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Abstract: Cutting fluids are the main source of oily wastewater in the metalworking industry. This
study deals with the development of antifouling composite hydrophobic membranes for treatment of
oily wastewater. The novelty of this study is that a low energy electron-beam deposition technique
was applied for a polysulfone (PSf) membrane with a molecular-weight cut-off of 300 kDa, which is
promising for use in the treatment of oil-contaminated wastewater, by using polytetrafluoroethylene
(PTFE) as target materials. The effect of the thickness of the PTFE layer (45, 660, and 1350 nm)
on the structure, composition, and hydrophilicity of membranes was investigated using scanning
electron microscopy, water contact angle (WCA) measurements, atomic force microscopy, and FTIR-
spectroscopy. The separation and antifouling performance of the reference and modified membranes
were evaluated during ultrafiltration of cutting fluid emulsions. It was found that the increase in
the PTFE layer thickness results in the significant increase in WCA (from 56◦ up to 110–123◦ for the
reference and modified membranes respectively) and decrease in surface roughness. It was found
that cutting fluid emulsion flux of modified membranes was similar to the flux of the reference PSf-
membrane (7.5–12.4 L·m−2· h−1 at 6 bar) while cutting fluid rejection (RCF) of modified membranes
increased compared to the reference membrane (RCF = 58.4–93.3% for modified and RCF = 13% for
the reference PSf membrane). It was established that despite the similar flux of cutting fluid emulsion,
modified membranes demonstrate 5–6.5 times higher flux recovery ratio (FRR) compared to the
reference membrane. The developed hydrophobic membranes were found to be highly efficient in
oily wastewater treatment.

Keywords: polysulfone; composite membrane; hydrophobization; modification; ultrafiltration;
cutting fluid

1. Introduction

Metalworking fluids or cutting fluids are widely used in the engineering industry [1].
Cutting fluids are usually mixed with water in a certain proportion (usually at concen-
trations of 2–10 wt.%) [2]. The resulting stable emulsions are used to cool, lubricate, and
prevent rust in the contact between the processing tool and workpiece being processed.
Thus, cutting fluids contribute not only to better processing details, but also to protecting
the machining tool from corrosion [3]. Despite a number of advantages of metalworking
fluids, it is necessary to mention the disadvantages of their use: cutting fluids are charac-
terized by a rather complex chemical composition, quite dangerous for human health and
the environment [4]. Due to their complex chemical composition, cutting fluids are the
main source of oily wastewater in the metalworking industry [5]. In particular, it is known,
that wastewater contaminated with cutting fluids features high chemical oxygen demand
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(COD) up to 100,000 mg/L [6,7]. High levels of COD in wastewater can lead to depletion of
dissolved oxygen in the water, which in turn will result in negative environmental impacts
and regulatory violations [8]. That is why wastewater treatment from cutting fluids is of
current interest. Unfortunately, traditional wastewater treatment methods such as flotation,
sedimentation, and coagulation do not meet the increased requirements for the quality of
wastewater treatment and purity of treated water. Due to this, numerous studies on the
use of ultrafiltration (UF) for post-treatment of wastewater from emulsified oil products
are currently underway [9,10].

The literature describes the use of various ultrafiltration polymeric membranes of
different configuration [11–13] from different membrane materials [14–16] for the water-oil
emulsion separation. In particular, membranes based on polysulfone and polyethersulfone
are widely applied for this purpose [14,17,18]. In [17] polysulfone membranes modified
with PVP (Mw = 24,000–360,000 Da) and PEG (Mw = 400–20,000 Da) performed well in the
separation of stable oil-in-water emulsions. However, these emulsions were prepared in
the laboratory based on surfactant and Crude oil supplied by Guwahati Refinery, Indian
Oil Corporation Limited. At the same time, it is known that the composition of emulsions
based on cutting fluids is much more complex, which will also affect the ultrafiltration
process [19,20]. Although in most cases the composition of a particular cutting fluid is
a trade secret, it is widely known that besides petroleum and surfactants, cutting fluids
also contain lubricants from natural and synthetic oils, foam, corrosion inhibitors, and
other additional compounds [21]. Generally, the scientific literature describes the use of
both hydrophilic and hydrophobic membranes for wastewater treatment from emulsified
oil products [2,5,9,10,22–24]. In particular in [2] commercially available polyvinylidene
fluoride (PVDF) hollow fiber UF membranes (molecular weight cut-off (MWCO)—150 kDa)
were successfully used for filtration of concentrated emulsion based on commercial cutting
fluid, ULTRACUT® EVO 260 (ROCOL, UK). In [9,25,26] it is reported that PVDF ultrafil-
tration membranes are quite often used for separation emulsions based on cutting fluids,
moreover, PVDF-based membranes are one of the most used materials for this purpose. For
example, [25] reports the preparation of a TiO2/poly(vinylidene fluoride–trifluoro ethylene)
nanocomposite membrane by solvent casting and its successful photocatalytic application
in the remediation of oily wastewater. In [26] the authors report on the development, char-
acterization, and application of a PVDF—hexafluoropropylene porous membrane which
was proved to be suitable for wastewater treatment in order to remove of organic matter.
At the same time, PVDF-membranes may also have certain limitations for the separation
of emulsions stabilized by surfactants, especially if the pore size of the membrane is large,
as reported in [21]. In [22] for oil-water emulsion separation hydrophilic regenerated
cellulose ultrafiltration membranes modified by grafting poly(N-isopropylacrylamide)-
block-poly(oligoethylene glycol methacrylate) nanolayers were used. Cellulose membranes
for oil-water emulsion separation have also been used in [23]. At the same time, in [24] it is
noted that the use of hydrophilic ultrafiltration membranes for oil-water emulsion separa-
tion is undesirable, since the flux of such membranes can easily be reduced due to clogging
of the membrane pore and fouling of the surface by the oil. In [9,10] it is postulated that the
hydrophobization of the selective layer of polymer membranes contributes to the effective
purification of wastewater from cutting fluids due to the specific interaction between the
membrane and emulsion components. At the same time, there are very few works devoted
to the hydrophobization of the selective layer of polymeric membranes in order to separate
emulsions of cutting fluids. In the articles devoted to this topic, silica [27–30] nanoparticles
are incorporated in the matrix of porous polymer membrane for preparation of hydropho-
bic membranes. In [29] 0.5–3.0 wt% modified hydrophobic nano-SiO2, with an average
diameter of 20 nm was added in PVDF/N,N-dimethylformamide (DMF) solution under
the ultrasonic stirring, which led to an increase in the water contact angle from 138.5◦ up
to 150◦. In [30] microfiltration PVDF membranes were modified by their immersing in a
PVDF/DMF solution, which additionally contained specially fabricated SiO2 nanoparticles
modified with hexamethyldisilazane. Water contact angle of such membranes reached 158◦.
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A rather difficult task during preparation of such membranes is the uniform dispersion of
nanoparticles in the casting solution due to their tendency to aggregation [31,32]. Often, this
problem cannot be solved without additional surface modification of nanoparticles [31,33].
Moreover, this significantly complicates the process of membrane modification. In this
regard, the development of alternative methods for membrane modification in order to im-
prove their separation performance during ultrafiltration of cutting fluids is very relevant.
One more method for obtaining hydrophobic membranes for separation of cutting fluid
emulsions is the manufacture of polytetrafluoroethylen (PTFE) or PVDF membranes via
the electrospinning technique [34–36]. In [37] it is indicated that the industrial scale-up of
the process of membrane preparation by electrospinning technique is restricted by limited
reproducibility and low production capacity. The literature also describes an alternative
method of hydrophobization of the surface of the selective layer of membranes—electron-
beam sputtering of polytetrafluoroethylene in a vacuum [38–41]. In particular, in [38] it is
considered that electron-beam sputtering of PTFE onto the surface of the poly(ethylene
terephthalate) track-etched membrane leads to their effective hydrophobization, the con-
tact angle increases from 65 up to 110–120o. Membrane modification by electron beam
deposition is mainly carried out to hydrophobize the selective layer for the application
of membranes in membrane distillation processes for desalination of seawater [40,41]. It
was revealed that there is practically no information in the literature on the use of the
electron-beam sputtering technique in relation to the hydrophobization of membranes used
for wastewater purification from cutting fluids.

In [42,43] the results of application of low-energy (0–100 eV) electron beams for the depo-
sition induced by a focused electron beam of thin fibers or low-molecular-weight compounds
are shown. However, to intensify the process, electric beams with energies above 500 eV are
used [44]. In the series of our previous studies devoted to the formation of thin-layer coatings
consisting of polymers, polymer-metal compositions, polymer-organic compounds (drugs),
we investigated the possibility of using high molecular weight compounds (without destroy-
ing their structure) for electron beam deposition with a flow rate of 800–1600 eV [41,45,46].
So, the novelty of this study is the application of a low energy electron beam for deposition
of a high molecular compound—PTFE without destroying its polymer structure. On the
other hand, the novelty is in the application of this method for development of composite
membranes with a hydrophobic surface for a specific task—treatment of oily contaminated
wastewater. It was expected that membrane modification will improve the hydrophobic
properties of the initial membranes which will yield an increase in the efficiency of purifica-
tion of wastewater from cutting fluids. Thereby, the aim of this work is to study the effect
of physicochemical modification of polysulfone (PSf) membranes by PTFE via low energy
electron-beam deposition technique on the pore structure and physico-chemical properties of
the selective layer as well as the separation and antifouling performance of membranes in
wastewater treatment from metalworking fluids.

2. Experimental
2.1. Materials

Commercially available polysulfone flat-sheet ultrafiltration membranes with molecu-
lar weight cut-off (MWCO) of 300 kDa (PSf-300) were used as the initial membranes for
modification in this study. The PSf-300 membrane was developed and produced by the
Institute of Physical Organic Chemistry, National Academy of Sciences of Belarus (Minsk,
Republic of Belarus). A 2 wt.% water emulsion of commercial cutting fluid SOZH VITTOL–
297, (Vittol 297, density less than 920 kg/m3 at 20 ◦C, SERVOVIT, Minsk, Belarus) was used
for ultrafiltration experiments to evaluate membrane performance and antifouling stability.
The cutting fluid, SOZH VITTOL-297, was prepared on the basis of petroleum oils with
the addition of surfactants, corrosion inhibitors, and bactericides. This cutting fluid is an
analogue of such cutting fluids as Rhenus FU 51, and Mobilcut 230. Concentration of oil
content 2 wt.% was selected on the basis of cutting fluid SOZH VITTOL-297 instructions
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for use. The 2 wt. % SOZH VITTOL-297 water emulsion is used for grinding steel and cast
iron, as well as for turning, drilling, milling, steel and non-ferrous metals.

2.2. Membrane Modification

Modification of commercial ultrafiltration polysulfone membrane PSf-300 (Mo) was
carried out. The principal schema of creation and modification of ultrafiltration polysulfone
membrane are on the Figures 1 and 2.

Membranes 2022, 12, x FOR PEER REVIEW 4 of 16 
 

 

addition of surfactants, corrosion inhibitors, and bactericides. This cutting fluid is an ana-

logue of such cutting fluids as Rhenus FU 51, and Mobilcut 230. Concentration of oil content 

2 wt.% was selected on the basis of cutting fluid SOZH VITTOL-297 instructions for use. 

The 2 wt. % SOZH VITTOL-297 water emulsion is used for grinding steel and cast iron, as 

well as for turning, drilling, milling, steel and non-ferrous metals. 

2.2. Membrane Modification 

Modification of commercial ultrafiltration polysulfone membrane PSf-300 (Mo) was 

carried out. The principal schema of creation and modification of ultrafiltration polysulfone 

membrane are on the Figures 1 and 2. 

 
Figure 1. The principal schema of creation and modification of ultrafiltration polysulfone membrane. 

The scheme of the device for electron-beam deposition of a coating based on PTFE in a 

vacuum is shown in Figure 2. In the electron gun, free electrons are emitted from the cathode 

surface and formed under the action of accelerating and focusing electrostatic and magnetic 

fields into a beam, which is led into the working chamber through the outlet (1). The electron 

beam (2) modeled with the help of magnetic focusing lenses and deflecting systems in high 

vacuum (7) passes unhindered to the target made of the material to be sputtered, in our case 

a PTFE plate (3). Due to the bombardment of the surface with an electron beam, the material 

is heated to a temperature at which it evaporates at the required rate. A substrate fixed on a 

holder (4), in our case, an ultrafiltration membrane PSf-300 (6), on which the evaporated 

substance is condensed, is placed in the resulting flow. The evaporator is supplemented 

with measurement and control devices (5), which are especially important for controlling 

the electron beam during the deposition process. During deposition on the membrane PSf-

300, a layer of PTFE is formed, first in the form of islands, which grow to form a constant 

uniform layer. A low energy electron-beam deposition was performed at the following pro-

cess parameters: an energy of 800–1600 eV, a current density of 0.01–0.03 A/cm2, pressure of 

residual gases in a vacuum chamber of ≈ 4 × 10−3 Pa, the average distance “electron gun-

target” of 150 mm. The thickness of the layer was controlled with a quartz crystal microbal-

ance device. The thickness of the PTFE layer reached 45 (M1), 660 (M2), and 1350 (M3) nm. 

Membrane abbreviations according to the thickness of the modifying PTFE layer are pre-

sented in Table 1. PTFE was chosen due to its well-known high hydrophobic properties [38]. 

Table 1. Membrane abbreviations depending on the thickness of the modifying PTFE layer. 

Membrane Abbreviation Modifying PTFE Layer Thickness (nm) 

M0 0 

M1 45 

M2 660 

M3 1350 

Figure 1. The principal schema of creation and modification of ultrafiltration polysulfone membrane.

Membranes 2022, 12, x FOR PEER REVIEW 5 of 16 
 

 

 

Figure 2. Scheme of low energy electron-beam deposition device: 1—electron gun, 2—electron beam, 

3—PTFE target, 4—substrate holder, 5—quartz crystal microbalance device, 6—membrane, 7—vac-

uum chamber. 

2.3. FTIR Analysis 

The FTIR (Nicolet Is50 spectrometer, Thermo Fisher Scientific, Waltham, MA, USA) 

spectra of the initial and modified membranes were used to study the chemical composition 

of the selective layer of membranes. Prior to measurements, the membranes were rinsed 

several times with distilled water and then dried for 48 h. 

2.4. Membrane Structure Studies 

The structures of the initial and modified-by-PTFE membranes were investigated using 

a scanning electron microscope (SEM) Phenom Pro (PhenomWorld scanning electron mi-

croscopes, Thermo Fisher Scientific, Waltham, MA, USA). The samples were previously bro-

ken up in liquid nitrogen, and thereafter a 10 Å thick layer of gold was deposited on the 

membrane samples by a vacuum sputter coater DSR (Vaccoat, London, UK). 

The topography of the selective layer surface was studied by using atomic force mi-

croscopy (AFM NT-206, Microtestmashines, Gomel, Belarus). Standard silicon cantilevers 

(NSC35, MikroMasсh, Wetzlar, Germany) with a rigidity 3.5 N/m (according to the manu-

facturer’s specification) were used for this study. 

2.5. Water Contact Angle Measurements 

Water contact angles (WCA) were determined from the “membrane-0.02 M NaCl-air” 

system as described in [47]. Membranes were previously fixed in a water-salt solution in 

such a way that the selective layer was oriented downwards. An air bubble with a constant 

volume 0.01 cm3 was placed in the membrane selective layer by using a special dispenser. 

A goniometer instrument LK-1 (Open Science, Moscow, Russia) was used to record the 

water contact angles. 

  

Figure 2. Scheme of low energy electron-beam deposition device: 1—electron gun, 2—electron
beam, 3—PTFE target, 4—substrate holder, 5—quartz crystal microbalance device, 6—membrane,
7—vacuum chamber.

The scheme of the device for electron-beam deposition of a coating based on PTFE
in a vacuum is shown in Figure 2. In the electron gun, free electrons are emitted from the
cathode surface and formed under the action of accelerating and focusing electrostatic and
magnetic fields into a beam, which is led into the working chamber through the outlet (1).
The electron beam (2) modeled with the help of magnetic focusing lenses and deflecting
systems in high vacuum (7) passes unhindered to the target made of the material to be
sputtered, in our case a PTFE plate (3). Due to the bombardment of the surface with
an electron beam, the material is heated to a temperature at which it evaporates at the
required rate. A substrate fixed on a holder (4), in our case, an ultrafiltration membrane
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PSf-300 (6), on which the evaporated substance is condensed, is placed in the resulting
flow. The evaporator is supplemented with measurement and control devices (5), which
are especially important for controlling the electron beam during the deposition process.
During deposition on the membrane PSf-300, a layer of PTFE is formed, first in the form
of islands, which grow to form a constant uniform layer. A low energy electron-beam
deposition was performed at the following process parameters: an energy of 800–1600 eV,
a current density of 0.01–0.03 A/cm2, pressure of residual gases in a vacuum chamber of
≈ 4 × 10−3 Pa, the average distance “electron gun-target” of 150 mm. The thickness of the
layer was controlled with a quartz crystal microbalance device. The thickness of the PTFE
layer reached 45 (M1), 660 (M2), and 1350 (M3) nm. Membrane abbreviations according to
the thickness of the modifying PTFE layer are presented in Table 1. PTFE was chosen due
to its well-known high hydrophobic properties [38].

Table 1. Membrane abbreviations depending on the thickness of the modifying PTFE layer.

Membrane Abbreviation Modifying PTFE Layer Thickness (nm)

M0 0
M1 45
M2 660
M3 1350

2.3. FTIR Analysis

The FTIR (Nicolet Is50 spectrometer, Thermo Fisher Scientific, Waltham, MA, USA)
spectra of the initial and modified membranes were used to study the chemical composition
of the selective layer of membranes. Prior to measurements, the membranes were rinsed
several times with distilled water and then dried for 48 h.

2.4. Membrane Structure Studies

The structures of the initial and modified-by-PTFE membranes were investigated
using a scanning electron microscope (SEM) Phenom Pro (PhenomWorld scanning electron
microscopes, Thermo Fisher Scientific, Waltham, MA, USA). The samples were previously
broken up in liquid nitrogen, and thereafter a 10 Å thick layer of gold was deposited on the
membrane samples by a vacuum sputter coater DSR (Vaccoat, London, UK).

The topography of the selective layer surface was studied by using atomic force
microscopy (AFM NT-206, Microtestmashines, Gomel, Belarus). Standard silicon can-
tilevers (NSC35, MikroMasch, Wetzlar, Germany) with a rigidity 3.5 N/m (according to the
manufacturer’s specification) were used for this study.

2.5. Water Contact Angle Measurements

Water contact angles (WCA) were determined from the “membrane-0.02 M NaCl-air”
system as described in [47]. Membranes were previously fixed in a water-salt solution in
such a way that the selective layer was oriented downwards. An air bubble with a constant
volume 0.01 cm3 was placed in the membrane selective layer by using a special dispenser.
A goniometer instrument LK-1 (Open Science, Moscow, Russia) was used to record the
water contact angles.

2.6. Flux, Cutting Fluid Rejection, and Antifouling Performance of the Membranes

The pure water fluxes (PWF, J0, L·m−2·h−1) for all studied membranes were deter-
mined in a dead-end ultrafiltration cell with a surface area of 23 cm2. The ultrafiltration
cell was equipped with a magnetic stirrer (rotation speed 250 rpm). The ultrafiltration
tests were conducted at a transmembrane pressure (TMP) of 1 bar. To evaluate PWF all
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membranes were previously cleaned with an alkaline cleaning solution (1.0 wt.% Ultrasil 10,
Ecolab, Stockholm, Sweden) for 1 h at 50 ◦C. Membrane fluxes were calculated as follows:

JX =
V

(S × t)
(1)

where V (L) is the volume of permeate; S (m2) is the working area of the membrane surface;
t (h) is the filtration time.

Fluxes for the 2.0 wt.% cutting fluid solution (JCF) were measured after 40 min of
filtration of this solution at a transmembrane pressure (TMP) of 1–7 bar. To determine
membrane cutting fluid rejections (RCF) UV spectrophotometer (Metertech UV–VIS SP
8001, Metertech, Taipei, Taiwan) at 500 nm wavelength was used, as described in [48,49].
RCF were calculated as follows:

RCF =

(
1 −

Cp

C f

)
× 100% (2)

where Cp represents cutting fluid content in the permeate, and Cf represents cutting fluid
content in the feed solution.

During ultrafiltration, experiment flux recovery ratios (FRRCF, %), reversible flux
decline ratio (DRr), and irreversible flux decline ratio (DRir) were estimated according to
Equations (3)–(5):

FRRCF =
J0CF
J0

× 100% (3)

DRr =

(
J0CF− JCF

J0

)
× 100% (4)

DRir =

(
J0− J0CF

J0

)
× 100% (5)

where
J0—pure water flux at TMP 1 bar, L·m−2·h−1

JCF—flux of 2.0 wt.% cutting fluid emulsion at 5 bar, L·m−2·h−1

J0CF—pure water flux at TMP 1 bar after ultrafiltration of cutting fluid emulsion,
L·m2·h−1

The experiment was set up as follows: after rinsing membranes with distilled water
for 40 min PWF of such membranes (J0) were measured at room temperature 20 ◦C and
TMP of 1.0 bar, after which a 2.0 wt.% cutting fluid aqueous emulsion was filtered through
the membrane for 40 min under TMP of 5.0 bar. Thereafter, the flux of cutting fluid
emulsion (JCF) was measured. Measurements were taken at 40 min, because by this time
the performance reaches a steady state mode of filtration of cutting fluid solution which
is proved by the fact that flux is kept constant and does not change over the time. After
this, the feed solution was replaced with distilled water and PWF of such membranes (J0CF)
were measured again, at room temperature 20 ◦C and TMP of 1 bar.

3. Results and Discussion
3.1. Study of the Effect of PTFE-Modification on Composition of Membrane Selective Layer

The FTIR spectra of the selective layer surface of the initial (M0) and modified PSf-
membranes (M1–M3) are presented in Figure 3. For the initial polysulfone membrane the
vibrations of S=O bonds were observed at 1320, 1300, and 1150 cm−1 [50]. The IR peaks
at 1580 and 1490 cm−1 are related to C=C bonds of the aromatic ring of the PSf. The peak
observed at 2960 cm−1 belongs to the vibration band of =C–H in the aromatic ring of
polysulfone. The absorption peak at 1240 cm−1 corresponds to the stretching vibrations of –
C–O–C– in the ether group [50]. FTIR spectra of PSf membranes modified with a PTFE layer
with the thickness of 660 and 1350 nm are characterized by two typical transmittance bands
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of C-F bond (asymmetric stretching vibration at 1210 cm−1 and symmetrical stretching
vibration at 1150 cm−1) [51].
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modified with PTFE.

These results of FTIR spectroscopy studies indicate successful modification of PSf
membranes by PTFE. It was confirmed that selective layers of modified membranes mainly
consist of PTFE, and the peaks characteristic of polysulfone are not detected. In the case
of M1 membranes modified with PTFE (thickness of modified layer 45 nm), a significant
increase in the intensity of peaks in the region of 1150 and 1240 cm−1 are detected, which
is also a confirmation of the successful modification of membranes with PTFE. However,
some peaks which are assigned to PSf (1580 and 1490 cm−1) are also present which proves
that there is not a complete overlapping of the membrane surface by the PTFE layer.

3.2. Effect of PTFE-Modification on the Structure of Membranes

Successful PSf-membranes modification with PTFE by a low energy electron-beam
deposition technique was confirmed by the results of scanning electron microscopy studies,
see Figure 4. The thickness of the PTFE-layer reached 45 nm for M1, 660 nm for M2, and
1350 nm for M3, whichwas proved using SEM.

It was found that an increase in the thickness of the modifying PTFE-layer leads
to the gradual overlapping of pores on the surface of the selective layer. Significantly
reduced longitudinal and transverse pore size was revealed for modified membranes.
The thicker the selective layer, the smaller the pore size on the membrane surface. Thus,
for the initial membrane M0, the pore size on the surface of the selective layer is quite
large. Modification of membranes with a PTFE-layer 45 nm thick (membrane M1) leads
to a significant reduction in the pore size on the surface of the selective layer down to
300–500 nm. A further increase in the thickness of the modifying PTFE-layer up to 660 nm
(membrane M2) leads to a further decrease in the pore size down to 150–300 nm. However,
it was found that a significant thickness of the PTFE-coating up to 1350 nm (membrane M3)
does not yield the complete overlapping of pores, leaving microcracks and breaks on the
membrane surface, Figure 4h.
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Figure 4. SEM images of the cross-section structure (a–d) and selective layer surface (e–h) of initial
PSf membrane M0 (a,e), and modified M1 (b,f), M2 (c,g), and M3 (d,h) membranes.

Figure 5 shows the AFM-images of the initial PSf 300 (M0) and PTFE-modified mem-
branes (M1–M3). The bright areas indicate the highest points of the membrane surface and
the dark regions indicate valleys of the membrane. It was revealed that the deposition
of the PTFE layer significantly changes the topography of the surface of the membrane
selective layer, Figure 5. The surface of the PSf 300 membrane (M0) features numerous
structural elements with sharp ridges which result in relatively high surface roughness
parameters (average surface roughness (Ra) and root-mean-squared surface roughness (Rq)
(Table 2). The elongated valleys with the length of up to 1000 nm between these edges are
not deep. It was found that the deposition of the PTFE layer leads to turning sharp ridges
into globular structural elements with deep round valleys between them (the valleys can
contain pores at the bottom). The increase in PTFE layer thickness results in the increase
in the size of globular structural elements on the membrane surface and a decrease in
the number of valleys. For modified membranes (M1–M3), structural elements are evenly
distributed over the membrane surface and are characterized by a significantly smaller
size compared to the initial one (the diameter of valleys for modified membranes does
not exceed 500 nm, while in the case of the initial membrane the diameter of such valleys
reaches 1000 nm). It was established that the modification of PSf-membranes with PTFE
leads to a slight decrease in membrane surface roughness. The electron-beam deposition
of PTFE on the PSf-membrane surface leads to a slight decrease in average roughness (Ra)
and root-mean-squared surface roughness (Rq) from 39.3 down to 30.4–15.7 nm and from
50,8 down to 40.1–19.2 nm respectively, see Table 2.

Table 2. Surface roughness parameters and water contact angles of membranes.

Membrane
Abbreviation

PTFE Layer
Thickness, (nm) Ra (nm) Rq (nm) WCA (◦)

M0 0 39.3 50.8 56 ± 2

M1 45 30.4 40.1 110 ± 2

M2 660 28.8 36.0 120 ± 2

M3 1350 15.7 19.2 120 ± 2
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It was shown that water contact angle significantly increased from 56◦ for M0 up to
110–120o for M1–M3. Such high values of WCA also indicate the successful modification of
PSf membranes with hydrophobic PTFE.

3.3. Effect of Modification by Low-Energy Electron Beam Deposition of PTFE on
Membrane Permeability

From Figure 6 it can be seen that the modification of PSf 300 membrane by low
energy electron-beam deposition of PTFE significantly affects the membrane PWFs. The
PWFs of initial PSf-membranes (M0) are in range of 800–2700 L·m−2·h−1 depending on
transmembrane pressure. It was found that for the initial PSf membrane (M0) when
transmembrane pressure increases from 1 bar to 3 bar the PWF increases linearly from 800
to 2000 L·m−2·h−1. However, when transmembrane pressure exceeds 3 bar the dependence
of PWF on pressure deviates from the linear trend. This tendency can be also observed
for modified M1, M2, and M3 membranes. Such deviation from the linear dependence
“Pure water flux–pressure” can be explained by the compaction of the porous structure
of the membranes [52,53].. It was found that electron-beam deposition of PTFE leads to a
significant decrease in membrane PWF. For example, PWF of initial PSf membrane (M0)
was 2700 L·m−2·h−1 (at 5 bar), for membrane M1 modified with PTFE layer thickness 45 nm
PWF was 67 L·m−2·h−1 (at 5 bar), for membrane M2 PWF was 26 L·m−2·h−1 (at 5 bar), and
for membrane M3 PWF it was only 8 L·m−2·h−1 (at 5 bar). It was found that an increase in
the thickness of the PTFE selective layer yields a decrease in the pore size of the selective
layer, Figure 4, which results in a dramatic drop of PWF. Moreover, the additional layer
of PTFE not only overlaps the pores of the selective layer but also significantly increases
the selective layer thickness and creates an additional barrier to mass transfer through
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the membrane. Such a significant decrease in membrane PWF can be explained not only
by a change in the structure of the selective layer of modified membranes, as a result of
additional sputtering of the PTFE layer, but also by a significant increase in the values of
the water contact angles of modified membranes from 56 up to 110–120◦ (Table 2). It is
widely known that membrane hydrophobization prevents water molecules from entering
membrane pores and decreases membrane water permeability.
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3.4. Cutting Fluid Emulsion Ultrafiltration Experiment—Fluxes and Retentions

The ultrafiltration of cutting fluid emulsions was carried out using initial and modified-
by-PTFE membranes (see Figure 7a). Despite the significant difference in PWF for the initial
and modified membranes, all membranes during ultrafiltration of cutting fluids emulsions
showed comparable values of fluxes (2–12.4 L·m−2·h−1 depending on the transmembrane
pressure). This improved performance of the modified membranes (M1–M3) despite
much lower PWF compared to the reference membranes (M0) is due to their increased
hydrophobicity. According to [9,10] hydrophobization of the selective layer of polymer
membranes contributes to the effective purification of wastewater from cutting fluids.
The permeability of membranes increased each time the pressure was increased: from
3.9 L·m−2·h−1 (at 1 bar) to 9.4 L·m−2·h−1 (at 6 bar) for initial membrane (M0) and from
6.5 L·m−2·h−1 (at 2 bar) to 12.4 L·m−2·h−1 (at 6 bar) for the membrane M1 modified with
PTFE-layer thickness 45 nm (Figure 7a). Membrane M3 modified with PTFE-layer of
1350 nm thickness was impermeable up to a pressure of 5 bar, after which it also showed
comparable performance values 7.5 L·m−2·h−1 (at 6 bar). Despite the similar fluxes during
ultrafiltration of cutting fluid emulsion, membranes modified with PTFE demonstrate
much higher cutting fluid rejection (RCF) (Figure 7b). For initial membrane M0 the cutting
fluid rejection was in the range of 13–16% depending on TMP, while in the case of the
modified membranes M1–M3 the cutting fluid rejection increased significantly. For example,
for membrane M0 cutting fluid rejection was in the range of up to 58.4–81.2%, depending
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on TMP. The highest values of cutting fluid rejection (83.3–95.8%) were registered for
membranes M3 modified with PTFE-layer with the thickness of 1350 nm. Thus, there is a
tendency to increase the values of the cutting fluid rejection of membranes with an increase
in the thickness of the deposited PTFE-layer. At the same time, it was found that with an
increase in TMP, a decrease in cutting fluid rejection occurs. The most significant decrease
in cutting fluid rejection (from 81.2% at 2 bar down to 58.4% at 6 bar) was recorded for
membranes M1 modified with PTFE-layer with the thickness of 45 nm.
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Figure 7. Dependence of 2 wt.% cutting fluid emulsion flux (a) and cutting fluid rejection (b) on
transmembrane pressure during ultrafiltration.

The increased rejection coefficients of cutting fluids suggested that PTFE-modified
membranes were promising for wastewater treatment from emulsified oil products. Fur-
thermore, during the long-term ultrafiltration experiment of cutting fluid solution, it was
found that PWF of initial unmodified membrane M0 decreased extremely after each cycle
of cutting fluid emulsion ultrafiltration, while for the modified-with-PTFE membranes
M1–M3 there is no such significant drop in PFW, see Figure 8. The long-term experiment
was set up as follows: Every 40 min the water was replaced with a cutting fluid solution.
Flux of membranes was recorded every 10 min at room temperature 20 ◦C and TMP of
5.0 bar. For example, PWF of the initial membrane M0 before ultrafiltration of the cutting
fluid emulsion was in the range of 3000–2700 L·m−2·h−1, while after the first ultrafiltration
cycle of cutting fluid emulsion PWF decreased extremely down to 350–330 L·m−2·h−1,
after the second ultrafiltration cycle of cutting fluid emulsion PWF was in the range
55–65 L·m−2·h−1, and after the third cycle of ultrafiltration cutting fluid emulsion PWF
was only 30–35 L·m−2·h−1, which was equal to PWF of modified-with-PTFE membrane. At
the same time, the PWF of the modified membranes M1–M3 does not change significantly
after each cycle of cutting fluid emulsion ultrafiltration, see Figure 8. It should be noted that
the initial PSf-membrane (M0) is characterized by rather high values of average roughness
(Ra) and root-mean-squared surface roughness (Rq), as well as rather low values of water
contact angle (56 ± 2◦). Apparently, the combination of these factors affects the rather high
fouling of the membrane with cutting fluids, which is manifested by a significant drop in
the membrane flux in the case of replacing water with cutting fluid solution. At the same
time, modified membranes (M1–M3), on the contrary, are characterized by a hydrophobic
surface (WCA = 110–120◦) and much lower average roughness (Ra) and root-mean-squared
surface roughness (Rq) values. Therefore, such a dramatic decrease in flux is not recorded,
as in the case of the initial M0 membrane. This statement is also confirmed by the values of
flux recovery ratios, see Figure 9a. The apparently hydrophobic PTFE-layer characterized
by low roughness, as well as the presence of surfactants in the cutting fluid emulsion,
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contributes to a significant enhanced removal of pore fouling material in case of modified
membranes (M1–M3) [9,10].
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Figure 9. Fouling parameters of PSf-membranes: (a) flux recovery ratio (FRR); (b) reversible flux
decline ratio (DRr), and (c) irreversible flux decline ratio (DRir).

The flux recovery ratios for the initial M0 membrane during the ultrafiltration of cutting
fluid emulsion tests was relatively low (FRR = 11.7%), as for PTFE-modified membranes
M1–M3 significant increase in FRR was recorded (up to 69–78%). Modifications of the
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membrane surface with PTFE leads to the enhancement of antifouling performance of
membranes. Moreover, an increase of PTFE layer thickness results in the increase in fouling
recovery ratio, see Figure 9a.

The modified-with-PTFE membranes M1–M3 were characterized by increased resis-
tance to fouling in comparison with the initial PSf membrane M0. The modification with
PTFE leads to an increase in the reversible flux decline ratio of the membranes from 11.7 up
to 38.8–49.6% (Figure 9b) and a decrease in the irreversible flux decline ratio (DRir) from
88.0 down to 22.1–31.0% (Figure 9c), which promotes more efficient removal of the fouling
from the selective surface of the membranes. It is known that membrane antifouling perfor-
mance depends on membrane pore size, surface roughness, hydrophilicity, and charge of
the selective layer. Modification with PTFE leads to the decrease in membrane pore size
and surface roughness parameters which both yield the increase in resistance to membrane
fouling. However, a significant increase in membrane water contact angle does not result
in the decrease to antifouling performance which may be attributed to peculiarities of the
material of the membrane selective layer of the modified membranes—PTFE which is inert
and features low wettability by water and oils [54,55].

4. Conclusions

A novel method of flat sheet polymeric membranes modification in order to hydropho-
bize the selective layer was proposed. Modification was carried out using a low energy
electron-beam deposition technique by using PTFE as a target material, to improve the
hydrophobic properties of the initial membranes. The successful modification of the mem-
brane’s selective layer was confirmed by SEM and AFM-results as well as FTIR spectroscopy.
Deposition of a PTFE-layer on the membrane surface leads to significant increase in water
contact angle of the membranes from 56◦ up to 110–123◦. In turn, an increase in hydropho-
bicity, decrease in pore size, and formation of an additional barrier layer led to a decrease in
PWF of the modified membranes from 800 down to 2–17 L·m−2·h−1. Comparisons of the
initial membrane with the modified membranes were carried out using 2,0 wt.% cutting
fluid aqueous emulsion as feed solution during ultrafiltration in order to purify water from
emulsified oil products. It was established that the flux for initial and modified membranes
was in the range of 2–12.9 L·m−2·h−1, while rejection of cutting fluid was different: 14–16%
for initial PSf-membrane and 60.1–95.8% for modified-with-PTFE membranes. Modified
membranes exhibit higher flux and 5–6 times higher membrane flux recovery ratio. Thus,
the developed PSf-PTFE membrane was found to be highly efficient for oil-contaminated
wastewater purification.
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43. Sala, L.; Szymańska, I.B.; Dablemont, C.; Lafosse, A.; Amiaud, L. Response under low-energy electron irradiation of a thin film
of a potential copper precursor for focused electron beam induced deposition (FEBID). Beilstein J. Nanotechnol. 2018, 9, 57–65.
[CrossRef] [PubMed]

44. Thorman, R.M.; TP, R.K.; Fairbrother, D.H.; Ingólfsson, O. The role of low-energy electrons in focused electron beam induced
deposition: Four case studies of representative precursors. Beilstein J. Nanotechnol. 2015, 6, 1904–1926. [CrossRef]

45. Rogachev, A.A.; Yarmolenko, M.A.; Rogachev, A.V.; Xiaohong, J.; Cao, H.; Lysenko, E.N.; Surzhikov, A.P. Structure and electrical
properties of polyaniline-based copper chloride or copper bromide coatings deposited via low-energy electron beam. Appl. Surf.
Sci. 2019, 483, 19–25. [CrossRef]

46. Liu, Y.; Qin, X.; Rogachev, A.V.; Rogachev, A.A.; Kontsevaya, I.I.; Pyzh, A.E.; Yarmolenko, M.A. Structure and properties
of microcellulose-based coatings deposited via a low-energy electron beam and their effect on the properties of onto wound
dressings. Carbohydr. Polym. Technol. Appl. 2021, 2, 100146. [CrossRef]

47. Hliavitskaya, T.; Plisko, T.; Bildyukevich, A.; Lipnizki, F.; Rodrigues, G.; Sjölin, M. Modification of PES ultrafiltration membranes
by cationic polyelectrolyte Praestol 859: Characterization, performance and application for purification of hemicellulose. Chem.
Eng. Res. Des. 2020, 162, 187–199. [CrossRef]

48. Huotari, H.M.; Huisman, I.H.; Trägårdh, G. Electrically enhanced crossflow membrane filtration of oily waste water using the
membrane as a cathode. J. Membr. Sci. 1999, 156, 49–60. [CrossRef]

49. Dmitrenko, M.; Kuzminova, A.; Zolotarev, A.; Markelov, D.; Komolkin, A.; Loginova, E.; Penkova, A. Modification strategies
of polyacrylonitrile ultrafiltration membrane using TiO2 for enhanced antifouling performance in water treatment. Sep. Purif.
Technol. 2022, 286, 120500. [CrossRef]

50. Mahdavi, H.; Karami, M.; Heidari, A.A. Preparation of mixed matrix membranes made up of polysulfone and MIL-53 (Al)
nanoparticles as promising membranes for separation of aqueous dye solutions. Sep. Purif. Technol. 2021, 274, 119033. [CrossRef]

51. Zhang, B.; Shi, W.; Yu, S.; Zhu, Y.; Zhang, R.; Tay, J.H. Adsorption of anion polyacrylamide from aqueous solution by polyte-
trafluoroethylene (PTFE) membrane as an adsorbent: Kinetic and isotherm studies. J. Colloid Interface Sci. 2019, 544, 303–311.
[CrossRef]

52. Ahmad, A.L.; Abdulkarim, A.A.; Ooi, B.S.; Ismail, S. Recent development in additives modifications of polyethersulfone
membrane for flux enhancement. Chem. Eng. J. 2013, 223, 246–267. [CrossRef]

53. Bildyukevich, A.V.; Hliavitskaya, T.A.; Kavalenka, M.N. The Modification of polyethersulfone membranes using a Synperonic
F108 block copolymer and their application for the fractionation of thermomechanical pulp mill process water. Membr. Membr.
Technol. 2020, 2, 210–216. [CrossRef]

http://doi.org/10.1002/app.49546
http://doi.org/10.1002/app.42077
http://doi.org/10.1016/j.progpolymsci.2013.02.003
http://doi.org/10.1016/j.memsci.2008.07.010
http://doi.org/10.1039/C5RA07527K
http://doi.org/10.1016/j.memsci.2017.06.060
http://doi.org/10.1021/am900704u
http://www.ncbi.nlm.nih.gov/pubmed/20356268
http://doi.org/10.1016/j.matlet.2015.08.003
http://doi.org/10.1016/j.desal.2014.09.033
http://doi.org/10.14311/ppt.2018.3.110
http://doi.org/10.1088/1742-6596/1954/1/012022
http://doi.org/10.1134/S2075113320020203
http://doi.org/10.1016/j.ijms.2008.06.003
http://doi.org/10.3762/bjnano.9.8
http://www.ncbi.nlm.nih.gov/pubmed/29379701
http://doi.org/10.3762/bjnano.6.194
http://doi.org/10.1016/j.apsusc.2019.03.159
http://doi.org/10.1016/j.carpta.2021.100146
http://doi.org/10.1016/j.cherd.2020.08.008
http://doi.org/10.1016/S0376-7388(98)00325-1
http://doi.org/10.1016/j.seppur.2022.120500
http://doi.org/10.1016/j.seppur.2021.119033
http://doi.org/10.1016/j.jcis.2019.03.008
http://doi.org/10.1016/j.cej.2013.02.130
http://doi.org/10.1134/S2517751620040022


Membranes 2023, 13, 402 16 of 16

54. Plisko, T.V.; Bildyukevich, A.V.; Burts, K.S.; Ermakov, S.S.; Penkova, A.V.; Kuzminova, A.I.; Ulbricht, M. One-step preparation
of antifouling polysulfone ultrafiltration membranes via modification by a cationic polyelectrolyte based on polyacrylamide.
Polymers 2020, 12, 1017. [CrossRef] [PubMed]

55. Plisko, T.V.; Bildyukevich, A.V.; Burts, K.S.; Hliavitskaya, T.A.; Penkova, A.V.; Ermakov, S.S.; Ulbricht, M. Modification of
polysulfone ultrafiltration membranes via addition of anionic polyelectrolyte based on acrylamide and sodium acrylate to the
coagulation bath to improve antifouling performance in water treatment. Membranes 2020, 10, 264. [CrossRef] [PubMed]

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.

http://doi.org/10.3390/polym12051017
http://www.ncbi.nlm.nih.gov/pubmed/32365754
http://doi.org/10.3390/membranes10100264
http://www.ncbi.nlm.nih.gov/pubmed/32998284

	Introduction 
	Experimental 
	Materials 
	Membrane Modification 
	FTIR Analysis 
	Membrane Structure Studies 
	Water Contact Angle Measurements 
	Flux, Cutting Fluid Rejection, and Antifouling Performance of the Membranes 

	Results and Discussion 
	Study of the Effect of PTFE-Modification on Composition of Membrane Selective Layer 
	Effect of PTFE-Modification on the Structure of Membranes 
	Effect of Modification by Low-Energy Electron Beam Deposition of PTFE on Membrane Permeability 
	Cutting Fluid Emulsion Ultrafiltration Experiment—Fluxes and Retentions 

	Conclusions 
	References

