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In this investigation, polyvinylidene fluoride membranes were resulted by a phase inversion tech-
nigue with polyvinylpyrrolidone (PVP) as an agent to form pores, as well as n-methyl pyrrolidone as
a solvent. In addition, the effect of PVP concentration {1-4%) was investigated to prepare mem-
branes with better membrane antifouling performance and characteristics. Furthermore, functional
groups, morphological structures, and membrane porosity were analysed by Fourier transform infra-
red spectroscopy (FTIR), scanning electron microscopy (SEM), and membrane porosity calculation.
The surface SEM images revealed that the size of the modified membrane pores increased. The
increase of the PVP concentration added, resulted in the number of modified membrane pores. FTIR
spectra confirmed that PVP functional groups were dispersed in the PVDF membrane matrix.
Optimum pure water permeability (PWP) of 60 Lim2-h-bar) was achieved using 3% PVP, resulting
in a humic acid rejection percentage of 80% and a water flux recovery ratio (FRR) of 85%. These
[findings indicate that the utilization of PVP as a pre-forming agent resulted in higher PWP, lower
humic acid rejection, and good antifouling properties.

Keywords: antifouling, porosity, polyvinylidene fluoride, polyvinylpyrrolidone, pure water
permeability.

INTRODUCTION

Currently, the increasing population demands the need for clean water. Usually, humans
use sea water (1), well water, as well as other surface water sources to meet their water
needs. However, the water quality still does not meet the health quality standards because
of the presence of organic matter (e.g., humic acid) and other dissolved solids (2). So far,
conventional methods (e.g., coagulation, sedimentation, and filtration) have been used for
water treatment; however, the organic matter content of processed water is still above the
quality standard required by the Ministry of Health. In addition, the use of large amounts of
coagulant in conventional processes, apart from being expensive, also has a negative con-
sequence on the environment. Membrane filtration is one of the clean water treatment tech-
nology that is superior in terms of the quality of the water produced. Membrane technology
1s a promising separation method to solve clean water problems because of the advantages
of membrane technology, including low energy consumption, operation with the minimal
use of chemicals, ease of use, and environmentally friendly and simple process methods (3).

Various polymeric materials have been utilized to manufacture membranes. Among
them, polyvinylidene fluoride (PVDF) has been commonly utilized as an ultrafiltration
membrane because of its advantages, such as good chemical resistance, good thermal qua-
lity, high organic selectivity, good membrane forming and mechanical characteristics (4).

* Corresponding author: Mirna Rahmah LUBIS, Universitas Syiah Kuala, Chemical Engineering Department,
Banda Aceh, 23111, Indonesia, e-mail mirna@che unsyiah.ac.id
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There have been many applications of PVDF membranes for ultrafiltration and micro-
filtration processes. Cwrently, exploration is being carried out for the contactor membrane
and distillation membrane processes because of their hydrophobic nature. PVDF is soluble
in polar compounds, such as dimethyl sulfoxide and n-methyl-pymolidone because of the
polar nature of the arrangement of the CH, and CF> groups. These polar solvents are ideal
for the manufacture of PVDF membranes through the phase inversion technique.

However, PVDF is limited because it easily gets dirty because of its hydrophobic nature
and is difficult to clean (5). PVDF membrane is hydrophobic so it is not resistant to fouling
In water treatment processes containing organic matter and protein. Proteins have a tenden-
cy to be very easily adsorbed on the membrane layer or clog the surface pores, reducing the
permeability and performance of the separation process in general, reducing the service life
of the membrane which will immediately lead to an increase in operating costs for mem-
brane module replacement and maintenance. Fouling causes solutes accumulate on the
membrane layer (6), thereby reducing the work performance (i.e., selectivity and flux) of
the membrane. Thus, membrane modification is very significant to improve the hydrophi-
licity (7) of the PVDF membrane. Efforts have been focused on obtaining antifouling and
hydrophilicity behaviour through membrane modification in the manufacturing process.
Modifications can be done by mixing the polymer with a third compound, namely polymer
blending (), chemical grafting (9), and surface modification (10).

Polymers blending is often used for membrane modification. The mixing of additives
into the polymer matrix during membrane formation can prevent fouling (11). The addition
of additives can change the characteristics of the membrane top layer (12), pore size, hydro-
philicity, thickness, and membrane structure, such as porosity (13), which is beneficial for
modifying the membrane properties through the aid of pore formation and the hydrophilic
properties of the membrane (14). Many materials can be used as additives, such as
Mg(OH)z, chitosan, Pluronic F127, Tetronic 1307, graphene oxide (GO), and polyvinylpyr-
rolidone (PVP). Mg(OH), is able to increase the polyethersulfone (PES) membrane hydro-
philicity by reducing the water contact angle of pure PES membranes from 84.2° to 68° af-
ter membrane modification (15). The membrane modified with Mg(OH), gave a permea-
bility coefficient of 8.236 L/m*-h-bar, while the membrane modified with chitosan yielded
a value of 6.237 L/m?-h-bar (16). The PES membrane modified with the addition of 5%
chitosan has the rejection percentage value of 73.84% and the largest permeability coeffici-
ent value of 37.02 L/m?-h-bar (17).

Ultra-filtration studies proved that PES-PVP membrane exhibited the most significant
behaviour compared to the Pluronic F127 and Tetronic 1307 additives (18). GO and PVP
enhance the antifouling characteristics of PYDF membranes because of their hydrophilicity
(19). Graphene oxide nanoribbons and PVP showed a synergistic effect in controlling mem-
brane properties (20). Usually, PVP is used as an additive, and it can serve as a pore-for-
ming agent. PVP is a hydrophilic polymer, which can increase the membrane hydrophilici-
ty. The use of PVP in the matrix of the membrane was reported to increase the permeation
flux and prevent fouling (21). Figure 1 shows the structural formulas for PVDF and PVP.
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Figure 1. Chemical structure of (a) PVDF and (b) PVP

It was confirmed that various membrane solutions affect the morphology of the mem-
brane, such as macrovoids, support layers, and skin layers (22). The incorporation of hydro-
philic polymers in the polymer matrix exerts an important effect on the membrane proper-
ties. In the asymmetrical structure, PVP leaching during membrane operation can occur
because of its relatively high solubility, especially in the phase inversion technique. This is
the main disadvantage of using PVP as antifouling agent. Several methods, such as grafting
or the use of PVP copolymers have been applied to overcome this problem. Industrial hol-
low membranes were fabricated using amphiphilic diblock copolymers, such as polyme-
thyl-methacrylate, because they lasted longer than PVP under repeated washing (23). How-
ever, compared to PVP with small molecular weight (40 kg/mol), more PVP with large mo-
lecular weight (360 kg/mol) remained in the asymmetric structure because of their heavier
welght as well as associated denser membrane morphology (24). Therefore, in this study,
the utilization of PVP with a large molecular weight was carried out. Previous studies inve-
stigated membranes made of various combinations of polymers, additives, solvents, and
non-solvents, such as PVDF-PVP-dimethylacetamide (DMAc)-deionized water (DI) (25),
PVDF-PVP/TiO»-DMAc-water (26), PVDF-TiO2/PEG-DMAc-water (27), PVDF-PVP/GO-
dimethyl-formamide-DI (20), and PVDF-PVP/GO-n-methyl-pyrrolidone (NMP)-DI (28).

In this investigation, the membrane was modified by mixing PVP with PVDF membra-
ne utilizing NMP solvent and distilled water as non-solvent to improve antifouling charac-
teristics and humic acid rejection behaviour. The combination of the PVDF-PVP-NMP-dis-
tilled water forming a planar membrane becomes the originality of the work. Morphological
structures, functional groups, and membrane porosity were analysed by scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), and membrane poro-
sity assays, respectively (29). The behaviour of the membrane was determined to obtain
pure water permeability (PWP), antifouling properties by calculating the membrane water
flux recovery ratio (FRR), and humic acid rejection. These results will be compared with
the findings of the PES membrane filtration test with the similar treatment. The PES test
results showed the permeability of the N-0.5 and D-0.5 membranes was 41.5 L/m’-h-atm
and 47.5 L/m?-h-atm with higher antifouling performance in the modified membrane com-
pared to unmodified membrane (30).
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EXPERIMENTAL
MATERIALS

PVDF (Solvay Specialty Polymer, USA) with molecular weight 380 kg/mol was utili-
zed as the main compound for the manufacture of membranes. PVP-K30 (Sigma, Germany)
was used as an additive. NMP (Merck, Germany) was utilized as a solvent. Humic acid
(Sigma Aldrich, Germany) was utilized as a water contaminant sample, and distilled water
as a non-solvent was utilized in membrane filtration. A glass plate (support medium) and
applicator were used to print the membrane, and the ultrafiltration module was used to
check the membrane characteristic and other laboratory analyses.

FABRICATION
The PVDF polymer was dissolved at a concentration of 17% by weight in NMP solu-
tion at 60 °C and PVP in the amount of 1%, 2%, 3%, and 4% by weight of the total dope
solution. Furthermore, the dope solution was stirred at room temperature (25 °C) using a

magnetic stirrer until the solution dissolved homogeneously.

Table 1. Various dope solutions for PVDF membrane

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

P-0 17 0 83
P-1 17 2 81
P-3 17 3 80
P-4 17 4 79

Homogeneous dope solution was printed by pouring it on a casting apparatus (glass
plate), then it was allowed to cover the top surface of the flat plate at a temperature of 24 °C
utilizing a casting knife until a thickness of 300 pm was obtained. These flat plates were
soaked in a bath filled with distilled water. Furthermore, this membrane was allowed to
stand at 60 °C distilled water before being used for membrane characterization and filtra-
tion tests. Table 1 displays the complete contents of the membrane dope solution.

MEMBRANE CHARACTERIZATION

The membrane was characterized by analysing the membrane morphology of cross
section with SEM at a temperature of -100 °C, analysing the composition of the membrane
functional group using FTIR, where the data was recorded in % transmittance in the spec-
tral range of 5004000 ¢cm™'. The membrane porosity measurement was carried out using
the gravimetric method, namely by measuring the mass of the membrane in wet and dry
conditions. Equation 1 could be used to determine the membrane porosity (31).

£= (0 - 0)/(p x A x 1) x 100% [
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ULTRAFILTRATION MEMBRANE PERFORMANCE

The membrane filtration performance was tested with an ultrafiltration module using a
dead-end flow type (32). The membrane performance that was reviewed was the permeabi-
lity and selectivity (rejection) of humic acid. Permeability indicated the ability of the mem-
brane to filter pure water at room temperature (25 °C) and membrane operating pressure.
The pure water permeability was calculated at room temperature by determining the tangent
to the flux curve at operating pressure. Equation 2 was used to determine the membrane
permeability coefficient (30).

L,=J/Ap 2]

where Lp was the coefficient of permeability of pure water (L/(m*-h-bar)), J was the flux
(L/(m?*h)), while Ap was the pressure drop (bar).

For the membrane selectivity test, humic acid rejection was examined using a 50 ppm
humic acid solution at 25 °C. Equation 3 was utilized to determine the humic acid rejection
coefficient (R) (30).

R (%) =(1-CyCy x 100% 3]

where R was the rejection percentage, Crand C, were the humic acid concentrations in the
feed as well as permeate, respectively.

Furthermore, the antifouling properties were analysed with a dead-end ultrafiltration
module using distilled water feed as well as humic acid as a contaminant model for a natu-
ral organic compound. The experiment was carried out by flowing distilled water through
the membrane to get stable flux data. The pure water flux (J,,;) was checked for one hour at
a pressure of 1 bar. Furthermore, the study was resumed again by flowing 50 ppm humic
acid solution. The humic acid flux (Jy4) was operated at the same conditions as the pure
water flux measurement. The filtered humic acid was collected, then analysed for its con-
centration with a UV-Vis Spectrophotometer. Then, the membrane cleaning procedure is
carried out with the backwash technique, where the dirty membrane is placed upside down
on the membrane module, while distilled water is flowed at a pressure of 0.1 bar for 20
minutes. Then, the membrane is turned over again, and placed in its original place. The
mmvestigation of filtration with distilled water was repeated to result in pure water flux after
backwashing (J,2); all the investigations were carried out at 25 °C. The results from this
whole series of investigation were utilized to test the total water flux recoverable after
backwashing, which is known as FRR. FRR can be used as an indication that the membrane
had resistance to fouling to be cleaned during backwash. FRR can determined with Equa-
tion 4 (30).

FRR (%) = (Jua/Tu1) % 100 [4]

where J,,; and J,.» were pure water fluxes before as well as after backwash, respectively.
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RESULTS AND DISCUSSION
FUNCTIONAL GROUP ANALYSIS

FTIR spectroscopy is an apparatus that is widely utilized to analyse the functional
groups of sample surfaces as a result of molecular interactions observed as the transmit-
tance or absorbance of infra-red (IR) rays accepted by the sample. The IR spectra of modi-
fied and unmodified PVDF membranes can be observed in Figure 2. FTIR investigation
was utilized to explain the changes in membrane chemical group when PVP was used as an
additive. In Figure 2, it can be seen that the FTIR spectrum of PO, P1, P2, P3, and P4 show
the transformation of the chemical structure.
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Figure 2. FTIR spectra for various membranes

For the PVDF transmission spectrum, the most specific peaks can be seen at wave-
lengths of 3030 cm' as well as 2980 c¢cm! that show asymmetric and symmetrical vibrations
for C-H bonds. Other specific PVDF peaks are indicated by the available peaks at wave
numbers 841, 879, 1180, and 1403 ¢m™ to indicate the C-F stretching vibrations, C-C-C
asymmetric stretching vibration, C-H band, and CH: wobble vibration (33).

The new absorption peak was more prominent in the infrared spectrum at 1678 cm™' on
the PVP-modified PVDF membrane, whereas the rest of the spectra remained the same.
This spectrum represents the major amine group strain of PVP. The same finding has also
been reported by previous researchers (34). This shows that PVP is trapped in the PVDF
membrane matrix, and is integrated with the polymer structure. PVP provides more hydro-
philicity to PVDF membrane layers, as in PES membranes (35). Furthermore, the literature
findings report that interactions can occur between sulfone groups (PES) and pyrrolidone
groups (PVP), or between PES aromatic ring and side cyclic groups (PVP) through the
study of the viscoelastic behaviour of these polymer blends (36). The PVP molecules are
trapped in the matrix thereby ensuring that the PVP remains on the matrix (37) and the

16
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PVDF membrane surface, even after soaking the PVDF membrane with excess water.
However, the leaching of PVP after immersion in water for eight hours needs to be further
investigated by FTIR to identify the remaining PVP in the membrane related to the amount
of PVP added or its molecular weight. High molecular weight PVP has stronger affinity
and longer main chain, so it can remain in the membrane (24).

MORPHOLOGICAL STRUCTURE

The analysis of the morphological structure of the membrane was carried out using
SEM with the aim of seeing the changes in the membrane morphology that occurred on the
membrane surface before and after being modified with the addition of PVP additives (Fi-
gure 3). The PO membrane looks dense, where the presence of pores looks smaller and
denser than those of the P3 membrane. In this membrane, the appearance of the pores
scattered on the surface of this membrane is clearly visible. This indicates that the PVP
additive functions as an agent to form pores on the PYDF membrane. These pores are for-
med because the addition of PVP can accelerate the water penetration rate through this
membrane. A similar finding was also reported (38) that at a low concentration of 2% PVP,
an even distribution of pores was generated on the membrane surface.

(c) (d)

Figure 3. Morphology of cross-section: (a) PO membrane; (b) P3 membrane; and surface
morphology: (¢) PO membrane; (d) P3 membrane
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MEMBRANE POROSITY

The effect of adding PVP on the membrane pores was also carried out by evaluating the
porosity of the resulting membrane. All membrane porosities are displayed in Figure 4. In
general, the membranes modified with the addition of PVP (P1, P2, P3, and P4) had higher
porosity than the unmodified PYDF membrane (PO membrane). Based on Figure 4, the rise
of the concentration of PVP added to the PVDF membrane has an effect on increasing the
membrane porosity. The P3 membrane has the highest porosity value, which i1s 35%.

This 1s also supported by the results of SEM photo analysis (Figure 3) that shows an
imcrease of the number as well as the pore size of P3 membranes more than PO membrane.
Previous studies proved that increasing the PVP concentration was able to increase the po-
rosity and macrovoids in the internal membrane. However, the presence of PVP additive at
a concentration of 4% resulted in a decrease in porosity. This is because the addition of an
additive concentration that is too high (4%) allows the viscosity of the solution to increase
considerably, thereby delaying the phase separation process because it interferes with the
formation of pores (39).

40

Porosity (%)

PO P1 P2 P3 P4
Membrane Code

Figure 4. Porosity in various membranes
PURE WATER PERMEABILITY
Two important membrane performance parameters are water permeability and solute
rejection or the ability to repel particles in a given compound. Water permeability indicates

the volume of water (litres) filtered by the membrane surface per unit surface area (m?) of
the membrane, per filtration time (h), and operating pressure (bar).

18
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Based on Figure 5, it can be ascertained that the modified membrane in the presence of
PVP has a higher PWP value than the membrane without modification (P0). Because of its
non-porous and hydrophobic morphology, the PO membrane only produced a PWP of 3.1
L/m*-h-bar, then with the addition of 3% PVP additive, the PWP increased up to 20 times
to 60 L/m*-h-bar. This phenomenon is relevant to changes in the membrane morphology
structure that can be observed in SEM image.

The cross section in the membrane surface with the addition of 3% PVP (P3) has more
pores than the pure membrane (P0) which is confirmed in Figure 3. The presence of mem-
brane pores distributed in the membrane layer makes it easier for water to pass through the
membrane, which results in increased water permeability. Furthermore, the presence of
PVP in the membrane hydrophilic layer allows the membrane to interact better with water.
The permeability of pure water is strongly influenced by the membrane morphology and
characteristics, especially those related to the nature of the pores. However, the addition of
PVP (P4) reduces the permeability of pure water because of the increase in polymer con-
centration making the structure denser (39).

‘h-bar))
&

5

PWP {L/{m
S
L

PO P2
Membrane Code

Figure 5. Pure water permeability (PWP) on various types of membranes

Although an increase in the number of pores have and size an effect on increasing the
PWP of the membrane, it has a less favourable impact on the membrane selectivity or
repulsion performance. As exhibited in Figure 6, the unmodified PVDF membrane had the
highest rejection value, while all the modified membranes yielded a slightly lower rejection
percentage than the pure PVDF membrane (PO0).

This is because the pores in the membrane layer will allow some percent of the humic
acid particles to enter the permeate (36). The rejection value for PO, P1, P2, and P3 were
83%, 82%, 81%, and 80%, respectively, with one exception being the last sample (81%) of
P4 membrane. The trend is assumed to be the combined effect of hydrophobic interaction
and size between the membrane and humic acid during filtration, which causes the repul-
sion of humic acid by the membrane. The P4 membrane had smaller pores on its active
surface, which might trap humic acid significantly more than the other prepared PO-P3.

19
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Figure 6. Rejection in different types of membranes
ANTIFOULING PERFORMANCE

The antifouling tendency of the fabricated membrane, as another important assessment
of the resulting membrane, was analysed by permeating pure water again after back-
flushing. The data are presented in the form of FRR that is a significant sign of the mem-
brane’s ability to restore permeation performance after backwashing (40).

Fouling treatment 1s generally carried out through membrane washing, and the effecti-
veness of this washing indicates the antifouling properties of the membrane, which is seen
from the large amount of water flux that can be recovered from the initial flux after the
washing process, which is known as water FRR. The high FRR percentage value indicates
that the water flux value after washing is getting closer to the water flux value before
washing, which means that not much water flux is lost because of fouling. This means that
the formed fouling can be cleaned effectively by washing (the membrane has good anti-
fouling) (41). The results of the antifouling evaluation for the modified membrane in this
mmvestigation are indicated in Figure 7.

Figure 7 displays the results of the FRR test on the resulting membrane. The results
show an increase in the resulting FRR in the modified membrane. In Figure 7, it is able to
be identified that the FRR value on the PO membrane has the lowest FRR value compared
to the modified membrane. The PO membrane has a surface characteristic that is hydro-
phobic so that the hydrophobic humic acid particles easily bind to the membrane layer. Asa
result of this strong hydrophobic-hydrophobic interaction between the humic acid particles
and the membrane surface, the formed impurities cannot be removed easily even after
backwashing (42).

The FRR values of the PO, P1, P2, P3, and P4 membranes were 10%, 35%, 67%, 85%,
and 75%, respectively. These data indicate that these modified membranes have a higher
FRR wvalues than that the unmodified membrane, where the highest FRR value is obtained
on the P3 membrane. In general, higher FRR indicates the high antifouling characteristic of
the membrane. These findings indicate that modification of PVDF membrane with PVP
additives can improve the antifouling characteristic of the PYDF membrane.

20
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Figure 7. FRR of water on several types of membranes

CONCLUSION

Modification of the PVDF membrane using PVP additives has been successfully carried
out using the polymer blending method made with the phase mversion technique. The data
showed that PVP modified the morphological structure of the membrane as displayed by
the results of the SEM analysis. In addition, chemical interactions occur on the modified
membrane as shown by FTIR analysis. Membranes with the addition of PVP additives can
increase membrane permeability. The best performance was obtained on the modified
membranes with the addition of 3% PVP with an increase in permeability of about 10 times
compared to the unmodified PVDF membrane of 60 L/m?-h-bar, with humic acid rejection
of 80%, and water FRR of 85%. These findings suggest that PVP acts as a pore-forming
agent resulting in higher PWP, lower humic acid rejection, and good antifouling properties.
However, greater modifications are needed to improve the behaviour of the resulting mem-
branes, especially when chemical cleaning is used for PVDF/PVP ultrafiltration.
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