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application of stimuli-responsive
PET TeMs: RAFT graft block copolymerisation of
styrene and acrylic acid for the separation of
water–oil emulsions

Indira B. Muslimova, ab Nurdaulet Zhumanazar,b Galina B. Melnikova,ac

Arman B. Yeszhanov,ab Zhanna K. Zhatkanbayeva,a Sergei A. Chizhik,c

Maxim V. Zdorovets,ab Olgun Güvend and Ilya V. Korolkov*ab

Stimuli-responsive membranes play an important role in the fields of biomedicine, food and chemical

industries, and environmental applications, including separation of water–oil emulsions. In this study, we

present a method to fabricate pH-sensitive membranes using UV-initiated RAFT graft copolymerization

of styrene (ST) and acrylic acid (AA) on poly(ethylene terephthalate) (PET) track-etched membranes

(TeMs). The optimization of polymerization conditions led to successful grafting of polystyrene (PS) and

poly(acrylic acid) (PAA) onto PET TeMs, resulting in membranes with stable hydrophobicity and pH

change responsiveness. The membranes show a contact angle of 65° in basic environments (pH 9) and

97° in acidic environments (pH 2). The membranes were characterized by atomic force microscopy

(AFM), scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX),

thermogravimetric analyses (TGA), Fourier transform infrared spectroscopy (FTIR), contact angle (CA)

methods. The PET TeMs-g-PS-g-PAA exhibited good performance in separating water–oil emulsions

with a high efficiency of more than 90% and flux for direct chloroform–water 2500 L m−2 h−1 and

reverse emulsions of benzene–water 1700 L m−2 h−1. This method of preparing stimuli-responsive

membranes with controlled wettability and responsiveness to environmental pH provides versatility in

their use in separating two types of emulsions: direct and reverse.
1 Introduction

While the pivotal role of oil in sustaining the global economy is
undeniable, it is equally imperative to address the environ-
mental repercussions associated with its extraction, processing,
and utilization. The versatility of oil extends across vital sectors
such as heat, electricity, transportation, and the chemical
industry, where it serves as the backbone for an array of
essential products and processes, including fuels, motor oils,
organic solvents, plastics, rubbers, varnishes, asphalt, and
paraffin.

However, the unintended consequences of oil-related activ-
ities are becoming increasingly apparent. Oil spills, emissions
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from reneries, and anthropogenic impacts have given rise to
the prevalence of water–oil emulsions in water systems.1,2 This
not only poses a signicant threat to ecosystems but also
jeopardizes human health, prompting the allocation of
substantial nancial resources for the remediation of water–oil
emulsions.3

In light of these challenges, there is a pressing need for
innovative and sustainable solutions to address the environ-
mental impact of oil-related activities. Although various
methods such as oatation,4 coagulation,5 and extraction6 have
been used for this purpose, there is currently a need for the
development of advanced separation methods, which can be
achieved via new types of membranes7,8 and modication
methods.9–11

One promising avenue is the application of membrane
technology in the separation of emulsions,2,12–14 which is also
reected in our previous works3,15,16 using modied TeMs based
on PET for the separation of water–oil emulsions. TeMs, due to
a number of advantages (narrow pore size distribution and
precise control of the number of pores per cm2), are gaining
interest in separation processes as model membranes.17 Poly-
carbonate (PC), polypropylene (PP), poly(vinylidene uoride)
RSC Adv., 2024, 14, 14425–14437 | 14425
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(PVDF), polyimides (PI), and PET are the most frequently used
polymer substrates for TeMs. Among them, PET is thermally
stable, chemically inert to acids and organic solvents,
mechanically strong, and the etching technology does not
require special and complicated procedures.17,18 Our research
group is one of the rst to use modied PET TeMs to separate
water–oil mixtures. There are known works using PET material
as a matrix for the development of membranes, fabrics, and
nanobers for the separation of water–oil emulsions,19–22 but
there are only several works using PET TeMs for this
purpose.3,15,16 In this context and considering the successful
application of PET TeMs in the separation of water–oil emul-
sions, we continued our work on the fabrication of innovative
stimuli-responsive membranes by UV-initiated reversible addi-
tion–fragmentation chain transfer (RAFT) copolymeriza-
tion.3,15,16,23 RAFT polymerization allows to obtain rstly block
copolymers and secondly prevents uncontrolled chain growth,
i.e., allows to synthesize polymers with a well-dened and
narrow distribution of molecular weights, also called low poly-
dispersity index.24–28 Controlling the conversion and molecular
weight of polymerization via the RAFT mechanism helps to
prevent lling and blocking of narrow pores of PET TeMs.

Unlike traditional membranes, which typically have static
(unchanging properties), stimuli-responsive polymers are
materials that change their properties (wettability, perme-
ability, porosity, phase transition, etc.) in response to external
stimuli (changes in pH, temperature, ion concentration, light
irradiation, electric eld, and other factors).29,30 These polymers
can be designed to change the properties of the membrane
surface, for example, controllable hydrophilicity, hydropho-
bicity, and pore sizes, in response to a change in stimuli. In this
regard, stimuli-responsive materials nd useful applications in
various elds such as ltration, controlled drug delivery,
sensing, and affecting their interaction with water and oil.16,30–40

pH-Responsive polymers are polymers containing acidic
(carbonic, sulfonic acids, etc.) or basic (amines, pyridines, etc.)
groups that give or take protons depending on pH.16,30,41,42 Thus,
acquiring pH-responsive polymers changes the conformation of
the chain (stretching, straightening, self-assembly), which in
turn leads to swelling or contraction of the polymer.30,43 This
phenomenon was the main idea of our previous work,16 where
polystyrene (PS) was graed to the surface of PET TeMs by UV-
initiated RAFT copolymerization to form a stable hydrophobic
layer, followed by graing a pH-responsive polymer, poly-4-
vinylpyridine (P4VP), to the PS chain ends. As a result, the ob-
tained membranes had controllable hydrophilic–hydrophobic
properties. These membranes have shown high performance
(5200 L h−1 m−2 for direct emulsions and 7400 L h−1 m−2 for
reverse emulsions) for the separation and purication of water–
oil emulsions (more than 95%). Based on the successful results
of using protonated P4VP as a pH-responsive component of the
PS-g-P4VP copolymer, deprotonated polyacrylic acid (PAA) was
used as a pH-responsive polymer in this work. PAA as well as
P4VP have a pKa lying in the low acid range (4.8 for PAA and 3.2
for P4VP).

This paper details, for the rst time, a method for the
fabrication of pH-sensitive membranes using UV-initiated RAFT
14426 | RSC Adv., 2024, 14, 14425–14437
gra copolymerization of ST and AA on PET TeMs. Through
optimization of polymerization conditions, PS-g-PAA was
successfully graed onto PET TeMs, resulting in membranes
with controlled wettability: at pH2 < pKaPAA CA is 97° and at pH9
> pKaPAA CA is 65°. These membranes have been successfully
tested in the separation of direct and reverse two-component
water–oil emulsions.
2 Materials and methods
2.1 Materials and chemicals

2-(Dodecylthiocarbonothioylthio)-2-methylpropionic acid as the
RAFT-agent, and styrene (ST), acrylic acid (AA) monomers were
acquired from Sigma Aldrich. Isopropyl alcohol (IPA), chloro-
form, benzene, o-xylene, benzophenone (BP), acetic acid, tolu-
idine blue (TB), hydrochloric acid, N,N-dimethylformamide and
sodium hydroxide have a purity of analytical grade $95%.
Deionized water (18.2 MU) was prepared by Akvilon-D 301, PVC
lm (ISOLAB Laborgeraete GmbH, Germany), UV lamp (OSRAM
Ultra Vitalux E27, Slovakia) was used in graing, and a UV lamp
(Osram Puritec, Germany) was used in photosensitization.
2.2 Preparation and modication of track-etched
membranes

The preparation of PET TeMs at the DC-60 (Astana, Kazakhstan)
has been a well-studied and established technology.18,44 Fig. 1
illustrates the process of preparing and modifying the
membrane, which is similar to the method described in
article.16

23 mm thick PET lms (Hostaphan® by Mitsubishi Polyester
Film, Germany), were subjected to irradiation using Kr ions at
an average energy of 1.75 MeV per nucleon to obtain cylindrical
channels in the lms. The pore density of the latent tracks
(damaged areas) was 1.5 × 106 per cm2. Photosensitization was
carried out for 30 min under a UV lamp (Osram Puritec, Ger-
many) with a wavelength of 254 nm and radiations of 12 W to
enhance the track-etching process. In the etching stage, the
polymer lms were treated with 2.2 M NaOH for 10–12 min at
a temperature of 84.5 °C leading to the formation of OH and
COOH groups at the chain terminals in the damaged zones.
This process facilitated the creation of pores in PET TeMs with
diameters of 1.65 ± 0.07 mm.

Themembranes were incubated for 24 h in a 5%BP solution in
DMFA to activate the surface of PET TeMs. BP adsorbed on
the membrane surface is a photosensitizer for radical UV-
polymerization. The choice of 2-(dodecylthiocarbonothioylthio)-
2-methylpropionic acid as a RAFT-agent is due to its suitability
for styrene and acrylate types of monomers.28,45 Preservation of
thiocarbonylthio groups of the RAFT-agent at the chain ends of PS
provides graing of PAA, which allows the synthesis of PS-g-PAA
block copolymer on the surface of PET TeMs.

The search for optimal conditions for graing PAA was
performed according to the following parameters: molar ratio of
RAFT-agent to initiator (1 : 1 and 1 : 10), monomer concentra-
tion (36–720 mM), irradiation time (30–60 min), and distance
from the UV source (7.5 and 10 cm). PS was graed according to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Scheme and reaction pathways of preparation and modification of PET TeMs.
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View Article Online
the optimal parameters already found in our previous work:16

172 mM (2 vol%), molar ratio RAFT-agent : initiator 1 : 10,
distance from UV source 7.5 cm, and graing time 60 min. The
reaction mixture and the pristine sample were enclosed in
a container, which was hermetically sealed with PVC lm and
was bubbled with argon for 10 min. Photopolymerization was
© 2024 The Author(s). Published by the Royal Society of Chemistry
performed under UV lamp (OSRAM Ultra Vitalux E27, Slovakia)
with a wavelength of 315–400 nm and radiations of 13.6 W.

2.3. Methods of characterization

AFM was carried out on an NT-206 device (ALC Micro-
testmachines, Belarus) to study the morphology (the average –

Ra, nm and root mean square – Rq, nm) and local mechanical
RSC Adv., 2024, 14, 14425–14437 | 14427
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Fig. 2 Response of PET TeMs-g-PS-g-PAA to changes in pH stimuli
due to the pH-sensitive component of PAA (pKaPAA 4.8).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 8

/2
1/

20
25

 7
:0

6:
36

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
properties (adhesion force Fa, nN, and elasticity modulus E,
MPa) of the surfaces of micro- and nanometer-sized features.
The average (Ra, nm) and root mean square (Rq, nm) roughness
were obtained from 5 scanning areas (5 × 5 mm) and processed
using Surface Explorer soware. Local mechanical properties
were calculated using the Johnson–Kendall–Roberts (JKR)
model based on the silicon cantilever NSC 11 A (k = 3 N m−1)
approach–departure curves to the sample surface.

A Specord-250 UV-vis spectrophotometer (Analytik Jena,
Germany) was used to study terminal carboxyl groups on the
membrane surface before and aer modication. The concen-
tration of terminal carboxyl groups was determined based on
the sorption of TB dye (5 × 10−4 M, pH 10) onto the membrane
surface for 3 h and its desorption with acetic acid (50%). The
absorbance of the desorbed TB dye was measured at 633 nm.

The graing degree (DG) was evaluated by determining the
mass of membranes before and aer modication, according to
eqn (1).15,16,23

DG = (m2 − m1)/m1 × 100% (1)

where DG—is the degree of graing, m1—is the weight of the
membrane before graing, and m2—is the weight of the
membrane aer graing.

The water CA was determined with DSA 100E (Kruss, Ger-
many) using the lying drop method to characterize the wetta-
bility, adhesion, and adsorption of the sample surfaces. The
surface free energy (u, mN m−1) and its specic polar compo-
nent (gp, mN m−1) were calculated using the Owens, Wendt,
Rabel, and Kelble method. This method uses the CA of two
different liquids (polar and nonpolar) to determine the surface
energy components of the membrane surface. Distilled water
and diiodomethane were used as test liquids. The pH-
responsivity of the membranes was determined from the
response CA of PET-g-PS-g-PAA to changes in pH stimuli (Fig. 2).

The gramembranes were soaked in water at pH 2 and pH 9
for 30–120 min. Then the CA was measured.

TGA and derivative thermogravimetric (DTG) analyses were
carried out to study the thermal stability and component
composition of the copolymer on the instrument Pyris 1 TGA
(PerkinElmer, USA) in the temperature range of 0 to 700 °C in
a nitrogen atmosphere. A programmable temperature increase
of 10 °C per minute was used.

FTIR spectra were recorded on a FTIR InfraLUM FT-08
spectrometer (Lumex) using an ATR attachment (Pike). All the
measurements were conducted at a resolution of 2 cm−1, and
the number of scans was at least 20. The spectra obtained were
processed in the SpectraLUM® suite. Peak areas were normal-
ized with respect to the reference peak area at 1409 cm−1, which
applies to phenyl ring oscillations (C–H bending coupled with
ring stretch).46

SEM-EDX analysis of the PET TeMs surface before and aer
modication was conducted using a Hitachi TM 3030 (Hitachi,
Japan) instrument with a Bruker XFlash MIN SVE detector at 15
kV. Micro-images of 26 × 16 mm were obtained to examine the
elemental composition (C, O, and S) and to monitor pore
diameter using PhenomImageViewer soware.
14428 | RSC Adv., 2024, 14, 14425–14437
The strength of the membranes was assessed by the
maximum pressure at which bursting occurred.
2.4. Testing of pH-responsive membranes in the separation
of water–oil emulsions

Membranes with an area of 0.001256 m2 were tested under
vacuum pressure of 900 mbar on the VACSTAR Control Pump
(IKA, Germany) on the lter unit presented in the previous
work.3 Depending on the type of emulsion, the membrane was
soaked for 30–120 min in water at pH 2 for reverse emulsions
and pH 9 for direct emulsions prior to testing (Fig. 2). Emul-
sions were prepared from two-component (dispersed and
external) mixtures in a volume ratio of 1 : 100 on an Ultra-Turrax
T18 disperser (IKA, Germany) at 24 000 rpm for 1 min. o-Xylene,
chloroform, benzene, and “FASTROIL HPD SAE 40” motor oil
were used as the oil components. The polar component was
water at pH 2 for reverse emulsions as a dispersed component
and at pH 9 for direct emulsions as an external component.

To evaluate the membrane performance, the ltered liquid
ux was calculated using eqn (2), and the separation efficiency
was calculated using eqn (3), as it is shown in the works.3,15,16,30

F = V/(S × t) (2)

R = (V2/V1) × 100% (3)

where F—is the ux, L m−2 h−1; V—is the volume of external
component that permeates through the membrane, L; S—is the
ltration area of PET TeMs-g-PS-g-PAA, m2; and t—is the ow
time, h; R—is the separation efficiency, V1—is the volume of
dispersed component before separation; and V2—is the volume
of dispersed component aer separation.

2.4.1 Fouling and rejection of pH-responsive membranes
in the separation of water–oil emulsions. To evaluate
membrane fouling and rejection, external component ux
recovery and the total ux reduction factor were calculated
© 2024 The Author(s). Published by the Royal Society of Chemistry
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according to eqn (4) and (5).47 The ux of the pure external
component passing through the membrane was determined for
the reverse emulsion separation of chloroform, benzene, and o-
xylene, as well as for the direct emulsion separation of water
with pH 9. Then, depending on the external component, the
corresponding emulsions were separated. Subsequently,
membranes were cleaned from the dispersed component by
soaking them in a solution with pH 2 aer the separation of
reverse emulsions and in a solution with pH 9 aer the sepa-
ration of forward emulsions. Aerwards, the ux of the external
component was determined again.

FR = (F2/F1) × 100% (4)

TR = (1 − (F0/F1)) × 100% (5)

where FR—is the ux recovery, %; TR—is the total ux reduc-
tion factor, %; F1, F2—uxes of external components deter-
mined before and aer emulsion separation, L m−2 h−1; F0—
emulsion separation ux, L m−2 h−1.
3 Results and discussion

UV-initiated RAFT copolymerization in live-chain mode was
applied for graing the PS-g-PAA block copolymer onto the
surface of PET TeMs in two steps: RAFT-gra polymerization of
ST and consequent RAFT-gra copolymerization of AA on PET
TeMs-g-PS.

ST graing was carried out by following the optimal condi-
tions determined in the work:16 ST concentration of 172 mM,
molar ratio of RAFT-agent : initiator 1 : 10, distance to UV-lamp
7.5 cm and 60 min irradiation time. This receipt leads to the
formation of a stable hydrophobic polystyrene layer with CA 97°
(DGPS 2.6%) on the membrane surface with preservation of
the pore structure. The presence of the active Z-group –
Table 1 Influence of AA graft polymerization conditions on contact ang

RAFT-agent : initiator,
molar ratio

Distance to UV
lamp, cm

Concentration
of monomer, mM

1 : 1 7.5 36
1 : 1 7.5 72
1 : 1 10 36
1 : 1 10 72
1 : 10 7.5 36
1 : 10 7.5 72
1 : 10 7.5 140
1 : 10 7.5 290
1 : 10 10 36
1 : 10 10 72
1 : 10 10 140
1 : 10 10 290
1 : 10 10 430
1 : 10 10 580
1 : 10 10 720
1 : 10 10 430
1 : 10 10 430
1 : 10 10 430

© 2024 The Author(s). Published by the Royal Society of Chemistry
SC(CH3)2COOH48,49 in 2-(dodecylthiocarbonothioylthio)-2-
methylpropionic acid at the chain ends of PS graed to the
surface of PET TeMs allows for the reversible addition–frag-
mentation of polymer chains and provides graing of PAA
(Fig. 1).

The following are the parameters of UV-initiated gra RAFT
copolymerization of AA on PET TeMs-g-PS: concentration of AA
(36–720 mM), molar ratio of RAFT agent: initiator (1 : 1, 1 : 10),
graing time (15–60 min) and distance from UV source (7.5, 10
cm) and their effect on water CA and DGPAA were studied.
Irradiation for 120 min or more leads to degradation of the PET
TeMs themselves,15 accordingly, maximum irradiation was
carried out for 60 min for PS graing and 60 min for PAA
graing. Results are collected in Table 1.

The data in Table 1 shows that the DGPAA increases from 0.64
to 1.38% with increasing AA concentration from 36 to 72 mM
and decreasing distance from UV lamp from 10 to 7.5 cm at
60 min of irradiation with a molar ratio of RAFT-agent : initiator
= 1 : 1. However, the CA of the modied membranes did not
respond to a change in the pH of the medium between 2 and 9,
most probably due to the low level of graing (1–1.5%) of PAA in
view of the small concentration of AA and initiator in the
reaction mixture.

Increasing the amount of initiator in the reactionmixture 10-
fold and increasing the concentration of AA to 140 mM and
290 mM at a distance of 7.5 cm from the UV source and 60 min
of irradiation results in a signicant increase in the DGPAA to
3.96 and 3.28%, respectively. The membrane surface becomes
more sensitive to pH stimuli, thus showing CA 86 and 82° at
pH2 and 63 and 65° at pH9, respectively. Thus, sufficient
hydrophobicity is not achieved.

The surface of the samples graed with the PAA layer
becomes brittle aer irradiation at a UV lamp distance of
7.5 cm, a PAA concentration of 290 mM, and a molar ratio of
le and degree of grafting on PET TeMs-g-PS

Irradiation time,
min

DGPAA,
�0.05%

CA, �3°

pH2 pH9

60 0.72 101 101
60 1.62 100 100
60 0.64 96 96
60 1.38 99 99
60 1.53 99 99
60 1.94 101 95
60 3.96 86 63
60 3.28 82 65
60 1.2 97 94
60 1.45 100 95
60 1.67 95 83
60 1.72 96 78
60 2.6 97 65
60 2.76 86 70
60 2.92 83 68
15 0.52 78 63
30 0.87 91 71
45 1.95 93 68

RSC Adv., 2024, 14, 14425–14437 | 14429
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Table 2 Burst strength for PET TeMs-g-PS-g-PAA as a function of distance from the UV lamp and AA concentration at a RAFT-agent : initiator
molar ratio of 1 : 10 and irradiation time of 60 min

Sample
Bursting pressure,
kPa

Pristine PET TeMs 286
PET TeMs-g-PS, DGPS = 2.6% 243
PET TeMs-g-PS-g-PAA, 7.5 cm, 140 mM, DGPAA = 3.96% 78
PET TeMs-g-PS-g-PAA, 7.5 cm, 290 mM, DGPAA = 3.28% 62
PET TeMs-g-PS-g-PAA, 10 cm, 290 mM, DGPAA = 1.72% 129
PET TeMs-g-PS-g-PAA, 10 cm, 430 mM, DGPAA = 2.6% 117
PET TeMs-g-PS-g-PAA, 10 cm, 580 mM, DGPAA = 2.76% 86

Table 3 Influence of AA concentration at constant molar ratio of RAFT-agent : initiator 1 : 10, distance to UV-lamp 10 cm and irradiation time
60 min on the surface properties of PET TeMs-g-PS-g-PAA

Sample, concentration of AA, DGPAA CA at pH 7, �3°
u, �0.01
mN m−1

gp, �0.01
mN m−1 Ra, nm Rq, nm

Fa, �5
nN

E, �10
MPa

PET TeMs-g-PS-g-PAA, 36 mM, 1.2% 97 33 1.3 32 43 38 192
PET TeMs-g-PS-g-PAA, 72 mM, 1.45% 98 43 0.3 19 25 46 146
PET TeMs-g-PS-g-PAA, 290 mM, 1.72% 87 29 4.4 21 29 45 124
PET TeMs-g-PS-g-PAA, 430 mM, 2.6% 75 38.5 7.5 9.6 14 83 110
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RAFT-agent : initiator 1 : 10 for 60 min, which is conrmed by
a signicant decrease in the membrane tensile strength from
286 kPa for initial PET TeMs, 243 kPa for PET TeMs-g-PS, to 62
kPa for PET TeMs-g-PS-g-PAA. Graing at a distance of 10 cm
from the UV lamp under the same conditions shows less
adverse effects, the strength decreases to a lesser extent to 129
kPa. The results of the tensile strength of the membranes are
presented in Table 2.

With increasing AA concentration from 36 to 430 mM (at
constant molar ratio of RAFT-agent : initiator 1 : 10, distance to
UV-lamp 10 cm and irradiation time 60min) u and gp increased
from 32.79 to 38.53 mN m−1 and from 1.3 to 7.5 mN m−1,
respectively, due to the increase of carboxyl groups of PAA on
the surface of PET TeMs-g-PS (u = 42 mN m−1, gp = 0.01 mN
m−1).16 The inuence of AA concentration on the surface
properties is presented in Table 3.

AFM micrographs are presented in Fig. 3. Increasing DGPAA

from 1.2 to 2.6% forms a smoother layer. Ra and Rq roughness
values decrease from 32 to 9.6 and from 43 to 14 nN. E vary
within error limits for samples with DGPAA from 1.2 to 1.72%,
further increasing the DGPAA to 2.6% lowers Fa to 83 nN. E is
decreasing from 192 to 110 MPa with increasing concentrations
of DGPAA.

Decreasing the graing time from 60 to 30 min at an AA
concentration of 430 mM leads to a consistent decrease in the
DGPAA from 2.6 to 0.87% and a decrease in the concentration of
terminal carboxyl groups from 2.58 ± 0.7 to 1.72 ± 0.35 mmol
g−1 (Table 4), which leads to a decrease in the pH sensitivity of
the samples according to corresponding CA values (Table 1).

Detection of –OH and C]O characteristic functional groups
of PAA by FTIR-ATR spectroscopy was difficult because of the
small amount of graed polymer. But, aer PAA graing, the
14430 | RSC Adv., 2024, 14, 14425–14437
intensity of the peak corresponding to the absorption of C]O
groups increases and shis to 1713 cm−1 (Fig. 4a). Also, the
broadening of the peak at 2845 cm−1 (PS-g-PET TeMs) corre-
sponding to the stretching of C–H aliphatic groups was
observed at 2862 cm−1 aer PAA graing. The increase in
methyl groups with increasing graing time further indicates
the graing of PAA on PET TeMs-g-PS (Fig. 4c).

Further reduction of irradiation time to 15 min also lowers
the DGPAA to 0.52%. Despite this, the concentration of terminal
carboxyl groups increases to 2.86 ± 0.28 mmol g−1, causing the
CA of these samples to decrease at pH2 78° and at pH9 63°. This
deviation of CA in relation to the DGPAA has been attributed to
the presence of the COOH group of the RAFT-agent to a greater
extent on the membrane surface due to the short irradiation
time, indirectly conrmed by the increase in the peak area at
3567 cm−1 (Fig. 4b), corresponding to the free vibrations of the
OH groups in the COOH groups in the FTIR-ATR spectra of the
modied samples from 0.025 at 60 min of irradiation to 0.102 at
15 min of irradiation. The FTIR-ATR spectra of the samples are
presented in Fig. 4. Thus, with decreasing irradiation time, the
presence of RAFT-agent becomes more effective on the
membrane surface. Additional justication for this nding is
theminimal response of CA even at the highest concentration of
COOH (2.86 ± 0.28 mmol g−1) at pH changes in the pH-response
range of PAA.

FTIR-ATR spectra of the membranes before and aer gra-
ing consist of characteristic PET absorption peaks: for the ester
C]O groups 1714 cm−1, for aromatic ring bending CH
1409 cm−1, bending CCC 1017 cm−1, stretching CC 872 cm−1,
for bending CH2 groups 1340 cm−1 and 1244 cm−1, for
stretching C–O groups 971 cm−1; absorption peaks of PS: for
bending C–H out-of-plane 699 cm−1 and 759 cm−1, for
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 AFM images sized 5 × 5 mm2 of PET TeMs-g-PS-g-PAA, grouped by type: 3D (a, d, g and j), topographic (b, e, h and k), and torsion (c, f, i
and l). Samples are grafted under varying conditions: AA concentration 36 mM and DGPAA 1.2% (a–c); 72 mM and 1.45% (d–f); 290 mM and 1.72%
(g–i); 430 mM and 2.6% (j–l). All samples were prepared with a constant molar ratio of RAFT-agent to initiator (1 : 10), at a distance of 10 cm from
the UV lamp, and an irradiation time of 60 min.
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stretching C]C aromatic 1601 cm−1, 1492 cm−1 and
1452 cm−1. Belonging of the absorption peaks to PET-g-PS,
presented in Fig. 4, is reliable, as they agree on wave numbers in
articles.46,50,51

Thus, the optimal parameters of UV-initiated RAFT gra
copolymerization of AA on PET TeMs-g-PS can be given as:

– Distance from UV source – 10 cm,
© 2024 The Author(s). Published by the Royal Society of Chemistry
– Molar ratio of RAFT-agent to initiator – 1 : 10,
– AA concentration – 430 mM,
– Irradiation time 60 min.
Under these experimental conditions the DGPAA was 2.6%, at

which the maximum response of the membrane surface to
changes in pH environment was observed at pH2 CA 97° and at
pH9 65°. Further increase in AA concentration up to 720 mM at
RSC Adv., 2024, 14, 14425–14437 | 14431
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Table 4 Effect of irradiation time on the number of carboxyl groups
on PET TeMs-g-PS-g-PAA surface at AA concentration of 430 mM,
molar ratio of RAFT-agent : initiator 1 : 10, and distance to UV lamp 10
cm

Sample, irradiation time, DGPAA

Concentration of
COOH, mmol g−1 A3567/A1410

Pristine PET TeMs 0.53 � 0.03 0.002
PET TeMs-g-PS 0.8 � 0.03 0.018
PET TeMs-g-PS-g-PAA, 15 min, 0.52% 2.86 � 0.28 0.102
PET TeMs-g-PS-g-PAA, 30 min, 0.87% 1.72 � 0.35 0.034
PET TeMs-g-PS-g-PAA, 45 min, 1.95% 2.26 � 0.11 0.034
PET TeMs-g-PS-g-PAA, 60 min, 2.6% 2.58 � 0.17 0.025
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optimum parameters results in decrease in CA at pH2 83° and at
pH9 68° (Table 1), since the graed PAA layer dominates DGPAA

= 2.92% over the PS layer DGPS = 2.6%.
According to EDX-SEM data, carbon, oxygen and sulphur are

present on the surface of PET TeMs-g-PS-g-PAA aer graing
under optimal conditions (DGPAA = 2.6%) in atomic contents of
77, 22 and 0.28%, respectively, and the pore diameter decreases
from 1.65 ± 0.08 (PET TeMs) to 1.51 ± 0.04 mm. The EDX
mapping shows a uniform distribution of C, O and S elements
on the membrane surface. Sulphur ıs coming from the end
groups of the RAFT agent. The images obtained by EDX-SEM are
shown in Fig. 5.

The TGA and DTG curves of PET TeMs graed with PS-g-PAA
under optimal conditions are shown in Fig. 6. The thermogram
Fig. 4 FTIR spectra of PET TeMs-g-PS-g-PAA as a function of irradiation t
initiator 1 : 10, and distance to UV lamp 10 cm in the range of 400–1800

14432 | RSC Adv., 2024, 14, 14425–14437
of pristine PET TeMs presents a single-phase stage decompo-
sition process with maximum decomposition at 463 °C corre-
sponding to a weight loss of 52% (Fig. 6b). 381 °C is the onset of
decomposition, with nal weight losses of 99% for PET TeMs,
98% for PET TeMs-g-PS, and 97% for PET TeMs-g-PS-g-PAA.
Aer graing of PS, the weight also decreases smoothly to 47%
at 465 °C. The DTG curve reveals a small degradation peak at
447 °C with a weight loss of 74% (Fig. 6c), which relates to
polystyrene chain breakage.52,53 The graing of PAA leads to
a decrease in thermal stability, the degradation maximum
corresponds to a weight loss of 45%; and the mass continues to
decrease with a small hike in the region of 509–595 °C (Fig. 6d).
A similar trend with a smooth transition in weight loss at 503 is
presented in ref. 54. The mass change at 129 °C aer graing
PS-g-PAA can be attributed to the escape of water or other
volatile impurities adsorbed on the membrane surface.55

The results of testing pH-responsive PET TeMs-g-PS-g-PAA
membranes with pore diameters of 1.52 nm in the separation of
direct and reverse two-component water–oil emulsions are
presented in Fig. 7. The performance of the membranes in
terms of uxes and separation efficiency was compared with
smart membranes exhibiting switchable wettability obtained by
other research groups and presented in Table 5.

The F (ux) for benzene–water, o-xylene–water, and motor
water–oil direct emulsions show high stability for 10 separation
cycles as they deviate from the average F values within 10%: 247
± 24, 573 ± 57, and 47 ± 3 L m−2 h−1, respectively. Since water
with pH 9 in the composition of direct emulsions allows to
ime at constant AA concentration 430mM,molar ratio of RAFT-agent :
cm−1 (a), 3560–3570 cm−1 (b), 2825–3050 cm−1 (c).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM and EDX-mapping pictures of C, O, and S elements PET TeMs-g-PS-g-PAA produced at AA concentration 430 mM, molar ratio of
RAFT-agent : initiator 1 : 10, distance to UV lamp 10 cm, and irradiation time 60 min (DGPAA = 2.6%).
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maintain the hydrophilicity of the membrane. The separation F
for the direct chloroform–water emulsion is less stable due to
the higher value of the average separation F of 2055± 230 Lm−2

h−1, and, consequently, the spread is larger compared to the
lower separation F (Fig. 7a).

On the contrary, the separation F for reverse emulsions is
less stable as compared to direct emulsions (Fig. 7). The
decrease in the separation F of reverse emulsions is caused by
the decrease in the emulsion pH by organic components, which
leads to an increase in negatively charged COO− groups on the
membrane surface. A decrease in CA concurrently weakens the
retention of water droplets. Due to the presence of water at pH 2
in the composition of reverse emulsions, the separation effi-
ciency R is maintained at a high level. The separation F
decreases sharply aer the rst separation cycle for reverse
emulsions with benzene from 1700 to 550 L m−2 h−1 and
chloroform from 1400 to 420 L m−2 h−1 (Fig. 7b) due to
membrane surface fouling with the accumulation of organic
components during reuse, as the uxes decrease to a lesser
extent of ±50 L m−2 h−1 aer washing the membranes in iso-
propyl alcohol. A similar reduction in separation F for chloro-
form–water reverse emulsions was presented in our previous
work for hydrophobic PET TeMs-TCOS (pore diameter 350 nm,
pressure 800 mbar) and PET TeMs-g-SM (pore diameter 3.05
mm, pressure 900 mbar) from 1000 to 780 L m−2 h−1 and from
© 2024 The Author(s). Published by the Royal Society of Chemistry
4000 to 3350 L m−2 h−1, respectively.3,15 The separation F of the
more viscous o-xylene from water is less than for chloroform
and benzene in reverse emulsions.

The separation F of two-component emulsions depends on
the viscosity and density of the dispersed component and the
external component, which inuence emulsion stability.56,57

The greater the difference in density between the dispersed
component and the external component and the lower the
viscosity of the dispersed component compared to the external
component, the less stable the emulsion, and the higher the
separation F. Thus, the separation ux of direct emulsions
decreases with decreasing density of the organic components
chloroform, o-xylene, and benzene. FASTROIL HPD SAE 40
motor oil with a density of 886 kg L−1 and a dynamic viscosity of
89 mPa s at 20 °C is more viscous with a complex composition
including base oils and various additives that can create addi-
tional barriers to mixing with water compared to the pure
solvents: benzene, o-xylene, and chloroform. Despite the low
separation F values, the engine oil–water emulsion is stable.
Above 10 cycles, R for the direct and reverse emulsions wasmore
than 94± 5% and 97± 1%, respectively. The pH-responsive PET
TeMs-g-PS-g-PAAmembranes (pore diameter 1.51± 0.04 mm, CA
at pH2 – 97°, pH9 – 65°) are inferior in F and R for both direct
and reverse emulsions to PET TeMs-g-PS-g-P4VP membranes
RSC Adv., 2024, 14, 14425–14437 | 14433
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Fig. 6 TGA thermograms for the pristine PET TeMs, PET TeMs-g-PS, and PET TeMs-g-PS-g-PAA (a) and TGA-DTG curves for the pristine PET
TeMs (b), PET TeMs-g-PS DGPS = 2.6% (c), PET TeMs-g-PS-g-PAA DGPAA = 2.6% (d).

Fig. 7 The fluxes of pH-responsive PET TeMs-g-PS-g-PAA for direct (a) and reverse (b) emulsions at 900 mbar.
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(pore diameter 1.7± 0.1 mm, CA at pH9 – 95°, at pH2 – 58°), due
to the smaller pore diameter and lower response to pH changes.

The evaluation of contamination and rejection of PET TeMs-
g-PS-g-PAA by ux recovery and total ux reduction factor,
depending on the type and composition of the emulsion to be
separated, is presented in Table 6.
14434 | RSC Adv., 2024, 14, 14425–14437
The fouling and rejection resistance of PET TeMs-g-PS-g-PAA
is high in the separation of chloroform-in-water direct emulsion
and water-in-benzene reverse emulsion, as FR is recovered by
82% and 96%, respectively, and TR is reduced by 22% and 12%,
respectively. Signicant membrane fouling occurs in the sepa-
ration of benzene-in-water and o-xylene-in-water direct
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Comparison of PET TeMs-g-PS-g-PAAwith smartmaterials exhibiting switchable wettability for separating direct and reverse emulsions
in terms of flux and efficiency of separation emulsions

Material Stimuli Response Emulsion Pressure F, L m−2 h−1 R, % Ref.

PET TeMs-g-
PS-g-PAA

Change pH above and below pKaPAA
= 4.8

Hydrophilicity pH > pKaPAA o-Xylene-in-water 900 mbar 650–500 96
� 2

This
work

Benzene- in-water 280–210 96
� 3

Chloroform-in-water 2500–1800 94
� 5

Motor oil–water 52–43 92
� 3

Hydrophobicity pH < pKaPAA Water-in-benzene 1700–550 99
� 1

Water-in-chloroform 1400–420 97
� 1

Water-in-o-xylene 500–340 99
� 1

PET TeMs-g-
PS-g-P4VP

Change pH above and below pKaP4VP Hydrophilicity pH < pKaP4VP Cetane-in-water 900 mbar 5200–2550 97
� 1

16

Hydrophobicity pH > pKaP4VP Water-in-hexane 7400–6300 99
� 1

CC-coated
PVDF

Ethanol washing + drying/drying +
ethanol washing

Superoleophobicity Water-in-hexane 850 mbar 50–110 99 37
Superhydrophobicity Kerosine-in-water 60–75 99

SNP/DA-TiO2/
PI

Change pH, ammonia-vapor Superhydrophobicity at pH 6.5 Chloroform–water
(1 : 1 by vol.)

LEP of
chloroform

5000 99 36

Superhydrophilicity at pH 12 or
ammonia-vapor

Chloroform–water
(1 : 1 by vol.)

LEP of water 5000 99

Table 6 Flux recovery and total flux reduction factor of PET TeMs-g-
PS-g-PAA in the separation of reverse and direct emulsions of different
compositions

Emulsion
FR,
%

TR,
%

Water-in-o-xylene 83 76
Water-in-chloroform 96 46
Water-in-benzene 96 12
o-Xylene-in-water 75 81
Benzene-in-water 81 77
Chloroform-in-water 82 22
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emulsions and water-in-o-xylene reverse emulsions, as their TR
is reduced by 81, 77, and 76%, but nevertheless, aer washing
these membranes in pH 9 (direct emulsions) and pH 2 (reverse
emulsions), their FR is recovered by 75, 81 and 83%,
respectively.

The resulting pH-responsive PET TeMs-g-PS-g-PAA can be
successfully applied to the separation of both direct and reverse
emulsions. In contrast to common practice, where membranes
are only used to separate a specic type of emulsion,
membranes obtained in this work are versatile and function
effectively in both directions. High F and R of separation were
achieved for direct chloroform–water 2500 L m−2 h−1, and
reverse emulsions of benzene–water 1700 L m−2 h−1 and chlo-
roform–water 1400 L m−2 h−1. Also, membranes are less fouled
during the separation of these emulsions (high FR values of 96
and 83%, low TR values of 12 and 22%). The developed
membranes were comparable to other smart membranes in
© 2024 The Author(s). Published by the Royal Society of Chemistry
terms of ux and emulsion separation efficiency reported in the
literature.
4 Conclusions

In this study, pH-sensitive membranes were obtained by UV-
initiated RAFT gra copolymerization of hydrophobic ST and
hydrophilic AA on the surface of PET TeMs. The pH sensitivity is
due to the presence of carboxyl groups of PAA, which contribute
to the CA in response to changes in the environmental pH above
or below the pKaPAA = 4.8. The highest membrane response to
pH change was recorded for the membranes synthesized in the
following conditions: distance from UV source – 10 cm, molar
ratio of RAFT-agent to initiator – 1 : 10, concentration of
monomer – 430 mM and irradiation time of 60 min. In basic
environment at pH9 the CA of membrane surface is 65° and in
acidic environment at pH2 on the contrary CA is 97°. The ob-
tained pH-sensitive PET TeMs-g-PC-g-PAAs with switchable
hydrophilicity/hydrophobicity were successfully tested in the
separation of several water-in-oil emulsions with efficiency of
more than 90% and ux of separation for direct emulsions for
2500 Lm−2 h−1 (chloroform-in-water) and for reverse emulsions
for 1700 L m−2 h−1 (water-in-benzene). The membranes are also
characterized by antifouling properties with a chloroform ux
recovery of 96% and a slight decrease in total ux reduction
factor of 12% in the separation of water-in-chloroform reverse
emulsion.

Thus, in this work, the surface properties of PET TeMs with
regular pore diameter and small thickness have been enhanced
RSC Adv., 2024, 14, 14425–14437 | 14435
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by a simple method leading to controlled wettability by
changing the pH of the environment. This type of membrane
seems to be versatile, as it has the potential to the separate two
types of water–oil emulsions.
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