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1. Introduction

Chromium (Cr) is widely used in various industrial applications such 
as electroplating, alloying, pigment fixation and corrosion tutelary films 
[1]. Although Cr exists in several chemical forms with oxidation numbers 
ranging from 0 to 6, the two most common oxidation states of Cr present in 
the environment are the trivalent and hexavalent forms. The di-, tetra- and 
penta-valent oxidation forms are unstable and are often rapidly converted to 
the trivalent (Cr3+) form, which is in turn converted to the hexavalent (Cr6+) 
form. Cr6+ is carcinogenic, and therefore, requires removal from wastewater 
effluent [2]. Other than being the most oxidation form abundant in natural 

water systems, Cr3+ is also mainly discharged by the metal industry. Cr3+ can 
under suitable conditions such as the presence of strong oxidising agents 
be easily converted to Cr6+. An investigation of the removal of Cr3+ from 
aqueous media, which is the focus of this study, is important since Cr3+ is 
perceived as the precursor of the much more toxic Cr6+ [2, 3].

Cr3+ ions are biologically essential because of the vital role they play in 
the metabolism of nucleic acid, lipids, proteins and vitamin B12. However, it 
should be noted that excessive amounts of Cr3+ ions can potentially enhance 
the toxicity of Cr3+ ions [1]. For example, Cr3+ has been shown to lead to 
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This paper reports on the synthesis and characterisation of polysulfone (PSf) ultrafiltration (UF) membranes modified with carbon coated alumina Ni-doped titanium dioxide (CCA/
Ni-TiO2) nanoparticles. The syntheses of the membranes was carried out using the phase inversion process. The permeate flux of the membrane modified with 0.25% CCA/Ni-TiO2 
nanoparticles (213.5±6.40 L.m-2.h-1) was found to be higher than that of the unmodified membrane (130.95±4.50 L.m-2.h-1) at 13.8 bar. The membrane modified with 0.50% CCA/Ni-
TiO2 nanoparticles had the lowest permeate flux at 105.18±4.52 L.m-2.h-1. The improved water permeability was brought about by the hydrophilicity resulting from introduction of the 
hydroxyl groups of the nanoparticles. At 13.8 bar, the NaCl salt rejection properties of the mixed matrix membranes were relatively higher (31.38±1.23%) for the 0.25% PSf/CCA/
Ni-TiO2 membranes compared to that of the unmodified PSf membrane (12.76±1.10%). Similar observations were made for the Cr3+ heavy metal rejection, which ranged between 
56.27±2.54% and 60.48±2.52% for the modified membranes. These results have demonstrated the role the electrostatic effects of the nanoparticles play in the rejection mechanism of 
the modified membranes when compared to the unmodified membranes. Unmodified membranes were found to reject 28.32±1.65% of Cr3+ heavy metals at the same pressure. Over a 
period of 180 minutes, the membranes were found to be more photocatalytically active towards bromophenol blue, and a maximum photodegradation efficiency of 81% was achieved 
compared to only 50.5% for methyl orange. The photo-degradation process for both dyes followed a pseudo-first-order reaction rate.
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thyroid damage, slowed respiration, permanent disability and decreased 
pulmonary function in animals [1]. In plants, Cr3+ is required in trace amounts 
as it promotes plant productivity. Unfortunately, Cr3+ can also cause seed 
germination delays as well as reduced photosynthesis and biomass. Excessive 
amounts of Cr3+ in plants can also lead to chlorosis, necrosis and death of 
crops. Antagonistic interference may also occur in the presence of essential 
nutrients such as calcium, iron, phosphorus, potassium, manganese, zinc and 
copper [3]. Such interference may affect the metabolic processes of the plant 
via oxidative stress, which causes chloroplast and pigment alterations. Cr3+ 
ions can also suppress the function and regulation of several proteins such as 
antioxidant enzymes, which are responsible for chromosomal impairments in 
plant tissues [4]. Since the release of Cr3+-based pollutants into the 
environment can pose a threat to aquatic life due to their toxicities, an attempt 
to remove them from contaminated water was undertaken in this research 
study. The removal of the Cr3+ pollutant was performed by using carbon-
coated alumina coupled with TiO2 nanoparticle modified membranes.  

Moustakes et al. (2014) reported that industrial effluents from textile 
industries contain salts that are co-dissolved with dyes [5]. This clearly 
demonstrates that the removal of dissolved salts from wastewater co-
dissolved with dyes remains a grave concern in industrial effluents. 
Traditionally, dissolved NaCl salts are commonly removed from wastewater 
by reverse osmosis (RO) and nanofiltration (NF) membranes. However, 
RO/NF membrane technologies tend be more expensive. The aim of this 
research was, therefore, to determine the efficiency of ultrafiltration 
membranes (UF) modified with carbon coated alumina (CCA) Ni-TiO2 
nanoparticles that possess dye degrading properties towards the removal of 
dissolved salts from dye containing wastewater. 

Traditionally, researchers explained the rejection capacity of UF 
membranes on the basis of the Donnan Size Exclusion principle as the 
dominant mechanism for the extraction of pollutants [5]. It is generally 
believed that Donna Size Exclusion effect on dissolved salts is minimal in 
ultrafiltration membranes. On the contrary, recent reports have shown that 
other mechanisms of electrostatic interaction origin play a significant role in 
the rejection of dissolved monovalent and divalent salts by ultrafiltration 
membranes [6]. Therefore, this research work is intended to explore the 
effects of electrostatic interactions between NaCl salts and modified PSf UF 
membranes. Such interactions will then be compared with similar interactions 
between the NaCl salts and the unmodified membrane. The NaCl solute was 
chosen because of its small size that will enable not to be rejected via the 
Donnan Size Exclusion mechanism [6].Therefore, the hypothesis was that if 
the small-sized NaCl salts can be rejected in considerable amounts by UF 
membranes, the rejection can clearly demonstrate that other rejection 
mechanisms such electrostatic interactions are effective in the UF membranes 
removal mechanism. 

Ultrafiltration membrane processes are known to depend on the porosity, 
density and presence of functional groups in their membrane surfaces [7, 8]. 
These properties may influence both the physico-chemical changes inside the 
pore structure and the surface barriers such as surface charges, electrostatic 
properties and hydrophilicity. For example, macropores in the membrane 
matrix serve as transport pathways that yield high specific surface areas and 
allow fast permeation [9]. UF membranes utilize a pressure driven membrane 
separation process that takes into consideration the size exclusion effect, 
Donnan exclusion, and physico-chemical properties of membrane polymer 
[10-12]. Water permeability and selectivity of membranes are controlled by 
concentration polarization due to the enhancement of the concentration of the 
rejected species on the membrane surface as a function of transmembrane 
flow [8, 9]. This phenomenon may reduce the performance of the membrane. 
However, to counter this challenge of low selectivity and water permeability, 
the membrane material can be modified to suit the environmental 
requirements. This means that the membrane can be modified in order to suit 
the specific water matrix to be treated [3, 12]. 

The commonly used polymer materials (polysulfone (PSf) and 
polyethersulfone (PES)) utilized for making ultrafiltration (UF) membranes 
are known to be slightly hydrophobic. Consequently, the membranes are 
prone to fouling, thus lowering their water permeability with prolonged 
usage. Membrane separation is based on the performance of the membranes, 
which is determined by its selectivity and productivity [13-16]. Modification 
of UF polymeric membranes becomes imperative when attempting to improve 
water permeability, while simultaneously maintaining relatively high 
selectivity. Surface charge, roughness, hydrophilicity, molecular-weight-cut-
off, pore size and distribution are the main aspects that impose a great impact 
on the performance of membranes [13-16]. These membrane properties can 
be altered by modifying membrane surfaces with specific functional groups 
from different kinds of additives. For this reason, much research has been 
dedicated to the modification of UF membranes with additives such as 
nanoparticles (TiO2, ZnO and Al2O3) and hydrophilic polymers (cyclodextrins 
and poly(ethyl glycol)) [16-21]. The incorporation of nano-sized materials 

into different types of materials can produce synergistic effects. Surface 
chemistry of metal oxides (Al2O3, TiO2, ZrO2 and SiO2) has been shown to be 
directly controlled by the surface structure of the membranes. For instance, 
acid-base sites create metal cations and oxygen anions [18-27].  

Previous research work in our laboratory has reported that under visible 
light, Rhodamine B dye can be degraded by CCA-supported titania 
(CCA/TiO2) nanoparticles [28]. These CCA/TiO2 nanoparticles completely 
degraded 100 mL (10 mg L−1) within 180 minutes compared to 20.0% in a 
period of 300 minutes for unsupported TiO2 nanoparticles under visible light. 
The Ni-TiO2/CCA nanoparticles were shown to degrade 75.0% of Rhodamine 
B [29]. The CCA/Ag-TiO2 was found to degrade 98.0% of the Rhodamine B 
after 300 minutes and 78.0% Rhodamine B degradation was achieved when 
CCA/Co-TiO2 was employed [28, 29]. The dopants on these 
nanophotocatalysts improved their photocatalytic activity when compared 
with the un-doped and unsupported nanophotocatalysts. This was as a result 
of increased mean pore diameter of the doped nanoparticles relative to the un-
doped nanoparticles. For example, the CCA/Ni-TiO2 nanoparticles were 
found to possess surface area of 121 m2 g-1, total pore volume of 0.239 cm3 g-1 
and mean pore diameter of 6.48 nm. All these parameters were higher than 
those of the CCA/TiO2 nanoparticles (surface area of 149 m2 g-1; total pore 
volume of 0.210 cm3 g-1; and mean pore diameter of 5.69 nm). Even though 
the surface area of doped nanoparticles were reduced and total pore volume 
remained the same, the mean pore diameter increased. This increase indicated 
an increased interaction platform where the catalyst and pollutant could 
realise improved photocatalytic activity [28, 29]. The band gap of the 
CCA/Ni-TiO2 nanoparticles was found to be 2.82 nm, which enhanced the 
visible light band edge of the photocatalyst. Moreover, the CCA/Ag-TiO2 
degraded the Rhodamine B much more effectively because it absorbed more 
of the visible light, resulting in higher degradation efficiency [28, 29]. 
Furthermore, these nanocomposites performed better than the unsupported 
TiO2 nanoparticles in the degradation studies. Although these composites 
have shown great potential in the photodegradation of Rhodamine B, they 
lack an appropriate and robust support system. This has been a great 
challenge for the optimum utilization of these nanocomposites because it 
becomes difficult to separate them from the wastewater after being treated. 
The other challenge with such nanocomposites had always been leaching, 
whenever they are embedded in UF membranes. Hence, this study focused on 
immobilising the nanocatalysts on carbon coated alumina to make 
nanocomposites, prior to being incorporated into the PSf UF membrane 
support system. This was envisaged to improve the support system of the 
nanocomposites on membranes that could lead to their optimal use in water 
treatment.  

In a study undertaken by Mahlambi et al. [28], novel polysulfone 
supported 0.50% CCA/TiO2 mixed matrix membranes were synthesized and 
found to possess a permeate flux of 164 L.m-2.h-1 at a pressure of 1 bar. The 
same membranes were found to reject between 81.0% and 96.0% of 
Rhodamine B dye following anchoring of the CCA/TiO2 on the polysulfone 
membranes [28]. This anchoring of the CCA/TiO2 nanoparticles onto the 
membranes was found to be better in terms of rejection performance than 
unmodified PSf UF membranes. Such a concept shows great potential of the 
nanocomposites when supported on UF membranes, because of the resultant 
higher permeate flux and rejection capacities. However, this research study 
was limited to the incorporation of CCA/TiO2 nanoparticles. Hence, the study 
had to be extended into the other well-performing nanophotocatalysts on UF 
membranes. The aim of this study was therefore to determine how the 
incorporation of the nanophotocatalysts onto UF membrane support systems 
influences the water permeability, rejection and degradation properties of the 
resultant UF membranes.  

A lot of research has been carried out on the application of PSf UF 
membrane modified with TiO2 nanophotocatalysts, and challenges such as 
leaching and reduced photocatalytic activity of the supported 
nanophotocatalysts have to this end been identified [19-25]. However, limited 
research involving the use of TiO2 nanophotocatalysts immobilized with 
carbon coated alumina supports for use in PSf UF membrane systems have 
not been undertaken. The effect of these carbon coated alumina supports of 
Ni-TiO2 nanoparticles on the rejection and permeate flux properties of the 
resultant polymeric UF membranes has also not been explored. Therefore, it 
was envisaged that the use of carbon coated alumina support would lead to 
the development of an improved support system for the TiO2 nanocatalysts. 
This new support system will thereafter be incorporated onto the PSf UF 
membrane. Therefore, this research study sought to incorporate the 
immobilized CCA/Ni-TiO2 nanocatalysts onto PSf UF membranes using the 
phase inversion process for application in water treatment. A study of the 
surface characteristics as well as the morphological, water permeability and 
rejection performance properties of the novel PSf/CCA/Ni-TiO2 mixed matrix 
membranes will also be undertaken. 
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2. Materials and Methods 
 
2.1. Materials 
 

The reagents were obtained from relevant suppliers and used without 
further purification. 85.0 wt% 1-methyl-2-pyrrolidone (NMP) and 
polysulfone pellets were obtained from Sigma-Aldrich, South Africa. The 
non-woven fabric was sourced from Hirose Co., Japan. 

 
 

2.2. Experimental 
 
2.2.1. Synthesis of modified nanoparticles 
 
The synthesis of CCA/Ni-TiO2 nanoparticles was carried out according to 

an experimental procedure reported by Mahlambi et al. [29]. 
 
2.2.2. Synthesis of CCA/TiO2/PSf membranes 
 
The synthesized CCA/Ni-TiO2 nanoparticles were dispersed in NMP as 

shown in Table 1. Small portions of polysulfone (PSf) pellets were added 
slowly and under stirring conditions to the reaction mixture. The polymeric 
mixture was allowed to react for 8 h and thereafter allowed to settle for 2 h. 
This mixture was then cast on a non-woven fabric fixed on a clean glass plate. 
A casting knife with a blade height set at 150 µm was used. The glass plate 
was immediately immersed in a coagulation bath containing an ice-deionised 
water mixture (0°C) for a period of 15 min. The resultant ultrafiltration 
membranes were then rinsed three times with clean deionised water and 
thereafter stored at 4.0°C in a refrigerator prior to use. 
 
 
 
Table 1 
Specific casting solution composition used for ultrafiltration membranes. 
 

Membrane CCA/Ni-TiO2 (wt.%) PSf (wt.%) NMP (wt.%) 

1 0.50 16.00 84.00 

2 0.25 16.00 84.00 

3 0.00 16.00 84.00 

 
 
 

2.3. Characterization 
 
2.3.1. Attenuated total reflectance-infrared (ATR-IR) spectroscopy  
 
Attenuated total reflectance-infrared spectroscopy (ATR-IR) spectra of 

all the membranes were collected on a Perkin Elmer, Spectrum 100, 
spectrophotometer equipped with a  
diamond-germanium-selenium crystal. The angle of incidence was fixed at 
45º to give a probing depth of the membranes of about 0.40 µm in the infra-
red region. Dry specimen of membrane samples were mounted on the crystal 
with the active layer facing the crystal surface in such a way that good contact 
is made between the sample and the crystal surface. 

 
2.3.2. RAMAN analysis 
 
A Perkin Elmer RAMAN Micro 200 instrument was used for all 

RAMAN analyses. The instrument was equipped with a 785 nm laser lamp 
and had a maximum output of 250 mW. For analyses, the sample was placed 
on a quartz slide. After focusing the instrument to obtain the best image and 
then switched to the dark field, a light beam was then passed through the 
sample and the spectra were recorded. 

 
2.3.3. Scanning electron microscope 
 
A VEGA3 TESCAN scanning electron microscope was used to 

determine the surface and cross-section morphology of the mix-matrix 
membranes. The UF PSf membranes were frozen in liquid nitrogen and 
fractured to analyse the cross-section of the UF membranes. The membranes 
were mounted on a carbon tape and thereafter carbon coated prior to analyses. 

 
2.3.4. Atomic force microscopy measurements 
 
Atomic force microscopy (AFM) analyses of the composite membranes 

were carried out to determine the quantitative surface roughness of the 
samples using a Nanoscope 3D Multimode purchased from Veeco 
Instruments Inc. This instrument utilises SNL cantilevers (Veeco) with a 
spring constant of 0.12 Nm-1 through the contact mode in dry air. For best 
viewing of the specimen, AFM analyses were undertaken at appropriate 
magnification and focusing following a 12 h drying of the samples in a 
vacuum oven. The projection area used for the membranes was 30 µm x 30 
µm. 

 
2.3.5. Contact angle measurements 
 
Contact-angle (CA) measurements were carried out using a Dataphysics 

Contact Angle Instrument (SCA 20, OCA 15EC) and a sessile drop method. 
Sessile droplets of deionised water were dislodged at room temperature onto 
the dry surfaces of the membranes. Five seconds after depositing the water 
droplet onto the sample, images were captured prior to measurements of the 
CA. Five measurements at different locations of the membrane sample were 
taken and averaged out to obtain the CA of the membrane. 

 
 

2.4. Water uptake analysis 
 
The wet weights of the membranes were determined by soaking the 

membranes in distilled water for 48 h and thereafter weighing them after they 
been mopped with blotting paper. The dry weights of the membranes were 
determined once the wet samples had been dried in an oven at 60ºC for 48 h. 
The percentage of the water content was obtained using Equation 1. 

 

0 1

0

(%) 100
W W

Water content
W

 
  
 

 
(1) 

 
where, W0 and W1 are the weights of wet and dry membranes (in g), 
respectively.  
 
 
2.5. Permeation and rejection studies of membranes 

 
The pure water flux through the membranes was determined using a 

cross-flow system (SterlitechTM membrane test cell system) for bench-scale 
water filtration experiments. Each membrane type was tested in triplicate. To 
achieve a constant flux, both the unmodified and modified membranes were 
compacted with deionised water for 6 h at a pressure of 30 bar. The permeate 
flux of the membranes was thereafter measured at 13,8 bar, 20,7 bar and 27,6 
bar. The permeate flux (Jw) was calculated according to Equation 2 shown 
below. 

 

tA

V
J w 

  (2) 

 
where, V (L) is the volume of water collected at time t (h) and A was the 
active surface area (m2) of the membrane. 

The rejection of the NaCl salt (2.00 g L-1) and Cr3+ (2.00 g L-1) were 
measured using a conductivity meter (using the conductivity as a 
concentration of ions dissolved in water). The NaCl salt was used to study the 
electrostatic interactions between the PSf UF membrane surfaces and the 
dissolved salt [43]. The rejection (R) of the NaCl was calculated by using 
Equation 2 as follows: 

 













f

p

C

C
R 1100  (3) 

 
where, Cp is the solute concentration of the permeate stream, and Cf is the 
solute concentration of the feed solution.  

 
 

2.6. Photodegradation analysis using visible light 
 
The modified PSf UF membranes were tested for their ability to 

photodegrade methyl orange and bromophenol blue under visible light. The 
degradation of methyl orange and bromophenol blue by the modified PSf UF 
membranes were monitored using a Newport 9600 Full Spectrum Solar 
Simulator. A 150 W ozone free xenon lamp, which was used in this solar 
simulator instrument, produces a collimated beam of 33 mm in diameter that 
is equivalent to 1.33 suns. In order to exclude UV light exposure and thus 
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ensure that photodegradation was due to visible light irradiation, a GG420 
UV filter was placed between the light source and reaction vessel containing 
the membrane and pollutant. The distance between the light source and the 
reaction vessel was set at 10 cm to produce a beam power equivalent to 1 sun. 
To reduce the effect of thermolysis of the dye pollutant, the reaction was 
conducted inside a jacketed beaker containing an inlet and outlet to allow 
water to be passed through the jacketed beaker so as to maintain the reaction 
temperature at room temperature. The photocatalytic activity of the PSf UF 
membranes towards 100 mL of each methyl orange and bromophenol blue 
dye solution with a concentration of 10 mg L−1.  

Typically, a 5 cm × 5 cm membrane was immersed in the relevant dye 
solution and stirred in the dark for 1 h so as to establish an 
adsorption−desorption equilibrium. The solution mixture was then irradiated 
with visible light and 2 mL aliquots were sampled at 30 min intervals. To 
determine the extent of photodegradation, the aliquots were analyzed at 554 
nm using a Shimadzu UV-2450 UV−Vis spectrophotometer. All the 
photodegradation experiments were carried out in the dark room. The 
experiments were carried out in triplicates and the average value was 
reported. 

 
 

3. Results and Discussion 
 

3.1. ATR-FTIR analysis 
 
The ATR-FTIR spectra of the 0.25% PSf/CCA/Ni-TiO2 and 0.5% 

PSf/CCA/Ni-TiO2 modified membranes were compared to that of the 
unmodified membranes. As shown in Figure 1, all three membranes studied 
exhibited bands typical of PSf membranes [30, 31]. New FTIR bands 
appearing at 1678 cm-1 and 1724 cm-1 were observed on the spectra of 
modified membranes thus suggesting a chemical interaction between the TiO2 
nanocatalyst and the PSf polymer component. Such peaks as well as with 
those observed at 1498 and 1510 cm-1 are typical of the –OH functional group 
of the TiO2 nanocatalyst [30-33]. These peaks were not observed on the 
spectrum of the pristine membrane; this is indicative of the successful 
incorporation of the CCA/Ni-TiO2 catalyst onto the PSf UF membrane. 

 
 

3.2. RAMAN analysis 
 
Peaks associated with the pure PSf polymeric matrix, the Ni-TiO2 as well 

as the carbon-covered alumina were observed in the RAMAN spectra of the 
pristine PSf and modified PSf/CCA/Ni-TiO2 UF membranes (see Figure 2). 
The observed PSf RAMAN modes are in agreement with those reported in the 
literature [34, 35]. While the C–H stretching modes were found to appear at 
3085.5 cm–1, vibrations associated with the phenyl ring were observed at 
1610.2 cm–1 and 1724.8 cm–1. Both the strong C–O–C symmetric stretching 
mode and its corresponding weak asymmetric mode were observed at 1159 
cm–1 and 1208.6 cm–1, respectively. The peaks appearing at 1019.5 cm–1 and 
1109.6 cm–1 were ascribed to the respective symmetric and asymmetric 
stretching modes of the –SO2. At 634.8 cm–1, an asymmetric –C–S–C 
stretching mode was observed and this was due to the out-of-plane benzene 
ring –C–H deformation that was observed at 790.2 cm–1. It is evident from 

Figure 2 that the presence of the CCA/Ni-TiO2 nanoparticles within the 
membrane matrix appears to have shifted some of the RAMAN bands to 
lower wavenumbers. Such a band shift suggests chemical bonding between 
the PSf and the CCA/Ni-TiO2 nanoparticles. 

 
 

 
 

Fig. 1. ATR-FTIR spectra for the pristine, 0.25% and 0.50% PSf/CCA/Ni-TiO2 UF 
membranes (arrows indicate the major bands associated with the TiO2 nanocatalyst) 

 
 

 
The RAMAN modes associated with the Ni-TiO2 nanoparticles, which 

are circled and shown as an insert in Figure 2a, and are in agreement with 
RAMAN shifts reported in previous studies [28]. However, the RAMAN 
modes of the anatase phase of the titania nanoparticles appear to be subdued 
due to the higher composition of the nanoparticles relative to the polymer. As 
shown in Figure 2b, the D (1298.7 cm–1) and G (1461.9 cm–1) carbon bands 
(see insert), which provide evidence for the presence of carbon in the 
CCA/TiO2 nanoparticles, were observed. While the G band is due to bond 
stretching of the sp2 carbon atoms, the D (disorder) band is attributable to the 
breathing modes of the sp2 carbon atoms in the ring. Therefore, results of the 
RAMAN analysis confirmed the successful incorporation of the CCA/Ni-
TiO2 nanoparticles into the PSf polymeric membrane matrix. 

 
 

3.3. Morphological studies 
 
3.3.1. Scanning electron microscopy and EDS studies 
 
Figure 3 shows both the surface and the cross-sections of the different 

membranes and their corresponding EDS spectra. The presence of Ni-TiO2 
nanomaterials on the surfaces of the modified membranes, which was 
confirmed by an analysis of the corresponding EDS spectra, is clearly evident 
in Figures 3b and c. 

 

 
 

Fig. 2. RAMAN spectra of (a) pristine PSf and (b) modified PSf/CCA/Ni-TiO2 UF membranes. 
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Fig. 3. High resolution scanning electron microscopy images (top-view and cross-section view) and energy dispersive X-ray (EDS) spectra for: (a) pristine membrane; (b) 0.25% 
PSf/CCA/Ni-TiO2 membrane; (c) 0.5% PSf/CCA/Ni-TiO2 membrane. 

 
 
 
 
The structures of the macrovoids of the different membranes seem to 

have been affected by the introduction of nanoparticles. The 0.25% 
PSf/CCA/Ni-TiO2 membrane was found to possess the biggest macrovoids, 
the size of which is estimated to be ~4.0 µm. On the other hand, macrovoids 
size of ~2.0 µm was recorded for the 0.50% PSf/CCA/Ni-TiO2 membrane. 
With a size of 1.0 µm, macrovoids of the pristine membrane were the 
smallest. The 0.25% PSf/CCA/Ni-TiO2 membrane was found to possess 
uniform macrovoids that were enlarged throughout the cross-section matrix of 
the membrane. This macrovoid structure may also suggest increased porosity 
of these membranes. The 0.50% PSf/CCA/Ni-TiO2 membrane was found to 
possess macrovoids structures of two types. The macrovoids located towards 
the surface of the membranes were generally smaller than those at the base of 
the membranes. Such observations concur with earlier reports which have 
also suggested that an increase in TiO2 nanoparticles content in the membrane 
matrix leads to decreased porosities [30, 35-38]. To this end, a decrease in the 
size of the macrovoids was observed when the CCA/Ni-TiO2 content of the 
PSf/CCA/Ni-TiO2 membrane was decreased from 0.50% to 0.25%. The effect 
of nanoparticles on the structure (and by extension the functional properties) 
of the membranes has also been reported [21]. Such an effect is largely 
dependent on the order in which the nanoparticles were added during the 
preparation step rather than the type of the nanoparticles used [21, 34]. This 
observation can be explained in terms of the viscosity of the dope casting 
solution, which is known to suppress macrovoid formation [38-40]. Soroko et 
al. [38] demonstrated that viscosity increases with increased loading of the 
nanoparticles such as the TiO2 nanoparticles used in this research study. The 
direct relationship between viscosity and nanoparticle loading is caused by 
the adsorption between the exposed –OH functional groups at the surface of 
TiO2 nanoparticles as well as the high specific surface area, surface energy 
and the polymeric chains [36]. 

 

3.3.2. Atomic force microscopy studies 
 
The AFM was used as a complimentary tool to the SEM technique in 

order to gain more insight into the morphological differences of the 
synthesised membranes (Figure 4). The 0.25% PSf/CCA/Ni-TiO2 membrane 
exhibited the most porous surface when compared to the other two 
membranes. The differences in porosity was confirmed with an SEM 
investigation (see SEM images in Figure 3). AFM and SEM images show that 
the 0.25% PSf/CCA/Ni-TiO2 membrane possess a much more uniform 
porosity compared to the 0.5% PSf/CCA/Ni-TiO2 and pristine membranes. 
The surface of the 0.50% PSf/CCA/Ni-TiO2 membrane was found to be 
rougher when compared with the pristine membrane. This was confirmed by 
the Ra, which was 27.76 nm, 69.17 nm, and 45.05 nm for the pristine 
membrane, 0.25% PSf/CCA/Ni-TiO2 and 0.50% PSf/CCA/Ni-TiO2 

membrane, respectively (Table 2). Such an observation is in agreement with 
the average arithmetic roughness (Ra) values (27.76 nm for the pristine 
membrane; 69.17 nm for the 0.25% PSf/CCA/Ni-TiO2 membrane; and 45.05 
nm for the 0.50% PSf/CCA/Ni-TiO2 membrane) listed in Table 2. As also 
shown in Table 2, the root mean square roughness (Rq) values also followed a 
similar trend. 

Overall, the 0.25% PSf/CCA/Ni-TiO2 membrane possesses the roughest 
membrane surface when compared to the other two membranes. Since the 
modified membranes were found to be rougher than the pristine membrane, it 
can be concluded that the Ni-TiO2 nanoparticles are responsible for the 
increased rough surface and porosity of the membranes. The increased 
roughness and porosity was confirmed by an SEM/EDS analysis of the 
membranes (Figure 3). A simple comparative morphological analysis of the 
0.25% and 0.50% PSf/CCA/Ni-TiO2 membranes suggests a direct link 
between the concentration of the nanoparticles and the morphology of the 
samples. 
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Increased macrovoid size, which advances membrane porosity, appears to 
be aided by lower nanoparticle concentration. Similarly, higher 
concentrations of the nanoparticles promote the formation of low-sized 
macrovoids, which in turn lead to smaller pores and a higher compaction of 
the PSf polymer [38-40]. Results presented in this study have also been 
corroborated by Zhang et al. [41], who demonstrated increased surface 
roughness when the nanoparticle dosage of the UF membranes modified with 
TiO2 nanoparticles was increased. 

 
The height distribution (Hd) of the membranes also varied with the 

concentration of the membrane nanoparticles (see Figure 4 and Table 2). 
Although the Hd of the 0.50% PSf/CCA/Ni-TiO2 membrane was found to be 
the highest (420-700 nm), the normal curve distribution of the Hd graph was 
smaller than that of the 0.25% PSf/CCA/Ni-TiO2 membrane. Furthermore, 
given the lower peak density associated with the 0.50% PSf/CCA/Ni-TiO2 
membrane, an indirect relationship between the surface area and nanoparticle 
concentration of the PSf/CCA/Ni-TiO2 membrane can be inferred (Table 2). 
The relationship inferred was that the higher the concentration, the lower the 
surface area available for adsorption of water molecules, because of the 
already attached nanoparticles.  

 
 
3.4. Water permeability, hydrophilicity and water uptake analysis of 
membranes 

 
The effect of the CCA/Ni-TiO2 nanoparticles on the water permeability, 

hydrophilicity and water uptake of the membranes was investigated. The 
pristine membrane was found to have a permeate flux of between 
130.95±4.50 L.m-2.h-1 and 232.14±3.45 L.m-2.h-1 at applied pressures of 13.8 
bar and 27.6 bar, respectively. The permeate flux of 0.25% and 0.50% 
PSf/CCA/Ni-TiO2 membranes and ranged between 213.50±6.40 L.m-2.h-1 – 
296.70±4.75 L.m-2.h-1 and 105.18±4.52 L.m-2.h-1 – 157.74±5.67 L.m-2.h-1, 
respectively at the same pressures mentioned above (Figure 5). It is 
noteworthy that the 0.25% PSf/CCA/Ni-TiO2 membrane was found to possess 
the highest pure water flux at all the pressures (13.8 bar, 20.7 bar, 27.6 bar) 
investigated; this was followed by the pristine membrane, with the 0.50% 

PSf/CCA/Ni-TiO2 membrane being the lowest. 
Moustakes et al. [5] has indicated that membranes modified with TiO2 

nanoparticles have extremely high flux properties. The water permeability of 
the modified membranes was almost one order of magnitude higher than that 
of the unmodified γ-alumina membranes. This could be related to the higher 
water permeability of the membranes modified with 0.25% CCA/Ni-TiO2 
nanoparticles. In accordance with findings by Rahimpour et al. [42], which 
showed a decrease in water permeability when the TiO2 nanoparticles weight 
percentage was increased, the membranes modified with CCA/Ni-TiO2 
nanoparticles showed a slight decrease in water permeability when the 
concentration was increased from 0.25 to 0.50%. 

These observations can be explained by considering the morphological 
structure of the membranes. The cross-section observations of the SEM 
images and AFM images indicated that the 0.25% PSf/CCA/Ni-TiO2 
membrane was more porous than the other two membranes. Therefore, higher 
porosity results in higher flux in the membranes. The increased peak densities 
and roughness of these membranes also contribute to the increased surface 
area, which translated into increased water permeability (Table 2). Previous 
studies indicate a direct relationship between the surface roughness and the 
surface area of the membrane [36, 43]. In practical terms, it suffices to say 
that increased surface area of the membrane leads to increased contact of the 
membrane with water molecules, which in turn leads to increased water 
permeability [36, 43]. 

 
 
 

Table 2 
Peak to peak maximum distance (Sy), height distribution (Hd), average arithmetic roughness 
(Ra), root mean square roughness (Rq), and peak densities (Pn) obtained from AFM analysis 
(image scan area; 30 µm X 30 µm). 
 

Membrane 
Rq 

(nm) 
Ra (nm) Sy (nm) Hd (nm) Pn 

Pristine Membrane 35.47 27.76 5.38 0.00 - 330 149 

0.25% PSf/CCA/Ni-TiO2 89.14 69.17 4.36 140 - 560 157 

0.50% PSf/CCA/Ni-TiO2 72.78 45.05 28.42 420 - 700 121 

 
 

 
 
Fig. 4. AFM images and peak height histogram of the image frame 30 µm x 30 µm: (a) pristine membrane; (b) 0.25% PSf/CCA/Ni-TiO2 membrane; (c) 0.50% PSf/CCA/Ni-TiO2 
membrane. 
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Table 3 
Contact angle, water uptake and permeation values for membranes 
 

Membrane 
Contact Angles 

(º) 
Water Uptake 

(%) 
Permeation  

(L. m-2. h-1. bar-1) 

Pristine Membrane 70.30±2.24 17.65±0.30 8.90±1.20 

0.25% PSf/CCA/Ni-TiO2 71.57±1.50 13.30±1.34 12.7±0.70 

0.50% PSf/CCA/Ni-TiO2 72.23±1.80 32.00±0.50 6.37±1.80 

 
 
 
 
The contact angle (CA) measurements of the membranes were studied 

using deionised water in an OCA Dataphysics Contact Angle instrument. The 
pristine membrane had a CA value of 70.30±2.24º (see Table 3), which 
corresponds with the reported literature value [44]. However, the 0.25% 
PSf/CCA/Ni-TiO2 membrane and 0.50% PSf/CCA/Ni-TiO2 membrane had 
contact angles at 71.57±1.50º and 72.23±1.80º, respectively (Table 3). The 
CA values of 71.57±1.50º and 72.23±1.80º for the 0.25% and 0.50 
PSf/CCA/Ni-TiO2 membranes concur with similar CA values reported for 
polyvinylidene difluoride (PVDF) UF membranes modified with TiO2 
nanoparticles, which ranged between 70.00º and 74.00º [41]. The increased 
roughness of the modified membranes was shown to affect the hydrophilicity 
of the modified membranes, by making it less hydrophilic as demonstrated in 
Tables 2 and 3.  

A comparative analysis of the CA measurements of the modified and 
pristine membranes revealed a slight increase in the CA measurement of the 
modified membranes upon the introduction of the nanoparticle component. 
While the incorporation of TiO2 nanophotocatalysts onto UF PSf membranes 
is known to decrease the CA measurements of modified membranes [44-46], 
such a decrease in the CA was not observed. In contrast, only a slight increase 
in the CA of the modified membranes was observed. This slight increase in 
the CA is attributable to an increase in the roughness of the modified 
membranes [41]. Furthermore, the increase in the CA can be accounted for by 
considering the hydrophobic carbon coated alumina support on which the 
TiO2 nanoparticles were supported. The interaction between the carbon-
coated-alumina and the polysulfone could lead to decreased hydrophilicity. In 
other words, in this case, an increase in the membrane surface area could 
potentially lead to a slight decrease in the hydrophilicity of the modified 
membranes.  

Water uptake in PSf UF membranes is determined by the adsorption of 
water molecules on the surface of the membrane. Such an adsorption enables 
preferential diffusion of water molecules through the membrane matrix [47, 
48]. The disadvantages of excessive water uptake within hydrophilic 
membranes include pore shrinkage and membrane breakage, resulting in poor 
membrane performance [49-51]. Therefore, highly swollen membranes are 
not suitable as membrane materials, even with high water affinity [48]. 

The water uptake performance of the modified and unmodified 
membranes was studied. While the pristine membrane was found to possess a 
water uptake of 17.65±0.30%, it was established that the water uptake of the 
0.25% and 0.05 PSf/CCA/Ni-TiO2 membranes were 13.30±1.34% and 
32.00±0.50%, respectively (see Table 3). Compared to the other membranes, 
the water uptake of the 0.50% PSf/CCA/Ni-TiO2 membrane was the highest. 
These results indicate no correlation could be established between the water 
uptake and permeability in these membranes. 

 
 

3.5. Electrostatic interactions of membranes with NaCl ions 
 
The membranes were tested for NaCl salt rejection at a concentration of 

2.00 g/L and pressures of 13.8, 20.7 and 27.6 bars [6]. Figure 6 shows a 
comparison of the NaCl salt rejection with its salt water permeability. 
Generally, a water permeate flux drop was noted when the salt water 
permeability (Figure 6) was compared with the pure water flux (Figure 5). At 
a bar pressure of 13.8 and 27.6, the water permeate flux of the pristine 
membrane salt ranged from 110.04±2.89 L.m-2.h-1 and 180.45±2.56 L.m-2.h-1 
while the pure water flux was recorded at 130.95±4.50 L.m-2.h-1 to 
232.14±3.45 L.m-2.h-1. A similar pattern was observed for the modified 
membranes. The lower salt water flux (i.e. relative to the pure water flux), 
which resulted was due to the existence of competition between water 

molecules and the dissolved salt for the same porous pathways. Hence, the 
decrease in salt water permeate flux. Furthermore, the general trend that was 
also observed is that, increasing the pressure increase water permeability and 
decreased NaCl salt rejection as shown in Figure 6. As a second general trend, 
an increase in the pressure increased the water permeability, which ultimately 
led to a decrease in the NaCl salt rejection (see Figure 6). 

Ultrafiltration membranes have relatively large surface pores and high 
water permeability and their operation requires low energy consumption [50]. 
Besides photocatalysis, the CCA/Ni-TiO2 nanoparticles are expected to 
reduce scaling on the membrane surface because of the presence of –OH 
groups in the TiO2 nanoparticles, which have been shown in other research 
studies to reduce membrane fouling [50-54]. Although UF membranes are 
generally viewed as a size-based separation technique, it has been shown that 
particle and membrane charge also influences the rejection of dissolved salts 
[51-55]. In this research study, the NaCl salt (2.00 g/L) was selected as model 
salt for investigation because of its very small size that enables it to easily 
pass through the UF membrane pores on the basis of the size-exclusion 
principle [56]. This suggests that an increase in the NaCl salt rejection by the 
membranes may not be due to the size-exclusion but a result of the 
electrostatic interactions between the solute and the UF membrane surface 
[57-59].  

In this study, the rejection of the NaCl salt by the 0.25% and 0.50% 
PSf/CCA/Ni-TiO2 membranes at 13.8 bar was recorded at 31.38±1.23% and 
31.59±1.12%, respectively (Figure 5). These NaCl salt rejection values were 
found to be higher than that of the pristine membrane, which was 
12.76±1.10% at the same pressure. Generally, the modification of the 
membranes showed increased rejection capacity compared to the unmodified 
membrane. This clearly suggests that the electrostatic interactions played a 
much more prominent role in the rejection of the modified membranes 
compared to the size exclusion principle [51, 57-63]. This could be due to the 
presence of –OH functional groups emanating from the TiO2 nanoparticles 
[63]. The –OH functional groups of the TiO2 nanoparticles have been shown 
to be electrostatic at pH 7.00, the pH level at which our experiments were 
carried out. Furthermore, the NaCl salt gets ionised at the same pH level and 
thus exist as Na+ cation and Cl- anions. Polysulfone UF membranes were 
reported to be capable of rejecting anionic arsenate [58, 59]. The rejection of 
ionic salts is dependent on the pH of the solutions and this can be explained 
by Donnan exclusion and formation of an electrical double layer in the 
membrane pores [61, 64]. Labbez et al. explained that the greater the ion 
rejection due to electrostatic repulsion may result in a stronger overlapping of 
the electrical double layers in the pores [64].  

 
 

3.6. Rejection of Cr3+ heavy metal ions 
 
The membranes were also tested for their Cr3+ heavy metal rejection 

capacity from dye wastewater. The unmodified membranes showed a Cr3+ 
rejection of 28.32±1.65%, 26.67±1.87% and 17.60±2.00% at 13.8, 20.7 and 
27.6 pressure bar, respectively (Figure 7a). This indicates that an increase in 
the pressure leads to a decrease in the rejection capacity of the membranes In 
comparison to that of the 0.25% PSf/CCA/Ni-TiO2 UF membranes, the Cr3+ 
rejection capacity was higher than that of the unmodified membranes. The 
Cr3+ rejection for these modified membranes was found to range between 
56.28±2.54% and 66.12±1.76%. Moreover, the rejection of the pollutant by 
these modified membranes was found to increase with increasing pressure. 
For example, the rejection of the Cr3+ was found to be 56.27±2.54%, 
65.29±1.90%, and 66.12±1.76%, at pressures of 13.8, 20.7 and 27.6 bars, 
respectively (Figure 7b). This increase in the rejection capacity is ascribed to 
the Ni-TiO2 nanoparticles that increases the electrostatic repulsion of the 
modified membranes.  

The membranes modified with 0.50% CCA/NiTiO2 nanoparticles were 
also found to possess a higher reject capacity for Cr3+ heavy metals when 
compared with the unmodified membranes. The rejection capacity was found 
to be 60.48±1.52%, 62.62±2.91%, and 57.25±1.99% at the same respective 
pressures mentioned above. Generally, a significant decrease in the rejection 
capacity was noted when the pressure was increased for the unmodified 
membranes. However, for the modified membranes, a steady but slight 
rejection capacity pattern was observed for the 0.25% CCA/Ni-TiO2 
membranes. Bet-Moushoul et al. [65] attributed the enhancement in rejection 
capacity to the –OH groups of the TiO2 nanoparticles. These –OH groups 
created an extra uniform settlement and more accumulation of the TiO2 
nanoparticles on the membrane surface. As a result, the TiO2 nanoparticles 
established co-ordinate covalent bonds with the –OH groups on the surface of 
the membranes [65, 66]. 
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Fig. 6. NaCl salt (2.00 g/L) rejection of the membranes under different pressures: (a) pristine membrane; (b) 0.25% PSf/CCA/Ni-TiO2 membrane;  (c) 0.5% PSf/CCA/Ni-TiO2 membrane. 
 
 
 
 
 

 
Fig. 7. Cr3+ (2.00 g/L) rejection of the membranes under different pressures: (a) unmodified membrane; (b) 0.25% PSf/CCA/Ni-TiO2 membrane; (c) 0.5% PSf/CCA/Ni-TiO2 membrane. 
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3.7. Photodegradation studies 
 
3.7.1. Visible light photodegradation of methyl orange and bromophenol blue 

 
The photodegradation of methyl orange and bromophenol blue (10 mg.L-

1) by 0.25% and 0.50% PSf/CCA/Ni-TiO2 membranes was studied under 
visible light illumination as shown in Figure 7. The methyl orange (monitored 
at 470 nm) and brophenol blue (monitored at 580 nm) dyes in the visible 
spectrum were found to have a photolysis (without a catalyst) of 2.10% (0.21 
mg.L-1) and 2.30% (0.23 mg.L-1), respectively. According to Figure 7, the 
0.25% PSf/CCA/Ni-TiO2 membrane demonstrated lower degradation capacity 
towards the methyl orange (50.5%; 5.05 mg.L-1) compared to the 
bromophenol blue (70.0%; 3.01 mg.L-1) after 180 minutes. On the other hand, 
only 36.5% (6.36 mg.L-1) of the methyl orange was degraded after 180 
minutes when the 0.50% PSf/CCA/Ni-TiO2 membrane was used. It is evident 
from these results that the 0.25% PSf/CCA/Ni-TiO2 membrane is much more 
effective in the degradation of the methyl orange dye when compared with the 
0.50% PSf/CCA/Ni-TiO2 membrane (Figure 8). 

As illustrated in Figure 8, an initial high degradation rate associated with 
both 0.25% and 0.50% PSf/CCA/Ni-TiO2 membranes was recorded when 
bromophenol blue was used as a model dye pollutant. However, the rate of 
photodegradation seems to recede after 30 minutes. At the end of the 180 
minute period of investigation, 70.0% of the bromophenol blue was found to 
have been degraded by the 0.25% PSf/CCA/Ni-TiO2 membrane compared to 
the 81.0% bromophenol blue degradation achieved using the 0.50% 
PSf/CCA/Ni-TiO2 membrane. Generally, a higher degradation rate by the 
photocatalytic membranes was observed for the bromophenol blue when 
compared with the methyl orange dye.  

The degradation rate of the methyl orange was also lower than the rate 
that was observed for Rhodamine B using the same nanophotocatalysts with a 
support system. However, the bromophenol blue degradation rate was either 
similar or higher than when an unsupported CCA/Ni-TiO2 nanophotocatalysts 
was used. Although nanoparticles supported on polymeric membranes present 
the challenge of the inaccessibility of the nanoparticles as they get embedded 
in the membrane matrix, these membranes performed fairly well compared to 
the unsupported nanophotocatalysts. Not only was it evident that the 
embedding of nanophotocatalysts on PSf UF membranes provides support, it 
also did not significantly reduce the capability of the nanophotocatalyst to 
degrade dye pollutants. 

The PSf/CCA/Ni-TiO2 nanophotocatalytic membranes (1:1 ratio) were 
previously used by Mahlambi et al. for the degradation of Rhodamine B under 
visible light irradiation and a degradation efficiency of 98.0% was achieved 
[27, 28]. In this study, a lower Rhodamine B degradation efficiency of 71.5% 
was achieved within 180 minutes when the PSf/CCA/Ni-TiO2 
nanophotocatalytic membranes were used as catalytic membranes. The slight 
decrease in the degradation efficiency can be attributed to the decreased 
accessibility of the nanophotocatalysts that are embedded in the polysulfone 
polymer matrix. On the other hand, the PSf/CCA/Ni-TiO2 were found to be 
more photoactive towards bromophenol blue compared to methyl orange. For 

example, while up to 70.0% and 81.0% of the bromophenol blue was 
degraded  by 0.25 and 0.50% PSf/CCA/Ni-TiO2 membranes, respectively, 
only 36.5% and 50.5% methyl orange degradation efficiency was achieved 
within the same time frame (i.e. 180 minutes) when the same membranes 
were employed. Therefore, the degradation efficiency was decreased when 
compared to when the unsupported nanophotocatalysts are suspended in the 
dye solution. 

It has been well established that the available surface of the TiO2 
nanoparticles plays a vital role in the reaction pathway for the degradation of 
organic pollutants. For this reason, successful photodegradation has been 
largely achieved with nanocatalysts that have not been supported on 
polymeric membranes. However, such an approach is accompanied by post-
treatment challenges. The nanocatalysts would often need to be separated 
from the wastewater immediately after treatment and a solid-liquid separation 
step is therefore required. As a result, the additional separation step renders 
this approach more expensive and impossible to apply at large scale. 

It is however noteworthy that while the immobilization of the catalysts in 
this study decreased the surface area, high photodegradation efficiencies were 
nevertheless achieved. Similar results have been reported in several studies. 
For example, 100% methylene blue degradation using PVDF/TiO2 
ultrafiltration membranes has been achieved [65, 67]. Albeit at a lower 
degradation efficiency rate of 11.0%, the degradation of 2-chloroethylphenyl 
sulphide by PANI-PEO/TiO2 composites has been reported [68]. In another 
study, 77.20% of methyl orange degradation using PVDF/TiO2/AO 
membranes has been achieved [69]. It has also been shown that PVDF/TiO2 
membranes can degrade brilliant green and indigo carmin at a respective rate 
of 2.4 mmol L-1 min-1 and 6.1 mmol L-1 min-1 [70]. Therefore, immobilization 
of nanophotocatalysts on membranes can potentially provide support without 
any significant loss of the photodegradation capability of the membranes. 

 
3.7.2. Photodegradation Kinetic Studies 

 
The kinetic models revealed that both the photodegradation of methyl 

orange and bromophenol blue followed a pseudo first order reaction rate 
(Figure 9). The apparent constants were found to be 0.7032 min–1 and 0.4541 
min–1 for the photodegradation of methyl orange by 0.25% and 0.50% 
PSf/CCA/Ni-TiO2 membranes, respectively. For the degradation of 
bromophenol blue, the apparent rate constants were 1.204 min–1 and 1.661 
min–1 for 0.25% and 0.50% PSf/CCA/Ni-TiO2 membranes, respectively. 

On the basis of photodegradation kinetic results, it was established that 
the polymeric membranes displayed decreased photodegradation efficiencies. 
Although embedding the titania nanoparticles onto the CCA supports only 
reduced the problems associated with agglomeration, however it could not 
deal with post water treatment due to its powdery nature of the CCA/Ni-TiO2 
nanoparticles. The benefits associated with ease of use of the membranes, 
these modified PSf/CCA/Ni-TiO2 membranes far outweighs the slight 
decrease in photocatalytic efficiency associated with using the modified 
membranes. 
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Fig. 8. Visible light degradation of methyl orange (MO) and bromophenol blue (BPB) using 0.25% and 0.5% PSf/CCA/Ni-TiO2 membranes. 
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Fig. 9. Linear transform of visible light degradation of methyl orange and bromophenol blue by PSf/CCA/Ni-TiO2 embedded polysulphone membranes. 

 
 

 
 

4. Conclusions 
 

The CCA/Ni-TiO2 nanoparticles were successfully incorporated into PSf 
membranes. Such an incorporation was confirmed by results from SEM, EDS, 
RAMAN, FTIR and AFM analyses. The effect of nanoparticle loading on 
membrane structure and performance was studied. Using criteria such as flux 
and rejection capacity measurements and membrane structural indicators (i.e. 
nanoparticle agglomeration, membrane porosity and water uptake studies 
measurements), it was demonstrated that the membrane performance for the 
0.25wt% membrane loading was the better than that of the 0.5wt% loading. 
The bromophenol blue model pollutant was more easily degraded by the 
membranes compared to the methyl orange. Overall, the successful synthesis 

and application of the UF membranes was carried out. Therefore, significant 
strides were made in the fabrication of nanoparticle-embedded membranes for 
application in water treatment.  
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