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ABSTRACT
The disposal of wastewater containing polyaromatic hydrocarbons (PAHs) has been observed to be a very costly process, 
hence mitigation for many industrial plants continues to be a challenge. The purpose of this study was to examine the 
potential use of C18 as a modifier in membrane technology; thus, C18 was incorporated into poly (vinylidene fluoride) (PVDF) 
membranes. According to the specific composition ratios, the phase inversion process was used for dispersion of the C18 into 
PVDF, which was subsequently dispersed in 1-methyl-2-pyrrolidone (NMP). The resulting membranes were characterised 
with Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM). The mechanical properties of 
the membranes were analysed using dynamic mechanical analysis (DMA), whereas the thermal behaviour was studied with 
a thermogravimetric analyser (TGA). Furthermore, the functionality of the synthesised membrane was further evaluated 
by its adsorption potentials using high performance liquid chromatography equipped with an ultraviolet detector. The SEM 
micrographs showed successful incorporation of the C18 within the polymeric membrane (PVDF) backbone. The TGA 
showed that the thermal decomposition of the synthesised membranes was observed at 495 and 610°C for PVDF bare and 
PVDF/C18, respectively. In addition, the HPLC results obtained indicated that the C18 modified membrane was more effective 
in adsorbing PAHs when compared to the bare PVDF membrane. The salient features of this study therefore suggest that C18 
could be used as a potential modifier for the development of PVDF membranes.
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INTRODUCTION

Polyaromatic hydrocarbons (PAHs) are a class of emerging 
pollutants in the aquatic environment and have been a subject 
of discussion in recent years (Sarria-Villa et al., 2016). The 
presence of PAHs in the aquatic environment adversely affects 
marine life, as they accumulate in the digestive systems of 
aquatic organisms.  More so, the disposal of wastewater 
containing PAHs has been observed to be a very costly problem 
to mitigate for many industrial plants (Zeledon-Toruno et al., 
2007). Given the associated costs of disposing PAHs as well 
as its negative impact on the environment, it is important for 
wastewater treatment plants to find ways of removing these 
pollutants from wastewater before disposal to the environment.

In recent decades, membrane technology has been 
effectively used in the water treatment industry due to its 
competence in terms of its chemical structure and stability, 
hydrophobicity, hydrophilicity, permeability (high and low 
perm-selectivity), low energy consumption, and mechanical as 
well as thermal resistance (Fan et al., 2008; Rajesh et al., 2013). 
At present, almost all membranes used for industrial processes 
are made from inorganic materials and/or organic polymers, 
and the latter dominates the existing membrane market. 
Examples of organic polymers used for membrane synthesis 
include polysulfone (PSF) (Chen et al., 1996), poly (ether 
sulfone) (PES) (Idris et al., 2007), poly-acrylonitrile (PAN), 
polyamide, polyimide (Huang et al., 2006; Wang et al., 2009), 
poly(vinylidene fluoride) (PVDF) (Mahlambi et al., 2014; Yan 

et al., 2005) and polytetrafluoroethylene (PTFE) (Grevstad and 
Leknes, 1993). 

Among the aforementioned polymers, PVDF is one of the 
most widely used membrane material and has been paid much 
attention by researchers and manufacturers in recent years. 
Furthermore, Ma et al. (2017) and Shen et al. (2017) have reported 
that the PVDF membrane is essential, as it directly affects process 
efficiency and practical application value, and further suggested 
that this may be the result of its semi-crystalline polymeric 
material with repeated unit of –(CH2CF2) n – (Zhu et al. 2014).

So far, there have been quite a number of studies done 
on the application fields of PVDF membranes, including 
microfiltration (MF), ultrafiltration (UF), membrane 
bioreactor (MBR), membrane distillation, gas separation and 
stripping, as well as removal of PAHs from water (Kang and 
Cao, 2014). Although PVDF polymers are commonly used 
in wastewater treatment plants, Rana and Matsuura (2010) 
noted that PVDF membranes are susceptible to fouling while 
treating aqueous solutions containing natural organic matter, 
e.g. proteins, which are easily adsorbed onto the membrane 
surface or block the surface pores. Modifying PVDF is 
therefore critical if it is to be effectively used for the removal 
of PAHs in wastewater.  

Phase inversion is a chemical phenomenon exploited in 
the fabrication of artificial membranes (Baker, 2000; Hester 
et al., 1999). It is performed by removing the solvent from a 
liquid-polymer solution, leaving a porous, solid membrane. 
Phase inversion is basically a process of controlled polymer 
transformation from a liquid phase to a solid phase or a 
polymeric state (Kimmerle and Strathmann, 1990). There 
are four basic techniques used to create phase inversion 
membranes: precipitation from vapour phase, precipitation by 
controlled evaporation, thermally induced phase separation, 
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and immersion precipitation. Out of the four, immersion 
precipitation was chosen to best suit the study due to its 
simplicity for preparing polymeric membranes. Fig. 1 
illustrates the technique. 

Several studies have indicated that modifiers such as 
C18 (Alsbaiee et al., 2016), charcoal (Pradeep et al., 2016), 
molecularly imprinted polymers (MIPs) (Altintas et al. 2016), 
and carbon nanotubes (CNTs) (Chen et al., 2016) can alter 
the hydrophilicity of PVDF polymeric material. It is generally 
accepted that an increase in hydrophilicity offers better 
membrane fouling resistance (Kang and Cao, 2012; Rana and 
Matsuura, 2010; Saljoughi and Mousavi, 2012).

This paper reports on the use of C18 in modifying PVDF 
for the adsorption of PAHs from water, and is mainly focused 
on the affected areas of the south coast of Durban. These sites 
are of concern due to remediation and new industrial erections 
that took place in the early 2000s. Hence, sampling is focused 
on the south coast region. It has been demonstrated that C18 is 
highly promissory in wastewater treatment, not only because 
of the high specificity of the active sites but also due to the high 
purity separations it brings to water purification technology 
(Han et al., 2017). Hence preparing a membrane infused 
with C18 will likely enhance the performance of the PVDF 
polymeric membrane, especially in aqueous solutions which 
is also crucial for in-vivo applications. To this end, no reports 
exist in literature on the modification of PVDF using C18 for 
PAH removal in water. This work reports on the successful 
synthesis of PVDF membranes functionalised (or incorporated) 
with C18 modifier as well as their adsorption capabilities for 
PAHs from wastewater. 

METHODS

All materials were obtained from suppliers and used without 
any further purification. 1-methyl-2-pyrrolidone (NMP) (85 
wt %) and poly (vinylidene fluoride) pellets (PVDF) (97%) 
were obtained from Sigma Aldrich, South Africa. C18 SPE 
(500 mg/6 mL) cartridges were obtained from Separations, 
South Africa. The mixture of the casting solution was mixed 
according to the composition ratio presented by Table 1. 
Pyrene, fluorene and anthracene powders were also obtained 
from Sigma Aldrich, South Africa. High performance liquid 
chromatography (HPLC) grade acetonitrile (99.9%), acetone 
(99.9%), toluene (99.9%) and methanol (99.9%) were obtained 
from Merck group and were used as obtained without further 
purification. Formic acid and sodium hydroxide were also 
obtained Sigma Aldrich, South Africa. Double deionised water 
was obtained using the Perfect Water purification system. The 
polymer solutions were cast on a clean glass using a manual 

Table 1
Specific membrane casting solution composition ratio used 

for membrane synthesis

Membrane PVDF (wt. %) C18 (wt. %) NMP (wt. %)

PVDF bare 17.00 0.0 83.00
0.1 %PVDF/C18 16.98 0.017 83.00
0.2 % PVDF/C18 16.97 0.034 83.00
0.3 % PVDF/C18 16.95 0.051 83.00

Figure 1
The graphical representation of the preparation process of PVDF/C18 polymeric membrane by phase inversion
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technique with a stainless-steel casting knife sourced from 
Lasec (Johannesburg, South Africa).

Instrumentation

A dynamic mechanical analysis (DMA) Q800 TA technique 
was used to study the viscoelastic behaviour of both the 
pure and modified membranes. For analysis purposes, a 
sinusoidal stress was applied and the strain in the material 
was measured which allowed for the determination of the 
complex modulus. The temperature of the sample or the 
frequency of the stress were often varied, leading to variations 
in the complex modulus. This approach was used to locate 
the glass transition temperature of the material, as well as 
to identify transitions corresponding to other molecular 
motions. A TGA 2050 thermo-gravimetric analyser was used 
to determine the thermal properties of the pristine PVDF and 
the mixed matrix membranes. For analyses, the samples were 
heated up to 600°C at a heating rate of 10°C/min under a dry 
nitrogen atmosphere. An infra-red Tensor II Bruker Optics 
spectroscopy (IR) analysis was used to examine and study 
the functional groups on the membrane surfaces of both the 
pristine and C18-infused PVDF mixed matrix membranes. 
All spectra were collected between 350 and 4 000 cm−1. The 
surface morphology of the pristine PVDF and C18/PVDF 
membranes were studied using a Hitachi S-4300 scanning 
electron microscope (SEM). The samples were mounted on 
the sample studs and a thin layer of gold was sputtered on the 
sample surface for imaging purpose. The SEM measurements 
were performed at an accelerating voltage of 10 kV and at 
different magnifications.

Synthesis of PVDF membranes

The phase inversion process was used for the synthesis of 
the membranes. The C18 and the PVDF were dispersed in 
1-methyl-2-pyrrolidone (NMP) solution according to the 
specific composition ratios. The mass of the modifier was 
varied to observe and monitor adsorption techniques for 
different membrane compositions. The polymeric mixture was 
then stirred and allowed to mix for 8 h at 45°C and allowed 
to settle for 2 h. This solution was then cast onto a clean glass 
plate. A casting knife with an adjustable blade height set to a 
maximum of 150 µm was used. After casting, the glass plate 
was immediately immersed in a coagulation bath containing 
ice-deionised water for a period of 10 min. The resultant 
membranes were further rinsed 3 times with deionised water 
before being stored in a refrigerator (at 4°C) in water bags with 
deionised water before usage.

Immersion precipitation 

Phase inversion via immersion precipitation is the most widely-
used membrane preparation method. As seen in Fig. 1, after 
continuous stirring (2) of the polymer (1) and solvent (NMP) 
they form the casting solution (3) which is cast onto a clean 
glass plate (4) and then submerged in a coagulation bath (5). 
Due to the solvent and nonsolvent exchange, precipitation 
takes place and a polymeric membrane (6) is formed. The 
combination of phase separation and mass transfer affects the 
membrane structure.

Water content percentage of PVDF membranes

For the evaluation of the pure water flux of the prepared 
ultrafiltration membranes, water content percentage was 
measured. To conduct this experiment, a certain weight of 
membrane pieces was immersed in distilled water for about 24 h. 
Secondly, the wet membranes were immediately placed between 
two dry paper sheets to remove additional drops of water on the 
surface and then weighed immediately. After that, they were 
placed in an oven at a fixed temperature (50°C) for another 24 
h and weighed. Water content percentage was measured as the 
weight difference between dried and wet membranes. The water 
content percentage was calculated using the equation reported by 
Bagheripour et al. (2016) and James (1999):

		  𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (%) = 𝑊𝑊𝑊𝑊 − 𝑊𝑊𝑊𝑊
𝑊𝑊𝑊𝑊  X 100 % 

 

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (%) = 𝑊𝑊𝑊𝑊−𝑊𝑊𝑊𝑊
𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌  X 100 %   

		  (1)

Where Ww and Wd are the wet and dried membrane weight, 
respectively. Measurements were taken 3 times, and average 
values were reported to minimise errors. Moreover, the results 
obtained from the above formulation can be used for overall 
porosity determination (using gravimetric method), as declared 
in the equation:

		      

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (%) = 𝑊𝑊𝑊𝑊 − 𝑊𝑊𝑊𝑊
𝑊𝑊𝑊𝑊  X 100 % 

 

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (%) = 𝑊𝑊𝑊𝑊−𝑊𝑊𝑊𝑊
𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌  X 100 %   	  (2)

where ρf represents the density of water (g/cm3) and Vm 
represents the membrane volume (cm3) (Vatanpour et al., 
2012). All experiments were also performed in triplicate and 
the average values recorded as results to mitigate possible 
experimental errors.

RESULTS AND DISCUSSION

Characterization of membranes

Scanning electron microscopy (SEM)

SEM analysis was used to study the morphological changes 
in the membranes as the particles of C18 were infused within 
the PVDF polymer backbone. Comparison of the surface pore 
structure (Fig. 2) of the PVDF bare and PVDF/C18 membrane 
revealed that a surface section of all C18 modified membranes 
featured a rougher surface region. These rough surfaces were 
less prevalent in pristine PVDF membranes and they were 
characterised by a highly dense surface morphology section 
with few macro voids also observed on the surface.

The SEM micrograph of the C18 modified PVDF membrane 
(PVDF/C18) (Fig. 2b) visibly showed the incorporation of the 
modifier within the polymeric membrane (PVDF). Moreover, a 
less porous structure was observed in the modified membrane. 
In contrast, and as shown in Fig. 2a, more noticeable and 
bigger pores were observed for the pristine membrane. The 
white pigment observed on the surface of the PVDF/C18 was 
consistent with results by Guo-Dong Kang (2014) and could be 
attributed to the dispersion of C18 on the surface of the polymer. 
Furthermore, the dispersion of C18 on the membrane appears to 
be clogging the pores of the PVDF membranes. This, according 
to Petersen and Cadotte (1990), allows a specific surface 
permeability, which in turn entraps the selected pollutants.
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Dynamic mechanical analysis (DMA)

The mechanical behaviour, such as the stiffness and loss 
modulus, of the PVDF membrane before and after addition of 
C18 was studied using DMA. According to Yang et al. (2007), 
the modification of PVDF membrane with an inorganic or 
organic additive tends to have an observable effect on the 
polymeric membrane. As shown in Fig. 3a, net differences were 
observed in stiffness properties between the PVDF membrane 
and PVDF/C18 polymer. For example, the addition of C18 to 
the PVDF membrane increased its stiffness properties from 
505.7 to 1 858 N/m. This change in the stiffness properties of 
PVDF after modification with C18 could be attributed to the 
change in the C—C bond energy (Padaki, 2012).    

Equally significant, the graphical presentation of the loss 
modulus (Fig. 3b) showed observable differences between the 
PVDF and PVDF/C18 polymeric membrane. Liu et al. (2011) 
previously reported that the PVDF membranes have a thermal 
decomposition temperature of virtually 316°C.  Contrary to 
this, and as shown in Fig. 3b, the PVDF completely degraded 
at 200°C. This difference could be attributed to the molecular 
weight of PVDF pellets employed in this study. In addition, 
and as seen by the degradation curve, the membrane performs 
a rare degradation caused by the C—F bond when it burns at 
60°C.  In contrast, the addition of C18 to the PVDF improved 
the stability of the material, as no degradation was visible at 
60°C after infusion with C18. 

Figure 2
SEM micrographs: (a) PVDF membrane and (b) PVDF/C18 membrane

Figure 3
(a) Stiffness of PVDF membrane vs PVDF/C18; (b) loss modulus of PVDF membrane vs PVDF/C18
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Thermogravimetric analysis (TGA)

The TGA graph for the pristine PVDF and the PVDF/C18 
mixed matrix membranes was studied for a temperature range 
of 0–950°C and is displayed in Fig. 4.  As seen in Fig. 4a, the 
single thermal event observed at 450°C was attributed to the 
decomposition of the PVDF membrane (Li et al., 2012).  In 
contrast, Fig. 4b revealed a decomposition temperature beyond 
500°C; hence it can be inferred that the incorporation of C18 
improved the thermal stability of PVDF membranes. This 
graph further displays the combustion of moisture at 100°C 
and this can be attributed to the C18 chain which consists of a 
long chain with moisture. 

Figure 4 showed that the parent polymer (PVDF) exhibited 
only about 5% weight loss at the beginning of the heating 
run. This agrees with the study done by Bagheripour et al. 
(2016) and is due to the elastic nature of the PVDF material.  
Furthermore, the thermal degradation process displayed by the 
bare PVDF membrane (Fig. 4a) showed that it was completely 
degraded below 500°C. In contrast, the final thermal heat of 
the PVDF membrane (Fig. 4a) from 500−800°C took place 
uniformly, which is indicative of the organic nature of the 
polymer. From Fig. 4b, the, it is seen that the PVDF/C18 
membrane follows a different pattern, in which the last thermal 
event takes place when there is about 20% mass remaining. This 
indicates the successful incorporation of C18 since it loses more 
weight that is given by the long carbonyl polymeric chain of 
C18 on the PVDF cavities.

Attenuated total reflectance Fourier transform infrared 
(ATR-FTIR)

An FTIR equipped with an attenuated total reflectance (ATR) 
accessory that permits direct measurement of samples with 
no sample preparation was used. Firstly, the raw material, 
i.e. (PVDF pellets), was studied separately. The PVDF pellets, 
which make up about 50% of the membrane, were used as a 
reference point to study the intensity and functional groups 
of the ATR scans (Fig. 5a). Every peak that appeared on the 
PVDF pellets was observed in every scan to signal its presence.  
The suit in which the PVDF membranes were cast was further 
indicated by the common C—H stretch around 3 250 cm−1; 
however, the dissimilarity observed was identified by the peak 
intensity, shape and position, which are the basis of the ATR-
FTIR spectroscopy (Ficai et al., 2010).

Peak intensity

The C-H stretch on the pristine PVDF membrane showed a 
small peak, in terms of height (Fig. 6a), which absorbed at an 
intensity of 82.55% transmittance, compared to that of the 
PVDF/C18 mixed matrix membrane (Fig. 6b) which absorbed 
at an intensity of 65.56% transmittance. At around 1 200 cm−1, 
the spectra show the presence of the C—F functional group 
and these specific peaks appear in all membranes and they are 
attributed to the –(CH2-CF2) n – in the PVDF polymer. Figure 
6c shows the presence of a C=C stretch at 1 600 cm−1 which is 
indicative of an alkene that is formed, and at 1 720 cm−1 a C=O 
(carbonyl) peak was observed.

The FTIR spectra fingerprint region, vibrations, stretching 
and fingerprint region are presented in detail in Table 3.  

Figure 4
Thermograms of (a) PVDF membrane and (b) PVDF/C18 membrane 

Table 2
The decomposition temperature of polymeric membranes

Membrane type Temperature (°C) Weight loss (%)

(a) PVDF membrane (bare) 492 23.19
(b) PVDF/C18 membrane 610 55.43

**The values were obtained from the TGA analysis software

Figure 5
The FTIR spectra of (a) PVDF pellets; (b) PVDF membrane; (c) PVDF/C18 

membrane

Figure 6
The peak height of (a) PVDF membrane (b) PVDF/C18 membrane
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X-ray diffraction (XRD)

The diffractograms shown in Fig. 7 agree with Bragg’s law. 
According to Bragg’s law of diffraction, no peak is observed 
unless the condition for constructive interference (δ = nλ, 
with n an integer) is precisely met, which further describes 
the condition on θ for the constructive interference to be at 

its strongest (Meyers and Myers, 1997). After XRD analysis of 
the membranes was performed, PVDF displayed a common 
tendency to crystallise in 4 different polymorphs α, β, γ and 
δ, and each crystal structure displays various polymorphs 
(Kim et al., 2002). Figure 7 further shows the XRD patterns of 
PVDF membranes with and without the additive (C18). The 
diffraction peaks at 2θ = 21.8 and 23.6 degrees were assigned to 

Table 3
The spectral ranges based on peak presence in the ATR scan

NMP PVDF C18
Polymeric 

membrane 
wavenumbers

Functional groups and vibrational mode

680 cm−1 – – 680 cm−1 The C=O ring bending
680 cm−1

799 cm−1

–
769 cm−1

805 cm−1

–
780 cm−1

–

680 cm−1

785 cm−1

815 cm−1

C—H out-of-plan vibrations between 650 and 1 000 cm−1

CH2 out-of-plane
CH2 wagging

Bending
–
780 cm−1

955 cm−1

860 cm−1

932 cm−1

1 040 cm−1

–
850 cm−1

1 050 cm−1

859 cm−1

855 cm−1

932 cm−1

1 037 cm−1

CH2 rocking
C—H out-of-plane deformation
C—C backbone vibration (weak) stretching

1 100 cm−1 –

1 230 cm−1

–

–

1 037 cm−1

1 225 cm−1

1 230 cm−1

C—O vibration stretching
C—F out-of-plane deformation

–
1 300 cm−1

1 219 cm−1

–
–
–

1 219 cm−1

1 372 cm−1
C—F stretch
Interaction of O—H and C—O stretching in C—O—H 

Bending, stretching

1 488 cm−1 – 1 488 cm−1
1 443 cm−1

1 500 cm−1
C=C vibration, stretching, 
CH2 (C—H bond) vibration, bending 

–

–

1 477 cm−1

–

1 477 cm−1

–

1 546 cm−1

1 600 cm−1

C—H out-of-plane deformation
C=C vibrations (weak) and unknown vibrations from 
fingerprinting

2 998 cm−1

3 001 cm−1

3 240 cm−1

3 001 cm−1

2 990 cm−1

2 990 cm−1

2 882 cm−1

2 948 cm−1

3 250 cm−1

Asymmetric vibrations of C—H bonds of methyl groups
C—H stretching 

Figure 7
XRD graphs of PVDF membrane bare and PVDF/C18 membrane
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α (010) and α (110), respectively, and these were characteristic 
of the α -phase crystal structure (Kim et al., 2002). After the 
addition of C18, it was observed that the peak at 2θ = 28.2° 
(β 110) had disappeared. The disappearance of this peak is an 
indication that there is some chemical interaction between the 
C18 and PVDF polymer backbone. 

Moreover, the peak intensity of the PVDF/C18 membrane at 
2θ 28.2° (indicated by circle in Fig. 7) appear reduced and this 
may be attributed to the decrease in PVDF transparency caused 
by the micro-sized C18 particle aggregation. As a result, the 
electronic field in the additive changed and this led to a change 
in the relative intensity of the modified polymeric membrane. 
PVDF polymer and C18 particles are known to possess low 
compatibility, and each material has its own crystal regions in 
the blended membranes;, this was also shown by the fact that 
the samples essentially maintain their crystal configuration 
throughout modification (Zhang et al., 2009).

Water content and porosity percentage

These two parameters were studied to confirm whether 
incorporation of C18 influenced the hydrophilicity/
hydrophobicity properties of the PVDF membranes. From 
the results obtained (Fig. 8), the membrane water content 
gradually increased with increase in C18 concentration. 
This further indicates that a more hydrophilic membrane 
was produced by the increase of C18 percentage in the 
casting solution. This may be influenced by the hydrophilic 
characteristic of C18, as this modifier is said to belong to the 
non-polar family group (Deng et al., 2010; Shen et al., 2012). 
The existence of CF2 on the PVDF polymeric membrane 
with its electronegative nature highly influences the strong 
hydrophilic group on the C18 surface to result in a more 
hydrophilic polymeric membrane after blending into the 
prepared casting solution (Loh and Wang, 2012). Moreover, 
this phenomenon results in an increase in cavities or void size 
and number in the prepared polymeric membranes, resulting 
in more space for water adsorption and accumulation; hence, 
water content and porosity increases on the membrane. 
Similar trends have been observed for SPES infused in PVDF 
membranes (Rahimpour 2010).

Figure 9 expresses the calculated porosity of prepared 
membranes against % C18 used to fabricate the membrane. 

The results obtained also revealed that increasing the C18 
concentration resulted in increased porosity in the membrane 
matrix, with reference to pristine PVDF membranes (Gardner, 
1965). The results are in good agreement with Fig. 1a and Fig. 
1b (SEM images). The membrane manufactured by various 
C18 % concentrations signalled the formation of spherical 
macro-voids in the structure. Increasing C18 % in the casting 
solution gave rise to greater porosity in membrane structure 
– this also led to an increased number of macro-voids and a 
spongy structure which is responsible for the increase in the 
hydrophilicity of the casting solution and its effect on phase 
inversion occurrence (Blanco, 2006).

Quantification of PAHs with high performance liquid 
chromatography (HPLC)

Pyrene, fluorene and anthracene were used to study the 
absorptive capabilities of the synthesised membranes. High 
performance liquid chromatography (HPLC) was used to 
determine the recoveries, limit of detection and limits of 
quantification in this study. An HPLC that consists of a 
Waters 600E pump, UV/vis and florescence detectors was 
employed. Samples and standards were injected using a syringe 
7010 injector equipped with a 20 µL loop. Compounds were 
separated using a Gemini C18 HPLC column (150 x 4.60 mm x 
5 µm). Shimadzu LC Solutions software was used for recording 
of chromatograms and data collection. UV/vis detector settings 
were set at 252 nm for PAHs.

Figure 8
Effects on polymer binder blend ration on membrane water content % 

Figure 9
Effects of polymer binder blend ratios on membrane porosity (%) 

Table 4
HPLC conditions used for determination of PAHs

HPLC condition Designation or value

Pmax  3 000 psi
Pmin 0 

Column Gemini 5µ  C18 
110A,length150x4.60 mm, ID 5µ

Mobile phase Acetonitrile/Water (80/20)
Detector wavelength UV-252 nm
Flow rate 1.0 mL/min
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Effect of contact time 

For determination of the effect of contact time on the 
adsorption of the PAHs by the membranes, the % removed as 
a function of time was used while keeping constant the sample 
pH, initial concentration, adsorbent mass (50 mg) and sample 
volume (10 mL) (Panahi et al. 2013). The results presented in 
Fig. 10 show that maximum adsorption was achieved in 15 
min, where the extraction efficiency was better than 65% and 
75% for all compounds adsorbed onto the PVDF and PVDF/
C18 polymeric membrane, respectively. After 15 min, the 
slope of % PAH removed vs time was observed to be 0, which 
indicated that no significant adsorption took place beyond that 
time interval (Fig. 10a, b and c). However, the evaluation was 
carried out until 20 min had passed and this showed a similar 
adsorption capability beyond the 15-min time scale for both 
the pristine PVDF and PVDF/C18 membranes. These results 
therefore confirm that equilibrium was reached during the first 
15 min, starting from the moment of exposure of PVDF/C18 
to the solution; after equilibrium, no adsorption was observed 

(Idris et al., 2007). However, fluorene (Fig. 10a) displayed better 
adsorption compared to anthracene (Fig. 10b) and pyrene (Fig. 
10c). Pyrene had the worst adsorption relative to the other 
PAHs and this is largely due to the polarities of these PAHs. 
Furthermore, to ensure maximum uptake of target pollutants 
from the aqueous samples, a contact time of 15 min was used 
in succeeding experiments. Overall, a better %removal was 
observed for PVDF/C18 membrane compared to PVDF bare 
and this was observed for all analysed PAHs (Fig. 10 a, b, c).

The main aim of this study was to compare the adsorption 
and recoveries of PAHs between pristine PVDF membrane 
(membrane without C18) and PVDF/C18 membrane, using 
liquid chromatography. The peak intensities displayed in Fig. 
11a–c, further explain the constant removal of PAHs in the 
sample within the same optimum contact time (15 min), since 
the bar graphs show no significant change after 15 min in contact 
with the membrane. The data represented in Fig. 11 indicate that 
the retention times of the PAHs were influenced by the polarity, 
electronegativity and molecular structure of the PAHs (Sicilia 
et al. 1999). Hence the order of elution was, fluorene (2.83 min), 
anthracene (3.72 min) and pyrene (4.08min)

Figure 10
% PAH removal vs time interval: (a) fluorene, (b) anthracene, and (c) 

pyrene

Figure 11
Peak area vs time interval of: (a) fluorene; (b) anthracene; (c) pyrene
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coNCLUSIONS

The pristine PVDF membranes and the PVDF/C18 membranes 
were successfully produced via the phase inversion method 
and characterised with conventional techniques. Polyaromatic 
hydrocarbons have been of concern for aquatic organisms 
and humans. In this study, the measured concentrations were 
within the legal limits of the South African Department of 
Water and Sanitation. 

The significance of incorporation of C18 into PVDF-
pristine was further displayed by different spectra, thermal 
stability and degradation when the two membranes were 
evaluated. Also, incorporating C18 into the PVDF membrane 
was found to enhance the adsorptive capabilities of the 
membranes. It was also found that the modification of 
hydrophobic PVDF membrane with C18 improved the 
hydrophilicity of the PVDF membrane. From studies of the 
surface morphology, water content, porosity percentage and 
FTIR results, it can be concluded that the C18 was deposited 
onto the membrane surfaces and in the pores and improved the 
performance of the polymer. The hydrophilicity of the modified 
membrane increased with increasing C18 concentration; hence, 
the modification method significantly affected the deposition 
of C18 on the membrane surface and the walls of the pores. The 
PVDF/C18 mixed matrix membranes were also found to have 
improved PAH adsorptive capabilities compared to the pristine 
PVDF membranes; thus the incorporation of the C18 improved 
the performance of the membrane. 

It may be beneficial to replicate the conducted experiment 
in another area, which has higher PAH concentrations in 
wastewater or water bodies. This could allow the study of the 
PVDF/C18 membranes to be performed at an industrial scale. 
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