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Abstract: This paper investigates the permeability and separation performance of
polyphenolic-amine coated PVDF membrane with hydrophilic (26.9 + 5.6°) and
underwater oleophobic (162.1 + 5.1°) surface modification. Surface chemical structures,
surface compositions and hydrophilicity of membranes were investigated by Attenuated
Total Reflectance Fourier transform infrared (ATR-FTIR) spectroscopy, X-ray
photoelectron spectroscopy (XPS) and contact angle analysis, respectively. The separation
of emulsion oil solutions was evaluated using cross-flow filtration mode in terms of high
permeation flux and excellent oil resistance. Then, the flux recovery ratio of filtration
process was calculated at different transmembrane pressures (TMP) and initial
concentrations of emulsion feed solutions. The results showed a decrease in the flux
recovery ratio at higher pressures and initial oil concentrations. By applying Hermia’s
blocking model, formation of cake layer shows dominant fouling mechanism for the
emulsion oil separation process.

Keywords: polyphenolic coating; hydrophilicity; underwater oleophobic; polymeric
membrane; emulsion oil

m INTRODUCTION

The separation of oily wastewater, especially for
surfactant-stabilized emulsions with droplet sizes smaller
than 20 um require a promising method in order to meet
the requirements of high quality of the permeate flux with
low operating costs [1-2]. Due to the micron sizes, emulsion
droplets require a long time for effective gravity separation
and ineffective breaking process, even after the addition
of chemicals because of its high stability in water. Thus,
the polymeric membrane filtration is one of the promising
and advanced technology for the separation of various
types of wastewater including emulsified oil/water mixtures.

However, the main problem for membrane
separation is fouling phenomena due to the surfactant
adsorption and pore blocking which can cause a severe
decline of flux and rejection efficiency [3]. Generally, the
fouling decreases with an increase in hydrophilicity of the
membrane surface and it offers better membrane fouling

resistance. In order to achieve better membrane
performance, various strategies; bulk modification
blending process [4-5] and the surface modification of
membranes [6-8] have been applied which contributes
to the enhancement in membrane performances. In
addition, PVDF membranes are the most extensively
used in the water treatment marketplace [9-10].
However, the performance need to be improved
especially on the wettability and fouling behavior due to
their hydrophobic properties [11].

To date, exciting findings have been constantly
made through mussel and plant inspired chemistry
using polydopamine [12] and plant (poly)phenols [13]
as ‘bio-glue’ as well as a surface modifying agent that
hydrophilize many substrates including; metals [14],
glass [15] and a wide variety of polymers [16-17]. The
surfaces of various substrates were improved by the
existence of catechol and amine groups that have the
capability to adhere on these substrates. In this study,
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tannic acid as plant polyphenol derivatives have been used
to transform the surface of hydrophobic polymer to
become highly hydrophilic with underwater oleophobic
properties and low oil adhesion for oily wastewater
treatment. The polyvinylidene fluoride (PVDF) porous
membrane were modified via facile deposition method
using polyphenolic-amine coating by mussel-inspired
coating approach [18]. It was found that the water
permeability and removal efficiency of emulsion oils were
improved significantly. In addition, this paper also
emphasizes on the analysis of fouling mechanism of
emulsion oil solutions based on a blocking model
filtration on the modified membrane.

m EXPERIMENTAL SECTION
Materials

Rolls of flat sheet polyvinylidene fluoride (PVDF)
membranes (0.22um, porosity 75%), tannic acid (TA) and
tetraethylenepentamine (TEPA) were purchased from
Merck Malaysia. Tris(hydroxymethyl) aminomethane
and isopropanol (IPA) were supplied by Friendemann
Schmidt Chemical and sodium hydroxide (NaOH) was
obtained from R&M Chemicals. All chemicals were used
as received. Diesel oil (Shell Malaysia) and Tween 80
(Friendemann Schmidt Chemical) were used in the
preparation of emulsion oil as synthetic oil feed solution.

Procedure

Surface modification of flat sheet membrane

Prior to the coating process, the pristine PVDF
membranes (M,) with fixed size of 11.5 cm x 7 cm were
immersed in 25% of IPA for 24 h to wet the pores, then
soaked overnight with deionized water (DI). Next, 0.2 g of
TA and 1.2 mL of TEPA were dissolved in 100 mL of
50 mM Tris-HCI buffer solution (pH 9) for 30 min. Then,
the prewetted PVDF membranes were immersed into the
solution with mild shaking in open containers for 6 h at
30 °C. Finally, the coated membranes, labelled as Mc, were
immersed in 25% of IPA for 30 min and soaked with DI
water for 12 h to remove redundant solution and later
dried in air drying oven at 45 °C. Then, the membrane
surface wettability was evaluated using a Dropmeter A-200
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(Rame-Hart Instrument Co., U.S.A) contact angle
system by detection of water contact angles using 1,2-
Dichloroethane as a model oil to characterize the
underwater oleophobicity. The surface chemical
structure and chemical composition of the membranes
were determined by attenuated total reflectance Fourier
(ATR-FTIR, Thermo

Scientific Nicolet iS10) and X-ray photoelectron

transform infrared spectra

spectroscopy (Axis Ultra DLD XPS, Kratos), respectively.

Pure water permeance experiments

The permeability of the membranes was evaluated
using a laboratory scale crossflow filtration unit as
shown in Fig. 1. The permeate exited at atmospheric
pressure into a beaker sitting on an electronic balance
(EK3000i, A&D Company). The balance was connected
to a RSWeight WinCT software supplied by A&D
Company, which automatically recorded the mass of
permeate flux as function of time. The effective filtration
area of membrane for this study was 33.6 cm®. Prior to
each filtration process, pure water was flowed through
the membrane cell for 30 min under transmembrane
pressures (TMP) of 0.20 MPa to compress the
membrane. Then, the permeability tests were conducted
in the range of 0.05-0.20 MPa. The pure water flux, ]
(LMH) was calculated as Eq. 1 where, Am is the mass of
permeated flux for a period of operation time (At), py is
the density of water and A is the effective filtration area.

Am

= 1
P (1)
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Fig 1. A laboratory scale crossflow filtration unit
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Separation property and fouling studies

The foulant employed in this study was an emulsion
of diesel oil in water, in which 4.82 mL of diesel oil and
0.42 mL of Tween 80 as surfactant were blended with 3 L
of pure water at 6000 rpm for 30 min in a homogenizer
(Ultra Turrax T-50, IKA). The droplet size of the
emulsion was in the range of 0.20-10 um with a mean
diameter of 3.6 um detected by the particle size analyzer
(Cilas). The oil rejection was calculated by determining
the oil concentration in the feed and permeate solution by
UV spectrophotometer (DR 6000, Hach) at maximum
wavelength of 198 nm which was observed using quartz
cuvette. The relation between the absorbance and oil
concentration was initially calibrated for different known
oil concentrations as a linear calibration curve with R* =
0.9948. The removal efficiency, R (%) was calculated as
follows:

R:[l—g—PJXIOO% (2)

F
where R (%) is the oil removal percentage, Cp and Cr are
the emulsion oil concentrations in permeate and feed,
respectively.

The filtration of emulsion oil solutions at different
TMP and oil concentrations were applied using the
recyclable steps after the compaction of the modified
membrane at 0.20 MPa for 30 min. The stable water flux
(Jw) was obtained by pure water filtration after 70 min.
Then, the feed solution was changed to emulsion oil for
100 min until the stable flux of permeate (Jp) was
obtained. The cleaning process was performed by flushing
method using 0.005 M acid solution (HCI) without
applying the hydraulic pressure for 5 min, followed by
rinsing with pure water for the next 10 min. Finally, the
feed solution was changed to pure water again to record

the pure water flux (Jc) after the cleaning process. The
water flux recovery ratio (FRR) indicates the degree of
irreversible effects of emulsion oil on the membrane
surface during filtration process and was calculated by
the following equation:
FRR(%):]wao 3)
Jw
The empirical models to describe permeate flux

decline were presented by Hermia [19] based on
constant pressure filtration laws that correspond to four
basic types of fouling [20] as illustrated in Table 1:
complete blocking (a), intermediate blocking (b),
standard blocking (c) and cake layer formation (d). The
characteristic form of Hermia model is given as:
oy "
av?  \dv

where, t and V are the filtration time and cumulative
permeate volume, respectively, and k and n are two
model parameters.

m  RESULTS AND DISCUSSION

Permeability and Separation Performance of
Modified Membrane

The surface hydrophilicity of the pristine and
modified membranes were evaluated by using pure
water flux and contact angle analysis. The static water
contact angle (WCA) and underwater oil contact angle
(OCA) are displayed in Fig. 2(a). The pristine membrane
(Mo) shows a hydrophobic nature surface with WCA of
90° and exhibited a low pure water flux of 86.7 LMH,
92.2 LMH and 187.2 LMH at 0.05, 0.10 and 0.20 MPa,
respectively. The hydrophilicity of the modified
membrane (Mc) had a great improvement, which was
proven by the significant decrease of the WCA with the

Table 1. Blocking filtration models at constant filtration pressure

Blocking Models Equations

Schematic view

Blocking Models Equations ~ Schematic view
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Fig 2. Contact angle in air and underwater (a) and pure water flux at different TMP (b) for membranes M, and Mc

modification to 26.9 £ 5.6°. Moreover, the pure water flux
of Mc was significantly enhanced at each of the observed
TMP as shown in Fig. 2(b) with the permeate flux for
0.05 MPa reaching 237.0 LMH. When the pressure was
observed at 0.10 and 0.20 MPa, the pure water flux
reached 351.8 and 398.7 LMH, respectively. The
improvements on the flux are attributed to the large
amount of hydrophilic hydroxyl groups on the modified
Mc¢ membrane surface which leads to higher water
permeation [21].

The successful coating of the membrane surfaces
that change the wetting properties could be confirmed
by FTIR spectra analysis as shown in Fig. 3(b). The new
broad peak between 3100 and 3600 cm ™" appears for Mc
membranes which corresponded to the O-H stretching
vibration [22]. It obviously indicated the successful
adsorption of hydroxyl groups of polyphenolic tannic
acid on the membrane surfaces. The new peak at 1668 and
1592 cm™" was assigned to the aromatic ring (C=N) and
N-H stretching of TEPA with polyphenolic, respectively,
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Fig 3. XPS high-resolution spectra of N1s, Ols and F1s narrow scans as a function of electron binding energy (a) and

FTIR spectra (b) for membranes M, and Mc
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during the Michael addition and Schiff bases reaction [23-
24]. The similar results of FTIR spectra were also observed
by other researchers for the hydrophilic coated
membranes [25-26].

The ATR-FTIR results can also be confirmed by XPS
analysis in Fig. 3(a), which showed the difference of
surface composition for modified membranes, Mc. The
new peaks of N1s and Ols elements appeared with 14.12
and 18.27% of atom percentages due to introduction of
amine and -OH groups, respectively [27]. The peak
intensities of Fls with atomic percentage decreased
dramatically to 4.17% due to the defluorination of the
pristine membrane, M, that occurred during this coating
process. Sun et al. reported that the elimination of F
occurred in the alkaline treatment for the surface
modification of the PVDF membrane [28]. This
concurred with the alkaline medium of polyphenolic-
amine coating solution that can accelerate the interaction
of hydroxyl-amine groups onto the Mc¢ membrane
surfaces through hydrogen bonding. Similar observation
results were obtained for coated dual layer PVDF hollow
fiber membranes reported by Shi et al. [29].

The hydrophilicity and underwater oleophobicity
enable the modified membranes to achieve great potential
in separating emulsified oil/water mixtures. The oil
rejection and permeate flux were measured every 5 min by
increasing the operation pressure from 0.025 to 0.20 MPa
with an interval of 0.02 MPa as shown in Fig. 4. It was
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observed that oil removal efficiency and permeate flux
were influenced by operating pressure. As concluded,
when TMP rises, the rejection quickly decreased for the
pristine M, membranes, while the permeate flux was
lower compared to modified Mc membranes under the
pressures from 0.025 to 0.06 MPa. The permeate flux
start increasing from 0.08 MPa, however the separation
of emulsion oil becomes worse at this state. This pressure
was defined as emulsified oil critical pressure in which
the suspended oil droplets on the surface would be
pressed through the membranes, seriously deteriorating
the separation efficiency [30].

For the modified Mc membranes, the oil rejections
were maintained at approximately 90% with the higher
flux from 0.025 MPa to 0.12 MPa and then slightly
decreased to 83% at pressure of 0.20 MPa with the nearly
constant flux. According to the above results, the surface
wettability and low oil adhesion on the membrane
surface of the modified Mc membranes improved
further due to the enhancement of hydrophilicity. The
better oil repelling ability is useful in reducing pore
droplets
precompacting pressures. It agrees with the results of

blockage by oil especially under low
underwater oleophobicity which demonstrate low oil
adhesion of the membrane surfaces with oil contact
angle of 162.1 + 5.1°. The improvements on breakthrough
pressure and separation efficiency was also observed by

Xue et al. [31].
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Fig 4. Permeate flux and separation efficiency of emulsion oil with increased pressure for membranes M, and Mc
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Fouling Mechanism Studies

The separation of emulsion oil at different
transmembrane pressures (TMP) is presented in Fig. 5(a).
As can be observed, initial flux of pure water (J,) increases
with increasing TMP. Then, the steady state of
permeation flux for emulsion oil (J;,) are 49.4 + 1.6 LMH,
53.9 + 0.7 LMH and 55.5 £ 0.9 LMH, for 0.05, 0.10 and
0.20 MPa, respectively. The results show that higher TMP
results in droplets passing rapidly through the membrane
pores due to the increase in driving force across the
membrane. However, after the membranes were cleaned,
the recovery flux decreased as the TMP increased.

The flux recovery ratio (FRR) for TMP values of
0.05, 0.10 and 0.20 MPa were 38.9, 359 and 32.8%
respectively. These results indicate the increasing number
of collisions between the emulsion droplets, which can
break the film between the oil and water and cause many
oil droplets to form a large droplet. As a result, a layer
started to form above the membrane surface which may
be compressed on the surface and throughout the pores at
higher pressure [32]. The declines of the flux recovery
ratio due to the emulsion oil had already blocked the
pores and the fouling became more severe.

The effects of oil feed concentrations on the flux and
recovery ratio are shown in Fig. 5(b). The results show
that the steady state of permeation fluxes at 1500 ppm is
slightly lower than the other two concentration values. It
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may be due to the increase of resistance to permeate
flow, which is attributed to the formation of thicker oil
layer on the membrane surface with oil of higher
concentration. Thus, the oil droplets accumulate and
build up a boundary layer on the membrane surface
which may reduce the permeate flux. Again, as the oil
concentration increases, the flux recovery ratio after the
cleaning process decreases due to the extension of
interactions between emulsion droplets and the
membrane surface [33].

Fig. 6 shows the representation of experimental
data for permeation flux of emulsion oil as feed solution
at 0.05 MPa with concentration of 500 ppm. The trends
of permeate flux can be divided into three stages [34-35].
The rapid decline of flux in Stage I in the first 20 min was
observed due to the build-up of oil layers on the
membrane surface and within the pores. Then, the long
gradual flux decline in Stage II for about 50 min was due
to the accumulation of the retained oil droplets over the
membrane surface. Stage III occurred after the cake layer
build up on the membrane surface at maximum level
and the steady state of flux was achieved until the end of
the process.

In addition, the experimental filtration data of
permeation flux of emulsion oil (Jp) were fitted and
analyzed using the blocking model to explain the fouling
phenomenon of membrane processes during constant
TMP. The calculated model constants (K) and the values
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iz --FRR 50.0
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7
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Fig 5. Permeation flux of emulsion oil and flux recovery at (a) different TMP and (b) different initial oil concentrations
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Table 2. Parameter of Hermia Model for permeate of emulsion oil feed solution

Complete pore blocking Standard pore blocking

Intermediate pore blocking

Cake layer formation

R? ks Jo R? ks Jo R? kix 107 Jo R kx10° J,
0.8800 0.0061 89.7 009175 0.0004 90.4 0.9448 9.00 91.7 0.9739 3.00 100.0
=or Experimental significant enhancement of antifouling ability for
=== Complete . . . .
voumees Standard emulsion oil separation was achieved due to the
120 |-
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]
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i
: s [termediate
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Fig 6. Permeation flux and model fitting of emulsion oil

feed solution at 0.05 MPa

of coefficient of correlation (R?) as shown in Table 2 were
to determine whether the data agree with any of the
considered models. The fitting of experimental permeate
flux to the blocking models are illustrated in Fig. 6.

For all the models considered in this work, it can be
concluded that the best of experimental data corresponds
to the cake filtration model with R? of 0.9739 followed by
the intermediate pore blocking with the R*value of 0.9448.
The difference between experimentally measured initial
permeate flux and the initial permeate flux predicted by
cake filtration model was approximately 25%, while for
the other three models it was above 32%. Therefore, the
evidence suggests that the cake filtration phenomenon is
due to the much smaller membrane pore size compared
to the size of emulsion oil droplets, which indicates that
there is a uniform solute cake layer that forms over the
entire membrane surface which exert resistance for fluid
flow [32].

m CONCLUSION

In summary, facile modification of microfiltration
PVDF membranes with high water permeation and
separation performance using natural polyphenolic
coating process was achieved. The inherent abundance of
hydroxyl and amino groups induced by the coating
process improved the membrane hydrophilicity. A

Effect of
transmembrane pressure and initial oil concentration

underwater  oleophobic  properties.
had been investigated using cross-flow filtration. As
expected, the results show that increasing the TMP
increases permeation flux. However, it causes the
reduction of flux recovery due to the compaction of cake
layer formation thereby resulting in greater fouling.
Also, the results on the higher oil concentration causes a
decline in flux and flux recovery. The general blocking
model has been evaluated at 0.05 MPa with 500 ppm of
emulsified oil considering that the cake formation layer
is the main fouling mechanism for the separations of
emulsion oil.
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