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QOil exploration generates produced water that is characterized as hazardous and toxic waste. Produced water
contains a mixture of various pollutants, including monoaromatic hydrocarbons BTEX (benzene, toluene,
ethylbenzene, and xylene), compounds that are carcinogenic even in small concentrations. In this study, tannin
iron complex (TA-Fe"), blended into polyethersulfone (PES) membrane was evaluated for the treatment of
BTEX-containing wastewater. The membranes were fabricated using the non-solvent induced phase separation
(NIPS) method and loading of the TA-Fe'" complex on the membranes varied from 0-0.9 wt%. The fabricated
membranes were characterized using various techniques such as scanning electron microscopy (SEM), water
contact angle (WCA), Fourier transform infrared (FTIR) spectroscopy, and atomic force microscopy (AFM) to
check the surface morphology, hydrophilicity, surface functionality and surface roughness of the fabricated
membranes, respectively. The TA-Fe" modified membranes showed increased pure water flux from 100 (PES 0)
to ~150 (PES 0.9) L/(m?h) at 100 kPa. The performance of the fabricated membranes was tested using 70 mg/L
synthetic BTEX solution. Overall BTEX rejection > 70% was achieved at increasing TA-Fe" loadings compared to
BTEX rejection < 65% for the pure PES membrane. Rejection of the BTEX compounds was mainly through the
size exclusion mechanism. These modified TA-Fe'"/PES UF membranes proved to be effective in the treatment
of BTEX-containing water, and also have the potential to be applied in oily wastewater treatment.

INTRODUCTION

Clean water is essential for the survival of life on earth. The scarcity of clean water is a global issue
that poses serious challenges to the survival of all living species (Zondo et al., 2022). The gas and oil
industry is one of the biggest polluters of soil, air, surface, and groundwater (Costa et al., 2011). Oil
exploration generates produced water that is characterized as hazardous and toxic waste and contains
a mixture of dissolved and dispersed hydrocarbons which include benzene, toluene, ethylbenzene,
and xylenes (commonly termed BTEX) (Dickhout et al., 2016; Fakhru’l-Razi et al., 2009). BTEX are
listed as priority pollutants by the United States Environmental Protection Agency (USEPA) and are
considered to be among the top 100 chemicals on the priority list of hazardous substances (USEPA,
2000). During the past several decades a number of remediation techniques have been explored for
the sub-surface remediation of BTEX-contaminated soil and groundwater systems. These remediation
techniques include physical (thermal treatment), biological (phytoremediation) and chemical
(chemical oxidation) treatment (Khodaei et al., 2016). Among the various treatment methods used
to treat produced water, and specifically for BTEX, membrane technologies using ultrafiltration (UF)
processes are the leading method to remove these compounds. UF is classified as a low-pressure
filtration process with a driving force applied from 100-1 000 kPa (Singh, 2005). UF membranes have
pore sizes ranging from 0.1-0.01 pm and are capable of retaining molecules with a molecular range of
300 to 500 000 Da (Kulkarni et al., 1992). Polyethersulfone (PES) membranes offer advantages such
as high efficiency, chemical and mechanical stability and low energy consumption, and are generally
used in various separation processes (Singh, 2005). However, some limitations are accredited to their
fairly hydrophobic surfaces which promote attachment of non-polar compounds on either membrane
pores or membrane surfaces (Makhetha and Moutloali, 2020; Sadare et al., 2021).

In the past decade, reports on the application of tannic acid in membrane science to enhance
surface chemistry have increased substantially (Fan et al., 2015; Pan et al.,, 2015; Kim et al. 2015;
Fang et al,, 2017; Yan et al., 2020). Tannic acid (TA) is a low-cost environmentally friendly natural
polyphenol found in green tea, fruits, flowers and tree barks (Pan et al., 2015). Researchers have
focused on utilizing hydroxyl groups from the TA galloyl group to react with each iron Fe' to form
a stable octahedral (Ross and Francis, 1978). Tannic acid and iron complex have been successfully
used to modify the surfaces of the polymeric membrane by surface coating or blending, due to their
abundant hydrophilic units on the surface of the tannic acid (Kim et al., 2015; Fan et al., 2015; Fang
et al., 2017). Surface coating is the most commonly used method to modify membrane surfaces
(Sadare et. Al, 2022). However, work conducted by Fang et al. (2017) proved effective in blending
the TA-Fe' complex within the polymer matrix. Blending is simple and different properties of the
membrane can be achieved by differing the composition of the blend to obtain the desired membrane
structure (Fang et al., 2017; Zahid et al., 2018). Fayemiwo et al. (2018) studied the adsorption removal
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of BTEX compounds from water using a tannin-rich green tea
gel adsorbent. The authors reported that green tea gel adsorbent
showed great ability in adsorbing BTEX from water due to its
hydroxyl (OH’) and carboxylic acid (C=0O) groups. Several
studies have investigated the removal of BTEX compounds
in produced water using membrane technology. However, to
the best of our knowledge, no studies have been conducted on
the removal of BTEX compounds from produced water using
tannins in membrane technology. The adsorption mechanism
of tannin could be attributed to the combination of its highly
porous structure and the presence of OH groups. In addition, it is
hypothesized that the iron nanoparticles could adsorb pollutants
because of their magnetic nature which permits them to aggregate
for pore formation (Auffan et al., 2008). Therefore, in this work,
the tannin iron complex (TA-Fe'™) complex was synthesized and
incorporated within the polymer matrix as a hydrophilic additive
to fabricate the TA-Fe"/PES UF membrane. The fabricated
membranes were characterized and evaluated for the removal of
BTEX from water.

MATERIALS AND METHODS

Iron (III) chloride (FeCl,) and tannic acid (TA) were purchased from
Aladdin Shanghai (China). Polyethersulfone (PES M,, =58 000 Da),
analytical reagent N-methyl 2-pyrrolidinone 99.5% (NMP) was used
asasolvent, benzene analytical grade (>99%) toluene analytical grade
(99.5%), ethylbenzene analytical grade (>99.9%), xylene analytical
grade (99.5%), methanol 99.995% HPLC grade and 99.5% acetone
were purchased from Merck Co (South Africa). Naphthalene balls,
C,,Hy, were purchased from Associated Chemical Enterprise (ACE,
Johannesburg South Africa). Deionized water was used as a non-
solvent in the coagulation bath. Each reagent was used as received
without further treatment.

Membrane preparation

PES and PES modified membranes were fabricated using the non-
solvent induced phase separation method (NIPS), as reported in
the literature (Fang et al., 2017). Before commencing test work,
100 g PES beads were oven-dried at 80°C for 24 h to remove excess
moisture. Casting solutions were prepared as described in Table 1.
Casting solution of the pristine PES membrane was prepared in
the following manner: PES (16 g) was completely dissolved by
stirring in NMP (82 mL) at room temperature for 24 h. NMP
solvent was selected as it is widely accepted as a good solvent for
many polymers (Maximous et al., 2009). TA-Fe'/PES membranes
were prepared in the following manner: three (3) different
loadings of TA/FeCl; (0.25/0.05 g), (0.5/0.1 g), (0.75/0.15 g)
were dissolved in 20 mL NMP separately. To fabricate the mixed
matrix membrane of various TA-Fe loadings, PES (16 g) was
completely dissolved in residual NMP and then TA-Fe™ solutions
with various loadings were dissolved in the PES solution under
continuous mixing for 4 h at room temperature to ensure a casting
solution which is homogeneous. Before being coated on a flat
glass plate using SHEEN 1133N automated film applicator with a
gap size of 250 pm, casting solutions were kept in an airtight bottle
for 24 h to ensure that bubbles were not present in the solution.

Table 1. Composition of casting solution used to prepare the
membranes

Membrane PES (g9) TA-Fe" (%) NMP (mL)
PES-0 16 0.00 84.0
PES-0.3 16 0.30 83.0
PES-0.6 16 0.60 83.4
PES-0.9 16 0.90 83.1
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The compositions of the casting solution used in the preparation
of the membranes were chosen based on the study conducted by
Fang et al. (2017).

Thereafter, the prepared membranes were immersed in a
coagulation bath filled with deionized water after being exposed
to the atmosphere for 30 s to allow partial evaporation of the
solvent. For complete desorption of residual solvent, membranes
were left in the bath for a minimum of 24 h.

Membrane characterization

In this study membrane morphology was analysed using surface
and cross-sectional imaging by a field emission scanning electron
microscope (FESEM, ZEISS GeminiSEM500 20kv). Surfaces
of the membrane samples were coated with platinum to avoid
charging, while for the cross-section membrane samples were first
plunge-frozen in liquid nitrogen to enable freeze fracturing before
coating with platinum. FTIR was conducted on attenuated total
reflectance ATR-FTIR (spectrum 100, Perkin Elmer, USA) and
used to identify the functional groups of the membrane. Spectra
were collected over the range 4004 000 cm™'. Thermogravimetric
analysis (TGA) was conducted on a TGA.STA 7200RV Hitachi
with a heating rate of 10°C/min from 30°C to 900°C in nitrogen
atmosphere with a purge rate of 20 mL/min. The contact angle
of the membrane was measured using the sessile drop method
(OCA 15 EC GOP, DATA Physics). Deionized water was used as a
probe liquid and dispensed at 2 uL/s. Water droplets were placed
on the membrane surface using a micro-syringe at 10 different
positions (measured and averaged). Membrane surface roughness
was measured using AFM Model Di 3000.

BTEX measurements

Internal standard (IS) methods are used to improve the precision
and accuracy of results where volume errors are difficult to predict
and control. An internal standard is a known concentration of
compound present in every sample that is analysed. This is done
to correct for the loss of analyte during sample preparation and
sample inlet. A compound used as an internal standard should
show similar behaviour (but not identical) to the analyte and has
gas chromatograph retention time comparable to the analyte. It
must be inert to the sample and must not react with the sample
or the solvent used to dilute or prepare it. Naphthalene is a white,
volatile solid polycyclic hydrocarbon with a strong mothball
odour. Naphthalene chemical structure consists of two fused
benzene rings and have physical properties suited to be used as a
BTEX internal standard.

Compositional analysis

A standard solution of 2 pL of benzene, 2.1 pL of toluene, 2.1 pL
ethylbenzene and 2.1 uL xylenes was dissolved into 10 mL of
methanol to determine BTEX retention times. To prepare the
IS, 0.01 g of naphthalene was dissolved in methanol to achieve
a solution molarity of 0.225 mol/L. For every BTEX sample a
known concentration of IS was injected to compare area peaks. A
correction factor was included to account for any errors.

Chemical analysis of BTEX samples were conducted using
Agilent Technologies 7820A GC system with flame ionization
detector (GC-FID). RTX-200MS coated with cross bond
trifluoropropyl methyl polysiloxane, 30 m long by 0.32 mm inner
diameter (ID); 0.5 pm film thickness Agilent Technology carbon
column was used in the gas chromatograph (GC). The GC-FID
was operated in a 10:1 split mode and carrier gas was 99.999%
nitrogen. The flame gas was a mixture of dry grade compressed
air and nitrogen. To calibrate the GC, 1 pL of sample was directly
injected into the column for analysis using a 10 pL micro syringe.
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The column temperature was programmed as follows: isothermal
temperatures in oven, injector and detector; oven temperature
50°C, hold time 5 min, ramp rate 15°C, maximum temperature
200°C; injector temperature 225°C; detector temperature 300°C.

Evaluation of fabricated membrane performance

Filtration performance of the membranes was assessed on a
laboratory-scale dead-end filtration system consisting of a holding
cell with a volume of 300 mL, an effective filtration area of 14.6 cm?
and a maximum operating pressure of 1 000 kPa. The feed pressure
was achieved by applying nitrogen gas. A fresh membrane was
mounted onto the filtration cell and filled with deionised water.
The membrane was compacted at a transmembrane pressure
(TMP) of 150 kPa until a steady permeate was attained. To check
the initial flux of the membrane, pressure was than lowered to
100 kPa to conduct pure water flux (PWF) experiments using
Eq. 1. Each experimental run was accompanied by a new circular
membrane sheet at room temperature (25+2°C) and the volume
of the water permeate was collected after 10 min.

PWF=£ (1)
At

where PWF is pure water flux (L/(m*h)), V (L) is volume of
permeated water, A (m?) is the effective membrane area and ¢ (h)
is the permeation time.

After PWF experiments, the filtration cell was emptied and refilled
with BTEX-contaminated water to conduct rejection studies. The
ability of the membrane/s to remove specific BTEX pollutants
from water was determined by rejection (%R). Rejection of
the membranes was conducted using synthetic 70 mg/L BTEX
solution. A volumetric flask measuring 1 L was filled with distilled
water and the water was spiked with 70 mg/L of each compound
to prepare synthetic BTEX wastewater. Membrane rejection was
calculated by dividing the difference between the concentration
of a specific pollutant in the feed (C,) with the concentration of a
specific pollutant in the permeate (C,), as shown in Eq. 2. BTEX
concentration in the feed and permeate solution was determined
using Agilent 7820A GC-FID.

(%R)= 1—% x 100 )
f

RESULTS AND DISCUSSION

Physicochemical characterization of fabricated
membranes

Figure la depicts the surface morphology of the pristine membrane
(PES 0) and Fig. 1b-d depicts the surface morphologies of the
TA-Fe" complex/PES membranes at different TA-Fe™ complex
compositions of 0.3, 0.6 and 0.9 wt%, respectively. Top surface
micrographs of all the membranes showed a typical UF membrane
with a uniform porous structure. No noticeable changes were seen
on the top surface of the membranes with the addition of hydrophilic
additive TA-Fe complex. It should be noted that increasing the
TA-Fe™ concentration in the casting solution increased viscosity of
the casting solution, thus could have affected the surface pore size.

In addition to the surface morphology, energy dispersive X-ray
(EDX) was used to confirm the presence of the TA-Fe nanoparticle
composites in the membranes (Fig. 2). The presence of the Fe
element was observed, confirming that the membranes contain
TA-Fe nanoparticles. Besides the expected carbon, sulfur,
and oxygen molecules found in a PES membrane, addition of
TA-Fe™ complex loading showed an increase in iron molecules
from PES-0.3 to PES-0.9. The increased energy intensity in line
with increasing metal content in the formulation confirms that
the systematic presence of TA-Fe'", as expected, was observed.

Figure 3a-d depicts the cross-sectional views of the fabricated
membranes at TA-Fe™" loading of 0, 0.3, 0.6 and 0.9 wt%,
respectively. Membranes fabricated from PES are asymmetric
in structure with a dense selective layer and finger-like macro-
void sublayer (Goh et al., 2020). All the membranes fabricated
produced the characteristic asymmetric structure found in
polymeric membranes with a spongy inner surface. Results
obtained from Fig. 2a showed that PES 0 had a thin top layer
with a finger-like sublayer. During the immersion precipitation
process, PES 0 experienced instantaneous de-mixing when the
casting solution was immersed in the coagulation bath. This
led to a quicker solvent-nonsolvent exchange rate, producing a
porous top layer with finger-like sublayer (Mulder, 1991). Upon
addition of TA-Fe complex on the PES membrane, PES 0.3
membrane experienced delayed de-mixing. Delayed de-mixing is
a slow process in which de-mixing takes time and the solvent-
nonsolvent exchange rate takes place at a slow rate after immersion
in the coagulation bath (Fig. 2b). Hence, a dense top layer with a

MST 3.0kV 10.2mm x30.0k SE(L)

Figure 1. FE-SEM surface morphology of (a) PES 0, (b) PES 0.3, (c) PES 0.6 and (d) PES 0.9 blended membranes
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Figure 2. EDX results for different loadings of TA-Fe" complex in the fabricated PES membranes
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Figure 3. FE-SEM cross-sectional image of PES 0 to PES 0.9 blended membranes

narrowed channel, having few macrovoids in the sublayer, was
observed when compared to PES 0 (Mulder, 1991).

Also, there is a visible change in the shape of the PES 0.3
macrovoids - the shape changed from a finger-like to pear-like
structure when compared to PES 0. This change in the macrovoid
structure was due to the increased polymer concentration
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when the TA-Fe™ was added. A pear-like structure refers to an
increased porosity of the membrane due to a delay in mixing
(Holda and Vankelecom, 2015). A dense top layer was observed
for PES 0.3 when compared to PES 0. This happens during
immersion precipitation when the solvent (NMP) displays a
low affinity towards water in the coagulation bath. This causes
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a low diffusion rate between solvent and nonsolvent leading to
polymer concentration on the surface causing delayed mixing in
the coagulation bath (Fahrina et al., 2018). PES 0.6 and PES 0.9
carried the same cross-sectional structure as PES 0.3, indicating
that increasing the concentration of the TA-Fe complex from PES
0.6 to PES 0.9 does not change the morphology of the membrane
further. From the cross-sectional images, it could be concluded
that addition of the TA-Fe™ complex concentration affects the
morphology of the membrane by expanding the channels and
having broader internal pores. The results obtained in this study
are comparable to literature (Fang et al., 2008).

Attenuated total reflectance-Fourier transform infrared
(ATR-FTIR)

A pure PES structure contains an ether bond, benzene ring and
a sulfone bond. FTIR spectra of the pure PES and TA-Fe"/PES
membrane are shown in Fig. 4. The peak at 1 240 and 1 242 cm™
was assigned to the aromatic ether (Ar-O-Ar). The peaks at 1 305
and 1 152 cm™ were assigned to the SO, bonds (S=0). The three
aryl peak (C=C stretching) vibrations were observed between
1400 and 1 600 cm’. The C-H stretching peak of the benzene ring
was observed at 2 975 and 3 086 cm™. The peaks from 3 000-
3500 cm indicate the stretching of OH radicals. The above results
were found to be similar to what other researchers have reported
in literature (Makhetha and Moutloali, 2018; Aryanti et al., 2019).
The vibration band found at 1 672 cm™, highlighted by a straight
line, represents the C=0 stretching band of NMP (Ponzio et al.,
2001), indicating the presence of NMP. NMP solubilizes PES

because it can interact strongly with the PES chains. Due to these
strong interactions some solvent remained in the polymer during
the phase inversion process and was not washed out properly,
hence it appeared on the FTIR spectra. The decrease in intensity
of the band when the TA-Fe' membranes are fabricated is due to
the NMP solvent washing out well. Less than 1% concentration
of TA-Fe™ is added on the polymer matrix making it difficult to
detect the TA molecule (C=0) in the FTIR spectra. Fe is a metal
and its spectra are found below the fingerprint region; hence it
could not be detected.

Thermogravimetric analysis (TGA)

Figure 5 illustrates the TGA profile of the pristine PES and TA-Fe™
complex/PES modified membranes. The first weight loss, <200°C,
experienced by PES 0 could be attributed to evaporation of
solvent (NMP boiling point is around 202°C) and water from the
membrane while the TA-Fe" modified membranes experienced
weight loss from the evaporation of the solvent and water from
condensation of the phenolic hydroxyl groups at 200°C (Xia et al.,
2018). Tannic acid consists of a central core of glucose and two
(inner and outer) layers of five gallic acids units. The five-outer
layer of the five galloyl units starts decomposing above 350°C via
decarboxylation (Nam et al., 2019, Xia et al., 2015). To completely
incinerate the pure PES membrane, percentage weight loss should
be directly proportional to the content of the PES (Fang et al.,
2017). The increased weight loss for the modified membranes is
confirmation of the presence of TA-Fe' complex in the blend of
membrane composition.
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Figure 4. FTIR spectra of PES and PES blended membranes with various TA-Fe""complex loading
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Figure 5. TGA analysis of PES and TA-Fe'"" complex of various loadings
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Membrane hydrophilicity (water contact angle)

The hydrophilicity of the fabricated membrane was evaluated
by measuring the contact angle between the membrane surfaces
and water droplets. Contact angle of membranes is considered to
be an important parameter for membrane characterization and
an indirect indication of the hydrophilicity and flux behavior
(Abdallah et al., 2015; Ntshangase et al., 2021). As shown in Fig. 6,
pure PES had a water contact angle of 75° corresponding to lower
hydrophilicity. There is a subsequent drop in water contact angle
as the iron tannin complex loading was increased, corresponding
to increased surface hydrophilicity. Upon adding the TA-Fe™
complex, the water contact angle of all the modified membranes
decreased significantly. PES 0.3 had a water contact angel of 59°,
PES 0.6 had 56° and PES 0.9 had 50°. Loading of the TA-Fe™
complex improved the surface hydrophilicity of the membrane.
This was due to the abundant phenolic hydroxyl groups
(OH) found in the tannic acid (Yan et al.,, 2020). According to
literature, hydrophilic groups such as -OH, and -NH, are known
for enhancing surface hydrophilicity (Purkait, 2018). Phenolic

hydroxyl groups in the tannic acid interact with the membrane
via hydrogen bonding thereby adsorbing water molecules (Yan
etal,, 2020). It was anticipated that increasing the TA-Fe™ complex
on the membrane would make the membrane absorb more water,
thereby reducing the adsorption of pollutants on the membrane.
This trend of the water contact angle was also observed by other
researchers (Kim et al., 2018; Fang et al., 2018).

Measurement of the membrane roughness using atomic
force microscopy (AFM)

Figure 7 shows the AFM images of the pure PES and the Ta-Fe'"
complex modified membranes. R is the standard deviation of all
the vertical distances within the enclosed area and R, is the average
roughness which indicates the mean roughness of the surface
relative to the plane. Surface roughness is an important parameter
in understanding the fouling tendency of the membrane during
filtration (Hilal and Johnsson, 2012, Tansel, 2008). The AFM
micrographs show an increasing trend in both the R and

R, of the membranes as the TA-Fe' concentration increased.
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Figure 6. Contact angle of PES and PES modified with various TA-Fe" complex loadings

Ra =14,34 nm
Rm = 18,86 nm
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Figure 7. AFM images of (a) PES 0, (b) PES 0.3, (c) PES 0.6 and (d) PES 0.9 blended membranes evaluated at 2 x 2 um scan area
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PES O had small peaks on the surface but as TA-Fe is
incorporated the valleys steadily increase and subsequently
become large valleys. Small peaks represent smoothness while
large valleys represent roughness. The roughness of the TA-Fe'!/
PES membrane occurs when excess Fe'" induces aggregation of
the TA-Fe' complex on the membrane surface (Fan et al., 2015).
Hydrophilic membranes with smooth membrane surfaces are less
prone to fouling while rougher membranes promote attachment
of foulants on the surface of the membrane, therefore increasing
fouling rates (Singh, 2005; Dickhout et al, 2017; Makhetha
and Moutloali, 2020). Based on these results these modified
membranes are expected to foul quickly.

Performance evaluation of fabricated blended
membranes

Membrane pure water flux (PWF)

Results for the pure water flux in Fig. 8 showed that as the TA-Fe™”
loadingincreased the pure water flux also increased, thus supporting
results obtained from the contact angle characterization. Pure
water flux for PES 0 was initially 100 L/(m*h), but upon addition
of the TA-Fe'! complex, pure water flux improved significantly to
122 L/(m*h) for PES 0.3, 130 L/(m*h) for PES 0.6, and
150 L/(m>h) for PES 0.9. Overall addition of the TA-Fe' had a
50% increase in water flux compared to the pristine PES membrane.
It is widely reported that improving surface hydrophilicity
of membranes enhances water permeation by drawing water
molecules inside the membrane matrix and advancing them to
move more quickly through the membrane (Yan et al,, 2020;
Makhetha and Moutloali, 2018). Morphology of the membrane
can also affect the performance of the membrane, especially the
filtration process (Fahrina et al., 2018). Addition of the TA-Fe™
complex increased porosity and improved surface hydrophilicity
thereby attracting additional water molecules to move more
quickly throughout the membrane. These results are similar to
those obtained for the contact angle, indicating that membranes
with increased surface hydrophilicity have high pure water flux. In
Fig. 3, micrographs show that the modified membranes exhibited
expanded channels with increased porosity. Increased porosity
reduced water resistance and provided extra routes for water to
travel through the membrane.

Rejection of BTEX compounds

In membrane separation three main mechanisms are generally
used: (i) size exclusion, (ii) hydrophobic interaction between
pollutant and membrane and (iii) electrostatic interaction between

the pollutant and the membrane (Kamali et al., 2019). The ability
of the PES membrane and TA-Fe™/PES composite membrane to
separate BTEX compounds is shown in Fig. 9 and calculated as %R
using Eq. 2. The BTEX compound concentrations were measured
using a GC-FID. Upon receiving the results ethylbenzene and
o-xylene colluded as one compound with the same retention time.
Hence, in Fig. 8 they are reported as one compound, ethylbenzene
+ m-xylene.

Rejection by size exclusion was used to separate the BTEX
compounds from water (Su et al, 2016; Aryanti et al., 2019).
Results obtained for PES 0 showed the membrane had a rejection
of 60% for benzene, 72% for toluene, 85% for ethylbenzene+
m-xylene and 100% for xylene isomers (p;-o xylene). Rejection
of ethylbenzene and xylenes was high due to the size of their
compounds. When applying the ‘membrane sieving principle’ it
was expected that competition between the individual compounds
will occur for availability of the membrane pores. Since there
is a limited number of pores on the surface of the membrane
there will be competition between the BTEX compounds to
permeate through the membrane pores. Benzene, being the
smallest molecule in molecular weight and most soluble, will
permeate through the available pores while the larger less-
soluble compounds such as p- and o-xylenes will remain on the
surface of the membrane or inside the pores and not permeate.
These rejection results were similar to that reported by Su et al.
(2016). They both achieved a rejection rate > 80%. However, the
TA-Fe/PES membranes are much simpler to fabricate than the
CNT/PDVF nanocomposite membranes.

BTEX solubility in water was in the order X < E < T < B. Upon
increasing the concentration of TA-Fe™ complex to 0.3 wt%,
rejection increased significantly to over 95% for the BTEX
compounds. The high BTEX rejection was due to the membranes
dense top and increased hydrophilicity with addition of the
TA-Fe" complex. When the concentration of TA-Fe" complex
was increased further to 0.6 wt% and 0.9 wt%, rejection of
benzene and toluene decreased slightly; this was caused by poor
selectivity of the membrane. The trade-off between permeability
and selectivity can be attributed to the poor dispersion of TA-Fe'!
on the membrane which caused the formation of agglomerates
(Rameetse, 2020). Agglomeration results in increased macro-
voids, hence allowing the soluble molecules, benzene and toluene,
to pass through.

Table 2 presents the comparison of the results of this study with
those reported in literature. A study conducted by Unuigbe
et al. (2019) fabricated iron nanoparticles from pomegranate
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Table 2. Comparison of BTEX removal performance using membrane technology

Membrane Permeate flux L/(m?h) Wastewater pollutant %R Ref
Fe-NP’s/PES 80.05 BTEX 63.8 Unuigbe et al,, 2019
Carbon nanotubes Polyvinylidene fluoride 7 BTEX 80 Suetal, 2016
(CNT/PVDF) NF composite membrane

TA-Fe"/PES 150 BTEX 93 This study

leaves and embedded them in PES membrane for the removal
of BTEX compounds from water. The study reported good
dispersion of the iron nanoparticle within the PES membrane
and a maximum BTEX removal of 63% for the 10 wt% Fe-NPs
at 100 kPa was attributed to the improved physico-chemical
properties of the PES membrane due to the nanoparticles. Su
etal. (2016) reported a rejection > 80% for BTEX on a CNT/PVDF
nanocomposite membrane at ~70 kPa on crossflow filtration due
to the outstanding properties of the carbon nanotubes (CNT).
This study also performed well in removing BTEX from water
as it had a rejection >80%. Membranes modified with TA-Fe™
complex had an enhanced PWF and anti-fouling properties
due to the abundant hydrophilic (OH") units of the tannic acid,
thereby increasing BTEX rejection.

CONCLUSION

The aim of the work was to fabricate TA-Fe"/PES UF membrane
via phase inversion and evaluate the performance of the
membranes for the removal of BTEX compounds from water.
Different characterization techniques were employed on the
membrane and performance evaluation of the membrane was
determined using dead-end filtration. Characterization results
from the SEM, contact angle, and AFM showed that increasing the
TA-Fe'! loading changed the membrane pore structure, increased
hydrophilicity and made the membranes smoother. The fabricated
TA-Fe"/PES membrane showed enhanced permeability from 100
to ~150 L/(m*h) for PES 0 and PES 0.9, respectively, at 100 kPa.
In terms of rejection, the modified TA-Fe"/PES membranes had a
rejection percentage of >70% for benzene and toluene compared
to the 60% rejection recorded for pure PES membrane. Rejection
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of the BTEX compounds happened mainly through the size
exclusion mechanism. The increased hydrophilicity and surface
smoothness of the TA-Fe/PES membrane also improved the
anti-fouling property of the membranes. Overall, PES 0.9 wt% was
the best performing membrane in terms of hydrophilicity, PWE,
rejection and antifouling property. Based on this study, these
modified membranes proved to be effective in treating BTEX
wastewater and do have potential to be applied in wastewater
treatment. It is recommended that real BTEX wastewater from
petrochemical sites be used to determine the true performance of
the modified membranes.
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