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Paper introduces an efficient technique for removing excess Fe(Il) ions from water using modified polyvinylidene
fluoride membranes. Capability for Fe(II) removal was investigated for three types of PVDF membranes (pristine
PVDF, PVDF/Fe304 blend, and PVDF/Fe30O4 blend membrane with additional immobilization of Fe3O4 nano-
particles using polymer spacer. Structures and morphologies of membranes were analyzed through various
techniques (IR, SEM, AFM, water contact angle, zeta potential), revealing that Fe304 nanoparticles were suc-
cessfully incorporated into the membrane matrix and/or the membrane surface. The surface modification
resulted in increased hydrophilicity of the membrane surface, as indicated by a decrease of WCA from 106.1°+3°
to 74.8°+2°. The isoelectric point changed from 3.5 + 0.2 to 7.9 + 0.2 after the attachment of polyethyleneimine
(PEID) owing to the cationic nature of the polymer linker. Membranes were tested in an ultrafiltration process
using polyacrylic acid (PAA) as an agent for the binding of Fe(II) into the coordination complex. The modified
membranes demonstrated a hydrodynamic permeability coefficient of 17.1 LMH-bar™, which is approximately
2.5 times higher than the pristine PVDF membrane. The surface-modified PVDF membranes maintained a high
rejection of Fe(II)-PAA coordination complex (97.1 and 99.4 %, respectively) at a pH of 8, leading to the decrease
of concentration of Fe(Il) in permeate from 20 ppm to 0.08 ppm and 0.11 ppm, meeting the standards set by the
World Health Organization (0.3 ppm) and European Union Regulation (0.2 ppm). Modified PVDF/Fe304
membranes show potential applications in water purification from heavy metals owing to many advantages,
including higher flux rates and rejection ability.

Owing to the fact that groundwaters may contain iron at concen-
trations of up to several milligrams per liter, it is important to develop an

1. Introduction

Iron (Fe) is a vital element which plays a key role in the metabolism
of living organisms, including humans [1]. Iron is a heavy metal natu-
rally found in the earth’s crust. The presence of iron in water, typically
in the soluble ferric or insoluble ferrous forms, can result from the
dissolution of rocks and minerals, as well as from acid mine drainage or
industrial waste [2,3]. However, an excess of iron content in drinking
water may cause a problem owing to harmful effects on human health (e.
g., diabetes, hemochromatosis, stomach problems, and nausea) [4].
Moreover, ferrous sulfate has the ability to settle out as corrosion
colored silt, causing an undesirable metallic taste in water and damaging
of pipes [5]. Considering these facts, the World Health Organization
(WHO) suggests the content of iron should be lower than 0.3 ppm [6];
furthermore, the European Union Regulations propose an iron concen-
tration limit of 0.2 ppm [7].

* Corresponding authors.

inexpensive, convenient, and reliable method to purify water to the
required iron concentration [8-10]. PVDF membranes are one of the
most common polymeric membranes owing to their low-price chemical
stability and mechanical resistance [11,12]. PVDF membranes and their
modified derivatives are widely used to remove metal ions in the water
purification process [13-16]. Zhao et al. [17] fabricated a MoS; nano-
sheet functionalized PVDF membrane to remove mercury (II) ions.
Removal capability, adsorption rate, and the removal mechanism of
Hg?" ions were investigated. It was revealed that a high Hg?* ions
removal efficiency of over 99 %, even from oil-field wastewater, can be
reached. Therefore, the PVDF membranes with MoS, demonstrated the
potential application for industrial wastewater purification from heavy
metal ions. Teng et al. [18] developed PVDF membranes coated with
polyethyleneimine (PEI) and epoxidized SiO, nanoparticles with heavy
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Table 1
Labeling of the investigated membranes.

Membrane Initial evaporation time Label
[min]
PVDF 0 PVDF
PVDF 10 PVDF 10
PVDF doped with Fe304 0 PVDF/Fe304
PVDF doped with Fe304 10 PVDF/Fe30,4
10
PVDF/Fe304 with subsequent surface 0 S-PVDF/
modification Fe304
PVDF/Fe304 with subsequent surface 10 S-PVDF/
modification Fe304 10

metal ions removal capabilities. Cd%*, Cu®*, and Pb?* were chosen as
representatives to evaluate the ability of such membranes to remove
heavy metal ions. It was determined that the rejection coefficients of
Cd?*, cu®", and Pb" ions were 79.2 + 1.7 %, 74.2 + 1.9 %, and 76.4 +
1.9 %, respectively. Pirashmani et al. [19] fabricated PVDF nanofibrous
ultrafiltration (UF) membranes modified with metal-organic framework
nanoparticles, including ZIF-8, chitosan/Ui0-66 NH,, and
chitosan/ZIF-8. The removal performance of the membranes was
assessed in the UF process with BSA protein and Cr®' ions. The
PVDEF/chitosan membrane loaded with UiO-66-NH5 (20 wt %) demon-
strated the highest water flux of 470 LMH, along with BSA and Cr®"
rejection rates of 98.1 % and 95.6 %, respectively.

Nevertheless, the inherent hydrophobicity of PVDF leads to surface
fouling [20], which raises the operational costs associated with PVDF
filters, making their use in water treatment unaffordable in
resource-constrained settings [21,22]. Volumetric, physical, and chem-
ical modification can be used to achieve the required characteristics of
PVDF membranes for specific separation processes [23,24]. The
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volumetric method signifies adding supplements to the polymer solution
during the formation process [25,26].

Physical modification is usually presented as coating with high mo-
lecular weight substances, oligomers, and surfactants, and is based on
ionic or hydrophobic interactions [27-30]. A chemical modification
process is applied to enhance the membrane susceptibility to fouling and
allows the immobilization of other molecules on the membrane surface
owing to new covalently bound molecules with reactive functional
groups [31-33]. However, PVDF membranes possess inert properties,
and pre-activation treatment is required [34-36].

The volumetric modification of PVDF membranes using magnetite
(Fe3O4) nanoparticles (MNPs) to enhance microstructure, reduce
fouling, and enable smart functionalities has been extensively studied in
the literature [37-40]. Moreover, chemical modification methods with
Fe3O4 nanoparticles greatly enhance membrane efficiency [41,42]
owing to the mobility of MNPs in a magnetic field [43]. Applying iron
(I1, I1T) oxide expands the permeate water flux and minimizes the impact
of concentration polarization and membrane fouling [44,45]. Consid-
ering these facts, the modification proposed by Himstedt et al. [46,47] is
a promising approach to fabricating PVDF membranes with higher mass
transfer values and salt rejection coefficients. Konovalova et al. [43]
developed polyethersulfone membranes with immobilized magnetite
nanoparticles and proved their improved transport properties in the UF
process for polymers with different molecular mass.

In this work, polyvinylidene fluoride membranes were modified
using both volumetric and chemical modifications. It is worth noting
that such dual approach has not been previously described in the liter-
ature. The applicability of PVDF membranes for iron (II) removal
applying the polyelectrolyte-enhanced UF was investigated. Three types
of PVDF membranes (pristine PVDF, PVDF doped with Fe3O4, and
PVDF/Fe304 with subsequent immobilization of Fe3O4 nanoparticles
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Fig. 1. Schematic depiction of the membrane formation using a phase inversion method induced by a nonsolvent, with initial evaporation stage.
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Fig. 2. Schematic depiction of surface modification of PVDF/Fe30,.
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Fig. 3. FTIR spectra of pristine PVDF (A1, A2), and modified (B1; B2) PVDF membranes.

with PEI as a polymer linker) were fabricated, and their surface,
morphological, and transport properties were analyzed. The essential
goal was to develop and utilize PVDF membranes to effectively purify
water to the iron level suggested by the European Union Regulation
(0.02 ppm). Therefore, the transport and separation properties were
evaluated using the ultrafiltration process. The iron (II) ions were bound
into a complex with polyacrylic acid (PAA) for effective purification.
Moreover, the influence of PAA and pH value of feed were studied.

2. Materials and methods
2.1. Materials

Polyvinylidene fluoride powder KYNAR HSV900 (Arkema, France)
was used for the membrane fabrication with N,N-Dimethylformamide

(DMF) (Chempur, Poland) serving as the organic solvent to prepare the
PVDF solution.

The following chemicals were utilized in the modification process:
NayCO3 (Chempur, Poland), 25 kDa PEI (Sigma-Aldrich Co, USA), Fe3O4
nanoparticles with particle size of 50 nm (Sigma-Aldrich Co, USA), 5.1
kDa polyacrylic acid sodium salt (PAASS) (Sigma-Aldrich Co, USA), 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (Sigma-Aldrich
Co, USA).

2.2. Membrane formation

To fabricate membranes by the phase inversion method, two casting
solutions were prepared (Table 1): (1) 15 wt % PVDF in DMF without
iron (II, III) oxide nanoparticles for membranes, subsequently labeled as
PVDF and (2) 15 wt % PVDF and 1 wt % Fe304 nanoparticles in DMF for
PVDF/Fe304. Each solution was stirred overnight to ensure a homoge-
neous mixture. Subsequently, the degassing (1 h), and maturing stages
(24 h) were performed.

An automatic film applicator (Erichsen Gmbh Co., Germany) with a
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Table 2
Results of thickness measurement and water uptake values for investigated
PVDF membranes.

Membrane IET, Thickness, [um] Thickness Water
[min] change, [%] uptake,
[%]
Wet Dry
membrane membrane
PVDF 0 44 +1 41 +1 73+1 10.5 +
3.1
PVDF 10 60+3 52+3 154 +1 14.7 +
2.9
PVDF/ 0 55+ 3 43 +2 219+1 18.8 +
Fe304 3.1
PVDF/ 10 83+3 66 + 3 258 +1 24.8 +
Fe304 3.0
S-PVDF/ 0 60 + 3 44 £+ 2 36.3+1 37.4 +
Feg04 3.4
S-PVDF/ 10 91 + 4 68 +3 338 +1 35.6 +
Fe304 3.8

casting speed of 10 mm-s! was used to prepare membrane films. The

dope solution was poured onto a glass plate, and after that, a casting
knife with a slit thickness of 0.4 mm was used to form the membranes
(Fig. 1) [48]. Polymer solutions were kept for a specified time (0 and 10
min) called initial evaporation time (IET). Afterward, the glass plate
with the dope solution was submerged in a coagulation bath filled with
deionized water for 20 min. To remove the excess amount of solvent,
membranes were placed in DI water for 24 h.

2.3. Membrane modification

The surface modification technique was thoroughly outlined in our
previous work [49]. In brief, a simple modification method was used to
develop the Fe3O4-decorated membrane, as shown in Fig. 2. The
essential idea was to immobilize MNPs with PEI as a linker between the
activated membrane surface and the functionalized magnetite. Owing to
the inertness of the PVDF, the activation step using carbonate buffer
firstly was carried out [50,51]. As a consequence, the defluorination
process and the formation of double bonds occurred. Next, PEI was
grafted onto the membrane through nucleophilic substitution, where the
amino groups of PEI replaced the fluorine on sp*hybridized carbon.

120 -
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(-] ©
o o

Contact angle, ©

B
o

20

Membranes

= PVDF m PVDF 10
 PVDF/Fe;0, M PVDF/Fe 0, 10
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Afterward, the attachment of MNPs occurred via an amide bond be-
tween amino groups of polyethyleneimine and carboxylic groups of
functionalized Fe3O4 nanoparticles. EDC was used as an activator of the
amidation reaction [49].

2.4. Membrane characterization

FTIR spectroscopy was utilized to prove a successful modification
process and to study the characteristic peaks of the PVDF, PVDF/Fe30y,
and S-PVDF/Fe304. All of the spectra were obtained for wavenumbers
between 4000 cm™ and 400 cm™ using a FTIR spectrometer Bruker
Vertex 80v (Billerica, Massachusetts, USA).

The thicknesses of membranes were measured using a micrometer
(Sylvac, Switzerland). Samples were kept in an oven at 50 °C for 24 h
and, after that, the thicknesses of the dry samples (T4ry) were deter-
mined. Measurements were performed at least 20 times for each sample.
A similar experiment was carried out for wet membranes. The results for
wet samples (Tyt) were acquired after keeping membranes in water for
24 h. Thickness change was calculated using Eq. (1).

Twet — T,
Thickness change [%)] = tT—d‘YwO% (¢))
dry

Water uptake (WU) was determined according to Eq. (2):

Myer — Mary 100% )

WU (%) =
Mgry

Before the evaluation, membrane samples were stored at 50 °C for 24

h. Subsequently, the samples were weighed and the masses of dry

samples (mq,y) were measured. The masses of the wet membranes (myyet)

Table 3
Initial evaporation time (IET), water contact angle (WCA), and porosity values of
investigated membranes.

Membrane IET, [min] Contact angle, [°] Porosity, [%]
PVDF 0 106.1 + 3.2 7.4+2
PVDF 10 109.0 + 3.6 15.6 + 2
PVDF/Fe304 0 93.0 +£3.8 115+ 2
PVDF/Fe30,4 10 96.1 +£ 3.1 19.6 £ 2
S-PVDF/Fe304 0 74.8 + 3.7 10.4 + 2
S-PVDF/Fe304 10 76.1 + 3.8 179+ 2

40 B

30

Zeta potential, [mV]

-30

v PVDF m PVDF/Fe;0, @ S-PVDF/Fe;0,

Fig. 4. WCA (A) and zeta potential analyzes (B) in the pH range 2-10.
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Fig. 5. (continued).
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Fig. 6. Results of EDX analysis for PVDF, PVDF/Fe304, and S-PVDF/Fe30,.

were estimated after placing samples in deionized water for 24 h. An
experiment for each sample was conducted three times, and average
values were presented. Based on the results of water uptake experi-
ments, the volume porosity was calculated according to Eq. (3):

Myet — mdry
—=100% 3
QuaerrAxL ©

Porosity (%) = ¢ (%) =
where mye — mass of wet membranes, kg; mgry — mass of dry mem-
branes, kg; Q — water density, kg~m’3; A —membrane surface area, m% L—
membrane thickness, m.

To evaluate the dependence of zeta potential from pH, Surpass3
electrokinetic analyzer (Anton Paar, Austria) was employed. To assess
the hydrophilicity/hydrophobicity properties of the membranes,
goniometric studies were conducted using a goniometer (Biolin Scien-
tific Gothenburg, Sweden). Contact angle values were determined for
water (y = 72.7 mN m ™) with a drop volume of 3 uL. Each measurement
was repeated 10 times at room temperature, and average values were
calculated.

The top surface and cross-section microstructural images of the
membrane samples were acquired using a scanning electron microscope
(SEM), Quanta 3D FEG (FEIL, Prague, Czech Republic). To improve the
visibility of macrophotographs, the membrane samples were coated
with a gold nanolayer (thickness of ca. 1 nm) before the experiments.
For cross-sectional images, samples were prepared by freezing and
fracturing the membranes in liquid nitrogen. EDX analysis of cross-
section was carried out with the aim of elemental analyzes; the EDX
experiment was performed utilizing an energy-dispersive X-ray system
with SEM.

Average roughness and root mean square roughness (RMS) are
important parameters characterizing the surface morphology of the
samples. An atomic force microscope (AFM), (Veeco, Digital Instrument,
United Kingdom), was used to evaluate the RMS parameter; the inves-
tigated area was 10 um x 10 pm. The results of AFM experiments were
explored with NanoScope Analysis Software (1.40, Build R3Sr5.96909,
2013 Bruker Corporation).

The transport characteristics of membranes were investigated using
a dead-end ultrafiltration setup characterized by an effective membrane
area of 12.56 cm?. Analyzes were performed at room temperature,
applying pressures ranging from 0.5 to 2.5 bar. A Janke Kunkel KMO,
magnetic stirrer was employed to create a magnetic field and stirring in
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time of UF (stirring rate 250 rpm). To verify the obtained flux values,
every experiment was repeated 3 times. Besides, before each measure-
ment, the membrane was compacted with deionized water for 2 h at a
pressure of 3 bar to achieve a stable flux. Then, pure water was filtrated
through the membrane for 1 h and the average water flux (Jv, LMH) was
calculated using Eq. (4), where AV corresponds to the permeate volume
(L), At is the time for filtrate to pass through the membrane (h), A is the
active membrane area (m?). Membrane hydrodynamic permeability
coefficient (Lp, LMH-bar!) is determined as a slope of dependence of Jv
on the applied pressure (A p) [52].

AV
Jv = A AL (©)]

The same experiment was conducted to assess the ability of mem-
branes to retain iron ions Fe?" through polyelectrolyte-enhanced UF.
Before this, the membranes were characterized using organic tracer
filtration experiments [53]. Polyethylene glycols (PEG) with different
molecular weights (4 kDa, 8 kDa, and 20 kDa) were employed as tracers.
The results showed retention values of 100 % for PEG 8 kDa and PEG 20
kDa, while PEG 4 kDa exhibited a retention of approximately 85 %.
Based on these findings, PAASS of 5.1 kDa was selected to bind Fe* ions
into a complex for their removal via polyelectrolyte-enhanced
ultrafiltration.

Ammonium iron (II) sulfate hexahydrate (NH4)2Fe(SO4)2 was used to
prepare a feed solution with Fe?* concentration of 20 mg-L.PAASS was
added to the solution (concentration 0.1 wt %, 0.3 wt %, 0.5 wt %) to
bind Fe?* ions into the complex with carboxyl acid groups. UF experi-
ments for Fe?t-PAA water solutions were performed at pH of 4, 6, and 8,
with an initial feed volume of 50 mL. The rejection rate was calculated
when the recovery reached 50 %. The concentrations of Fe>* were
determined by the atomic absorption spectrometer SOLAAR 969.
Rejection (R, %) values were evaluated via Egs. 5, where C, and Cg
denote the Fe?* jons concentrations in the permeate and feed solutions,
respectively [54].

R=1_ (%) 100% ®)

3. Results and discussion
3.1. FTIR spectroscopy

To confirm the membrane modification, FTIR spectroscopy was
utilized for the assessment of the functional groups and chemical
composition of the pristine PVDF, and the modified PVDF membranes
(Fig. 3). Some similar peaks were observed in the spectra of all the
samples, a fact which is obviously related to the characteristic peaks of
the PVDF membrane. The peaks at 878 cm™ and 1174 cm’! corre-
sponded to CF, stretching; the peak at 1054 cm™ was characteristic for
the C-H range of -CH,F of alkyl halides; and at 1402 cm™ was attributed
to the CH; group.

The activation of the surface by carbonate buffer with subsequent
grafting of PEI makes it possible to produce the amino groups on the
PVDF surface. In the spectrum of S-PVDF/Fe3O4 membrane, the char-
acteristic broad band of amino moieties at 3100-3500 cm™ was clearly
visible (Fig. 3, B1); moreover, the band at 1581 cm’! corresponded to the
deformation fluctuation of N-H bonds. In addition, the appearance of
new bands at 3042 cm " 1, 2861 cm™!, and 1652 cm™! was related to the
defluorination, double bond formation, and -CF substitution with -CH
[55].

3.2. Membranes characterization

The results of thickness measurement and WU values for the inves-
tigated PVDF membranes are presented in Table 2. Thickness changes
were calculated according to Eq. (1). As can be concluded from the
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Fig. 7. 3D AFM images: (A) — PVDF; (B) — PVDF 10; (C) — PVDF/Fe50.; (D) — PVDF/Fe304 10; (E) — S-PVDF/Fe50,; (F) — S- PVDF/Fe;04 10.

Table 4
Average roughness and RMS values of developed PVDF membranes.

Membrane Average roughness, [nm] RMS roughness, [nm]
PVDF 29.8 +0.3 26.7 £ 0.3
PVDF 10 34.1+0.3 28.7 £ 0.3
PVDF/Fe304 36.2+0.3 30.4 £ 0.3
PVDF/Fe304 10 36.8 £ 0.3 31.3+0.3
S-PVDF/Fe304 43.7 £ 0.3 54.2 + 0.3
S-PVDF/Fe304 10 41.8 £ 0.3 46.5 + 0.3

presented values, the membrane thickness depends on the IET during
the membrane formation process [48]. The thickness increased with
extended initial evaporation time (41 + 1.1 um and 52 + 3.0 um for
PVDF without and with IET of 10 min, respectively). Besides, the
PVDF/Fe304 membranes were characterized by increased thickness
values compared to the pristine PVDF (Table 2).

Water uptake values, calculated using Eq. (2), are shown in Table 2.
It is interesting to notice that the increase of water uptake was observed
for the PVDF membranes formed with Fe3O4 (10.5 & 3.1 % vs. 18.8 +
3.1 % for membranes without additional evaporation time, and 14.7 +

2.9 % vs. 24.8 & 3.0 % for membranes with IET of 10 min). This 44-47 %
increase in WU suggests that the incorporation of magnetite nano-
particles into the PVDF membrane matrix enhanced the hydrophilicity
of PVDF membranes. Increased hydrophilicity of PVDF/Fe304 mem-
branes compared with original PVDF was also confirmed by the contact
angle values (Fig. 4, Table 3). PVDF and PVDF/Fe3O4 membranes
(without IET) possessed hydrophobic characteristics showing contact
angles of 106° and 93° respectively. As for PVDF and PVDF/Fe304
membranes with IET of 10 min, contact angle values were equal to 109°
and 96°, respectively. Obviously, the membranes with surface modifi-
cation possessed a hydrophilic nature (WCA < 90°) with the lowest
values of contact angles (74.8° and 76.1°) because PEI is a hydrophilic
agent.

One of the important characteristics of membrane materials is their
surface charge. A streaming potential analysis was performed to obtain
more comprehensive information regarding the properties of developed
membranes (Fig. 4B). A strong impact of surface modification on the
surface properties was observed. PVDF and PVDF/Fe304 were charac-
terized by the isoelectric point (IEP) of 3.5 + 0.2 and 3.7 + 0.2,
respectively. The lack of significant shifts in IEP for PVDF, and PVDE/
Fe3O4 indicates that the modification took place only inside the
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polymeric matrix. On the other hand, the cationic nature of poly-

ethyleneimine grafted to the membrane surface greatly influenced the
value of IEP (7.7 + 0.2 mV for S-PVDF/Fe30,).

3.3. Membrane morphology

Surface and cross-section microphotographs of membranes were

acquired to study the morphology changes after the modification pro-
cesses. According to the SEM images (Fig. 5), the original PVDF mem-
branes possess a homogeneous flat and smooth surface. The cross-
section images of the investigated membranes demonstrate the typical
asymmetric microstructure of PVDF with a top skin layer, macro finger-
like pores, and a dense “sponge-like” structure. Moreover, owing to the
obtained SEM images, the increase of IET from O to 10 min in the
membrane fabrication resulted in significantly changed membrane
morphology, as the pore size of PVDF membrane formed with IET of 10
min was bigger than the pore size of PVDF membrane without additional
IET (Fig. 5 A1 and B1). Yadav et al. [56] investigated optimal conditions
for the fabrication of PVDF-TiO; flat sheet hydrophobic membranes. The
operation parameters assessed during the membrane formation process
included polymer concentration, TiO5 concentration, evaporation time,
and ethanol concentration in the coagulation bath. It was concluded that
porosity showed an inverse relationship with polymer concentration,
whereas TiO, concentration, IET, and coagulation bath concentration
had a combined effect on the porosity. The optimal process parameters
were determined as 16.0 wt % of polymer concentration, 1.676 wt % of
TiO5 content, and IET of 29.09 min for the PVDF membrane with desired
parameters (WCA was 109° + 2°, membrane porosity was 59.9 + 2 %,
and tensile strength was 78.7 + 1 MPa).

As can be concluded from the SEM images (Fig. 5 C1 and D1), it can
be clearly observed that adding Fe3sO4 to the membrane matrix has a
great influence on the porous structure of the membranes. Comparing
microphotographs of PVDF/ Fe3O4 membranes with the original PVDF
membranes, more macropores were observed in the structure of PVDF/
Fe304 membranes. This phenomenon can be caused by the acceleration
of the exchange rate between solvent and nonsolvent materials during
the membrane formation as a result of Fe3O4 addition [36]. Moreover,
agglomerated magnetite nanoparticles were observed in the membrane
matrix of PVDF/Fe30, after the modification.

Furthermore, the surface modification with polyethyleneimine and
Fe304 led to the visible changes in the membrane morphology. As is


https://www.sciencedirect.com/topics/materials-science/ultimate-tensile-strength

H. Bubela et al.

Results in Engineering 25 (2025) 104312

Fig. 10. Top microphotographs of: (A) — S-PVDF/Fe304; (B) — S-PVDF/Fe304 10 after cycle experiments.

Table 5
Fe?' concentration in water after enhanced UF with polyacrylic acid.

C (PAA), C (Fe?") in permeate, [mg-L]
[wt %]
PVDF PVDF IET PVDE/ PVDF/ S- S-PVDF/
(10min) Fe304 Fe304 IET PVDF/ Fe304 IET
(10 min) Fe304 (10 min)
0.1 2.81 5.68 2.96 8.45 1.13 3.41
0.3 0.80 2.69 1.13 2.96 0.11 0.59
0.5 0.65 1.10 1.01 1.31 0.08 0.24

demonstrated in Fig. 5 (E1 and F1), a high density of immobilized
nanoparticles was identified on the surface of S-PVDF/Fe304. It is
additional evidence of the successful attachment of the nanoparticles on
the grafted PEI as a polymer linker. Significantly, the surface modifi-
cation leads to a clear reduction in membrane pore size. This reduction is
linked to polyethyleneimine’s ability to bond to the membrane surface
while simultaneously decreasing the effective pore radius.

EDX analyzes were employed to investigate the elemental existence.
Fig. 6. depicts the presence of carbon, fluorine, and oxygen for the
original PVDF. As expected, doping the membrane with FesO4 caused
the appearance of iron in the membrane structure. The highest content
of iron was determined for S-PVDF/Fe30y; it can be related to the extra
attachment of nanoparticles to the membrane surface, which was also
confirmed by SEM (Fig. 5).

The topography of the PVDF, PVDF/Fe304, and S-PVDF/Fe304
membranes are presented in Fig. 7, representing AFM images of the
analyzed samples. Notably, the bright areas represent the highest points
of the membrane surface, while the dark areas indicate the presence of
valleys and pores. According to Table 4, the original PVDF and PVDF 10
were characterized by the lowest root mean square (RMS) roughness
values (26.7 = 0.3 nm and 28.7 + 0.3 nm respectively). Doping of the
PVDF matrix with magnetite nanoparticles increased the RMS values by
9-12 % (30.4 + 0.3 nm for PVDF/Fe304 and 31.3 + 0.3 nm for PVDF/
Fe3O4 10). Generally, increased surface roughness causes improved
permeability, whereas increased fouling is also associated with a higher
RMS [57,58]. The highest RMS (54.2 + 0.3 and 46.5 + 0.3 nm) were
characteristic of modified PVDF membranes without and with evapo-
ration time, respectively. The reason is the successful immobilization of
Fe304 nanoparticles on the membrane surface. It should be noted that
the presence of sphere-like particles (size in the range of 70 — 250 nm) is
visible in Fig. 7E and F.
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3.4. Enhanced Fe*" ions removal

The volumetric flow is an important parameter for estimating the
transport properties of the membrane in the process of UF. The de-
pendences of the flow of the applied pressure were obtained to deter-
mine the hydrodynamic permeability coefficient for fabricated PVDF
membranes. The values of the hydrodynamic water permeability coef-
ficient are presented in Fig. 8. In general, the fabricated PVDF mem-
branes showed an upward trend of Lp value with increasing evaporation
time. Compared with a PVDF membrane without evaporation time, a
PVDF membrane with an IET of 10 min demonstrated a higher Lp value
(2.3 LMH-bar! vs 6.8 LMH-bar!). Membranes formed with Fe30y4
nanoparticles were characterized by increased Lp values compared to
the pristine PVDF membranes (5.1 LMH-bar! and 9.5 LMH-bar,
respectively). The highest value of the hydrodynamic permeability co-
efficient was shown by S-PVDF/Fe3O4 with IET of 10 min (17.1
LMH-bar™). The 152 % increase in Lp value compared with the original
PVDF 10 can be explained by the hydrophilization of the membrane
surface after modification and doping of the membrane matrix with
Fe304.

For the full and systematic characterization of the transport prop-
erties across the prepared membranes during the enhanced ultrafiltra-
tion process, membrane permeability values were determined using 0.1
wt % of polyacrylic acid (Fig. 8B). According to the obtained results, a
decrease in the membrane permeability with PAA was observed. S-
PVDF/Fe304 with IET of 10 min was characterized by the lowest dif-
ferences (13 %) between water membrane permeability and membrane
permeability with PAA. The observed small change in the Lp values was
consistent with the presence and rotation of the magnetite nanoparticles
in the boundary layer, making it possible to reduce concentration po-
larization and fouling phenomena during the UF.

To assess the stability and the reusability of the PVDF membranes
with immobilized magnetite nanoparticles, 5 successive cycles of UF
were performed in the dead-end mode under the pressure of 2 bar and
the magnetic stirring of 250 rpm. The duration of each cycle was equal
to 2 h. The 0.1 wt % solution of polyacrylic acid was used as a model
compound to evaluate the permeate flux of the investigated membranes.
As can be seen in Fig. 9, Jv values practically did not change during UF
experiments. Flux values of S-PVDF/Fe304 and S-PVDF/Fe3O4 10
declined by 11 and 5 % during 10 h of the process. The morphology of S-
PVDF/Fe304 and S-PVDF/Fe304 10 after cycle experiments were pre-
sented in Fig. 10.

The rejection of iron (II) ions was also determined in the process of
PAA-enhanced ultrafiltration. The results of the experiments using
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Fig. 11. Iron concentration in permeate and rejection after enhanced ultrafiltration with 0.3 wt % of polyacrylic acid at different pH values: (A) pH = 4; (B) pH = 6;

(C) pH = 8.

solutions with different content of PAA (0.1, 0.3, and 0.5 wt %) are
shown in Table 5. It was confirmed that the PVDF membrane with
immobilized Fe3O4 demonstrated the best ability for Fe?* removal.
Namely, utilizing the S-PVDF/Fe304 with IET of 10 min resulted in the
concentration of Fe?™ in the permeate of 3.41 mg-L™. Moreover, the
content of iron (II) ions was equal to 1.13 rng-L'1 for the S-PVDF/Fe304
membrane without IET. Furthermore, the separation efficiency of the
enhanced UF increased with the concentration of PAA. Comparing ex-
periments with 0.1 wt %, 0.3 wt %, and 0.5 wt % of PAA, the iron (II)
contents were 1.13 mg-L}, 0.11 mg-L", and 0.08 mg-L" for S-PVDF/
Fe304. This tendency was related to a higher degree of iron (II) ions
binding with polyacrylic acid.
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Taking into account better separation efficiency, further experiments
were conducted with water solutions of PAA with concentrations of 0.3
and 0.5 wt %. The results of the study are shown in Figs. 11 and 12,
respectively. The rejection values of Fe?" were also evaluated at
different pH values (4, 6, and 8). The best separation features were
observed for all the investigated membranes at a pH value equal to 8.
Ultrafiltration carried out at pH 4.0 led to the reduction of the efficiency
of iron removal by 35-58 %. It can be explained by a reversible
conformational change (coil-to-globule transition) of polyacrylic acid at
a pH value of around 5.0 that is driven by the level of ionization of the
carboxylic group [59]:
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Fig. 12. Iron concentration in permeate and rejection after enhanced ultrafiltration with 0.5 wt % of polyacrylic acid at different pH values: (A) pH = 4; (B) pH = 6;

(C) pH = 8.
RCOOH « H' + RCOO 6)

At the low pH range, PAA adopts a compact (but not fully collapsed)
globular conformation, allowing it to pass easily through membranes
[60]. Moreover, the membrane streaming potential had to be taken into
account (Fig. 4B, Table 3). Obviously, the membrane surface carries a
positive charge when the pH is below the isoelectric point, while it be-
comes negatively charged when the pH is above the isoelectric point.
Thus, higher rejection values at higher pH can be related to the elec-
trostatic repulsions between polyacrylic acid and membrane surface.
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4. Conclusion

In the presented work, the pristine PVDF membranes and their
modified derivatives were developed. Magnetite nanoparticles (Fe3O4)
were incorporated into the PVDF membranes matrix, while there was a
further surface modification with polyethyleneimine as a linker. The
surface characteristics of developed membranes were assessed using
SEM, IR, AFM, WCA, and zeta potential analyzes. Undoubtedly, surface
modification with PEI as polycation and hydrophilic agent resulted in
the hydrophilization of the membrane (WCA decreased from 106.1 + 3
to 74.8 £ 2), and changes in isoelectric point of PVDF membrane (from
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3.5+ 0.2t07.7 £ 0.2).

In addition, membranes were tested using the dead-end ultrafiltra-
tion process and discussed in terms of iron removal from water using a
polyelectrolyte-enhanced UF process with polyacrylic acid. Notably,
PVDF with attached Fe3O4 and IET of 10 min possessed the highest
permeability (17.1 LMH-bar ™), which is 3.7 times higher compared with
a similar membrane without IET. Furthermore, comparing S-PVDF/
Fe304 with pristine PVDF membrane, the permeability was enhanced by
152 %. According to the high rejection values (97.1 — 99.4 %), and
amount of iron in the permeate (0.08 and 0.11 mg-L') after PAA-
enhancement of UF, the potential use of PVDF membranes enhanced
with Fes04 nanoparticles for the removal of Fe?" excess was proven. An
optimal amount of PAA and pH of solution for the removal of excess of
ferrous iron from water have also been determined (0.5 wt % of PAA and
pH = 8).
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