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S1. Real water sample analysis 
A summary of the real water parameters is given in Table S1. Samples were collected 

from two sampling points, before clarifiers (A) and before chlorination (B) to achieve the 
objectives of this chapter.  Further, the objective of the study was to investigate the po-
tential of using IPMS as a secondary treatment process, hence the focus was on the treat-
ment of feed water collected before chlorination, unless stated otherwise. Based on SANS 
241-1:2015 drinking water specifications, both sampling point A and B did not meet all 
the standard requirements for potable water [1]. 

Table S1. Water quality parameters of the collected water samples. 

Water parameter Before clarifiers  Before chlorination 
pH at 25℃ 6.9 ± 0.6 6.8 ± 0.6 
TDS (ppm) 124 ± 4.9 63.8 ± 4.2 

Turbidity (NTU) 22.5 ± 2.6 6.2 ± 0.08 
TOC (mg C.L-1) 26.3 ± 1.2 10.4 ± 1.2 

Electrical conductivity (mS/m) 25℃ 210 ± 4.3 119 ± 4 

 

S2. Fabrication and characterization of membranes 
The membranes were prepared using CoFe2O4 nanoparticles, polyether sulfone 

(PES), and N-Methyl-2-pyrrolidone (NMP) via the phase inversion method as described 
in our previous work [2]. Characterization of the developed membranes is also discussed 
in detail in that previous study [2]. The characteristics linked to this work such as optical 
properties, surface, and cross-sectional morphology, contact angles, and zeta potential are 
provided in this work.   

S3. Surface and cross-sectional analysis of the prepared samples 
Surface and cross-sectional SEM micrographs of the pristine and CoFe2O4-PES mem-

branes are displayed in (Figure S1). The images showed morphological changes with the 
addition of CoFe2O4 nanoparticles. The membrane samples (Figures S1a and b) revealed 
relatively regular surfaces. M1 had a regular surface due to the low (0.2 wt. %) nanoparti-
cles loading (Figure S1b). However, Figures S1c and S1d showed agglomerate-like on the 
surfaces of the membranes compared to that of the pristine PES membrane (Figure S1a) 
with Figure S1d exhibiting rougher surface as it was loaded with higher (1 wt. %) nano-
particles. This suggested that the CoFe2O4 nanoparticles might have effectively penetrated 
PES polymer chains, and nanoparticles were well dispersed in the membrane.  



 

 

Figure S1. Physical (surface (a-d) and cross-sectional micrographs (e-h)) of pristine 
and nanoparticle modified PES membranes: M0 - pristine (a &e); M1 – 0.2% 
CoFe2O4 (b & f); M2 – 0.5% CoFe2O4 (c & g) and M4 – 1% CoFe2O4 (d & h). 

All the fabricated membranes were made of an asymmetric membrane structure con-
sisting of a thick top layer and a finger-like microporous structured porous sub-layer (Fig-
ure S1e, f, g, and h). From the micrographs, an observation was made that the finger-like 
structures increased with CoFe2O4 nanoparticles loading. CoFe2O4 nanoparticles increased 
the hydrophilicity of the casting solution, which facilitated quick interchange between the 
NMP solvent and water in the coagulation bath, increasing the population of pores [3]. 
However, the addition of the CoFe2O4 nanoparticles at loadings more than 0.5 wt. % (Fig-
ure 8d) led to the formation of denser skin layers with increased thickness. 

 

S4. UV vis spectra for CoFe2O4 nanoparticles 
A UV-Vis spectrum shows that CoFe2O4 nanoparticles had adsorption bands from 

300 to 800 cm-1 showing that the nanoparticles were sensitive in the visible region (Figure 
S2a). Using the Tauc plot, the band gap energy for CoFe2O4 nanoparticles was 1.85 eV 
(Figure S2b). By integrating polyethersulfone (PES) and CoFe2O4 nanoparticles, the 
bandgap of the resulting mixed matrix membrane was modified, and intra-band gap 
states were introduced. These modifications were expected to reduce the recombination 
of electron-hole pairs, enhance light absorption, promote electron delocalization, and im-
prove charge carrier mobility. The UV-vis results (Figure S2c) obtained further supported 
these modifications, demonstrating the light absorbance properties of the synthesized 
membranes. 



 

 

 
Figure S2. Optical properties of CoFe2O4 nanoparticles and CoFe2O4-PES membranes: a) UV Visible 
spectrum of CoFe2O4 particles b) Tauc plot showing the band gap of the magnetite particles c) UV-
Visible spectrum of CoFe2O4-PES membranes. 

S5. Ray tracing 
The non-sequential ray tracing algorithm was conducted and solved based on the 

Monte Carlo method and in the principles of ray optics. The number of traced rays defines 
the precision of the results. Therefore, a test to determine the ideal number of traced rays 
was performed. Six simulations were performed for a total of 105, 6⋅105, 106, 6⋅106, 107 and 
6⋅107 traced rays. 



 

 
Figure S3. Definition of simulated rays’ number. 

To assess the impact of the number of traced rays on the simulation, both the simu-
lation completion time and the standard deviation of the irradiance data set were ana-
lyzed. Figure S3 illustrates that an exponential increase in simulation time was observed 
as the number of processed rays increased. Conversely, the standard deviation demon-
strated a tendency to stabilize around a value close to 200 W/m² as the number of pro-
cessed rays increased. To strike a balance between simulation accuracy and time effi-
ciency, a threshold of 6⋅106 rays was employed as the stopping criterion for the ray tracing 
simulations conducted in this research. This threshold was determined to provide a satis-
factory level of accuracy while managing the computational time required. 

S6. Chemical composition analysis for prepared membranes  
From EDS surface analysis, CoFe2O4 elements were detected on the surfaces of the 

membranes showing that during phase inversion, the CoFe2O4 nanoparticles migrated to 
the membrane surface (Figure S4b, c, and d). From this observation, it was expected that 
membranes with higher loading would have higher photodegradation performance in 
comparison to loadings > 0.5 wt% CoFe2O4-PES membranes. This is because photodegra-
dation mainly occurs on the surfaces of the membranes where the nanoparticles are fully 
exposed to light.  
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Figure S4. Chemical composition (EDS) for the fabricated membranes (M0(a), M1 (b), M2 (c), and 
M3 (d)): M0 with 0% CoFe2O4 nanoparticles; M1 with 0.2% CoFe2O4 nanoparticles; M2 with 0.5% 
CoFe2O4 nanoparticles and M4 with 1% CoFe2O4 nanoparticles. 

S7. Contact angles 
All membrane samples (M1-M3) with CoFe2O4 nanoparticles experienced a noticea-

ble decrease in contact angle values as compared to pristine (M0) membranes (Figure S5). 
The decrease in contact angle indicated that CoFe2O4 nanoparticles improved the hydro-
philicity of PES membranes and M3 that had CoFe2O4 loading of 1 wt.% was the most 
hydrophilic. Improvement in hydrophilicity was expected to enhance interactions be-
tween water and membranes during the photocatalytic degradation process and as a re-
sult, increase chances of collision between water molecules and holes to produce hydroxyl 
radical species subsequently improving the photodegradation process. 



 

 
Figure S5. Water contact angle for pristine and CoFe2O4 modified membranes; M1 with 0.2% 
CoFe2O4 nanoparticles; M2 with 0.5% CoFe2O4 nanoparticles and M4 with 1% CoFe2O4 nanoparti-
cles. 

S8. Pure water flux. 
Water flux can be used to evaluate the membrane permeation performance. From 

Figure S6, the water flux decreased with an increase in CoFe2O4 loading in the membranes 
and the flux was in the following order: M0 > M1 > M2 > M3. This was not expected as 
flux normally increases with the hydrophilic of membranes. In this study, pristine (M0) 
had the highest pure water permeability (Lp), which was 6 times higher than the mem-
brane with the highest nanoparticle loading (i.e., M3 with 1wt % CoFe2O4 nanoparticles). 
Agglomeration of nanoparticles and pore blockage might be responsible for changes in 
pore size and bulk porosity of the membranes, which resulted in a decline in membrane 
pure water permeability (Lp) [3–8]. 

 



 

 
Figure S6. Water permeability of the prepared membranes;M0 pristine  M1 with 0.2% CoFe2O4 na-
noparticles; M2 with 0.5% CoFe2O4 nanoparticles and M4 with 1% CoFe2O4 nanoparticles. 

S9. FTIR analysis of the prepared membranes 
The surface functionalities of the membranes were analyzed to identify the functional 

groups at the surface of the membranes. The FTIR spectra for the membranes with peaks 
assigned to different functional units are shown in Figure S7. The presence of 2608 and 
2350 cm-1 bands shows the existence of stretching and interaction between ethyl glycol 
and CoFe2O4-x(OH)X. Moreover, the characteristic peaks registered at 2848 cm−1 is due to 
the symmetric stretching of C–H in alkyl chains from PES [9][10]. Absorption bands ex-
hibited at 1486 and 1579 cm-1 were attributed to the vibration of -C=C bonds.   Then, 
peaks 1142 and 1242 cm-1 were associated with the symmetric and asymmetric stretching 
vibrations of S– O from PES, respectively [11]. Aromatic stretching (C-O-C) was illustrated 
at a peak of 1230 cm-1. All spectra had similar infrared absorption bands, suggesting that 
the structural bonds of PES were not altered by the addition of CoFe2O4 nanoparticles to 
the polymer matrix. 

 
Figure S7. FTIR analysis of prepared CoFe2O4 -PES membranes. 
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