesis due to 
its low surface tension derived from the low polarity and 
strong electro-negativity of the fluorine atom and the 
strong C–F bond [8]. The hydrophobic nature of PS, 
PES and PVDF polymers, in different levels, often 
results in severe membrane fouling. The permeability 
decline because of the fouling is a considerable 
limitation for its practical applications for water 
treatment. 

A huge challenge still faced by the scientific 
community is to engineer efficient hydrophilic 
membranes with antifouling properties. Considering the 
advancements in the nanotechnology field, the 
application of nanoparticles into the membrane 
synthesis field created a vast new field of possibilities 
for research. Some nanocomposite membranes have 
the desired antifouling capabilities, while other have 
improvements in other properties such as mechanical 
strength, porosity, morphology, abrasive resistance or 
hydraulic performance [9]. Among the various nano 
additives used, such as alumina [10], titanium oxide 
[11,12], silver, [13,14], zinc oxide [15], carbon 
nanotubes [16], and graphene oxide [17], nanoclay has 
been widely used for being easily commercially 
available and having the ability to be easily dispersed 
into the polymeric matrix at nanoscale [18-22]. 
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When clay nanoparticles are employed in the 
process of membrane synthesis, they can improve 
mechanical properties and performance of the resulting 
membrane. The addition of clay nanoparticles on dope 
solution can result in membranes with increased 
permeability [18,21,22], gas diffusivity [23,24], thermal 
resistance [25,26], resistance to abrasion [27] and 
improved surface properties, because of strong 
polymer and clay interactions . 

Considering the benefic effects of clay nanoparticles 
used for the production of composite membranes, 
many researchers started to evaluate their effects on 
the properties and performance of composite 
membranes. Table 1 presents the main papers related 
to the evaluation of clay or clay nanoparticles as an 
additive for composite membrane production. 

The listed studies presented different membrane 
casting methodologies and different compositions. The 
comparison of the results makes a challenge the effort 
to understand the role of clay nanoparticles on the 
changes on membranes structure and performance.  

For this reason, this study brings novelty to this field 
of science by evaluating the effect of clay nanoparticles 
addition on the structure and performance of 
membranes cast with different polymers at similar 
conditions. The main objective is to clarify many 

aspects regarding the role of clay nanoparticles on the 
structure of composite membranes. The main 
challenges faced in this study clearly demonstrated the 
relevance of a complete and uniform approach for 
understanding the role of specific additives on the 
properties and performance of modified membranes. 

2. MATERIALS AND METHODS 

2.1. Chemicals 

Polysulfone (UDEL® P-3500) and Polyethersulfone 
(VERADEL 3000P) were kindly donated by Solvay 
Advanced Polymers. Polyvinylidene Fluoride, PVDF 
Kynar 761, was kindly donated by Arkema Química 
Ltd. Polymers were used as received.  

1-methyl-2-pyrrolidone >99% (NMP) was used as 
solvent without further purification. The clay 
nanoparticle (Montmorillonite Nanomer® PGV Sigma 
Aldrich) is a single platelet montmorillonite of formula 
M+

y(Al2-yMgy)(Si4)O10(OH)2·nH2O, where M are lower 
valence cations yielding a cation exchange capacity of 
1.45 meq.g－1. The approximate dimensions of the 
individual montmorillonite platelets are 1 nm×150–200 
nm×150–200 nm. Deionized water was prepared in the 
laboratory by double step reverse osmosis and used 
for membrane coagulation bath and membrane 
performance evaluation. 

Table 1: Comparison of Studies Using Nanoclays on Membrane Modification 

 ANADÃO et al. 
(2010) [28] 

MONTICELLI et al. 
(2006) [18] 

MA et al. 
(2012) [29] 

GHAEMI et al. 
(2011) [22] 

RAJABI et al. 
(2014) [21] 

Lai et al. (2014) 
[27] 

Polymer PS PS PS PES PVDF PVDF 

Polymer concentration 25% 25% 13,50% 20% 18% 14.25% to 15% 

Solvent NMP NMP DMAc1 DMF2 DMF2 NMP 

Nanoclay concentration 
0,5% to 3% 
(solution) 

2% to 5% 
(solution) 

1% to 6% 
(polymer) 

0,5% to 10% 
(solution) 

1% to 6% 
(solution) 

1 to 5% 

Pore Former   6g PEG400 2% PVP3 (solution) 1% PVP3 
(solution) 

 

Thickness  350 µm 200 µm 250 µm 250 µm 300 µm 

Permeate flow  increased increased increased increased decreased 

Rejection  increased decreased increased   

Hydrophilicity increased same same increased increased  

Porosity   increased  increased  

Mechanical Resistance increased decreased decreased same  increased 

Thermal Resistance increased   increased  increased 

1 – DMAc Dimethylacetamide. 
2 – DMF Dimethylformamide. 
3 – PVP Polyvinylpyrrolidone. 
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2.2. Membrane Synthesis 

The membrane dope solutions preparation followed 
the same procedure for the three polymers, as it 
follows: 

I) A fixed mass of polymer (PS, PES or PVDF) 
representing 18% of solution weight was mixed 
in NMP. The nanoclay additive was measured 
based on the polymer weight.  

II) The dope solutions were prepared by dispersing 
the nanoclay (when applicable), in the NMP and 
then dissolving the polymer. The same 
procedure was previously described in the 
literature [30-32]. 

III) The solution stirring has taken 24 hours at 120 
rpm, to ensure the adequate clay dispersion and 
polymer solubilization. Prior to the phase 
inversion process, an ultrasonic bath (30 
minutes) degassed the solution, eliminating air 
bubbles trapped during the mixing process.  

IV) After mixing and degassing, the solutions were 
spread on glass plates using a film applicator 
(Elcometer 4340 Automatic Film Applicator for 
PES and PS membranes / ELCOMETER K4340 
M10 for PVDF membranes) and then quickly 
immersed (< 5 s) into a coagulation bath 
containing deionized water at room temperature. 

V) After detaching from the glass plate in the 
coagulation bath, the membranes were placed in 
a second deionized water bath at room 
temperature (> 24 hours) to remove any residual 
solvent. 

2.3. Sample Classification 

For the study, membranes were named according 
to the base polymer and the clay nanoparticles 
percentage. i.e. PS-X, PES-Y and PVDF-Z, are 
membranes made with Polysulfone with X% of 
nanoclay, Polyethersulfone with Y% of nanoclay and 
Polyvinylidene Fluoride with Z% of nanoclay, 
respectively. 

2.4. Membrane Characterization 

2.4.1. Pure Water Permeability – Cross-Flow 
Filtration  

The test to evaluate membrane permeability 
consisted in challenging the membranes in a cross-flow 

configuration fed with demineralized water. The 
permeability test defined which membranes would be 
further evaluated and compared with the best 
permeability membranes made from other polymers.  

The cross-flow test cell used for the test was a 
bench scale unit designed with a commercial flat-sheet 
filtration cell with 34 cm² of filtration area, a pump, a 
pressure gauge and a thermometer. Deionized water 
was pumped into the filtration cell and the rejected 
water was recycled back to the feed reservoir. 
Permeate was collected every five minutes in a 
graduated cylinder over one hour of filtration period, to 
measure the permeate flow rate. The permeate tubing 
was open to the atmosphere and the permeate 
pressure was considered to be constant at 1 bar 
(absolute). The permeability was calculated using the 
equation (1): 

P = V
A! "t ! "P

           (1) 

In which P is the membrane permeability (L m-2 h-1 
bar-1), V is the volume of permeate collected (L), A is 
the effective membrane area (m2), Δt is the permeate 
collection time (h), and ΔP is the transmembrane 
pressure (bar)  

2.4.2. Contact Angle Measurements 

Contact angle measurements were taken with a 
goniometer (Ramé-Hart Instrument Co.; Model 190 CA) 
using the sessile drop technique. The membrane 
preparation and contact angle measurement were 
carried out according to the ISO 15989 Standard 
Procedure [33]. Three samples of each membrane 
were evaluated. Each sample had at least 30 
measurements. 

2.4.3. Membrane Porosity and Thickness 

The method used to determine membrane porosity 
was previously reported (wet/dry weight method) 
[30,31]. The wet weight was measured after removing 
the superficial water from membrane sample using two 
polyester/cellulose wipers and the dry weight was 
measured using a digital micrometer (Fowler Tools and 
Instruments; 1.27 to 25,400 µm) after drying the 
samples. The porosity was calculated using the 
equation (2):  

! (%) =

m1 "m2

#w
Vm

          (2) 
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in which, m1 and m2 (g) are the wet and dry weights, ρw 
(g/cm3) is the water density (0.998 g/cm3), Vm (cm3) is 
the membrane volume, and ԑ (%) is the bulk porosity. 
The volume, Vm, was calculated by multiplying the 
sample area by its thickness, which was measured 
using a digital micrometer. 

2.4.5. Morphological Analysis 

Scanning Electronic Microscopy (SEM) images 
were taken to analyze membrane cross-sections. In 
order to preserve the cross-section’s structure, the 
samples were first immersed in liquid nitrogen for 30 s 
and then cleanly snapped. 

PES membrane images were taken at Harvard 
University's Center for Nanoscale Systems using a 
Field Emission Scanning Electron Microscope (Zeiss 
FESEM Ultra 55), as described previously [31]. PS and 
PVDF membrane images were taken using a Quanta 
600FEG Environmental Scanning Electron Microscope 
(ESEM), operating in secondary electron detection 
mode with a 10 kV accelerating voltage.  

PS and PVDF samples were coated with a modular 
high vacuum coating system (BAL-TEC MED 020) 
resulting in an ~10 nm platinum layer after 120-160 s of 
deposition using a electrical current of 43 mA.  

2.6. Membrane Molecular Weight Cut-Off 

To determine the molecular weight cut-off (MWCO), 
membranes were challenged in the same cross-flow 
cell used for ultrapure water permeability using PEG 
feed solutions with molecular weights of 10, 20, 30, 90, 

150 and 203 kg mol−1. The feed and permeate PEG 
concentrations were determined using the non-
purgeable organic carbon (NPOC) method on a TOC 
analyzer (Shimadzu; TOC-VWS). The feed contained 
approximately 20 mgC L−1 of the chosen PEG (NPOC 
equivalent) in ultrapure water. Samples were collected 
after one hour of operation for at least three membrane 
samples. Rejection (R) was defined by the following 
equation: 

R(%) = 1!
Cp

Cf

"

#
$$

%

&
''(100           (4) 

where Cp and Cf are the NPOC concentrations in the 
permeate and feed, respectively. 

2.6. Data Analysis 

Excel® Software, 2013, from Microsoft Inc., was 
used for statistical analysis and graphic construction. 
Igor Pro® was used to design the sigmoid curves for 
molecular weight cutoff evaluation. In the figures, the 
box and Whiskers plots present the values of mean, 
minimum and maximum values (bar), and first and third 
quartiles (box) of the data set. The software Image-J 
(Public Domain license) was used for refining SEM 
images. 

3. RESULTS AND DISCUSSION 

3.1. Cross-Flow Permeability 

Figure 1 depicts the pure water cross-flow 
permeability results. Mixed matrix membranes had an 

 
Figure 1: Membranes Permeability. 
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increased permeability compared to their respective 
controls with a 95% level of confidence (Table 2). 
Polyethersulfone membranes’ permeability was signifi-
cantly higher than polysulfone and PVDF membranes. 

PES and PS membranes had a permeability trend 
that shows an increase on average permeability until 
an optimum concentration of additive. For higher 
concentrations of additive, the permeability decreases. 
This behavior is associated with changes on internal 
membranes morphology, as it will be further discussed. 

For PVDF permeability trend, there was not an 
optimum nanoparticle concentration, as it was 
observed for PES and PS. The permeability increased 
with higher concentrations of clay nanoparticles until it 
stabilized for nanoclay concentrations above 6%. There 
was no significant statistical difference of the 
permeability among membrane with nanoclay 
concentration in the range of 6 to 12 %, (Table 2) 
Increasing nanoclay concentration after 12% resulted 
in a bad dispersion of nanoclay and the final 
membranes would not be uniform in terms of additive 
(i.e. 14% and 16% nanoclay). For this reason, further 
tests with PVDF membranes considered clay 
nanoparticles concentrations ranging from 0% to 6%.  

It is worth to note that clay nanoparticles affected 
the permeability of all the membrane types, regardless 
their base polymer. This result is positive to show has a 
high potential of this additive for membrane synthesis.  

3.2. Contact Angle 

The addition of hydrophilic additives is a method to 
improve membrane hydrophilicity. The hydrophilic 

additive’s strong interaction with water helps on the 
additive migration to the interface between the casting 
solution and the coagulation bath during the membrane 
formation, increasing the membrane surface 
hydrophilicity [6,18,21,31]. The contact angle is a 
reference to evaluate the surface hydrophilicity 
changes.  

Figure 2 shows the contact angle results for all cast 
membranes. There was an unexpected behavior on 
PES membranes as the contact angle increased with 
nanoclay addition. This behavior can be explained by 
changes on surface roughness [32], which brings 
deviation on the formation of the sessile drop on the 
surface.  

The contact angles for PS membranes did not 
change significantly compared to the control (F 1.61, 
Fcrit 2.57 and P-value 0.19), but there was a higher 
standard deviation compared to the other membranes. 
Comparing PS and PES, the presence of etheric bonds 
in the chains of the latter [7] makes the polymer more 
hydrophilic compared to PS, resulting in lower surface 
contact angles. 

PVDF had the lowest variation on the contact angle 
measurements. Analyzing the results presented on 
Figure 2, clay nanoparticle addition reduced 
membranes’ contact angle, even for the small 
concentration added, reaching a plateau close to 90 
degrees. The behavior for PVDF membranes’ contact 
angle variation is quite different from the ones 
observed for PES and PS composite membranes, 
which can be associated with the differences on 
surface roughness [32]. It can be inferred that PVDF 

Table 2: ANOVA Comparing Membrane Permeability 

Compared 
membranes F F crit P-value Compared 

membranes F F crit P-value 

PS0/PS1 9.13 4.96 1.29E-02 PVDF0/PVDF2 71.9 4.60 6.90E-07 

PS0/PS1.5 7.35 4.96 2.19E-02 PVDF0/PVDF4 2.68E+03 4.84 1.71E-14 

PS0/PS2 1.30 5.32 6.90E-03 PVDF0/PVDF6 6.51E+02 4.60 3.87E-13 

PS0/PS3 5.16 4.49 3.72E-02 PVDF0/PVDF8 24.1 4.21 3.87E-05 

PS0/PS4 10.4 5.59 1.46E-02 PVDF0/PVDF10 91.4 4.45 2.97E-08 

PS0/PS5 20.4 5.59 2.73E-03 PVDF0/PVDF12 93.8 4.60 1.39E-07 

PES0/PES1 28.4 4.26 1.80E-05 PVDF6/PVDF8 1.82E-03 4.24 9.76E-01 

PES0/PES2 2.02E+02 4.26 3.35E-13 PVDF6/PVDF10 4.16 4.49 5.83E-02 

PES0/PES2.5 9.90 4.54 6.65E-03 PVDF6/PVDF12 4.14 4.75 6.46E-02 

PES0/PES3 5.51 4.26 2.75E-02     

PES0/PES5 10.6 4.54 5.26E-03     
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mixed matrix membranes presented a lower roughness 
compared to the two other membranes, and the effect 
of hydrophilic clay nanoparticles was more noticeable. 

Considering the results, there is no correlation to 
the changes on mixed matrix membranes contact angle 
and permeability. This observation reinforces that other 
surface properties can affect the contact angle, such as 
surface roughness [24]. According to Khulbe et al. [34], 
the contact angle is directly related to the membrane 
surface roughness in a way that the lower the surface 
roughness, lower is the contact angle.  

3.3. Membrane Porosity and Thickness 

Figure 3 contains the measurements of membrane 
thickness. PES and PS membranes were initially cast 

in a 100 µm thickness film before the phase inversion. 
The average shrinkage was 42.7% and 47.5% for PES 
and PS respectively. PVDF membranes were cast 
initially which a thickness of 120 µm to obtain a 
mechanically stable film by the end of the phase 
inversion step. PVDF membranes had an average 
shrinkage of 71.1%. The use of nanoclay as additive 
influenced the average thickness of PVDF membranes, 
increasing their thickness on an average of 10%. 

The porosity off all samples ranged between 62% 
and 84% (Figure 4). The addition of hydrophilic 
additives causes a thermodynamic immiscibility in the 
dope solution, leading to an accelerated solvent and 
non-solvent exchange that promotes the formation of a 
porous structure. [35] 

 
Figure 2: Membrane Contact Angles. 

 
Figure 3: Membrane Thickness. 
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PVDF membranes showed a calculated porosity 
higher than other polymers, which can be explained by 
their thin thickness. Other studies evaluating nanoclay 
in PVDF membranes also observed a high porosity 
[20,36]. Another factor that explains the high porosity of 
the PVDF membranes is the large internal pores that 
can be seen in the cross-section SEM pictures, further 
detailed on section 3.4. Despite having the highest 
porosity among the three polymers evaluated, PVDF 
membranes did not have the highest absolute 
permeability. 

PES and PS had a similar behavior in terms of 
porosity as nanoclay percentage increased. For both 
polymers, the porosity increased up to a certain limit 
and then decreased.  

3.4. Morphology Analysis 

The formation of the membrane internal structure 
had previously been explained [37-40]. However, the 
use of additives modifies the kinetics and 
thermodynamics of the membrane formation process 
[40,41], impacting on its final structure. As pointed out 
by Lai et al. [27] and Ma et al. [29], the effects caused 
by clay nanoparticles on the membrane formation can 
be explained by an increased demixing rate in the 
phase inversion process, as the solid nanoparticles 
made the dope solution thermodynamically less stable. 

In order to evaluate those changes, microscopic 
study through SEM analysis was carried out to have 
qualitative information about surface and cross-

sectional morphology of the membranes with best 
permeability. Figure 5 shows that all membranes had a 
typical asymmetric porous structure with a thin upper 
skin layer and a finger-like porous sub-layer. 

A morphology comparison between PES and PS 
membranes shows more finger-like pores for them 
compared to PVDF. As pointed out by Barth et al. [42], 
the finger-like structure is a result of the PES’s polar 
nature and its higher affinity to water. The addition of 
nanoclay resulted in the suppression of the macrovoid 
zone for both cases and the formation of micropores for 
PES. 

With an increasing on nanoclay concentration, the 
skin layer thickness decreased and sub-layer structure 
changed to finger-like structure, leading to a higher 
porosity and enhanced permeability. For both cases 
(PES and PS) the length of the finger like structure was 
larger and the pores were more vertically 
interconnected. These changes in pore structure 
across the membranes help to explain why PES 
membranes had the best absolute permeability. 

For PVDF membranes, the cross-section 
morphologies show sponge-like micro-pores in the 
lower side and finger-like macro-pores in the upper 
side of the membranes. The addition of nanoclay did 
not change significantly the proportion of macrovoids 
(which was low regardless of clay addition). Nanoclay, 
however, changed the pore structure resulting in pores 
20% larger than pristine PVDF membranes, and a 
thinner surface layer. This change in pore structure 

 
Figure 4: Membrane Porosity. 
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resulted in a higher membrane porosity, and lower 
resistance for water flow, since membranes were able 
to hold more water inside the porous structure.  

3.4. Molecular Weight Cutoff 

Comparing the rejection curves showed on Figure 
6, the addition of nanoclay in the membranes solution 
changed the membrane average molecular weight 
cutoff (MWCO). PES membrane had a MWCO 
between 60 and 70 kg/mol, whereas the nanoclay 
counterpart’s was between 80 and 90 kg/mol. For PS 
membranes the additive did not significantly change 
the rejection. Both PS membranes had an average 
MWCO between 90 and 100 kg/mol. PVDF 
membranes had the lower rejection ability, with MWCO 
between 170 and 180 kg/mol for the membrane without 

additive and between 190 and 200 kg/mol for the 
nanoclay modified membrane.  

The use of additives changes the balance between 
membrane permeability and rejection. To make the 
membrane more permeable, there is a compensation 
on average rejection. This trend, however, was not 
evident for PS membranes. The average permeability 
increased from 14.2 to 55 L/m2.h.bar (382% increase) 
while the average rejection was not significantly 
compromised. 

The lower rejection level for PVDF membranes can 
be explained by the internal morphology and increased 
membrane porosity, which would allow higher 
molecular compounds to go through the membrane. 
PVDF is a typical hydrophobic material and PVDF 

 
Figure 5: Membranes’ Cross Section. 
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membrane is easy to be fouled. As it is pointed by 
Zeng et al. [43], the surface roughness plays an 
important role on evaluating the PVDF membrane 
adsorption on the surface. It is pointed out that 
hydrophilic nanoparticles could resist the hydrophobic 
contaminants, increasing the anti-fouling properties of 
membranes. 

4. CONCLUSIONS 

The effect of nanoclay as additive changed 
membrane properties based on the original polymer. If 
the polymer is more hydrophilic, the changes in relative 
permeability was lower than compared to more 
hydrophobic polymers. i.e., for PES membranes the 
permeability improvement was 221% (from 176 to 389 
L/m2.h.bar), while for PS the improvement was 382% 
(from 14.4 to 55 L/m2.h.bar) and 521% for PVDF (from 
11.7 to 61 L/m2.h.bar). Different effects were also 
observed comparing membrane contact angles. For 
PES (more hydrophilic), the contact angles were 
increased, making the membranes theoretically slightly 
more hydrophobic (despite the absolute high 
permeability). For PS, the nanoclay effect on contact 
angles was not significant, while for PVDF the contact 
angles were lowered, making the membranes more 
hydrophilic. The application of nanoclay as additive 
showed significant changes in permeability, which can 
be better explained by changes in the membrane 
internal asymmetric morphology. For PES and PS 
membranes, nanoclay changed the internal structure 

contributing to suppress macrovoids. For PVDF 
membranes, the morphology changes caused by 
nanoclay addition were noticeable in membrane 
porosity, pore width, and surface layer thickness. 
Differently from PES and PS, the proportion of 
macrovoids and spongelike structure did not change 
significantly. However, the additive contributed to 
increase the PVDF membrane internal pore width by 
20%, which implied in lower rejection levels compared 
to PS and PES. The increase of porosity and pore size 
of the modified PVDF membranes resulted in the 
increase of water flux and slight increased the MWCO, 
which was consistent with the SEM morphologies. 

Therefore, the consideration of applying a specific 
additive for membrane modification, such as nanoclay, 
must consider the properties of the base polymer 
according to the needs of the application.  
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