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Abstract

In this study, polyvinylidene fluoride (PVDF) flat membranes were treated with potassium hydroxide
(KOH), sodium hydroxide (NaOH) and sodium hypochlorite (NaOCI). The effects of temperature,
treatment duration and chemical concentration towards the properties of PVDF membrane were
contrastively studied. Following treatment, membrane became much brittle with a reduced nominal
elongation to as low as 61%. Temperature elevation and prolonged treatment time accelerated the
chemical reaction with PVDF as shown by further decline in the membrane stability. Nevertheless, the
treatment conditions employed in this study are considered too mild for the dehydrofluorination
process to occur. FTIR analysis indicated no carbon-carbon double bond formation and DSC analysis
showed insignificant changes in the melting temperature. All treated membrane was observed to have
larger pore size as a result of stretching on surface structure. Comparatively, acquired results showed
that NaOCI has the most detrimental impact on the PVDF membrane stability, followed by NaOH and
KOH.
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1. Introduction

Membrane technology has attracted considerable attention not only from the research
community, but also from the industrial sector to replace the conventional separation processes. This
progressive evolution is mostly attributed to its simplicity, flexibility, cheaper cost and easier to
operate. Besides, in accordance with great promotion of clean production and urgent demand on
energy conservation, membrane technology appeared to be the best solutions to cater all those
requirements. Since separation process is important in most industries, membrane technology offers a
wide application margin in various industries such as water and wastewater treatment, chemical
production, food and beverages as well as pharmaceutical. Membrane as the key component in
membrane system must possess outstanding mechanical strength, thermal stability and chemical
resistance, which depend on the material of construction.

Currently, PVDF is a semi crystalline polymer that has been widely used as a membrane
material given by high mechanical and thermal stability as well as resists to a broad range of
chemicals [1, 2]. However, the noteworthy fact is that PVDF is conditionally suitable in an alkaline
environment [3]. There are still many applications of PVDF membranes with alkaline solutions in
practice without clear restriction such as during the cleaning of fouled membrane and in membrane
contactor. Chemical cleaning is the common procedure executed to eliminate irreversible fouling
where NaOCI is the most preferred considering its relatively low price and high efficiency.
Meanwhile, a membrane contacting system with PVVDF membrane for toxic gas removal commonly
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utilised NaOH aqueous solution as absorbent because of its higher separation performance [4-6].
Despite the successfulness of chemical cleaner to eliminate the fouling, the cleaning procedure should
be minimised because repeated exposure to chemical may affect membrane lifespan, and thus results
in its failure [7, 8]. Moreover, the compatibility between membrane materials with the employed
chemicals should be inspected prior to the application in order to prevent membrane structural
deterioration.

Exposure to the harsh chemical environment has long been suspected to be detrimental to
PVDF. A number of works have reported the vulnerability of PVDF membrane towards alkaline
environments, though their aim is to study the degradation mechanism [9-12]. It is essential to state
that earlier studies were conducted either in the presence of a catalyst or by employing long-term
exposure. So far, there is still a lack of the systematic study to demonstrate the impacts in real
applications, which is caused by the mild conditions used during both chemical cleaning and
membrane contactor purposes [13]. Moreover, degradation of polymer membrane due to hypochlorite
cleaning has been reported in several papers [7, 14-16] but particular studies on PVDF membrane are
surprisingly scarce. This could be attributed to information of high tolerance with oxidants as
provided by the membrane manufacturers. Therefore, the main objective of this work is to perform a
contrastive study on the effects of different chemicals on the properties of PVDF membrane. Three
types of chemicals (KOH, NaOH, and NaOCI) were used to treat hydrophobic PVDF membranes in
various treatment conditions and all treated membranes were analysed and compared.

2. Experimental section
2.1. Materials

Commercial flat sheet, hydrophobic PVDF membrane with a pore size of 0.2 um was purchased
from Sinoma Group, (China). KOH and NaOH (both in pellet form) were obtained from R&M
Chemicals (Malaysia) and NaOCI solution of 4.00-4.99% available chlorine was purchased from
Sigma-Aldrich (Malaysia). Throughout this research, ultrapure water (Milli-Q) was used to prepare
solutions and for rinsing purposes. Since NaOCI degrades with time, pocket colorimeter (Hach
Company) was used to determine its concentration by the DPD Free Chlorine method prior to
experimental works.

2.2. Experimental works

PVDF membranes were treated with various chemical concentrations, 0.01, 0.1 and 0.2 M at
different temperature, 25 + 2 °C (room temperature) and 45 + 2 °C. The treatment time was varied, for
30 minutes and 180 minutes. Following the chemical treatment, the membranes were rinsed and stored
in ultrapure water for around one hour to remove any residual chemical that remains in the membrane.

2.3. Membrane characterisations

The morphologies of membrane were examined using a field emission scanning electron
microscope (FESEM) (Carl Zeiss Microscopy, USA). Prior to the analysis, the membrane was sputter
coated with gold for 30 seconds using Leica EM SCDO0O05 sputter coater. The membrane’s mechanical
strength was studied based on membrane elongation using tensile testing machine, Instron 4466
(Instron, USA) in accordance with ASTM D882. At a constant elongation velocity of 50 mm/min, the
membrane with original gauge length of 12 cm was pulled at both ends. At least three measurements
for a particular sample were determined to obtain the average value and standard deviation is less than
5%. ASAP 2020 (Micromeritics, UK) was used to measure the specific surface area of membrane with
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the BET adsorption method. All samples were first degassed at 120 °C for 3 hours and then proceed
for analysis.

The measurement of membrane melting point was done using differential scanning calorimetry
equipment, DSC 1 (Mettler Toledo, Switzerland). The changes in membrane surface functional group
are determined by FTIR in attenuated total reflectance (ATR) mode. All surface infrared spectra were
obtained in the wavelength range of 650 to 4000 cm * using a Nicolet iS-10 spectrometer (Thermo
Scientific, USA) by signal averaging 32 scans, set at 4 cm™* resolution. Membrane water flux
measurement was determined using a cross-flow membrane bench filtration unit TR 32 (Solteq,
Malaysia), with a membrane effective area of approximately 41.0 cm?. Prior to testing, the membrane
was soaked in ultrapure water for a day. The water flux is determined once the system reaches its
steady state at which permeate rate is constant with time. To determine the degree of membrane
hydrophobicity or hydrophilicity, contact angle measurement was done using the sessile drop method,
with DataPhysics OCA-15 plus (DataPhysics, USA). Using a microsyringe, a 20 uL drop of distilled
water was positioned onto the surface of the membrane, and the air—water—surface contact angle was
calculated within 10 s. No less than five readings of contact angle were taken. Hydrophobic membrane
exhibits a contact angle value more than 90° while any value lower than that is considered as
hydrophilic.

3. Results and discussion
3.1. Morphology of PVDF membrane

Since insignificant changes in the pore structure were observed when the membranes were
treated using lower concentration, therefore only FESEM images of membranes treated in the most
harsh condition (0.2 M for 3 hours at 45 °C) were reported. The FESEM images (shown in Figure 1)
are the membranes treated with 0.2 M of chemical solutions at 45 °C for 3 hours. There were
significant differences in membrane morphology before and after treatment as the pores are
stretched/tore apart, resulting in a larger pore structure. In other word, the enlargement of pore size
was clearly detected after membranes immersion in alkaline solutions. A different degree of
destruction of membrane surface could be observed once the membrane was treated using different
chemical. Membrane treated with either NaOCI or NaOH showed the most significant changes in pore
structure while KOH treated membrane displayed a relatively less damage.
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Figure 1. FESEM images of (a) untreated membrane and membranes treated for 3 hours at room
temperature with (b) 0.2 M KOH (c) 0.2 M NaOH and (d) 0.2 M NaOCI with 50k magnifications.

3.2. Tensile testing

The alteration in mechanical properties of PVDF membrane was analysed based on elongation
at break. In this study, elongation at break is represented by nominal elongation, described as a
percentage ratio between the elongations of untreated membrane to treated membrane. This parameter
is chosen as it shows the membrane flexibility and brittleness. Flexible membrane can withstand an
imposed pressure for a longer stretch compared to brittle sample that could easily fracture. In general,
the treated membranes exhibit poor flexibility as the elongation was reduced. This result is consistent
with previous literature where the decline in mechanical strength was detected following membrane
treatment [17, 18]. Since mechanical properties are related to the membrane morphology, polymer
chain scission and weakening of interaction among molecules are the possible reasons explaining why
membrane is easily cracked when same amount of stress is applied [19]. In addition, a study by
Causserand et al. (2008) indicated that a small number of chain scissions have a significant impact on
the elongation and tensile strength at break point of the membrane material, in which for less than 2.8
% of chain scissions would resulted in a 80% loss in elongation at break point [20].

3.2.1. Effects of temperature, treatment time and concentrations

As shown in Figures 2 and 3, the nominal elongation was reduced following treatment with
chemicals. With a temperature elevation and longer treatment time, the changes became more
significant, particularly when using 0.2 M of chemicals. Referring to 30 minutes NaOCI treatment in
Figures 2(a) and 3(a), nominal elongation were reduced to around 73 % and 68 % following a
treatment at room temperature and 45 °C, respectively. A more remarkable reduction in nominal
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elongation, 67 % for membrane treated in room condition and 61 % at higher temperature were
measured once treatment time is extended as shown in Figures 2(b) and 3(b), respectively. Overall, the
higher alkaline concentration and higher temperature fasten the membrane degradation process.
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Figure 2. Nominal elongation for membrane treated at room temperature in different alkaline solution
concentration for (a) 30 minutes and (b) 180 minutes.
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Figure 3. Nominal elongation for membrane treated at 45 °C in different alkaline solution
concentration for (a) 30 minutes and (b) 180 minutes.

3.2.1. Effects of chemicals

It is evident that treatment with NaOCI has resulted in the most drastic effect on PVDF
membrane stability in terms mechanical properties, followed by NaOH and KOH. Direct contact with
these chemicals has caused the membrane to exhibit lower nominal elongation. Generally, in hotter
treatment solution, the membrane was constantly attacked by the chemical solution as further
reduction in nominal elongation was observed. Membrane degradation caused by NaOH and KOH is
mainly due to hydroxide ions attack on the polymer backbone. In comparison, the NaOCI treatment
towards PVDF membrane results in the most severe degradation and it could be explained by its high
oxidising properties. Two types of radicals formed from NaOCI were believed to accelerate the
membrane structural changes compared to only one type of hydroxide radical originated from
hydroxide solution. Further discussion of PVDF membrane degradation is explained in section 3.7.
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3.3. Surface area of membrane

Another important aspect to be analysed when examining material stability is to measure its
specific surface area. It is known that reaction regularly occurred at the surface of materials. Thus, any
modifications upon treatment on the specific surface area are another essential characteristic to be
studied. The surface area is one of the major factors to determine the separation efficiency. The greater
surface area gives rise to higher gas/liquid or liquid/liquid contact area and thus results in a higher
absorption rate. In this work, a constant concentration of 0.2 M of each solution was employed for
membrane treatment. The BET surface area of untreated membrane is measured to be 4.22 m? g .

As depicted in Figure 4, all treated membranes were found to exhibit lower surface area than
the surface area of untreated membrane. The higher chemical concentration was observed to cause a
more severe reduction in the specific surface area. This reduction in surface area can be explained by
the alteration in the membrane pore size. To relate the surface area with pore size, the obtained
FESEM images indicated that all treated membranes exhibit larger pore sizes. Accordingly, it could be
presumed that the surface area of the membrane is inversely proportional to the pore size. This finding
provides fundamental knowledge on membrane separation process as it indicates the lesser contact
surface area once membrane in contact with alkaline solution. The reduction in membrane surface area
will therefore result in poor separation.
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Figure 4. BET surface area of membranes after chemical treatment.

3.3.1. Effects of chemicals

NaOCI treated membrane exhibits a sharp reduction in the surface area, followed by the
membrane exposed to NaOH and lastly KOH. Membranes immersed in NaOCI at both low and high
temperatures showed a reduction of more than half of the untreated membrane surface area. This
indicated that the oxidant treated membrane has undergone the most severe surface damage compared
to the other two chemicals. The overall trend obtained in this analysis is in a good agreement with the
other analysis.

3.4. DSC analysis

The untreated membrane has a melting temperature of 164.3 °C (referred as a vertical line in
the thermograms). The melting temperature of treated membranes was compared with this reference
line. This thermal analysis study was based on examining the fluctuation in melting point as it
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indicates the temperature at which the regions of crystalline polymer melt. Since crystal structure of
membrane plays the foremost role in affecting other properties as well, its thermal stability needs to be
investigated. For instance, in the treatment of flue gas with membrane contactor, the membrane is
exposed to a high temperature operation and thus its effects onto the membrane itself has become a
matter of concern.

3.4.1. Effect of temperature, treatment time and concentration

From Figure 5, there was no considerable changes in melting point following treatment at
room temperature. However, prolonged treatment duration and increment in treatment temperature has
resulted in a more significant difference as the curve shifted to the left side of the reference line,
corresponded to the reduced melting point. This trend is most notably demonstrated by NaOCI treated
membrane where its melting point decreased to 161.22 °C and 161.06 °C after treatment with 0.01 M
and 0.2 M, respectively. This signifies that the declination in melting point of PVDF membrane was
greatly influenced by the harsh environment (i.e. high concentration and high temperature). The good
thermal stability of PVDF is due to strong C-F bonds and high electronegativity of F atoms, leading to
the formation of highly stable fluoropolymers compared to hydrocarbon polymers [21].
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Figure 5. DSC thermograms of membranes treated in () 0.01 M at 25 °C, (b) 0.01 M at 45 °C, (c) 0.2
M at 25 °C and (d) 0.2 M at 45 °C; solid line and dashed line for 30 and180 minutes, respectively.

3.4.2 Effect of chemicals

Overall, the NaOCI treated membranes demonstrated the noteworthy changes in melting point.
In comparison, the membranes treated in NaOH and KOH exhibit minor changes in their melting
point. This finding showed that NaOCI (oxidizing agent) acts more vigorously than NaOH and KOH
(base solutions) in attacking the crystal structure of the membrane, resulting in a more severe
degradation. Besides, modification of thermal properties of PVDF was linked to the
dehydrofluorination process [3, 22]. Details on the degradation mechanism is discussed in Section 3.7.
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3.5. Membrane surface analysis

The changes in the membrane surface chemistry were detected using Fourier transform
infrared (FTIR). PVDF characteristic bands are typically observed at 761, 795, 872, 973, 1067 and
1180 cm* ascribed to a-phase while 1276 and 1403 cm ™ ascribed to B-phase [18]. In addition, band at
839 cm™! is corresponds to the amorphous phase of polymer [23]. PVDF membrane employed in this
study is consisting mainly a-phase. Figures 6 and 7 demonstrate the spectra for untreated and treated
membrane by 0.2 M of solutions at room temperature for 3 hours.

3.5.1. Spectra analysis (finger print region)

From Figure 6, the peak of 722 cm ™ is disappeared after treatments while the peaks of 1337
cm * started to appear very weakly after membrane treatments. A small peak at 722 cm™ assigned to
the CH, rocking which occurred when there are at least four —CH,— groups in a chain [24]. Since this
band was disappeared in the spectra of treated membranes, it indicates that CH, groups in a chain were
reduced. In other words, the polymer chain scissions take place, thus the initial long polymer chain has
been “cut” into shorter chain with the CH, group of less than four. Therefore, it further assures the
explanation suggested for deterioration in mechanical properties caused by polymer scission. For the
very weak bands at 1338 cm*, it can be attributed by the polymer chain defects, caused by head to
head and tail to tail linkages [25].

— Untreated —— NaOH KOH —MNa0cCl

Transmittan ce
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Figure 6. ATR-FTIR spectra from 650 to 1500 cm ™.
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3.5.1. Spectra analysis (double and triple bond region)

The occurrence of dehydrofluorination process can be determined from FTIR spectra at the
peaks of 1650cm™, ascribed to C=C double bond and 1700-1800 cm™, ascribed to C=O carbonyl
bond. As depicted in Figure 7, both of these bands are however not clearly detected. This could be due
to the presence of atmospheric water vapour in the path of infrared beam from source to detector. It
tends to mask some of the spectra absorbance. Additionally, according to Ross et al. (2000), C=C
double bond is not active in infrared but Raman active [9]. Therefore, to mitigate this problem, the
membrane should be vacuum dried prior to the analysis to remove any interference of water vapour.
Analysis by FT-Raman is also recommended to verify the formation of C=C double bonds. This is
crucial to identify whether dehydrofluorination process would occur under mild treatment conditions
(i.e. low temperature, low concentration and shorter time). In this particular study, the absence of those
peaks could be caused by the mild treatment conditions without temperature elevation. On the other
hand, there is a small peak at 2357 cm * that appears following KOH and NaOCI treatment. According
to Feng et al., this band is assigned to the strength vibration of C=C triple bond [26]. The obtained
spectra indicated that the membrane surface chemistry did not change considerably. Nevertheless, it is
worth to note that the degradation on PVDF membrane could not only occur on the surface but also in
the inner layer as well.

— Untreated — NaOH EOH ——Nal0Cl
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Figure 7. ATR-FTIR spectra from 1500 to 4000 cm ™.

3.6. Water flux and contact angle measurement

The increment in water flux is determined by the difference between the flux of untreated
PVDF membrane and the flux of the treated membranes. As can be seen in Figure 8 and 9, the pure
water flux becomes higher subsequent to chemical treatment. The measured contact angle for
untreated PVDF membrane was 103.10 £+ 1.76 ° and it was found that all treated membranes exhibit
lower contact angle values. This finding indicated the membrane has become less hydrophobic
following the exposure to chemicals. It can be observed that the lower the contact angle, the higher the
flux increment.
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Figure 8. Flux increment and contact angle for membrane treated for 3 hours at different temperature
in (2) 0.01 M and (b) 0.2 M alkaline solution concentration.

3.6.1. Effect of temperature, treatment time and concentrations

In general, it is shown that temperature elevation and treatment time extension has resulted in
a higher flux increment for the treated membranes. However, by comparing the membranes treated in
different concentration of alkaline solution, there is a clear variation between the low and high
concentration treatment. For membrane treated at different temperature with any of the 0.01 M of
alkaline solution, only a slight difference in flux increment was measured. A similar trend was
observed for a prolong treatment time at room temperature where results showed that the membranes
treated at constant concentrations exhibit small flux increment. Nevertheless, when using a higher
concentration, an obvious flux increment was measured, particularly at higher treatment temperature.
This indicates that concentration is a dominant factor for the alteration in membrane water flux
compared to temperature and time. In addition, these findings were crucial as it reveals that PVDF
membranes were started to be attacked by hydroxide ions even at mild condition.
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Figure 9. Flux increment and contact angle for membrane treated at room temperature for different
treatment time in (a) 0.01 M and (b) 0.2 M alkaline solution concentration.
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3.6.2. Effect of chemicals

Generally, it can be observed that among the three chemicals used, KOH results in the lowest
flux increment, followed by NaOH and NaOCI. Compared to membranes soaked in the strong alkaline
solutions of NaOH or KOH, membrane treated in NaOCI (a strong oxidant) showed the highest flux
increment. Flux increment could be attributable to not only because of pore enlargement, but it might
as well caused by the increased membrane hydrophilicity, as shown by the reduced contact angle
values [14, 15, 26]. NaOCI treated membrane exhibit highest increment in flux, which could be
explained by its high oxidizing ability that cause a PVDF membrane to be more hydrophilic, hence
give rise to a better flux permeability.

3.7. Assessment of PVDF degradation

It is reported that the changes in PVDF membrane properties following the exposure to
chemical is attributable to the dehydrofluorination process [18]. To date, there are several works that
have been done to study the degradation mechanism of PVDF caused by the alkaline treatment [9-12].
One of the possible mechanism is proposed by Ross et al. (2000), as depicted in Figure 10.
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Figure 10. Degradation mechanism of PVDF.
On the other hand, the PVDF degradation by NaOCI was alleged to be attributable to the existence of
radicals and its high oxidizing properties. Hypochlorite form different types of radicals and the
proposed mechanism by earlier work [27] is as follows:

HCIO + Cl0~ > ClO" + CI~ + OH’ 1)
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OH' + Cl0~ - ClO 4+ OH™ )
Cl' + Cl0™ 4+ OH™ - 2CI” 4+ 0, + OH’ (3)

The overall reaction:
2HCIO — 20H" + Cl, (4)

The formation of radicals (OH- and CIO-) was believed to cause more severe degradation on PVDF
membrane compared to NaOH and KOH, in which the hydroxide ion (OH"), a very nucleophilic anion
attacks polar bonds in inorganic and organic materials [3].

4. Conclusion

The stability of PVDF membrane in alkaline environment has been investigated. Effects of
different chemicals on the intrinsic properties of PVDF membrane were investigated and studied.
PVDF membranes treated using three different chemicals, KOH, NaOH and NaOCI were
characterised using several analytical methods. In general, the findings showed that the exposure to
chemical cause a number of changes in membrane characteristics. All treated membranes exhibit
increment in pore size, reduced mechanical properties, alterations in surface chemistry and a slight
reduction in melting temperature. The most intriguing fact is that PVDF membrane properties were
affected even for a short time chemical exposure using low concentration of chemicals. As a whole,
NaOCI is determined to cause the most detrimental effects towards PVDF membrane, followed by
NaOH and KOH.
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