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Abstract
The innovative exploitation of diverse inorganic materials in environmental applications has received great scientific atten-
tion as a result of the rapid growth of nanotechnology and the expanding variety of nanomaterials currently being produced 
and developed. The idea of developing multifunctional nanocomposite membranes that can do more than just separate things 
has been made possible using inorganic nanoparticles as fillers in polymeric matrix. In this work, the nanocomposite was 
utilized to separate an oil/water emulsion. With the intention of enhancing the capabilities of PVDF-based membrane for 
oil/water emulsion filtration, synthesized hydrous manganese oxide (HMO) nanoparticles were mixed with poly(vinylidene 
fluoride) (PVDF) polymer to form mixed matrix membrane (MMM). With the addition of HMO nanoparticles, the MMM 
showed that the membrane wetting properties, hydrophilicity and oleophobicity, were greatly improved owing to the high 
amount of –OH functional groups. Subsequently, the improved surface hydrophilicity leads to greater water flux of PVDF/
HMO MMM (402.0 ± 11.75 L/m2 h; oil rejection efficiency = 93.8%) in comparison to pristine PVDF membrane (42.4 ± 3.73 
L/m2 h; oil rejection efficiency = 96.2%). Furthermore, compared to pristine PVDF membrane, the flux recovery rate (FRR) 
and reversible fouling (Rr) of the MMM were increased by two–three times, while the irreversible fouling (Rir) was reduced 
by half. This demonstrates that the HMO nanoparticles in the nanocomposite improved the water affinity and reduced low 
possibility of fouling problem. Hence, the modified nanocomposite membrane can be applied in oily wastewater treatment 
and competed with the current technologies.
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Introduction

Industrial waste containing oil has negative consequences 
on both the human health and the environment (Kundu and 
Mishra 2018; Adetunji and Olaniran 2021; Corti-Monzón 
et al. 2020; Singh et al. 2020). The necessity to identify 
efficient treatment for oil/water separation, which is a global 
concern, must be addressed immediately (Sultana and Rah-
man 2022). Oily wastewater is produced from a variety 
of sources, and as a result, its chemical composition, and 

physical features, such as size, surface charge, and content, 
may vary. It is important to remove the foulants—in this 
study, oil droplets from the oily wastewater to obtain cleaner 
sources of water and to reduce the causes of environmen-
tal pollution. Membrane separation is a technology that has 
received much interest due to its high separation efficiency 
and low energy usage in many emulsion separation applica-
tions (Ismail et al. 2021; Liu et al. 2019; Sliesarenko et al. 
2020). However, polymer-based membranes typically have 
hydrophobic and oleophilic properties that make it unsuit-
able for use in oily wastewater due to their susceptibility to 
extreme fouling issues.

Due to their excellent membrane-forming capabilities, 
resistance to a wide pH range, and chemical stability, poly-
meric-based membranes, such as poly(vinylidene fluoride) 
(PVDF), polyacrylonitrile (PAN), and polyethersulfone 
(PES), are the most often used polymers for symmetric 
membranes. The biggest drawback to its use in oil/water 
separation is that it has a high propensity to cause severe 
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oil fouling (Asad et al. 2021; Adetunji and Olaniran 2021). 
One strategy for resolving this matter is to combine hydro-
philic materials with polymers, as these properties offer 
good benefits for separating oil/water emulsions (Ismail 
et al. 2020b; Awad et al. 2021; Zhan et al. 2021). Hydro-
philic nanoparticles can produce a fouling resistant surface 
that could mitigate the adhesion of oil droplets and facili-
tate the detachments of the foulants. Generally, hydrophilic 
materials contain negative functional groups (i.e., hydroxyl 
(–OH), carboxyl (–COOH)) that help to increase the repel-
lency force (Chen et al. 2021; Shen et al. 2021).

Many works have reported the positive impacts of incor-
porating hydrophilic nanoparticles on separating oil/water 
emulsion to obtain clean water. The presence of hydro-
philic characteristics reassures the formation of hydration 
layer during separation performance, which induces higher 
water affinity and creates a layer that eludes oil droplets 
from adhering to the membrane surface (Han et al. 2019; 
Ullah et al. 2021; Ghorbani et al. 2021; Liu et al. 2019). 
This layer interrupts the interaction of oil droplets and mem-
brane, thereby repelling the deposition of the foulants. One 
of the inevitable issues in membrane filtration system is 
membrane fouling (Guo et al. 2018). Thus, most previous 
works focused on generating hydrophilic and oleophobic 
membrane, as this could lessen the possibility of oil droplets 
from blocking the membrane pores, which would eventually 
create a cake layer on the membrane (Huang et al. 2018; 
Bengani-Lutz et al. 2017).

Matindi et  al. (2021) fabricated the polyethersulfone 
(PES)/sulfonated polysulfone (SPSf)/titanium oxide (TiO2) 
mixed matrix membrane (MMM) via non-solvent-induced 
phase separation (NIPS) technique. The aim of their study 
was to tailor the relationship between pore structure and the 
requisite properties during separation oil/water emulsion by 
investigating for a suitable balance for both polymers and 
additives. The TiO2 was the most often selected additive 
in many researches due to its outstanding nanoparticles for 
improving the membrane hydrophilicity and its antifouling 
properties (Lai et al. 2017). The MMM fabricated by Mat-
indi et al. (2021) managed to attain pure water flux at 555.3 
L/m2.h.bar with 90% oil rejection and permeance recovery 
rate (PRR) at 89.5% at initial concentration of 900 ppm. The 
incorporation of TiO2 in the MMM improved the membrane 
hydrophilicity, as the water droplet completely disappeared 
(i.e., penetrated into the membrane) within 100 s, compared 
to its pristine membrane that obtained water contact angle 
at 36° at the same time. This shows that the addition of 
nanoparticles in the MMM managed to enhance the water 
affinity of the membrane and water molecules (Yong et al. 
2019; Deng et al. 2019).

The hydrophilic nanoparticles that act as the MMM 
additives are responsible for both reducing the fouling issue 
and initiating superior wetting properties (hydrophilic and 

oleophobic) (Adetunji and Olaniran 2021). De Guzman 
et al. (2021) employed polydopamine-sulfobetaine meth-
acrylate P(DA-SBMA) in cellulose acetate (CA) membrane 
via wet-phase inversion. The P(DA-SBMA) nanoparticles 
were synthesized from dopamine (DA) and sulfobetaine 
methacrylate (SBMA) using a controlled ratio of DA and 
SBMA. The addition of P(DA-SBMA) increased the MMM 
hydrophilicity from 60° ± 2.78° to 54.29° ± 1.91° and oleo-
phobicity from 121.97° ± 2.16° to 130.41° ± 2.38° owing to 
the abundance hydrophilic functional groups present in the 
synthesized nanoparticles (Pandele et al. 2018). Based on 
the study, the water flux was obtained at 583.64 ± 25.12 L/
m2 h and oil separation efficiency greater than 95%. In addi-
tion, the fabricated MMM exhibited a remarkable antifoul-
ing property with flux recovery rate (FRR) at 84.17 ± 2.04%, 
Rr = 67.59 ± 3.35%; Rir = 15.83 ± 2.04%. This proved that the 
membrane was less susceptible to fouling, as the hydrophilic 
properties had given it a number of advantages (Ao et al. 
2017; Zarghami et al. 2019).

Herein, to prepare the promising MMM for oil/water 
emulsion, self-synthesized hydrous manganese oxide 
(HMO) was utilized and incorporated with poly(vinylidene 
fluoride) (PVDF) polymer. Previously, HMO was used for 
heavy metal adsorption but due to its exceptional properties, 
it is deemed suitable for application in oily wastewater treat-
ment, i.e., high amount of hydroxyl (–OH) groups (Delavar 
et al. 2017). As aforementioned, the abundance amount of 
hydroxyl groups had induced great attraction between the 
membrane and water molecules, where it also work as a 
barrier layer to reduce the chances of oil droplets adhering 
to the membrane surface and prevent the formation of cake 
layer (Tummons et al. 2020). Moreover, the surface rough-
ness value was affected by the presence of HMO; the HMO 
smoothed out the MMM surface, reducing the risk of severe 
fouling. The PVDF/HMO MMM was prepared via non-sol-
vent induced phase (NIPS) and the MMM was compared 
with its pristine membrane in this work. The characteristics 
and flux performance of the membranes was compared and 
discussed in Sect. “Results and discussion”.

Experimental

Materials

The PVDF (Kynar @ 760) pellets (Arkema Inc., Phila-
delphia, USA) was used as host polymer and N-Methyl-
2-Pyrrolidone (NMP) (Merck, > 99%) as dope solvent. 
Meanwhile, the HMO nanoparticles were synthesized 
using manganese(II) sulfate monohydrate (MnSO4.H2O), 
potassium permanganate (KMnO4), and sodium hydroxide 
(NaOH) from Merck. Glycerol (Merck, > 99.5%) was used 
for post-treatment.
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Synthesis of HMO nanoparticles

The HMO nanoparticles were synthesized using a method 
by Parida et al. (1981), which was generated via the oxi-
dation of manganese ions. First, potassium permanganate 
(KMnO4) was dissolved in deionized water. After obtaining 
a homogeneous KMnO4 solution, 1 M of sodium hydrox-
ide (NaOH) was added until the pH of the solution reached 
12.5. Manganese(II) sulfate monohydrate (MnSO4.H2O) was 
dissolved in deionized water in another beaker. Then, the 
KMnO4 solution was added dropwise in the MnSO4.H2O 
solution under vigorous stirring. Once the two solutions 
came into contact, a brown precipitate (HMO) was formed. 
The resulting nanoparticles were rinsed until the pH level 
reached 7, which then aged for three weeks. Subsequently, 
the HMO nanoparticles were dried in a vacuum oven for 
24 h at 65 °C. Lastly, HMO nanoparticles were ground and 
sieved before they were placed and stored in a desiccator. 
The Malvern Zetasizer Nano ZSP was used to measure aver-
age diameter of HMO that was obtained at 178.9 nm.

Membrane fabrication

HMO nanoparticles at a concentration of 10 wt% were 
stirred in the NMP at 60 °C until the HMO was thoroughly 
diluted in the solvent. The solution was then gradually added 
with 18 wt% of PVDF until a homogeneous mixture was 
achieved. After that, the solution was placed in a sonicator 
to eliminate the bubbles formed during the stirring process. 
Similar technique was used to prepare the pristine PVDF 
membrane, where the PVDF dope solution was prepared 
under the same condition— a mixture of PVDF polymers 
and NMP.

The homogenous dope solution was poured onto a glass 
plate, cast with a roller glass to form a flat sheet, and then 
immersed in tap water. The membrane was transferred to a 
different coagulation bath after naturally delaminating off 
from the glass plate. Next, the membranes were immersed 
in glycerol at a 1:4 ratio of glycerol to water. Finally, the 
membranes were dried overnight in an oven at 40 °C.

Characterization

The functional groups on the membrane surface were ana-
lyzed using Fourier-transform infrared spectrometry (FTIR). 
A scanning electron microscope (SEM; model JEOL JSM-
5610LV) was used to inspect the cross-section morphology 
of the membrane. The MMM was subjected to elemental 
analysis via energy-dispersive X-ray (EDX) spectrome-
try. The parameters of membrane surface roughness were 
determined using the tapping mode of an atomic force 
microscope (AFM; model NX-Hivac), with a scan area of 
10 µm × 10 µm. A Goniometers (OCA 15Pro, Data Physics) 

were utilized to measure the water- and oil-contact angles, 
respectively, of the wetting properties. Meanwhile, RO water 
and lubricating oil were used as probe liquid. To account for 
the impact of surface roughness on the wetting properties, 
the water contact angle was re-calculated using the Wenzel 
method in Eq. 1.

where θW is the Wenzel contact angle, and θY is the smooth 
contact angle and r is the ratio between the real surface area 
and the projected surface area of a rough surface (Zhu and 
Li 2015; Ismail et al. 2021).

Membrane filtration test

Lubricant oil, sodium dodecyl sulfate (SDS), and deionized 
water were mixed to create a synthetic oil/water emulsion 
(1000 ppm), in which SDS was used to stabilize the solu-
tion and inhibit the coalescence of the oil droplets. The ratio 
of lubricant oil to SDS was 9:1 (w/w). The size of the oil 
droplets was determined to be 80.72 nm (8.90%), 132.18 nm 
(90.00%), and 412.00 nm (1.10%), all of which were meas-
ured using the Malvern Zetasizer Nano ZSP.

The flux value in this work was attained from a cross-
flow system. To achieve steady state and prevent a dramatic 
decline in flux, the membranes were first compressed at 
2 bar for 1 h. The flux value (Jw, L/m2 h) was determined 
using Eq. 2 at 1 bar. Every reading of the flux value was 
recorded for 10 min.

where Q is the volume of permeate collected over a specific 
time (L), A is the membrane effective surface area (m2), and 
ΔT is the sampling time (h).

The oil rejection efficiency was calculated as per Eq. 3.

where R is the process of rejection (%), Cp is the concentra-
tion of the permeate (%), and Cf is the concentration of the 
feed (%). The oil concentration was determined by UV–Vis 
spectrophotometer (UV-3101PC model) at a wavelength of 
320 nm for oil water concentration of 1000 ppm.

The FRR was evaluated with Eq. (4).

where Jw1 and Jw2 (L/m2 h) are the pure water flux before 
and after filtration of 1000 ppm oil/water emulsion, respec-
tively. The FRR value indicates the ability of the membrane 

(1)cos �W = r cos �Y,

(2)Jw =
Q

A × ΔT
,

(3)R% =

(

Cf − Cp

Cf

)

× 100,

(4)FRR(%) =

(

Jw2

Jw1

)

× 100%,
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to maintain its performance after undergoing oil/water emul-
sion-pure water–oil/water emulsion cycle.

The flux loss due to reversible (Rr) and irreversible (Rir) 
fouling of the membranes is calculated using Eqs. 5–Eq. 7. 
The oil layer formed on the membrane surface can easily 
be removed by the backwash or flushing method, which is 
presented as Rr. Meanwhile, Rir is pore-blocking fouling that 
can be removed by chemical cleaning (Nawi et al. 2021; Nna-
diekwe et al. 2021). However, in this research, both Rr and Rir 
flux losses were evaluated by water flushing. The flux loss is 
calculated using the following equations:

(5)Rt (%) =

(

1 −
Joil

Jw1

)

× 100%,

(6)Rr (%) =

(

Jw2 − Joil

Jw1

)

× 100%,

where Rt is the degree of total flux loss caused by total foul-
ing. Meanwhile, Rr and Rir represent the irreversible and 
reversible fouling resistances on the surface and in the pores, 
respectively. Joil (L/m2 h) is the flux for oil/water emulsion, 
while Jw1 and Jw2 (L/m2 h) are as referred in Eq. 4.

Results and discussion

Surface chemical composition

The ATR-FTIR spectra were generated for HMO, pristine 
PVDF membrane, and PVDF/HMO MMM as displayed in 
Fig. 1a. This characteristic further corroborated the pres-
ence of HMO in the MMM and was used to compare the 

(7)Rir (%) =

(

Jw1 − Jw2

Jw1

)

× 100%,

4000 3500 3000 2500 2000 1500 1000 500

PVDF

PVDF/HMO

HMO

)
%(

ecnatti
msnar

T

Wavelenght (cm-1)

800 700 600 500 400 300 200 100 0

)u.a(
ytisnetnI

Binding energy (eV)

C 1s

O 1s

F 1s

Mn 2p

MMM
F 2s

280 282 284 286 288 290 292

Binding energy (eV)

)u.a(
ytisnetnI

C-F2

C-F

C-O

C-H

C-C

b c

a

Fig. 1   a The ATR-FTIR of HMO nanoparticle, PVDF membrane, and PVDF/HMO MMM showing their corresponding functional groups, b 
XPS wide scan and c C1s spectra of the PVDF/HMO MMM
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difference between pristine PVDF and PVDF/HMO mem-
brane. The peak at 3400 cm–1 in HMO was observed, as the 
HMO is known for its abundant number of –OH (hydroxyl) 
groups (Gohari et al. 2014, Ismail et al. 2020a). This O–H 
vibration increases the affinity of water on the membrane 
surface. HMO also showed stretching vibration at 2940 cm–1 
and 2890 cm–1 of C–H and ~ 720 cm–1 represents the MnO6 
octahedra (Delavar et al. 2017; Wan et al. 2014). In addition, 
the band at 1630 cm–1 was attributed to O–H and Mn atoms 
(Vetrivel et al. 2019). Meanwhile, pristine PVDF mem-
brane peaks were observed in the range of 509–1406 cm–1. 
According to Salimi and Yousefi (2003), they specified 
that the peaks 509 cm–1 and 840 cm–1 were an indication 
of β-phase formation and 530, 841, and 873 cm–1 were evi-
dence of high content of α-phase. However, peak higher 
than 1000  cm–1 was not further discussed in the report. 
Besides that, very weak peaks at 1700 cm–1 and 3000 cm–1 
were polymer chain defects caused by the head-to-head and 
tail-to-tail linkages (Boccaccio et al. 2002). All functional 
groups that were present in both the PVDF membrane and 
HMO were present in the PVDF/HMO MMM, demonstrat-
ing the deposition of HMO into the MMM. The α and β 
phases in PVDF/HMO remain similar peak to that of PVDF 
membrane, as well as that of the Mn C–H stretching vibra-
tion in HMO. Meanwhile, the O–H stretching vibration of 
the MMM was observed at peak 3300 cm–1. The PVDF/
HMO functional groups confirmed the successful introduc-
tion of HMO into the MMM. Further examine of MMM in 
term of chemical composition was carried out using XPS as 
shown in Fig. 1b and c. F 1 s, Mn 2 p, O 1 s, C 1 s and F 2 s 
peaks appeared in MMM for XPS wide spectra. The C 1 s 
of MMM was deconvoluted into C‒C (282.09 eV), C‒H 
(283.75 eV), C‒O (285.83 eV) C‒F (288.19 eV) and C‒F2 
(290.50 eV) representing the mainly existence of composi-
tion on the modified membrane.

Morphological analysis

Figure 2 displays the membrane surface view and cross 
section of PVDF and PVDF/HMO MMM, as well as EDX 
mapping and the elemental spectrum of the MMM. Based 
on the surface view, the pristine PVDF membrane showed 
rough surface comparing to the MMM. The agglomeration 
on the surface of the membranes was due to the residue of 
the post-treatment. A uniform distribution of O and Mn was 
observed on the membrane surface, as shown in Fig. 2b. 
The membranes have a typical asymmetric structure with a 
finger-like structure and a porous skin sublayer. The pres-
ence of HMO nanoparticles reduces the polymeric solution’s 
thermodynamic stability during the phase inversion process 
of membrane fabrication. This allowed for rapid separa-
tion between non-solvent and solvent, which had an impact 
on both membranes’ finger-like sizes (Rabiee et al. 2014). 

Additionally, the difference between the pristine PVDF and 
MMM cross-sections allowed for such clear indication the 
presence of HMO nanoparticles in the MMM. The thick-
ness of the pristine PVDF and PVDF/HMO nanocomposite 
membrane was obtained at 282 µm and 247 µm, respec-
tively, as reported in our previous work (Ismail et al. 2019). 
The PVDF/HMO MMM showed higher thickness due to the 
presence of HMO nanoparticle in the dope solution as this 
affect to higher viscosity. Since HMO nanoparticles were 
present inside the membrane, their dispersion in the MMM 
clarified the explanation of the rougher surface there. Fig-
ure 2e shows the distribution elements of Mn (green) and O 
(red) that distributed evenly. The green color dominated the 
EDX mapping cross section and demonstrated in Fig. 2f ele-
ments spectrum, indicating that the Mn:O ratio in the MMM 
was approximately 3:1. Additionally, the SEM images of 
HMO were expected to be homogeneous grains reported by 
Granados Correa and Jiménez-Becerril (2004) as the method 
used to analyze HMO is similar.

Surface roughness and wetting behavior

Table 1 presents the surface roughness and wetting charac-
teristics of the membranes. The surface roughness value of 
the nanocomposite had decreased with the incorporation of 
HMO nanoparticles. The surface roughness parameters of 
the membranes were determined by average surface rough-
ness (Ra), root-mean-roughness (Rq), and average of the tall-
est peak to the depth of the lowest valley (Rz). Smoother 
membrane surface is preferable as high surface roughness 
value facilitates the accumulation of oil droplets and, thus, 
makes vulnerable the membrane to fouling (Zhang et al. 
2022). The Ra of the PVDF and PVDF/HMO was obtained 
at 192 ± 24.94 nm and 129 ± 20.92 nm, respectively, which 
indicated that the HMO existence in the composite mem-
brane has fouling resistance behavior (Huang et al. 2018). 
The composite membrane surface was smoother than the 
pristine membrane, although Fig. 2 shows that the HMO 
nanoparticles generated a coarser cross-section morphol-
ogy. In addition, the PVDF membrane obtained Rq and 
Rz at 200.13 ± 29.67 and 1250.14 ± 159.22, respectively. 
Meanwhile, PVDF/HMO demonstrated Rq and Rz at 
180.11 ± 27.79 and 1141.97 ± 266.67, respectively. The 
PVDF showed higher Rz due to the high difference between 
the highest and lowest peaks of the PVDF membrane that is 
clearly demonstrated in Table 1.

Wenzel explored the correlation between wettability 
and surface roughness, stating that an increase in surface 
roughness would magnify the wettability given on by the 
surface chemistry (Asad et al. 2021). Thus, the water con-
tact angle value was re-calculated using Wenzel method as 
in Eq. 1. The addition of HMO nanoparticles in the MMM 
decreased the water contact angle value from 97° to 67°. 
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The hydrophobicity of the PVDF membrane was reduced 
by the existence of –OH functional groups in the HMO 
nanoparticles. The existence of these functional groups is 
important for enhancing the attraction of water molecules 
to pass through the membranes, as the aim of the research 
was to acquire clean water (Ismail et al. 2020b). On top 
of that, an anti-oil membrane surface was necessary to 
increase the membrane’s ability to repel oil droplets while 
reducing the risk for oil droplets from aggregating on the 
membrane (Sultana and Rahman 2022; Liu et al. 2019). 

The oil-contact-angle value of the PVDF and PVDF/HMO 
membranes was attained at 0° and 35.1°, respectively. In the 
determination of the oil-contact-angle value, the oil drop-
lets rapidly penetrated into the PVDF membrane. This was 
encouraged by the behavior of PVDF because of its inherent 
preference for oil (Tanis-Kanbur et al. 2018). In this work, 
the modified MMM was claimed underwater oleophobic, 
thus Fig. 3 is prepared to prove the ability of membrane has 
high resisted to oil droplets. First, half of the membrane was 
placed in air and half was immersed in water. The lubricant 
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Fig. 2   Membrane surface view (Ismail et al. 2019, 2020a) and cross-section morphology of a, c PVDF membrane, b, d PVDF/HMO MMM, e 
EDX mapping of O and Mn, and f elements spectrum of MMM
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oil was first dropped on the membrane that exposed in air 
and after that lubricant oil was dropped on the membrane 
immersed in water. It can be seen that the oil droplet does 
not have the possibility to even go near the membrane sur-
face because the modified membrane created hydration layer 
that repel the attraction of the foulants on the membrane 
(Zhang et al. 2022).

Surface charge analysis

A critical consideration in preventing oil droplets from 
accumulating on membrane surfaces is the surface charge 
of the membranes. Surface charge holds the ability to 
control electrical double-layer (EDL) interaction and so 
as interfacial tension (Wang et al. 2016). Figure 4 depicts 
the surface charge of the pristine PVDF and PVDF/HMO 
MMM. The pristine PVDF membrane displayed approxi-
mately positive charge between pH 3.25 and 4 and exhibited 
a negative charge above pH 4. The PVDF membrane pos-
sesses a negative charge by nature when immersed in water 
with a natural pH (~ pH 6–7). Meanwhile, the composite 
membrane displayed positive charge at pH levels below 

4.5 and stronger negative charge than PVDF membrane at 
pH levels above 6. This shows that the addition of HMO 
nanoparticles in PVDF/HMO MMM demonstrated higher 
negative value at neutral and based solution (~ pH 6–10). 

Table 1   Surface roughness and wetting properties of pristine PVDF and PVDF/HMO membrane

Membrane Surface roughness (nm) 
Wetting properties 

Water contact 
angle (°) Oil contact angle (°) 

PVDF 

Ra = 192 ± 24.94 97.0 0.0 
Rq = 200.13 ± 29.67 

Rz = 1250.14 ± 159.22 

PVDF/HMO 

Ra = 129 ± 20.92 67.0 35.1 
Rq = 180.11 ± 27.79 

Rz = 1141.97 ± 266.67 

Fig. 3   Comparing the wetting properties of MMM in air and immersed in water
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Additionally, when dispersed in water, HMO nanoparticles 
and 1000 ppm of oil droplets showed zeta potential results at 
67.3 mV and − 72.0 mV, respectively, which were measured 
using the Malvern Zetasizer Nano ZSP. The oil droplets are 
less attracted to the membrane surface due to the negative 
charges on feed and membranes. Hence, the adherence of oil 
droplets to the membrane surface can be overcome (Tum-
mons et al. 2017).

Separation performance of oil/water emulsion

A crossflow filtration system was used to determine the pure 
water flux, rejection efficiency and oil/water emulsion fluxes 
of the membranes. The pure water flux and oil rejection 
efficiency of 1000 ppm oil/water emulsion concentration is 
shown in Fig. 5a. The pristine PVDF membrane and PVDF/
HMO MMM attained water flux at 42.4 ± 3.73 L/m2 h and 

402.0 ± 11.75 L/m2 h and oil rejection efficiency at 96.2% 
and 93.8%, respectively. The low flux value of the PVDF 
membrane was due to the hydrophobicity characteristics that 
resist the water molecules from passing through. Meanwhile, 
higher oil rejection efficiency as the oil droplets clogged 
the PVDF open channels besides its oleophilicity behavior 
(Abuhasel et al. 2021). The presence of HMO nanoparticles 
in the composite membrane attracted the water molecules 
and smoother the passage to pass through the composite 
membrane, resulted to high water permeability.

Figure 5b shows two cycles of pure water–oil/water emul-
sion-pure water of the membranes, which each of the separa-
tion of pure water and oil/water emulsion was operated for 
1 h each. The fluxes of pure water and oil/water emulsion 
initially showed high water flux value, which then decreased 
over time for all the tested membranes. Pristine PVDF mem-
brane showed lowest pure water and oil/water emulsion flux. 

Fig. 5   a Pure water flux and rejection efficiency, b cycles of pure water–oil/water emulsion-pure water flux, c FRR, Rir and Rr percentage and, d 
time-dependent flux of pristine PVDF and PVDF/HMO membranes
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After two times of filtration cycle within 300 min of the total 
operation, the PVDF membrane and PVDF/HMO MMM 
declined approximately 99% and 57%, respectively. A flux 
declined was observed for PVDF especially in separating the 
oil/water emulsion where the first reading flux was obtained 
at 6.11 L/m2 h that was 6 times lower than the MMM that 
attained flux at 36.67 L/m2 h. The hydrophobic nature of 
PVDF membrane demote the ability of the water molecules 
to pass through the membrane (Zhou et al. 2019). Apart 
from that, the PVDF membrane is oleophilic that allowed 
the oil droplet to adhere or penetrate into the membrane 
(Otitoju et al. 2016). Furthermore, once the cake layer had 
formed, it was difficult to remove the accumulations of oil 
on the membrane surface, which was reflected in the high Rir 
and low FRR value (Fig. 5c) (Ullah et al. 2021). Therefore, 
the pure water flux in second cycle of PVDF membrane was 
low, as it was impossible to remove the foulants solely by 
back-washing and rinsing using water.

The membranes were further analyzed for flux recovery 
and reversible fouling, as depicted in Fig. 5c, to examine the 
antifouling properties of the membranes. The FRR, Rr, and 
Rir of the PVDF membrane was gained at 27.14%, 12.86%, 
and 72.86%, respectively; whereas that of PVDF/HMO 
membrane was attained at 63.79%, 54.7%, and 36.21%, 
respectively. As the FRR increases, the Rr increases corre-
spondingly. The Rr determines the possibility of the mem-
brane for reuse although it may not perform as well as it does 
in its original state. Weak repellency of the PVDF membrane 
is caused by high Rir value, which indicated poor detach-
ment of the cake layer after back-washing. This phenomenon 
is caused by the trapped oil on the PVDF membrane, as 
rough surface leads to severe fouling (Tanis-Kanbur et al. 
2018; Ismail et al. 2021; Wang et al. 2020). Due to the oil 
foulants that were inadequately removed during the wash-
ing process, the high Rir value indicated poor FRR value. 
On the other hand, the oleophobicity of the MMM made it 
easier to remove foulant from the membrane surface, as the 
oil contact angle had increased from 0° to 35.1° (Table 1), 
which resulted in oil repellency of surfaces (De Guzman 
et al. 2021). Additionally, the hydration layer produced by 
the –OH functional groups in PVDF/HMO had reduced the 
possibility of adhesion behavior of oil droplets.

The lifetime of the membranes was conducted for 
360 min with using lubricant oil as feed at a concentration of 
1000 ppm, as displayed in Fig. 5d. Both membranes showed 
that the flux declined over time, where pristine PVDF mem-
brane obtained a flux of approximately zero before achieving 
150 min of operating time. The inherent hydrophobic nature 
of PVDF membrane made it susceptible to fouling due to 
adsorptive surfactants or mechanical pore-plugging by the 
oil emulsions during the membrane separation process (Li 
et al. 2018). The oil droplets conquered the membrane sur-
face and formed a layer cake, which led to total fouling with 

oil coalescence on the membranes. The MMM with –OH 
functional groups, in contrast, not only enhanced the wet-
ting characteristics but also enhanced the ability to resist oil 
droplets (Sultana and Rahman 2022). The MMM exhibited 
more negative charge than pristine PVDF, and had a strong 
tendency to decrease the possibility of oil droplets adher-
ing to the membrane surface (Mazumder et al. 2020). The 
nanocomposite membrane, however, also demonstrated flux 
reduction over time and achieved uniform flux after 300 min 
because an oil cake layer was formed, impeding the passage 
of water molecules. Foulant thickness causes an increase in 
resistance and a decrease in flux. After 360 min of permeat-
ing the oil–water emulsion, the PVDF membrane completely 
collapsed in less than 150 min, and the PVDF/HMO MMM 
was reduced by 50%.

Figure 6 shows the pristine PVDF and PVDF/HMO mem-
brane after separating oil/water emulsion for 1 h. The wide 
pores and high level of surface roughness of the PVDF mem-
brane make it highly susceptible to fouling (Matindi et al. 
2021). The PVDF membrane with white color evidently 
showed a cake layer formation on the membrane surface, 
where the yellow color represents the oil droplets. It can 
also be seen that the yellow color on the PVDF membrane 
surface has various yellow tone color, whereby the vivid 
yellow color of the cake layer represents a thicker cake layer 
formation on top of the layer and that nearly covered the 
membrane surface area completely. This occurrence had 
caused a continuous deposition of oil droplets on the PVDF 
membrane, drastically reducing its water permeability, 
lifespan, and risk to severe fouling. Meanwhile, the MMM 
showed thin layer foulants with small area covered on the 
membrane surface. This demonstrated the contribution of 
the HMO nanoparticles employed in the PVDF/HMO. The 
bonding between the abundant hydroxyl groups from HMO 
and water molecules was generated by the hydrated layer, 
where this layer greatly reduced oil droplet attachment on 
the MMM (Zarghami et al. 2019).

The comparison of current work with previously reported 
MMMs was presented in Table 2. The operating pressure 
used was ≤ 2 bar using the dead-end or crossflow filtration. 
Generally, feed without the surfactant (e.g., Tween 80 and 

a b

Fig. 6   a PVDF membrane and b PVDF/HMO MMM after permeated 
oil/water emulsion for 1 h
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SDS) has higher potential to accumulate and the membrane 
able to achieve excellent result compared to the feed with 
surfactant due to the stable oil/water emulsion (Zhou et al. 
2019). Additionally, different type of oil has different vis-
cosity which also affects the flux performance. Based on 
Table 2, it can be seen that the PVDF/HMO membrane dem-
onstrated comparable result in both flux and oil rejection 
performance in the literature.

Conclusion

The nanocomposite membrane was prepared via non-sol-
vent-induced phase separation (NIPS) incorporated with 
HMO nanoparticles. The addition of HMO nanoparticles in 
the PVDF/HMO MMM improved the membrane hydrophi-
licity, oleophobicity, and reduced surface roughness, which 
induced high flux and improved the antifouling properties of 
the membrane. The abundance of –OH functional groups in 
the HMO nanoparticles employed in this work prepared the 
PVDF/HMO MMM required for the treatment of oily waste-
water. The presence of HMO nanoparticles in the nanocom-
posite was confirmed by FTIR and EDX, where a uniform 
distribution of O and Mn element can be seen in Fig. 1, and 
the –OH functional groups were determined via FTIR at 
a wavelength of 3400 cm–1. Meanwhile, the PVDF/HMO 
MMM exhibited water flux at 402.0 ± 11.75 L/m2 h with an 
oil rejection efficiency at 93.8% that is 10 times higher than 
the pristine membrane. The membranes were then subjected 
to antifouling testing. The PVDF membrane displayed FRR, 
Rr, and Rir at 27.14%, 12.86%, and 72.86%, respectively. 
Meanwhile, the PVDF/HMO MMM displayed FRR, Rr, and 
Rir at 63.79%, 54.70%, and 36.21%, respectively. The PVDF 

membrane’s poor antifouling properties, which were affected 
by its high surface roughness value and wetting characteris-
tics—hydrophobic and oleophilic—had led to the formation 
of cake layer during filtration, as shown by the low FRR 
and Rr values of the pristine membrane. On the other hand, 
the PVDF/HMO showed high flux recovery and reversible 
fouling values, indicating that the fabricated nanocomposite 
membrane has good antifouling properties, which can lead 
to good flux performance.
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