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Abstract: The oil and gas industry and related applications generate large quantities of oily wastewa­
ter, which can adversely affect the environment and human health if not properly handled. This study 
aims to prepare polyvinylidene fluoride (PVDF) membranes incorporated with polyvinylpyrrolidone 
(PVP) additives and utilize them to treat oily wastewater through the ultrafiltration (UF) process. 
Flat sheet membranes were prepared using PVDF dissolved in N,N-dimethylacetamide, followed 
by the addition of PVP ranging from 0.5 to 35 g. Characterization by scanning electron microscopy 
(SEM), water contact angle, Fourier transform infrared spectroscopy (FTIR), and mechanical strength 
tests were performed on the flat PVDF/PVP membranes to understand and compare the changes 
in the physical and chemical properties of the membranes. Prior to the UF process, oily wastewater 
was treated by a coagulation-flocculation process through a jar tester using polyaluminum chloride 
(PAC) as a coagulant. Based on the characterization of the membrane, the addition of PVP improves 
the physical and chemical properties of the membrane. The membrane's pore size becomes larger, 
which can increase its permeability and flux. In general, the addition of PVP to the PVDF membrane 
can increase the porosity and decrease the water contact angle, thereby increasing the membrane's 
hydrophilicity. With respect to filtration performance, the wastewater flux of the resultant mem­
brane increases with increasing PVP content, but the rejections for TSS, turbidity, TDS, and COD 
are reduced.

Keywords: hydrophylicity; oily wastewater treatment; porosity; PVDF; PVP; UF

1. Introduction

The oil and gas industry and related applications generate large quantities of oily 
w astew ater, adversely  affecting the environm ent and hum an health if not properly han­
d led . O ily  w astew ater m u st be treated appropriately  before being discharged into the 
environm ent. Various m ethods exist to treat oily  w astew ater, including gravity settling, 
hydrocyclones, air flotation, m edia filtration, and m em brane separation [1]. M eanw hile, 
absorbent m aterials, such as porous polycarbonate m onoliths and polyethylene/M X ene 
aerogel, are considered excellent candidates for oil spills because of their highly  efficient 
and pollution-free oil/w ater separation capacities [2 ,3 ]. M em brane filtration processes 
are often chosen for econom ic and environm ental reasons for oily  w astew ater treatm ent. 
H ow ever, m em branes have draw backs regarding their short lifespan due to m em brane 
fouling [4,5 ]. N anofiltration and reverse osm osis m em branes can rem ove ions, salinity, 
and m acrom olecules from  w ater bu t are very susceptible to contam ination. Therefore, 
a pretreatm ent process is typically  conducted in u ltrafiltration (U F), w hich  can rem ove 
im purities that cause fouling on the nanofiltration m em brane and reverse osm osis. O ther
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com bined processes that are also adopted to m inim ize this fouling problem  in w astew ater 
treatm ent are coagulation and m em brane filtration [6,7].

Various types of m em brane m aterials have been  used in m any separation processes. 
Polym er-based m em branes are currently very often used for several m em brane purposes, 
including microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis 
(RO) [8 ]. A m ong the polym eric m aterials available, such as polysulfone (PSF), polypropy­
lene (PP), polytetrafluoroethylene (PTFE), polyethylene (PE), and polyvinylidene fluoride 
(PVD F) [9,10], PVD F m em branes are w idely  used to m ake U F and M F m em branes for 
w astew ater treatm ent because they have excellent m echanical, physical, and chem ical 
stability, as w ell as excellent therm al stability [11]. A lthough PTFE has the sam e structure 
and advantages as PVDF, it has a higher density. In contrast, PVDF has a low density and 
higher porosity, generally  indicating higher w ater flux [12]. In addition to being able to 
separate organic matter, including carbohydrates, proteins, and fats, PVDF m embranes also 
have high oxidant tolerance, great m echanical strength, and excellent resistance to fouling. 
In  addition, m any com m on organic solvents can be used to dissolve it. These include N- 
dim ethylacetam ide (DM Ac), tetraethyl phosphate (TEP), N -m ethyl-2-pyrrolidone (NMP), 
and dim ethylform am ide (DMF) [13,14]. Furtherm ore, PVD F has com patibility w ith other 
polym ers, such as polyvinylpyrrolidone (PVP), in various m ixed com positions, w hich is 
very useful in preparing m em branes according to the desired criteria [15].

The im m ersion-phase precipitation technique is m ost w idely  applied to m em brane 
preparations w here the base, solvent, and non-solvent m aterials are prim arily  required. 
H ow ever, the com bination of PVD F w ith  D M A c produced a m ore p otent solvent than 
other solvents. D M A c is a versatile solvent because of its high boiling  point and good 
therm al and chemical stability, thus giving good m em brane properties in terms of porosity, 
m echanical properties, and pure w ater flux [16]. A dditives such as PVP can increase 
the surface hydrophilicity  of the PVD F m em brane. Based on several studies, PV P can 
increase the porosity o f PVD F m em branes and the am ount of pure w ater flux. PVP is 
also a non-toxic substance w ith good solubility in w ater and solvents, m aking it a suitable 
polym er additive.

In view of this, this study aims to prepare and characterize PVDF m embranes w ith PVP 
additives for the treatm ent of oily w astew ater com bined with the coagulation-flocculation 
process u sing poly alum inum  chloride (PAC) as a coagulant. PAC is w idely  used for 
w astew ater treatm ent [17]. Based on  a previous study on the PV D F/PV P m em brane 
for tofu  industrial w astew ater treatm ent [15], it is reported that upon addition of PVP, a 
m em brane w ith good structure, excellent m echanical properties, and high porosity could 
be produced, in  addition to increased surface hydrophilicity. M eanw hile, PAC has been 
successfully used in pretreatm ent for tofu and batik industrial w astew ater treatm ent [18].

2. Materials and Methods
2.1. M em brane Preparation

All chem icals used for m em brane preparation w ere analytical grade, and PVDF, PVP, 
and D M A C  w ere purchased from  Solvay C hem ical U SA , Sigm a-A ldrich  Indonesia, and 
M erck Indonesia, respectively. D eionized w ater and ethanol w ere obtained from D w inika 
Intan M andiri, Indonesia. The com position of the casting solution is shown in Table 1. The 
details of the flat sheet m em brane preparation procedure can be found elsew here [15].

Table 1. The main characteristics of oily wastewater.

Parameter Value

TSS (mg/L) 194 ±  3.3
Turbidity (NTU) 185 + 3.5
TDS (mg/L) 10,280 ±  681
COD (mg/L) 99,216 ±  7071
pH 7.1 ±  0.2
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2.2. M em brane Characterization

Several m ethods are applied to characterize changes in m em branes' physical and 
chemical properties, including scanning electron m icroscopy (SEM) analysis, Fourier trans­
form  infrared spectroscopy (FTIR), and m em brane tensile tests. The surface m orphology 
and cross-section of the mem branes, the m embrane surface's chemical composition, and the 
m em branes' m echanical strength w ere characterized using SEM , ZEISS Ultra 60, Therm o 
Scientific FTIR, Diam ond Nicolet IS 5, and Universal Testing M achine, UTM  10 kN, respec­
tively. M eanw hile, the w ater contact angle and m em brane porosity  w ere characterized 
using a digital cam era (Angle Meter) and the dry-wet mass method, respectively. Based on 
the dry-w et m ass m ethod, the m em brane porosity, e, can be calculated by  [19]:

m1 -  m2  ....

E =  ~~Apr~ (1)

w here m i, m2, A , p, and l are the w eights o f w et m em brane (g), dry m em brane (g), m em ­
brane surface area (cm2), liquid density (g/cm3), and membrane thickness (cm), respectively.

2.3. Pretreatm ent o f  Oily W astewater

O ily w astew ater used as feed for the U F process m u st have a specific particle size 
because it can cause fouling and damage to the m em brane. Therefore, it is necessary to do 
the pretreatm ent process through the coagulation-flocculation m ethod in the jar test. This 
study used 500 ppm  PAC for the coagulation-flocculation pretreatm ent [20]. The 500 ppm 
PAC dose w as selected based on a previous study, w hich  provided the optim um  dose in 
the tofu industrial w astew ater treatm ent process [5 ]. The coagulation-flocculation process 
w as conducted u sing a jar test w ith  fast stirring at 120 rpm  for 2  m in, follow ed by slow  
stirring at 40 rpm  for 10 m in. Furtherm ore, the sam ples w ere allow ed to stand for 30 m in 
before the oily  w ater em ulsion w aste w as filtered using filter paper and used as feed for 
the UF process. The m ain characteristics of the oily w astew ater are presented in Table 1.

2.4. Ultrafiltration Test

U ltrafiltration tests for oily  w astew ater w ere conducted using the Amicon® Stirred 
C ell U FSC 05001 at 3  bar. The param eters m easured for the resulting U F w ater are total 
suspended solids (TSS), total dissolved solids (TD S), turbidity, chem ical oxygen dem and 
(CO D), and pH . Turbidity and TSS w ere m easured using a C olorim eter D R/890, and pH 
and TD S w ere m easured using a H anna Com bo pH  meter. UF w ater flux and rem oval of 
oily w astew ater param eters are calculated using Equations (2) and (3), respectively [15]:

J  =  At  (2)A m

R =  Cin -  Cou  (3)
Cin

where J, Ql, A m, and P are w ater flux (L/m2.h), w ater perm eation rate (L/h), and membrane 
area (m2), respectively. M eanwhile, R, Cin, and Cout are rejection, inlet concentration (mg/L), 
and outlet concentration (m g/L), respectively.

3. Results and Discussion
3.1. M em brane Characterization

Figure 1 presents the FTIR results for pristine PVDF and PVDF/PVP m em branes with 
various PVP addition compositions. As shown, there is no peak in the PVDF (pristine) at a 
w avelength of 1670 cm - 1 . The peaks detected at w avenum bers of 876 cm -1  and 1270 cm -1  
indicate the C F2 strain and C H 2 bonds in the PVD F membrane. Very shallow valleys can be 
seen in other PVDF curves with various PVP additions at w avenum bers betw een 1631 and 
1680 cm - 1 , proving that PVP exists in  the com posite m em branes. This phenom enon indi-
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cates the stretching of the carbonyl bonds in PVP. The peak at PVDF/PVP 0.05 (M-05) was 
m inim al because the concentration of PVP added w as relatively low, nam ely PVD F/PVP 
14.95/0.05 (0.33 by w eight of PVDF). Generally, the functional groups indicating the pres­
ence of PVD F contene in  the m em brane are know n frnm  thee C H 2  sym m etric al and asym ­
m etric stretching viHrations at w avenum bers around 2960 cm -1  end 3022 cm -1  [2n]. C H 2  

deform ation stretching vibrations are present at w avenum bers l t 0 2  cm -1  and CF 2  stretch­
ing and bending vibratirns at w avenum bers 1174.5 cm -1  and 10W7 cm -1  [92]. M eanw hile, 
the functional groups indicating tine p resen ceo f PVP content an the m em brane are know n 
from  the wavenumtbers around 1665 cm -1  anW 560 o ^ 1. These tw o peaks correspond to 
C =O  and N -C =O  tn PVP, respectively. The w avenum ber aeound 3620 cm -1  indicates the 
presence of O -H , w hich suggests there cs ethanol bound to tine PVP [23].

Figure 1. FTIR spectra of the prepared membranes.

SEM  results for the m em brane surface are presented  in  Figure 2 , w hich  show s the 
d istribution of pores on the surface of the? m em brane in  each com p osition, and Figure 3 
for the cross-section im age. The memberane pores form ed are indicated b y  w hite spots 
that spread over almost: the? entire m em brane surface and are? not the sam e s:ize, indicating 
that the m em brane is asym m etric. It can He seen from  Figure 2 that the pore d iam rter in 
the P V D F / P V P 0.0t (M -05) m em brane is the sm allest, w ith  a sm ail pore distribution. In 
contrast, the largest 'was obtained w ith  an extensive d istribution of the pore diam eter in 
the PVD F/PVP0.35 (M -35) m em brane. M em branes w ith a higher am ount of PVP tend to 
have larger pore sizes than m em bianes prepared using a sm altes omount of PHP. It is duo 
to the role of PVP as at pore form er in  the phase inversion process of memHrane formation. 
Adding m ore PVP could develop m ore potee w ith a larger diameter. A nother cause ot the 
PVD F/PVP0.35 (M-35) m em brane heving a larger pore size is the Hecreaee in  the am ount 
of PVD F polym er betw oen the PVD F/PV P0.35 (M -35) m em brane and other m em branes. 
The reduced polym er content could offer m ore space for an exchange of solvents and 
non-solvents, form ing more pores.
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Figure 2. SEM images for pristine (a) M-05, (b) M-10, (c) M-15, (d) M-20, (e) M-25, (f) M-30, and 
(g) M-35 (h) membranes.
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Figure 3. Cross-section images for pristine (a) M-05, (b) Mi-10, (c) M-15, (d) Mi-20, (e) M-25, (if) M-30, 
(g) M-35 and (h) membranes.

Tw o-phase inversion m echanism s indicate the effects of adding additives on m em ­
brane structure and performance: the therm odynam ic effect and the kinetic effect. W ith its 
therm odynam ic effect, PVP can accelerate the change of solvent to non-solvent during; the 
m em brane coagulation process and increase the porosity of the m em brane. As show n in 
Figure 3, the m embrane thickness ranges from 50 to 97 ^m. However, the average pore size 
is sm aller. The average pore size of pure PV D F m em branes cannot be identified because 
the m em brane is dense, so the perm eate value per unit of time cannot be determ ined. The
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kinetic effect increases the viscosity  of the solution and causes tine diffusion of solvents 
and non-solventr to occur more; slowly. In this study, the therm odynam ic im pact o f PVP 
is generally more; dom inant than thee kinetic effect, resulting in  m em branes w ith  a higher 
am ount of PVP having larger pores an d m ore pores in totel.

Figure 4 show s the porosity  of the prepared m em branes. sncreasing the PVP can 
insreaee tho porosity of the m em brone because PVP is a pore-foem ing agent. In addition, 
adding PVP avoids a dense m em brane surface ond increases interpore penetration, w hich 
holps increese porosity. Figure e  also show s that t ° e  pristine PVD F m em brane lies the 
low es t porosity (~2 0%), bu t the value is reported to increase as the PVP content rises. For 
the M -35 m em brane, the porosity is found at ~49°/0.

Figure 4. The water contact angle and the porosity of different types of PVDF membranes.

The contact angle characterization results, as presented in Figure 4 , show  that the 
pristine m em brane has a w ater contact angle of 81 .5°, w hile M -05, M -10, M -15, M -20, 
M -25, M -30, and M -35 have w ater contact angles of 75°, 66 .7°, 67 .4°, 65 .4°, 61 .5°, 56.5°, 
and 58.8°, respectively. A ll the prepared m em branes had a w ater contact angle below  
90°, indicating that they all have hydrophilic properties. The higher the PVP com position 
in  the m em brane, the low er the contact angle, w hich  suggests that adding m ore PVP 
resulted in  a m ore hydrophilic m em brane surface. Sim ilar results have been  reported 
previously, where the addition of PVP nanoparticles to the PVDF m embrane can increase the 
hydrophilicity of the PVDF m em brane due to the superhydrophilic PVP m olecules, w hich 
affect the interaction betw een water m olecules and the m em brane surface [15]. Differences 
in  m em brane hydrophilicity  can also be caused by  differences in surface m orphology, 
w hich can depend on the phase inversion process.

The tensile strength of the m em brane, as shown in Figure 5, generally decreases w ith 
increasing PVP composition due to the expanded m embrane pores formed. With increasing 
PVP, the elastic deform ation of the m em brane decreases, so that the m em brane becom es 
m ore susceptible to sw elling [24] . The tendency of the elongation percentage at the break 
is not the sam e as the tensile strength of the m em brane. The decrease in  elongation at the 
break on M -05 and M -35 and the increase in elongation at the break on M -15, as presented 
in Figure 5, show that the elongation percentage at the break can be affected by the viscosity 
of the doping solution [25] .
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Figure 5. The tensile strength and the elongation at break of the PVDF/PVP membranes.

3.2. Oily W astewater 'Treatment

Figure 6 com pares the oily  w astew ater before and after PAC pretreatm ent and the 
m em brane process. Tjte difference in turbidity can be very significant before and after the 
pretreatment and mem brane processes. After pretreatm ent an d tide mem brane process, the 
color of the oil y w astew ater w as m ore transparent. A  com parison of tide characteristics 
of e ily w astew ater Idefore and after tide pretreatm ent process is show n in Table 2 . T he 
ce agulatien -flh ccu latihn process using a ja r  test w as aMe to rem ove C O D , TSS, and TDS 
and reduce tide turbidiity in an oily  w astew ater em ulsion. Tiny particles are first desta­
bilized  by elim inating the colloids, ieading to m ore extensive and heavier flocs form ing. 
A  stirring begins at a low  speed in the coagu lation-floccu lation  process, w hich  helps 
shorten the distance between the particles so that the attractive forces betw cen the particles 
becom e larger and m ore ctom inant than the repulsive forces, resulting in m ore frequent 
contacl: and colhsions betw een the particled. It w ill agglom erate sm all-sized coagulated 
colid particles into large floc particles. A fter large flocs are form ed, the w aste w ill be 
p red p itated  for 30 m in, and it can be filtered u sing filter paper [15]. In  this study, the 
coagu!ation- flocculation pretreatm ent process psoved effective, as seen from the ThS and 
turbidity  rem oval. TD S rem oval is not very  significant because the dolids still present tn 
tne waste cannot be filtered by filter paper. These small or m edium-sized solids, commonly 
celled colloidal ttansitions, have dissolved into the sam ple and cennot Pe filtered out. The 
same result oTcurred w ith the COD data, w hich had an insignificant rejection compared to 
before pretreatm ent.

Figure 6. Oily wastewater emulsion (a) before and (b) after pretreatment using PAC and (c) after 
membrane process.
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Table 2. The oily wastewater characteristics before and after PAC pretreatment.

Parameter Before Pretreatment After Pretreatment

TSS (mg/L) 194: ±  3.3 52 ±  0.9
Turbidity (NTU) 185 + 3.5 48 ±  0.9
TDS (mgeL) 10,280 ±  681 9780 ±  (5-48
COD (mg/L) 95,216 ±  7071 98,875 ±  5590
pH 7.1 ±  0.5 6.2 ±  0.2

Figure 7 shows the flux of oily w astewater and the rejection of TSS, turbidity, TDS, and 
C O D  for various m em branes at 3 baa. The oily  w astew ater flux increases w ith  increasing 
PVP in the m em brase. Adding PVP increases the m em brane's porosity and hydrophilicity, 
as show n in Figure 4, and ultim ately  im proves the flux of oily w astew ater through tire 
m em brane [26]. Figure 7 show s that the pristine PVD F m em brane has the low est flux of 
about 9 L/m 2h and increas es as the PVP content rise s until around 185 L/m 2h for the 
M -35 m em brane.

Figure 7. The; oily wastewater flux and the rejection of TSS, turbidity, TDS, and COD of the 
PVDF-PVP membranes.

TSS rejection, as presented in Figure 7, decreases w ith increasing PVP in the membrane, 
m ainly due to the m em brane's pore size and hydrophobicity. In term s i f  pore size, such as 
the UEM characteristic that the m em brane w ith th i least PVP com position has the sm allest 
pores, the suspended solids in the oily-water was5e are more etfectively retained in the pores 
and i n  tha surface of the membrane. The second jaetor, hydrophoHicity, also determines the 
iercentage of TSS rejeetion. It c in  also be seen in ehe water contact angle test that a decrease 
in the PVP compo5itton of ehe mem brane lesds to the m em brane being m ere hydrophobic. 
This hydrophobic property m akas the soltds easier to filter because m em branes tend to 
ao ld  m ore w ater on the surface then m em branes w ith  less hydsophobicity, w hich can be 
seen in the oily-water waste flux section. Figure 7 shows that the pristine PVDF m embrane 
has the highest TSS rejection of about 96.8%  and decreases as ihe PVP conPent rises to 
aeound 26 .9%t for the M -35 m em brapt.

The turbidity  rejectiona as show n in  Figure 7, is directly proportional to the TSS 
rejection. The turbidity parameter has a iinear relationship w ith the TSS parameter because 
a high TSS value indicates m any suspended particles 5n a  solution, m aking the solution 
cloudy, especially  if the tu spended  particles have a cioudfer color than w ater. A nother 
fac5or that can support h igh  turbidity  rejection )s  the tiny p artic lis  Shat pass through the 
m em brane layer. These sm all particle sizes produce a m ore transparent effect on  the 
perm eate than large particle sizes, w hich can be m ore visible and increase the perm eate's 
turbidity. Figure 7 show s that the pristine PVD F m em brane has the highest turbidity
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rejection of about 98.6%  and decreases as the PV P content rises to around 14.6%  for the 
M -35 m em brane.

TD S rejection, as dem onstrated in  Figure 7, decreased w ith  increasing PV P in the 
m em brane m aterial and w as less com pared to TSS or turbidity  rejection due to m uch 
sm aller particle sizes com pared to suspended solid particle sizes. A s show n in  Figure 7, 
TDS rejection ranges from 2 to 48%, w hich is very low compared to TSS rejection. The solid 
particles in TDS are soluble, so they tend to have tiny particle sizes close to ionic sizes. The 
m ost effective removal of TDS can be achieved by reverse osmosis. TDS m ust be corrected 
in order for w astewater to be treated w ith it to m eet quality standards because it is typically 
used to process drinking water. It can be seen from  Figure 7 that the com position of the 
dope solution w ith  less PVP com position tends to have a higher rejection because of its 
sm aller pore size, although not sm all enough to reject TD S. In  general, U F m em branes 
are unsuitable for rem oving TD S because their pore size is m uch larger than the size 
of dissolved particles. These tiny particles are carried aw ay during; the U F process [27]. 
F ig u re 7 show s that the pristine PVD F m em brane lias the h ighest TD S rejection of about 
50.5% and tends to decrease as the PVP content rises to around 2.5% for this M -35 membrane.

COD  m easures the am ount of oxygen required so that organic and o<tn-organic com ­
pounds in the wastewater can be oxidized by chemical reactions; high COD concentrations 
indicate the presence of high organic/non-organic contam inants [28]. C O D  rejection, as 
can be seen from Figure 7, decreased w ith increasing PVP in the m em brane and w as only 
significant for pristine, M -05, and M -10 membranes. M em branes w ith less PVP com position 
tvnd to provide better C O D  rejection due to their sm aller pore sizes and larger contact 
angles to retain som e organic co m p o u n .s  in oily  wahtewater. In this study, the synthetic 
oily  w ater em ulsfon had a h igh value of srou nd 99,136 m g/L. The h ig h le v e l of C O D  in 
synthetic oily w astew ater ;s due to the Tween 850 em ulsion m ixture, w hich has m any O-H 
groups, and these conditions are the sam e as those o f industrial w astew ater in generhl. 
Figure 7 show s that the pristine PVD F m em brane has the highest Ourbidity reiection of 
about 77.5% and decreases as the PVP content rises to arouhd 22.1% for the M -10 membrane. 
In contrast, the other m em branes have no rej'estion forC O D .

Based on Figuee 7, the VI-10 m em brane 1  the best m em brane because it can provjde 
h sgh rejection of TSS, turbidity, TD S, and C O D  and provides a flux that is not too low. 
Figure show s the effect of ttansm em brane pressure (TM P) on the U F process for the 
M -10 m em bsanh on TSS, turbidity, TD S, and C O D  rem oval . The rejection for the four 
param eters looks best at low  TMP. It m eans that at a low  TMP, t°ie m em brane perform s 
better in retaining the four param eters tested. M eanw hile, m ore chem tcal substances can 
penetrate the m em brane at a higher TM P hue to increased driving force [5].

Figure 8. The effects of transmembrane pressure on the TSS, turbidity, TDS, and COD rej estion of the 
M-10 membrane.
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4. Conclusions

The experim ents have been  conducted to prepare the PV D F/PV P com posite m em ­
branes through the phase inversion process and to characterize the m em branes for oily 
w astew ater treatm ent. The flat sheet m em branes w ere prepared using PVDF dissolved in 
DM Ac and then added w ith PVP additives, w ith variations in the com position of 0 .5-35  g 
PVP. Based on the characterization of the m em brane, the addition of PVP im proves the 
physical and chem ical properties of the m em brane. The m em brane's pore size becom es 
larger, w hich can increase its perm eability  and flux. Generally, adding PVP to PVD F 
can increase the porosity  and decrease the w ater contact angle, thereby increasing the 
m em brane's hydrophilicity. The tensile strength generally  reduces w ith  increasing PVP 
com position in the m em brane due to the increased m em brane porosity. The tendency of 
the percentage of elongation at break is not sim ilar to the tensile strength of the membrane, 
which the viscosity of the doping solution can influence. W astewater flux in the UF process 
increased w ith  increasing PVP in  the m em brane m aterial but decreased rejection for TSS, 
turbidity, TDS, and COD.

Author Contributions: Conceptualization, S.K.; data curation, G.M.K.S., A.R., I.P. and S.K.; for­
mal analysis, W.J.L. and S.K.; funding acquisition, S.K.; investigation, G.M.K.S., A.R. and S.K.; 
methodology, G.M.K.S., A.R. and S.K.; supervision, S.K.; validation, G.M.K.S., A.R., W.J.L. and S.K.; 
writing—original draft, W.J.L. and S.K.; writing—review and editing, S.K. All authors have read and 
agreed to the published version of the manuscript.

Funding: This research was funded by the University of Indonesia, grant number NKB-715/UN2.RST/ 
HKP.05.00/2022.

Data Availability Statement: The data presented in this study are available upon request from the 
corresponding author. The data are not publicly available due to restrictions from the oil company.

Acknowledgments: The authors wish to acknowledge Goffar Utomo for his contribution to measur­
ing crude oil specific gravity.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Doraisammy, V.; Lai, G.S.; Kartohardjono, S.; Lau, W.J.; Chong, K.C.; Lai, S.O.; Hasbullah, H.; Ismail, A.F. Synthesis and 

characterization of mixed matrix membranes incorporated with hydrous manganese oxide nanoparticles for highly concentrated 
oily solution treatment. Can. J. Chem. Eng. 2018, 9 6 ,1612-1619. [CrossRef]

2. Wang, T.; Xing, L.; Qu, M.; Pan, Y.; Liu, C.; Shen, C.; Liu, X. Superhydrophobic polycarbonate blend monolith with micro/nano 
porous structure for selective oil/water separation. Polymer 2022, 253 ,124994. [CrossRef]

3. Zhang, M.; Su, M.; Qin, Y.; Liu, C.; Shen, C.; Ma, J.; Liu, X. Photothermal ultra-high molecular weight polyethylene/MXene 
aerogel for crude oil adsorption and water evaporation. 2D Mater. 2023,10, 024007. [CrossRef]

4. Wang, S.-K.; Wang, X.; Tian, Y.-T.; Cui, Y.-H. Nutrient recovery from tofu whey wastewater for the economical production of 
docosahexaenoic acid by Schizochytrium sp. S31. Sci. Total Environ. 2020, 710,136448. [CrossRef]

5. Oktariany, A.; Kartohardjono, S. Effect of coagulant dosage on tofu industry wastewater treatment in combination with ultrafiltra­
tion process using polysulfone membrane. In Book Effect o f Coagulant Dosage on Tofu Industry Wastewater Treatment in Combination 
with Ultrafiltration Process Using Polysulfone Membrane, 2018 ed.; EDP Sciences: Les Ulis, France, 2018; p. 04004.

6. Purnawan, I.; Febriasari, A.; Setyaputra, B.; Yolandini, T.T.; Windriyo, M.J.; Karamah, E.F.; Kartohardjono, S. Combined Process of 
Ozonation and Membrane Processes to treat Wastewater from Batik Industry. In Book Combined Process of Ozonation and Membrane 
Processes to Treat Wastewater from Batik Industry, 2020 ed.; IOP Publishing: Bristol, UK, 2020; p. 012003.

7. Shi, X.; Zuo, J.; Zhang, M.; Wang, Y.; Yu, H.; Li, B. Enhanced biogas production and in situ ammonia recovery from food waste 
using a gas-membrane absorption anaerobic reactor. Bioresour. Technol. 2019,292 ,121864. [CrossRef] [PubMed]

8. Febriasari, A.; Purnawan, I.; Chalid, M.; Ismojo, I.; Kartohardjono, S. A Direct Comparison Between Poly (vinylidene) Flouride 
and Polysulfone Flat Sheet Membrane; Characterization and Mechanical Strength. In Book a Direct Comparison between Poly 
(Vinylidene) Flouride and Polysulfone Flat Sheet Membrane; Characterization and Mechanical Strength, 2020 ed.; IOP Publishing: Bristol, 
UK, 2020; p. 012002.

9. Barambu, N.U.; Bilad, M.R.; Bustam, M.A.; Kurnia, K.A.; Othman, M.H.D.; Nordin, N.A.H.M. Development of membrane 
material for oily wastewater treatment: A review. Ain Shams Eng. J. 2021,1 2 ,1361-1374. [CrossRef]

10. Zheng, H.; Wang, D.; Sun, X.; Jiang, S.; Liu, Y.; Zhang, D.; Zhang, L. Surface modified by green synthetic of Cu-MOF-74 to 
improve the anti-biofouling properties of PVDF membranes. Chem. Eng. J. 2021, 411,128524. [CrossRef]

https://doi.org/10.1002/cjce.23092
https://doi.org/10.1016/j.polymer.2022.124994
https://doi.org/10.1088/2053-1583/acc3aa
https://doi.org/10.1016/j.scitotenv.2019.136448
https://doi.org/10.1016/j.biortech.2019.121864
https://www.ncbi.nlm.nih.gov/pubmed/31394467
https://doi.org/10.1016/j.asej.2020.08.027
https://doi.org/10.1016/j.cej.2021.128524


Membranes 2023, 13, 611 12 of 12

11. Thakur, V.K.; Voicu, S.I. Recent advances in cellulose and chitosan based membranes for water purification: A concise review. 
Carbohydr. Polym. 2016,146,148-165. [CrossRef]

12. Huang, F.Y.; Arning, A. Performance comparison between polyvinylidene fluoride and polytetrafluoroethylene hollow fiber 
membranes for direct contact membrane distillation. Membranes 2019, 9, 52. [CrossRef]

13. Yeow, M.; Liu, Y.; Li, K. Isothermal phase diagrams and phase-inversion behavior of poly (vinylidene fluoride)/solvents/additives/ 
water systems. J. Appl. Polym. Sci. 2003, 90, 2150-2155. [CrossRef]

14. Liu, F.; Hashim, N.A.; Liu, Y.; Abed, M.R.M.; Li, K. Progress in the production and modification of PVDF membranes. J. Membr. 
Sci. 2011, 375,1-27. [CrossRef]

15. Purnawan, I.; Angputra, D.; Debora, S.C.; Karamah, E.F.; Febriasari, A.; Kartohardjono, S. Polyvinylidene Fluoride Membrane with 
a Polyvinylpyrrolidone Additive for Tofu Industrial Wastewater Treatment in Combination with the Coagulation-Flocculation 
Process. Membranes 2021,11, 948. [CrossRef]

16. Muchtar, S.; Wahab, M.; Mulyati, S.; Riza, M.; Arahman, N. Deposition of polydopamine on the surface of Polyvinylidene Fluoride 
(PVDF) membrane as A UV-Shielding layer. In Book Deposition o f Polydopamine on the Surface o f Polyvinylidene Fluoride (PVDF) 
Membrane as A UV-Shielding Layer, 2019 ed.; IOP Publishing: Bristol, UK, 2019; p. 012017.

17. Sinsinwar, R.S.; Verma, M. Analysis of pH Value of Water for Treatment Plant of Kekri and Surajpura (Rajasthan) India. Joint J. 
Nov. Carbon Resour. Sci. Green Asia Strategy 2023,10, 324-332.

18. Febriasari, A.; Ananto, A.H.; Suhartini, M.; Kartohardjono, S. Polysulfone-polyvinyl pyrrolidone blend polymer composite 
membranes for batik industrial wastewater treatment. Membranes 2021,11, 66. [CrossRef]

19. Vasin, S.; Filippov, A. Hydrodynamic Permeability of the Membrane as a System of Rigid Particles Covered with Porous Layer 
(Cell Model). Colloid J. 2004, 66, 266-270. [CrossRef]

20. Pan, L.; Chen, Y.; Chen, D.; Dong, Y.; Zhang, Z.; Long, Y. Oil removal in tight-emulsified petroleum waste water by flocculation. 
In Book Oil Removal in Tight-Emulsified Petroleum Waste Water by Flocculation, 2018 ed.; IOP Publishing: Bristol, UK, 2018; p. 042005.

21. Van Tran, T.T.; Kumar, S.R.; Lue, S.J. Separation mechanisms of binary dye mixtures using a PVDF ultrafiltration membrane: 
Donnan effect and intermolecular interaction. J. Membr. Sci. 2019, 575, 38-49. [CrossRef]

22. Wang, Z.; Yu, H.; Xia, J.; Zhang, F.; Li, F.; Xia, Y.; Li, Y. Novel GO-blended PVDF ultrafiltration membranes. Desalination 2012, 
299, 50-54. [CrossRef]

23. Borodko, Y.; Habas, S.E.; Koebel, M.; Yang, P.; Frei, H.; Somorjai, G.A. Probing the Interaction of Poly (vinylpyrrolidone) with 
Platinum Nanocrystals by UV-Ram an and FTIR. J. Phys. Chem. B 2006,110, 23052-23059. [CrossRef]

24. Aili, D.; Kraglund, M.R.; Tavacoli, J.; Chatzichristodoulou, C.; Jensen, J.O. Polysulfone-polyvinylpyrrolidone blend membranes as 
electrolytes in alkaline water electrolysis. J. Membr. Sci. 2020, 598,117674. [CrossRef]

25. Ohya, H.; Shiki, S.; Kawakami, H. Fabrication study of polysulfone hollow-fiber microfiltration membranes: Optimal dope 
viscosity for nucleation and growth. J. Membr. Sci. 2009, 326, 293-302. [CrossRef]

26. Deng, B.; Li, J.; Hou, Z.; Yao, S.; Shi, L.; Liang, G.; Sheng, K. Microfiltration membranes prepared from polyethersulfone powder 
grafted with acrylic acid by simultaneous irradiation and their pH dependence. Radiat. Phys. Chem. 2008, 77, 898-906. [CrossRef]

27. Shang, W.; Tiraferri, A.; He, Q.; Li, N.; Chang, H.; Liu, C.; Liu, B. Reuse of shale gas flowback and produced water: Effects of 
coagulation and adsorption on ultrafiltration, reverse osmosis combined process. Sci. Total Environ. 2019, 689, 47-56. [CrossRef] 
[PubMed]

28. Mohamed, H.O.; Obaid, M.; Khalil, K.A.; Barakat, N.A. Power generation from unconditioned industrial wastewaters using 
commercial membranes-based microbial fuel cells. Int. J. Hydrogen Energy 2016, 41, 4251-4263. [CrossRef]

Disclaimer/Publisher's Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.carbpol.2016.03.030
https://doi.org/10.3390/membranes9040052
https://doi.org/10.1002/app.12846
https://doi.org/10.1016/j.memsci.2011.03.014
https://doi.org/10.3390/membranes11120948
https://doi.org/10.3390/membranes11010066
https://doi.org/10.1023/B:COLL.0000030834.18269.b3
https://doi.org/10.1016/j.memsci.2018.12.070
https://doi.org/10.1016/j.desal.2012.05.015
https://doi.org/10.1021/jp063338+
https://doi.org/10.1016/j.memsci.2019.117674
https://doi.org/10.1016/j.memsci.2008.10.001
https://doi.org/10.1016/j.radphyschem.2008.02.008
https://doi.org/10.1016/j.scitotenv.2019.06.365
https://www.ncbi.nlm.nih.gov/pubmed/31260898
https://doi.org/10.1016/j.ijhydene.2016.01.022

