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a b s t r a c t

Highly porous modified clay material with large surface area known as “Filtralite” was used as a 
filler for the preparation of polysulfone (PSf) composite membranes. Filtralite concentration in the 
membrane composition was varied from 0, 1, 2 and 3%. The prepared membranes were characterized 
and their permeation performances were identified using pure water, sodium alginate and humic 
acid solutions. It was found that the addition of Filtralite to PSf increased the water uptake, hydro-
philicity, porosity and surface roughness of the membranes. The obtained results showed that both 
permeation and antifouling properties of the prepared composite membranes were enhanced with 
added Filtralite content to the PSf membrane. The experimental results showed that a maximum of 
2% Filtralite content can be added for better membrane performances, beyond which the membrane 
characteristics start to degrade. 
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1. Introduction

Clay is a term used to describe a group of hydrous alu-
minum phyllosilicate minerals traditionally classified as 
hydrated phyllosilicates or hydroxides of silicon, alumi-
num, magnesium, or other metal ions, either natural or syn-
thetic [1,2]. Clays can also be classified as cationic or anionic 
based on the charges borne on their constituent layers. 
Cationic clays contain negatively charged alumino-silicate 
layers balanced by interlayer cations, and are primarily nat-
ural. Anionic clays have positively charged metal hydrox-
ide layers with interlayer regions containing anions, and 
are mainly synthetic [3]. Tailoring the clay structure on the 
nanometer scale produces organo-clays with large surface 
area, and new physical, chemical, and optical properties 
that are different from bulk solids. A wide range of poly-

mers including organic cations [3,4], poly (dimethylsilox-
ane) [5], phosphonium [6], poly (ethylene glycol) polymer 
[7], poly (ethylene oxides) polymer [8], polylactic acid [9], 
polymethyl methacrylate, and polystyrene [10] have been 
used as clay montmorillonite modifiers to produce new 
adsorbents as well as producing new nanocomposites to 
improve barrier resistance in packaging applications. An 
example of this, is the production of environmental friendly 
packaging by improving the mechanical and barrier prop-
erties of biodegradable polycaprolactone plastics through 
dispersed clay nanofillers [11–13]. In general, and depend-
ing on the structure and relative position of the clay sheets, 
there are three ideal structures of polymer/clay compos-
ites: (i) the clay sheets can remain bound to one another in 
separate tactoids; (ii) the polymer can be ‘inserted‘ into the 
gallery of the interlayer space between the clay sheets to 
form an intercalated structure; and (iii) the clay sheets can 
be completely exfoliated to become uniformly distributed 
throughout the polymer matrix [14]. Intercalation and exfo-
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liation of clays can be achieved through adsorption of poly-
mer molecules from a solution into the clay interlayers. In 
situ polymerization within clay particles is also a common 
procedure to obtain intercalated/exfoliated polymer/clay 
composites as shown in Fig. 1.

In the exfoliated clay, the clay sheets are expanded from 
its normal size of 1 nm to about 20 nm or higher with a 
relatively uniform dispersion, greatly enhancing various 
materials properties [15]. 

To control the state of polymer intercalation within 
bentonite layers, it is important to understand the thermo-
dynamic conditions, stability of the formulated organo-ben-
tonite dispersion, and kinetic mechanisms of dispersion 
starting from intercalation of clay layers by the polymer to 
the full exfoliation of clay sheets. Exfoliation of nanoclay in 
polymer matrices can provide high-barrier properties and 
improve thermal and mechanical properties [16]. If the filler 
used is inert and is compatible with the polymer matrix, 
it will take up the free volume within the polymer matrix 
and create tortuous paths for permeating molecules. On the 
other hand, if the filler is incompatible with the polymer 
matrix, voids tend to occur at the interface, which tends 
to increase the free volume of the system, thereby increas-
ing the permeability [17–19]. The continued attention of 
membrane scientists towards the ability of clays to act as 
membranes restricting the passage of solutes (e.g., aqueous 
miscible contaminants) is well documented [20].

Introduction of any kind of clay in the nanoscale level 
enhances the overall properties of the virgin polymer. 
Developments in the properties of nanocomposite mem-
branes have been reported in the field of filtration [21,22]. 
Since membrane technology has an important role in sep-
aration techniques for water and wastewater treatment, 
chemical, metallurgical and petrochemical-related indus-
tries and food industries, special attention should be given 
to the preparation of membranes, especially polymer mem-
branes that are largely used in these separation processes. 

Polysulfone (PSf) membranes are polymeric membranes 
known by their excellent thermal, biological, and chemical 

stabilities. However, they exhibit low hydrophilicity causing 
a reduction in water flux and formation of fouling depos-
its on the membrane surface. Therefore, developing new 
techniques that could improve these membranes wettabil-
ity without harming other material properties is of a great 
importance. The nanocomposite technology is known to be 
effective in improving the aforesaid properties and improv-
ing membranes hydrophilicity. A number of reports on PSf/
clay nanocomposite membranes with improved hydrophilic-
ity, mechanical and thermal stability, anti-corrosion, anti-mi-
crobial and superior barrier properties are available [23–25]. 
Clay-incorporated membranes were employed in process 
separation such as gas separation [26], pervaporation [27], 
membrane distillation [28], reverse osmosis [28] and ultrafil-
tration processes [29]. Different researchers tried to alter the 
hydrophobic PSf membrane surface nature into a hydrophilic 
one by applying different kinds of clay as fillers. Unmodi-
fied (Cloisite Na type) and organically modified (Cloisite 
30B and 93 type) clays were used and found to improve the 
composite membranes hydrophilicity. Amilia et al. [30] incor-
porated nanoclays in PSf membranes which improved the 
hydrophilicity, thermal stability and mechanical resistance 
of the composite membranes. The clays were calcined before 
application and the synthesized PSf/clay membranes were 
used for dextran removal from water. The permeation results 
showed that the synthesized membranes proved to be in the 
microfiltration range. Mierzwa et al. [31] showed that nano-
clay addition increased the membrane contact angle, reduced 
the negative surface charge density and had no effect on 
membrane porosity and thickness. Meanwhile, they showed 
that there was an optimum clay-nanoparticle concentra-
tion above which membrane performance was significantly 
reduced. Ghaemi et al. [32] proved that increasing nanoclay 
concentrations in membranes results in higher membrane 
hydrophilicity, porosity and thinner skin layer. Similarly, Ma 
et al. [22] studied the performance of PSf/clay membranes 
prepared using non-solvent-induced phase inversion tech-
nique and showed that the clay was well dispersed in the 
PSf matrix and the membrane hydrophilicity was improved. 

 

Polymer 

(a)  

Layered Silicate 

(b)  (c)  

Fig. 1. Three categories of clay-polymer nanocomposites: a) isolated tactoids encapsulated in the polymer matrix; b) intercalated 
polymers; c) exfoliated clay sheets.
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In this work, new PSf-Filtralite composite membranes 
are fabricated by phase inversion method. Filtralite was 
selected as the membrane filler because of its ease and 
availability, cost effectiveness, and hydrophilic nature. The 
Filtralite high porous structure, large surface area, low den-
sity, and aggregate sizes in the range of 0.8–1.6 mm makes 
it suitable to filtration applications [33]. A high percentage 
of Si and Al layers in clay impart better dispersion ability to 
the polymer matrix. The association of these layers with the 
polymer can produce traditional microcomposites, as well 
as intercalated and exfoliated nanocomposites, causing a 
high impact on the membrane performance. To the authors’ 
best knowledge, this is the first study where thermally 
treated Filtralite clay is incorporated in PSf to produce com-
posite membranes. Produced membranes were employed 
for the filtration of water, NaAlg and humic acid solutions.

2. Materials and methods

2.1. Materials

Treated clay sample (Filtralite® NC 0.8–1.6) was received 
from Filtralite Company in Norway (http://www.filtralite.
com/en/home-page). The Filtralite sample was a thermally 
treated normal clay having particle density of 1260 kg/
m3, and bulk, dry, compressed density of 530 kg/cm3. The 
clay particle sizes were in the range of 0.8–1.6 mm. Poly-
sulfone pellets (average Mw ~35,000), anhydrous dimeth-
ylacetamide (DMAc, purity-99.8%), polyvinyl pyrrolidone 
(PVP, average Mw ~10,000), bovine serum albumin (BSA, 
lyophilized powder ≥ 96%), sodium alginate (NaAlg) and 
Humic acid, (HA, technical grade) were purchased from 
Aldrich Chemicals, Milwaukee, USA. Deionized (DI) water 
was used throughout the experiments.

2.2. Membrane preparation

Pristine polysulfone and PSf-Filtralite composite mem-
branes were prepared by phase inversion. The required 
amount of clay was added into the DMAc solvent and son-
icated for 30 min to prevent clay particles agglomeration. 
18 wt. % of PSf polymer with 3 wt % of PVP as pore for-
mer were added to the solution and stirred continuously 
for 8 h. The produced homogenous mixture was casted on 
a polyester fabric support over a glass plate using a 200 μm 
thickness casting knife. The obtained membrane was imme-
diately immersed in a coagulation bath of deionized water. 
Once the immersion process was complete, the prepared 
membrane was cleaned thoroughly with DI water. The clay 
content in the prepared membranes varied between 1, 2, 
and 3 wt. %, the resulting membranes were labelled M1, M2 
and M3 respectively. Pristine membrane prepared without 
addition of Filtralite particles was labelled M0.

2.3. Characterization of Filtralite

The morphology of Filtralite was investigated by Scan-
ning electron microscopy (SEM, Philips model XL30E, USA). 
The elemental composition of the Filtralite was analysed 
using energy dispersive X-ray (Model EDS microanalysis 
system) analyser. The particle size distribution was charac-

terized by laser scattering and zeta potential analyzer (Zeta 
sizer Nano ZS (Malvern, UK). D-values method from parti-
cle size measurements was used for quantitative compari-
son. d10, d50 and d90 were used to signify the midpoint and the 
range of the particle sizes of used samples. BET Surface area 
was analyzed using Micromeritics (Chemisorb model 2750, 
U.K). The crystallinity of the Filtralite was examined using 
a benchtop Rigaku X-ray mini-II diffractometer (XRD), 
Japan. The chemical composition of the Filtralite was deter-
mined using a Kratos Ultra Axis DLD X-ray Photoelectron 
Spectroscopy (XPS), UK.

2.4. Characterization of PSf-Filtralite membranes

Mechanical properties of the prepared PSf-Filtralite 
membranes in term of uniaxial tensile behaviour were 
characterized using Instron mechanical testing machine 
(Model- 5566, UK) at room temperature. Specimens with 
dimensions of 90×10 mm were carefully cut. The thickness 
of each specimen was measured by a digital caliper. The 
Young’s modulus, maximum tensile stress, yield stress and 
the elongation at break of the materials were assessed at a 
crosshead speed of 5 mm/min. the average of five tests for 
each specimen was taken for each property. Thermo grav-
imetric (TGA) analysis (PerkinElmer Pyris 1 TGA, USA) 
of the membrane was performed under nitrogen atmo-
sphere over a temperature range of 30–700°C at a heat rate 
of 10°C min−1. The surface hydrophilicity of the membrane 
was examined by measuring the liquid sessile drop con-
tact angle (CA) using Data Physics OCA 20, Germany. The 
surface and cross-sectional images of the composite mem-
branes were analyzed using scanning electron microscope 
(SEM, Philips model XL30E, USA). Atomic force micros-
copy (Model, MFP 3D-Asylum Research, USA) was used 
to analyze the membranes surface roughness. Membranes 
pore sizes were determined from the top surface of SEM 
images using Image J 1.38’ software according to the proce-
dure of Barr et al. [34]. Membrane porosity was determined 
by water uptake method using Eq. (1):

ε
ρ

=
−( )/M M
AL

w d  (1)

where Mw is the mass of the wet membrane sample and Md 
is the mass of dry membrane sample; A, L, and ρ are the 
membrane area (cm2), membrane thickness (cm), and pure 
water density (g/cm3) respectively.

2.5. Equilibrium water uptake

Membrane samples were cut into the required size and 
immersed in DI for 72 h, after which they were taken out 
of water, their free surface water removed, and weighed 
instantly. The wet membrane samples were dried for 24 h at 
60 ± 3°C and weighted afterward. Using the weights of dry 
and wet membrane samples, water content percentage was 
calculated by the following Eq. (2).

%
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where Ww and Wd are the weights of wet and dry mem-
branes respectively.
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2.6. Membrane filtration

Membranes filtration experiments were carried out 
using a stainless steel Sterlitech™ CF042P cross-flow appa-
ratus having an effective area of 42 cm2 and 18 L tank vol-
ume capacity. A schematic diagram of the filtration set up 
is given in Fig. 2. The membrane permeability was inves-
tigated using three different solutions, namely; water, HA, 
and NaAlg solutions. Before use, HA solution (0.5 g/L) was 
paper filtered to avoid speedy fouling of the membrane 
[35]. Filtration experiments were performed under different 
pressures and constant cross flow velocity of 1.7 LPM and 
25°C. The water flux was calculated by Eq. (3)

J
V

A tw =
⋅





Δ

 (3)

where V is the volume of permeated solution (L), A is the 
membrane area (cm2), and Δt is the permeation time (min). 
Sodium alginate rejection was determined from the mea-
surement of total organic carbon concentration using a Shi-
madzu device (Model, TOC-L CSH. Japan) following Eq. (4)
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 ×1 100  (4)

where Cp and Cf  are NaAlg concentrations in the permeate 
and feed solutions respectively.

Membrane antifouling study was performed using pure 
water and sodium alginate. First, pure water flux, Jw1 (L/
m2·h), was measured under 0.2 bar TMP, then, a solution of 
0.5 g/L NaAlg was filtered using the same membrane. After 
that, the membrane was flushed twice with pure water for 
10 min each time before pure water flux, Jw2 (L/m2·h), was 
measured again through the same membrane. The fouling 
resistance of the membrane in term of flux recovery ratio 
(FRR %) was then calculated using Eq. (5)

FRR
J
J

w

w

(%) = ×2

1

100  (5)

3. Results and discussion

3.1. Morphology and elemental analysis of Filtralite

SEM image and elemental analysis of Filtralite are 
shown in Fig. 3. SEM images showed the presence of irreg-
ular particles with monoclinic rectangular blocks structure 
having dimensions in the range of 0–5 nm. The irregularity 
of obtained shapes (Fig. 3a) is attributed to defects caused 
by the synthesis reaction under high temperature condi-
tions. Filtralite chemical analysis is shown in Fig. 3b where 
significant presence of Si and Al was observed which are the 
main components of clay minerals. Mg and Fe resulted from 
isomorphic substitution and Na were present as exchange-
able cations. Trace amount of Na was found, confirming 
that most Na cations were eliminated during clay filtration 
and washing. Filtralite diffractograms is shown in Fig. 4, the 
XRD pattern showed five prominent peaks at 21, 26.8, 28, 
36.72 and 50.26 2-theta values indicating the polycrystalline 
nature of Filtralite. The chemical composition of Filtralite 
surface was studied using XPS analysis results. The elemen-
tal composition of Filtralite is summarized in Table 1 which 
is in good agreement with the literature [36] while its ele-
mental survey spectra is shown in Fig. 5. In addition, BET 
surface area analysis of Filtralite presented a surface area 
of 2.266 m2/g. Filtralite particle size distribution showed a 
positive skew as presented in Fig. 6 with particle sizes rang-
ing from 100 to 2000 nm. The values of d10, d50 and d90 for the 
samples are 341, 579 and 852 nm respectively. Furthermore, 
zeta potential which is an important parameter to under-
stand the state of the nanoparticle surface and predicting 
the long-term stability of the nanoparticle measured a sur-
face charge of 17.2 mV.

3.2. Membrane characterization

3.2.1. Thermogravimetric (TGA) analysis

Thermo-gravimetric analysis of PSf and PSf-Filtralite 
composite membranes is shown in Fig. 7. The tests were 
performed over a temperature range of 50–700°C under 

Drain Valve 

Feed Pump 

Permeate 

PT2 

FT1 

CF042 Cell 

CF042 Cell 

PT1 

Feed Tank 

FT1 

Fig. 2. Schematic diagram of the experimental set-up. 
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nitrogen atmosphere. The obtained thermogram showed 
that non-oxidative degradation occurs at three major weight 
loss regions. The first step, in the 50–160ºC region is believed 
to be caused by water loss. This temperature range progres-
sively shifts to the right with increasing proportion of clay 
in the membrane (except for M3) due to its enhanced water 
retention capacity [37]. The second stage, between 450–510ºC 
is attributed to thermal decomposition of PSf [37] while the 
third step, where higher weight loss was observed is around 
510–600°C. These results, revealed that increasing Filtralite 
concentration the PSf matrix increased the membrane ther-
mal stability. This, may be attributed to the intercalation of 
polymer matrix into the clay galleries, which act as a fence 
for thermal degradation of the polymer [25]. 

3.2.2. Membrane hydrophilicity

Contact angle (CA) results measured for different mem-
branes are presented in Table 2. It is clear that M0 mem-
brane had the highest CA value due to its crystallinity and 
hydrophobic surface. With the addition of hydrophilic Fil-

tralite in M1 and M2 membranes, the CA values continu-
ously decreases with increasing Filtralite percentage. This 
could be explained by the hydrophilic nature of Filtralite 
and the presence of higher percentage of Al and Si elements 
in the PSf-Filtralite composite membranes, in contrast to 
M0 in which the vibration of valence bands of Si–O–Si and 
Si–O–Al are non-existent. The addition of 1 and 2 % of Fil-
tralite in M1 and M2 yielded lower CA values of 60.2° and 
51.23° respectively indicating improved membranes hydro-
philicity. However, further increase in Filtralite percentage 
in M3 membrane showed an increase in CA values indicat-
ing lower hydrophilicity compared to M1 and M2 mem-
branes. This might be due to Filtralite particle deposition on 
the membrane surface for Filtralite percentage beyond 2%, 
which minimizes the formation of homogenous layer on the 
membrane support.

3.2.3. Membranes morphology

Membranes top surface morphologies for PSf and 
PSf-Filtralite composite membranes given by SEM images 
are presented in Fig. 8. Different membranes had differ-
ent surface pore formation, higher masses of pores were 
observed on M1 and M2 membranes surfaces, whereas few 
pores were found on M3 which had higher Filtralite con-
tent. The M1 and M2 membranes show interesting pores 
distribution with modest cracks due to un-melted clay 
particles structure on the membrane surface. Composite 
membrane M3 displayed a slight aggregation of Filtralite 
particles with very few pores on top of the membrane sur-
face compared to M1 and M2. The cross sectional images 
of the composite membranes shown in Fig. 9, revealed that 
all membranes possess an asymmetric structure, clearly sig-
nifying four distinct layers: a thin dense skin layer at the 
top surface, supported by a layer of irregular micro-tubu-
lar pores, with an open macro-void structure, and porous 
sponge-like layer at the bottom. The PSf-Filtrate composite 
membranes presented an interconnected porous structure, 
without evidence of macro voids in the open pore structure. 

(a) 
(b) 

Fig. 3. (a) SEM surface and (b) Elemental results of Filtralite.

Fig. 4. X-ray diffraction pattern of the Filtralite.
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At higher loading of Filtralite, the length of the finger-like 
projections condensed with increased voids in the sub layer 
(Fig. 9. M3). The bottom cross section portion of M3 clearly 
show better dispersion of Filtralite particles in the finger 
like spongy layer.

3.2.4. Surface roughness

The root mean square (RMS) values of surface rough-
ness of M1, M2 and M3 composite membranes were found 
to be higher than that of M0 membrane (Table 3). This 

indicates a larger surface area offered by PSf-Filtralite 
composite membranes and enhanced membrane permea-
bility. Atomic force microscope (AFM) images presented 
in Fig. 10 show that dark hydrophilic regions of composite 
membrane were continuous, forming ion rich channels. 
Membrane surface with more peaks or valleys represents 
rougher membrane surface (M0). The addition of Fil-
tralite particles altered the membrane structure thinning 
the large peaks or valleys of the membranes [31]. How-
ever, with higher Filtralite content as in M3 membrane, a 
higher surface roughness was observed. This might be due 
to increased viscosity of casting solution that hinders the 
solvent and non-solvent diffusion during the immersion 
precipitation process.

Table 1
Elements composition (XPS) and EDX elements data of Filtralite particles

XPS analysis

Elements O 1s C 1s Na 1s Al 2p Si 2p Fe 2p Ca 2p K 2p Mg
Atomic (%) 53.81 21.65 1.77 5.08 14.41 0.96 1.22 1.11 –
Mass (%) 46.56 14.06 2.20 7.41 21.88 2.89 2.64 2.35 –
Peak BE (eV) 529.0 282.0 1069.0 71.0 99.0 709.0 348.0 290.0 –

EDX analysis

Atomic (%) 65.42 – 1.74 7.42 18.65 2.48 0.87 1.80 1.63
Mass (%) 49.99 – 1.91 9.57 25.02 6.61 1.67 3.35 1.89

O 

Na 

Fe  
K 

Ca Al Si 

Fig. 5. XPS survey graph of Filtralite particles.

Fig. 6. Average particle size distribution of Filtralite particles in 
H2O solution.

Fig.  7.  TGA curves of PSf and PSf-Filtralite composite  membranes.

Table 2
Relevant data of water uptake, hydrophilicity and rejection of 
composite membranes

Membrane Water uptake 
(%)

Contact 
angle (A°)

NaAlg 
Rejection (%)

M0 46.1 ± 0.6 70.2± 1.8° 86.2 ± 2.1
M1 48.8 ± 1.1 60.2± 2.0° 97.9 ± 1.8
M2 58.0 ±0.9 51.23± 1.5° 98.6 ± 2.3
M3 52.4 ± 0.2 63.78± 1.3° 90.8 ± 1.6
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3.2.5. Water uptake

Water uptake results presented in Table 2 show that all 
composite membranes (M1, M2 and M3) have higher water 
uptake compared to M0. Large number of void spaces in the 
composite membrane allows easy passage of water mole-
cules through surface pores. The Filtralite content with supe-
rior hydrophilicity promoted stronger polar interactions with 
the polymer chains. It was reported that water molecules can 
be absorbed between clay layers to create an interlayer ionic 
solution that causes swelling phenomenon related to electri-

cal double layer properties [38,39]. The lower water uptake 
in M0 resulted from swelling  restrictions owing to its crys-
talline hydrophobic surfaces. On the other hand, the degree 
of crystallinity of the polymer might decrease in the presence 
of larger amounts of Filtralite resulting in more free volume 
for water to diffuse into the membrane matrix as observed in 
M2. As the amount of Filtralite increases to 3 % (M3), a slight 
decrease in water uptake was observed. At this stage, some 
of the clay might be aggregated on the membrane surface 
restricting the passage of water molecules especially with 
decreasing membrane crystallinity [40].

M3 

M2

M1

Fig. 8. Top view surface SEM images PSf and PSf-Filtralite membranes.
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3.2.6. Surface pore sizes and porosity

The surface pore distributions and surface porosity 
were determined by analysing SEM images (Fig. 8) using 
ImageJ software. It was found that addition of 1 and 2% 
of Filtralite particles and PVP increased the pore diameter 
and broadened the pore size distribution. These results 
can justify the improvement in the composite membrane 
permeability for M1 and M2 [31]. Generally, membrane 
porosity depends on the mass transfer of the polymer 
solution during the phase inversion process. The hydro-
philic functional groups present in Filtralite would accel-
erate the membrane formation process by speeding up the 
exchange rate between solvent and non-solvent. Thus, the 
pores formation process would be enhanced. The poros-
ity of membranes increased from 51% for M0 to 56% for 
M2 (Table 3) which are in excellent agreement with those 
reported in the literature [29]. A slight decrease of porosity 
in composite membranes M3 was observed. This might be 
caused by the blockage of the pores and the poor distri-
bution of the Filtralite on the membrane surface due to its 
agglomeration as supported by SEM images for M3 (Fig. 

8). These results are in agreement with the finding of Hus-
sein et al. [41,42]. Furthermore, M3 composite membrane 
displayed a thick surface with lower porosity which can 
be attributed to increased viscosity of the casting solution, 
which resulted in lower water flux in the membrane. The 
higher average pore size obtained for M2 which is almost 
twice that of M0, correlates well with the obtained mem-
branes water fluxes. It should be also noted that despite 
its smaller pore size, M2 membrane had larger water 
flux M0 due to its higher porosity and improved surface 
hydrophilicity. 

3.2.7. Membranes mechanical properties

Mechnical properties of synthesised membranes are 
shown in Fig. 11 presenting their nominal stress-strain 
curves. We observe that the tensile stress increased with 
increased Filtralite filler amount (M1, M2, and M3). The 
nonwoven support had the highest Young’s modulus, 
yield stress and break stress compared to synthesised 
membranes. However, the elongation at break of nonwo-

M0 

M3 

M1 

Clay deposition 

M2 

Fig. 9. Cross section SEM images of PSf and PSf-Filtralite membranes.
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ven support increased with other casted membranes layer. 
This is because the nonwoven support was tested under 
dry conditions and the membranes were studied under 
wet conditions. 

Obtained results show that for M1, the Young’s mod-
ulus, yield stress and break stress increased and the elon-
gation at break decreased compared to the nonwoven 
support. The increase in Young’s modulus, yield stress 
and break stress is due to the addition of rigid Filtralite 
fillers and the decrease of break stress is probably due 

M1 

M0 

M2 

M3 

Fig. 10. AFM images of the surfaces and 3D of the PSf and composite membranes.

Table 3
Porosity, pore size and Roughness data of composite membranes

Membrane Porosity 
(%)

Average surface 
pore diameter (nm)

Roughness  
RMS (nm)

M0 51.2 5.00 ± 8 6.39
M1 52.1 14.24 ± 6 5.45
M2 56.3 12.82 ± 3 5.12
M3 54.1 8.86 ± 2 5.21
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to the stress concentration around the PSf-Filtralite inter-
face, resulting in de-bonding of the filler/matrix and a 
decreased break strain. M2 membrane had the lowest 
mechanical strength among other membranes. High 
filler content allows for more stress transfer from poly-
mer membranes to fillers. The lower break strain is due 
to the stress concentration where small cracks initiate at 
the weak points.

3.3. Membrane permeation study

3.3.1. Pure water filtration

Water filtration experiments showed that PSf-Filtrate 
composite membranes (M1, M2, M3) have higher fluxes 
compared to M0 membrane. This can be attributed to 
increased surface hydrophilicity and the macro-porous 
structure of the membrane resulting from Filtralite content 
addition. The functionalization of Filtralite into the PSf 
membrane led to opening of end gaps of the Filtralite caus-
ing higher porosity. The pure water flux of fabricated com-
posite membranes is shown in Fig. 12. The increasing trend 
in pure water flux was similar to that observed for con-
tact angle and hydrophilicity results. It is well known that 
enhanced hydrophilicity of the membranes can increase the 
water permeability by attracting water molecules inside 
the membrane matrix and facilitating their permeation 
through the membrane. On other hand, the highest aver-
age pore size obtained for M2 membrane which is almost 
twice of that of M0 correlates sound with the membranes 
water fluxes. M2 membrane, despite its smaller pore sizes 
had a higher water flux than M0 due to its higher poros-
ity and improved surface hydrophilicity. However, depo-
sition of clay layer on M3 membrane surface reduced the 
membrane flux as a result of blockage of membrane pores 
and/or water channels. Furthermore, the hydrophilicity 
nature of Filtralite could enhance the solvent and non-sol-
vent exchange during the phase inversion process and lead 
to membranes with more porous surface, which improved 
the water permeability. However, for M3, with increased 
viscosity of the casting solution, reduced the porosity and 
mean pore radius of the membranes and hence their per-
meability [43]. 

3.3.2. NaAlg filtration

Filtration experimental results using NaAlg solution 
are presented in Fig. 13. Results obtained using 0.7 g/L 
NaAlg solution with a cross flow velocity of 1.7 LPM 
under a transmembrane pressure (TMP) of 3 bars and 
temperature of 30°C, show a sharp solution flux decline 
in all composite membranes. A maximum flux drop in 
all membranes was observed within the first hour of fil-
tration. Higher NaAlg flux was observed in both M1 and 
M2 membranes compared to pure PSf membrane (M0) 
following the same NaAlg rejection trend observed when 
Filtralite content increased to 1–2% (Table 2). However, an 
opposite behaviour was encountered for both sodium algi-
nate flux and rejection in M3. This behaviour is attributed 
to Filtralite agglomeration on M3 membrane surface and 
incompatibility effect of clay and polymer, resulting in 
micro phase separation and formation of very few pores 
on the surface of the membrane [44]. The obtained flux 
recovery ratio (FRR %) for PSf-Filtralite membranes M1, 
M2 and M3 was 65.0, 71.0 and 63.0% respectively, while 
that of M0 was equal to 58% which is in accordance with 
the literature [45]. 

Fig. 12. Pure water flux of composite membranes.

Fig. 13. Flux behavior of membranes during filtration of NaAlg 
solution.

Fig. 11. Mechanical stability of PSf-Filtralite ccomposite 
 membranes.
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3.3.3. Humic acid filtration

Humic acid (HA) filtration tests were carried out 0.75 
g/L solution having a cross flow velocity of 1.7 L/min 
under a transmembrane pressure (TMP) of 3 bars at a 
temperature of 30°C Using the same cross flow appara-
tus. Obtained results shown in Fig. 14 present a sharp 
decrease in HA flux within the first 25 min and continues 
decreasing until eventually reaching a stable state after 
90 min. This decline is caused by HA adsorption on the 
membrane pores causing the build-up of concentration 
polarization [46]. HA has a highly active surface char-
acterized by hydrophilic –COOH and –OH functional 
groups and hydrophobic central aromatic groups and 
fat molecules [47], hence, HA can be easily deposited 
on the membrane surface and pores especially that PSf 
membrane hydrophobicity ensured greater interaction 
between the membrane surface and Humic acid resulting 
in strong adsorption and significant flux decline [46,48]. 
Composite membranes M1 and M2 show better filtration 
performance due to their improved hydrophilic surface 
which caused less aggregation of humic acid. Larger flux 
decline observed in M3 membranes may be attributed 
to the deposition of large aggregates of Filtralite that 
induced complete pore blockage or channel constriction, 
followed by cake formation. Finally, these results showed 
that hydrophobic PSf membrane was more susceptible to 
HA fouling than composite membranes. A comparison 
between the overall flux decline for NaAlg and humic 
acid showed that the flux decline is higher for NaAlg 
compared to humic acid solution because of the thin-

ner adsorption layer of NaAlg on the membrane surface 
compared to humic acid cake layer.

4. Comparison

A good number of studies have been reported in the 
open literature on the use clay as membrane filler for fil-
tration applications. The available reported literature data 
in terms of pure water flux, hydrophilicity and porosity are 
summarized in Table 5 and compared with data obtained 
in the present work. Comparison results showed that mem-
branes prepared in our labs in this work performed better 
than those reported in the literature.

5. Conclusions

New Filtralite-polysulfone composite membranes with 
enhanced surface morphology and better filtration perfor-
mance were developed in our laboratory. The addition of 
Filtralite into the polymer matrices enhanced the mechan-
ical and thermal properties of the membrane. SEM images 
indicated remarkable changes in the membranes structure 
and better finger-like channels connectivity. The addition 
of Filtralite significantly improved the porosity, surface 
roughness, hydrophilicity and water uptake of the pro-
duced membranes. Filtration performance tests results 
showed improved membrane characteristics in terms of 
water, HA and NaAlg permeation compared to pristine PSf 
membrane up to 2% Filtralite addition. However, addition 
of 3% Filtralite caused a drop in the membrane filtration 
performance owing to Filtralite particle agglomeration and 
denser surface morphology. Overall, the addition up to 2% 
Filtralite concentration improved the overall membranes 
characteristics beyond which, a reduction in overall param-
eters was noted. 
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Fig. 14. Flux behavior of membranes during filtration of HA 
solution.

Table 4
Detailed mechanical properties of composite membranes

Fabric (Support) M0 M1 M2 M3

Thickness (mm) 0.17 0.23 0.24 0.22 0.26
Young’s modulus (MPa) 996.56±32.0 494.92±32.8 636.47±11.8 479.66±37.4 599.98±51.8
Maximum tensile stress (MPa) 28.75±0.27 12.10±1.56 16.11±0.16 11.69±0.43 26.43±0.09
Elongation at break % 32.65±1.54 37.70±11.28 38.56±4.54 61.23±1.95 28.07±0.33
Yield stress (MPa) 13.90±0.14 7.43±0.38 9.36±0.18 6.78±0.27 11.27±0.90
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