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Abstract 

To develop membranes capable of efficient and switchable separation of emulsions under variable 

pH conditions, pH-responsive surfaces were engineered by modifying poly(ethylene terephthalate) 

track-etched membranes (PET TeMs) via a two-step UV-initiated RAFT graft polymerization. 

Initially, polystyrene (PS) was grafted to render the surface hydrophobic, followed by the grafting of 

poly(methacrylic acid) (PMAA) to introduce pH-responsive carboxyl groups. Optimized conditions 

(117 mM MAA, RAFT:initiator 1:10, 60 min UV exposure at 10 cm) resulted in PET TeMs-g-PS-g-

PMAA surfaces exhibiting tunable wettability, with contact angles shifting from 90° at pH 2 to 65° at 

pH 9. Successful grafting was confirmed by FTIR, AFM, SEM, TGA, and TB dye sorption. The 

membranes showed high separation efficiency (up to 99%) for both direct and reverse emulsions. In 

direct emulsions, stable flux values (70 to 60 L m-2 h-1 for cetane-in-water and 195 to 120 L m-2 h-1 for 

o-xylene-in-water) were maintained over five cycles at 900 mbar, indicating good antifouling 

behavior. Reverse emulsions exhibited initially higher flux, but stronger fouling; however, flux 

recovery reached 91% after cleaning. These findings demonstrate the potential of PET TeMs-g-PS-g-

PMAA as switchable, pH-responsive membranes for robust emulsion separation. 

Keywords: pH-responsive membranes; track-etched membranes; RAFT graft polymerization; 

separation; antifouling; poly(ethylene terephthalate) 

 

1. Introduction 

The evolution of membrane technologies has shifted from traditional passive filtration systems 

to the development of adaptive, multifunctional platforms capable of responding dynamically to 

external stimuli[1–3]. This transition is particularly evident in fields such as biomedicine, 

environmental protection, and industrial filtration, where membrane functionality must extend 

beyond simple selective separation, in particular for the separation of water-oil emulsions (WOE). 

Stimuli-responsive membranes, designed to alter their surface properties under external triggers such 

as pH, temperature, ionic strength, or light, have gained increasing attention for their ability to 

enhance selectivity, fouling resistance, and operational flexibility[4–6]. 

Track-etched membranes (TeMs), based on poly(ethylene terephthalate) (PET), offer an ideal 

substrate for the development of such intelligent systems due to their well-defined pore geometry, 

mechanical robustness, and chemical stability[7–9]. Recent advances in controlled polymerization 

techniques, such as reversible addition-fragmentation chain transfer (RAFT) polymerization, have 

enabled the precise modification of membrane surfaces, allowing the creation of tailored wettability 
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and switchable separation behavior[10,11]. By grafting functional polymers onto PET TeMs, it is 

possible to impart dynamic surface characteristics[12–15]. 

While conventional PET TeMs primarily enable efficient size-selective filtration[16], current 

research increasingly emphasizes surface functionality. In particular, strategies have been developed 

to produce membranes with entirely hydrophilic or hydrophobic surfaces.  Radiation-induced 

grafting of acrylic acid (AA) has been shown to enhance hydrophilicity without compromising 

mechanical strength, extending usability in filtration, separation, and biomedical applications[17]. 

Incorporation of poly(1-vinyl-2-pyrrolidone) enables metal nanoparticle immobilization for use in 

catalytic degradation of pollutants such as metronidazole[18], while grafting of poly(N-

isopropylacrylamide) via atom transfer radical polymerization (ATRP) introduces temperature-

responsiveness[19]. Membranes grafted with AA demonstrate high selectivity for alkaline ions (Li+, 

K+, Na+), valuable for dialysis and ion exchange[20]. On the hydrophobic side, modification with 

fluorinated monomers like dodecafluoroheptyl acrylate or heptafluorobutyl methacrylate yields 

superhydrophobic membranes (CA > 97°), suitable for membrane distillation and oil-water 

separation[21,22]. Additionally, the immobilization of hydrophobic vinyl-silica nanoparticles 

significantly improves water flux and salt rejection in direct contact membrane distillation[23]. The 

use of lauryl and stearyl methacrylates further enhances oil selectivity, and fluorosilane-based 

nanoparticles improve antifouling characteristics[24,25]. Thus, targeted functionalization strategies 

have significantly advanced membranes to selectively interact with specific chemical species or to 

perform under demanding physical conditions. Nevertheless, in dynamic environments—especially 

in the treatment of WOE there remains a growing demand for materials that can reversibly adapt 

their surface properties. 

Among various stimuli-responsive approaches, pH-switchable systems are particularly 

attractive due to the ease of controlling pH and the availability of polymers with well-defined 

ionization behavior. Incorporating pH-responsive polymer layers onto PET TeMs expands their 

applicability to systems where the controlled wettability is required. This responsiveness enables 

selective permeability, improved antifouling behavior, and potential for self-cleaning under cyclic 

operation. A range of pH-responsive polymers have been employed either as individual components 

or as part of copolymers in the fabrication of smart membranes designed for WOE separation [1,2,26–

28]. Poly(acrylic acid) (PAA) and poly(methacrylic acid) (PMAA) are among the most commonly 

used anionic pH-sensitive polymers. Their carboxyl groups ionize in alkaline media, enhancing 

membrane hydrophilicity. Membranes grafted with PAA or PMAA typically exhibit separation 

efficiencies above 90% and maintain fluxes ranging from 1000 to 4000 L m-2 h-1 depending on 

emulsion type and structure[29–31]. Poly(4-vinylpyridine) (P4VP) offers a basic nitrogen 

functionality that protonates under acidic conditions, making membranes hydrophilic at low pH[32]. 

PET-based TeMs grafted with P4VP demonstrated CA variations from 95° (pH 9) to 52° (pH 2), with 

stable separation efficiencies between 95–100% and fluxes to 7000 L m-2 h-1 over multiple cycles[33]. 

Poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) and related tertiary amine-containing 

methacrylates are also used due to their tunable pKa values (~7.3), contributing to superhydrophilic 

or oleophobic states under mildly acidic or basic conditions. These materials enable flux rates up to 

5000 L·m⁻²·h⁻¹ and separation efficiencies exceeding 63-99%[34–36]. The addition of nanostructures 

such as SiO2 or TiO2 can further enhance surface roughness and responsiveness, improving both 

selectivity and antifouling characteristics under varying pH. 

Building on this foundation, PET-based TeMs emerge as especially favorable substrates for 

creating pH-responsive forms, above their narrow pore size distribution, mechanical robustness, and 

chemical inertness for acids. Their suitability for graft polymerization enables precise surface 

functionalization without compromising pore structure integrity[37]. 

In this study, we employed a two-step UV-initiated RAFT graft polymerization strategy to 

fabricate pH-responsive PET TeMs. In the first step, a stable hydrophobic polystyrene (PS) layer was 

grafted onto PET TeMs. In the second, PMAA was grafted onto the PS chains, introducing pH-
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sensitive carboxyl groups. This approach allowed controlled grafting while preserving the porosity 

of the membrane and giving it an adjustable wettability. 

The main objectives of this work were to optimize the second-stage grafting conditions, to 

characterize the physicochemical properties of the modified membranes via FTIR-ATR, SEM, AFM, 

TGA, and dye toluidine blue (TB) sorption, and to assess membrane performance in the separation 

of both direct and reverse water-oil emulsions. Special attention was paid to evaluating flux, 

antifouling properties and flux recovery during multiple filtration cycles, thereby demonstrating the 

potential of PET TeMs-g-PS-g-PMAA membranes as versatile, responsive platforms for emulsion 

treatment under variable pH conditions. 

2. Materials and Methods 

2.1. Materials and Chemicals 

Membrane base: Poly(ethylene terephthalate) track-etched membranes (PET TeMs), Mitsubishi 

Polyester Film. Monomers: Styrene (ST) and methacrylic acid (MAA), Sigma-Aldrich. RAFT agent: 2-

(Dodecylthiocarbonothioylthio)-2-methylpropionic acid, Sigma-Aldrich. Photoinitiator: 

Benzophenone (BP), Sigma-Aldrich. Solvents and other chemicals: N,N-Dimethylformamide (DMF), 

isopropyl alcohol (IPA), chloroform, benzene, o-xylene, sodium hydroxide, and hydrochloric acid, 

all with analytical grade purity of ≥95%. Deionized water (18.2 MΩ) was prepared using the Akvilon-

D 301. UV lamps: OSRAM Ultra Vitalux E27 (315-400 nm, 13.6 W) was used in grafting, and Osram 

Puritec (254 nm,12 W) was used in photosensitization. Other materials: polyvinyl chloride (PVC) film 

and filtration set, ISOLAB Laborgeraete GmbH; Ultra-Turrax disperser and Vacstar control pump, 

IKA. 

2.2. Preparation and Modification of Track-Etched Membranes  

Figure 1 shows a schematic of the stepwise preparation of pH-sensitive membranes from PET 

film. This technique was developed on the basis of previous studies on modification of PET 

TeMs[25,30,33,38] and optimized to obtain membranes with switchable surface 

hydrophobicity/hydrophilicity for the separation of water-in-oil/oil-in-water emulsions by changing 

the pH-medium. 

2.2.1. Track-Etched Membranes Base Preparation: Irradiation and Etching of PET Films 

The production of TeMs was carried out using 23 µm thick poly(ethylene terephthalate) films. 

These films were subjected to irradiation at the DC-60 cyclotron in Astana, Kazakhstan, employing 

Kr ions at an energy level of 1.75 MeV per nucleon, achieving a latent track density of approximately 

1 × 10^6 ions/cm2. Following irradiation, the films underwent a photosensitization phase under UV 

light with a 254 nm wavelength, applied from a distance of 10 cm for 30 minutes on each side. 

Photosensitization stimulates photooxidation of damaged areas of the irradiated PET film, thereby 

increasing the chemical track-etching rate, which is significantly slower under normal conditions. 

Chemical etching was carried out in a solution of 2.2 M sodium hydroxide at an elevated temperature 

of 85 °C for 10-12 min. As a result of alkaline hydrolysis, the PET ester bonds (—C(=O)O—) were 

broken and carboxyl (-COOH) and hydroxyl (-OH) groups were formed on the film surface, and 

pores with a diameter of about 2.33 ± 0.07 μm were formed in place of the damaged areas. After 

etching, the PET TeMs were washed in 3% acetic acid solution and in distilled water to neutralize the 

alkali residue and wash off the hydrolysis products. 

2.2.2. UV-Initiated RAFT Graft Polymerization for PET TeMs Modification 

The membrane modification was performed by UV-initiated grafting RAFT polymerization 

using benzophenone (BP) as a UV initiator, 2-(Dodecylthiocarbonothioylthio)-2-methylpropionic 

acid as a RAFT agent, styrene (ST) and methacrylic acid (MAA) as monomers, and isopropyl alcohol 
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(IPA) as a solvent. Modification of PET TeMs was performed under a UV lamp with a wavelength of 

315–400 nm at a power of 13.6 W in an argon atmosphere. To activate the surface, PET TeMs was kept 

in a 5% BP solution in dimethylformamide (DMF) for 24 hours without access to light. 

Immediately before UV grafting, PET TeMs was washed in DMF to remove excess BP. Then, the 

PET TeMs was immersed in a container with a reaction mixture of the first monomer - ST. The 

carboxyl and hydroxyl groups formed after chemical etching, the adsorbed BP on the membrane 

surface, and the RAFT agent with BP in the reaction mixture ensured uniform grafting of the polymer 

layer. The grafting of polystyrene (PS) was carried out according to the optimal parameters found in 

early research[33]: the concentration of PS in the reaction mixture was 172 mM, the molar ratio of the 

RAFT agent: initiator in the reaction mixture was 1:10, the distance from the UV source was 7.5 cm, 

and the UV irradiation time was 60 min. The grafted PS layer, with DGPS 2.5-2.7%, provides stable 

hydrophobicity on the surface of PET TeMs-g-PS with a CA 98±3°, whereas unmodified PET TeMs 

are moderately hydrophilic, with a CA 60°. The pore structure of the hydrophobic PET TeMs-g-PS is 

preserved, with a slight decrease in pore diameter from 2.33±0.07 to 2.14±0.1 μm. 

In the second step, a similar procedure was used for grafting MAA onto the surface of PET TeMs-

g-PS with optimization of the parameters for controlled wettability. The concentration of methacrylic 

acid was varied from 30 to 350 mM, the molar ratio of the RAFT agent:initiator was from 1:1 to 1:30, 

the distance from the UV source was from 7.5 to 15 cm, and the UV irradiation time was from 30 to 

60 min. Grafting of poly(methacrylic acid) (PMAA) was achieved by activating the dormant radical 

of the RAFT agent at the ends of the TeMs-g-PS PET chains, which ensured controlled growth of the 

second block[39–41]. The selection of optimal parameters for grafting pH-sensitive PET TeMs-g-PS-

g-PMAA was carried out based on the response of the СА of their surface to changes in the acidity of 

the medium at pH 2 and pH 9. 

 

.    .    .    .    .    .    .  
.    .    .    .    .    .    . 
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Figure 1. Scheme for the preparation of pH-responsive PET TeMs-g-PS-g-PMAA for the separation of water-oil 

emulsions. 

2.3. PET TeMs-g-PS-g-PMAA characterization 

2.3.1. Contact Angle (CA) Measurement and pH-Responsivity Evaluation  

CA of the membrane surface with liquids was measured at six different positions on the sample 

using a digital microscope with 1000x magnification, employing the static drop method at room 

temperature. The surface free energy (ω, mN/m) and its polar component (γp, mN/m) were calculated 

by the Owens, Wendt, Rabel, and Kelble method using diiodomethane as a non-polar liquid. The pH-

responsivity of PET TeMs-g-PS-g-PMAA was evaluated by measuring the CA response under 

different pH conditions to identify the optimal grafting parameters of PMAA that result in the most 

pronounced transition in wettability between hydrophilicity and hydrophobicity. 

The transition in wettability was observed at pH values below and above the pKa(PMAA) 4.8. 

Figure 1 visualizes the controlled transition of membrane surface wettability in response to a change 

in pH. The membranes were immersed in solutions with pH values of 2 and 9 for 30 minutes, after 

which the CA was measured. 

2.3.2. Degree of Grafting (DG) Determination 

The degree of grafting (DG, %) was calculated by measuring the weight of the membranes before 

and after the grafting process, according to the following equation (1): 

𝐷𝐺 = (𝑚2 − 𝑚1) 𝑚1⁄ × 100% (1) 

where 𝑚1— is the mass of the membrane before grafting, and 𝑚2— is the mass of the membrane 

after grafting. 

2.3.3. Atomic Force Microscopy (AFM) 

AFM on an NT-206 device (ALC Microtestmachines, Belarus) was used to evaluate the surface 

morphology of the modified membranes. The parameters of average roughness (Ra, nm) and root-

mean-square roughness (Rq, nm), as well as local mechanical properties such as adhesion force (Fa, 

nN) and elastic modulus (E, MPa) were studied. Measurements were carried out in five scanning 

zones (4×4 μm) with subsequent data processing in the Surface Explorer software. 

2.3.4. UV-Vis Spectroscopy 

A Specord-250 UV-vis spectrophotometer (Analytik Jena, Germany) was used to analyze the 

presence of carboxyl groups on the membrane surface before and after modification. The 

concentration of carboxyl groups was determined based on the sorption of toluidine blue (TB) dye 

followed by measurement of its desorption at a wavelength of 633 nm. 

2.3.5. Thermogravimetric Analysis (TGA) 
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TGA was performed on a Pyris 1 TGA device (PerkinElmer, USA) in the temperature range from 

0 to 700 °C at a heating rate of 10 °C/min under nitrogen atmosphere to study the thermal stability of 

the membranes and to determine the decomposition temperatures and composition of PET TeMs-g-

PS-g-PMAA polymer layers. 

2.3.6. Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectra were recorded on an InfraLUM FT-08 spectrometer (Lumex, Russia) using an ATR 

attachment to analyze the chemical structure of the membranes and to confirm the presence of 

functional groups introduced during the grafting process. A resolution of 2 cm⁻¹ with a minimum 

number of scans of 20 was used for the analysis. The spectra were processed using the SpectraLUM®  

software suite. Peak intensities were normalized relative to reference peaks at 1409 and 1245 cm⁻¹, 

which correspond to phenyl ring vibrations (C–H bending coupled with ring stretching) and the 

asymmetric stretching vibration of C(=O)–O, respectively. 

2.3.7. Scanning Electron Microscopy (SEM) 

SEM was used to investigate the surface morphology of the membranes and to monitor pore 

diameter on a Hitachi TM 3030 instrument (Hitachi, Japan). 

2.4. Performance Assessment of PET TeMs-g-PS-g-PMAA in Water-Oil Emulsion Separation 

The performance of membranes with an area of 0.001256 m2 was tested in the filtration unit that 

was employed in previous studies. Vacuum pressure of 900, 700 and 500 mbar was maintained using 

a Vacstar Control Pump. Depending on the emulsion type, the membranes were soaked for 30 

minutes in water at pH 2 for reverse emulsions and at pH 9 for direct emulsions (Figure 1). The 

emulsions were prepared by mixing oil and water components at a volume ratio of 1:100 using an 

Ultra-Turrax at 24,000 rpm for 1 minute. The oil components included o-xylene, chloroform, and 

cetane. Water at pH 2 was used as the dispersed component for reverse emulsions, while water at pH 

9 was used as the external component for direct emulsions.  

Membrane performance was evaluated by calculating the flux of the filtered liquid using 

equation (2), and the separation rate was determined using equation (3), as outlined in previous 

works[25,30,33,38,42]: 

𝐹 = 𝑉 (𝑆 × 𝑡)⁄  (2) 

𝑅 = (𝑉2 𝑉1)⁄ × 100% (3) 

where 𝐹—is the flux, L m-2 h-1; V—is the volume of external component that permeates through the 

membrane, L; 𝑆—is the filtration area of PET TeMs-g-PS-g-PMAA, m2; and t—is the flow time, h; 

𝑅—is the separation rate, 𝑉1—is the volume of dispersed component before separation; and 𝑉2—is 

the volume of dispersed component after separation. 

2.4.1. Evaluation of PET TeMs-g-PS-g-PMAA Fouling and Flux Recovery in Water-Oil Separation 

Membrane fouling and rejection performance were evaluated by calculating the flux recovery 

and total flux reduction factor according to equations (4) and (5)[30,42]: 

𝐹𝑅 = (𝐹2 𝐹1) × 100%⁄  (4) 

𝑇𝑅 = (1 − (𝐹0 𝐹1))⁄ × 100% (5) 
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where FR — is the flux recovery, %; TR — is the total flux reduction factor, %;  𝐹1, 𝐹2 — fluxes of 

external components determined before and after emulsion separation, L m-2 h-1; 𝐹0 — emulsion 

separation flux, L m-2 h-1. 

The pure external component flux was measured during reverse emulsion separations of 

chloroform, cetane, and o-xylene, as well as during direct emulsion separations with water at pH 9. 

After each separation, the membranes were cleaned by soaking in a pH 2 solution for reverse 

emulsions and in a pH 9 solution for direct emulsions. The flux of the external component was then 

measured again. 

3. Results and Discussions 

This section may be divided by subheadings. It should provide a concise and precise description 

of the experimental results, their interpretation, as well as the experimental conclusions that can be 

drawn. 

PET TeMs-g-PS with a stable hydrophobic layer (DGPS of 2.6±0.1%, CA of 98±3°, pore diameter 

of 2.33±0.07 µm) were used as a substrate for UV-initiated RAFT graft polymerization of PMAA to 

create pH-responsive membranes. As shown in Figure 1, the Z-group (-SC(CH3)2COOH) of RAFT-

agent, which “sleeps” at the PS chain ends, activates the grafting of PMAA to PS-g-PET TeMs. The 

reaction pathways for the formation of block copolymer on the surface of PET TeMs are well 

described in an earlier work[30]. 

Figure 2 presents the changes in DGPMAA and CA of the PET TeMs-g-PS-PMAA surface under 

varying polymerization conditions. Increasing the grafting time from 30 to 75 minutes, raising the 

MAA concentration from 30 to 350 mM, and reducing the distance to the UV source from 15 to 7.5 

cm result in an increase in DGPMAA from 0 to 3.48±0.22%. The closer proximity to the UV source 

enhances the UV intensity, thereby increasing the rate of radical formation. Extending the grafting 

time promotes higher monomer conversion and the growth of longer PMAA chains, while a higher 

MAA concentration in the reaction mixture facilitates more efficient polymerization. Collectively, 

these factors contribute to an increase in PMAA grafting density on the PET TeMs surface. This, in 

turn, leads to a higher concentration of carboxyl functional groups, increasing the hydrophilicity of 

the membranes, as indicated by a decrease in CA from 98° to 52° at pH 2. At pH 9, even membranes 

with a minimal DGPMAA of 0.1% exhibit hydrophilicity with CA <90°. These trends are consistent with 

previous studies [43,44], which also reported a correlation between the quantification of DGPMAA, CA, 

and polymerization conditions of hydrophilic monomers. 

Increasing the molar ratio of the RAFT agent to the initiator from 1:1 to 1:30 in the reaction 

mixture causes a decrease in the DGPMAA from 0.5 to 2.5±0.4% (Figure 2b). This trend is attributed to 

the quantitative predominance of the initiator, which diminishes the control exerted by the RAFT 

agent and promotes the formation of PMAA homopolymer rather than grafted polymer chains on 

the PET TeMs surface. Furthermore, the pH responsivity of these membranes, as determined by 

contact angle (CA) measurements (Figure 2b), changes by only 6–12° when the pH is varied from 2 

to 9, suggesting uncontrolled polymerization and premature chain termination. Under such 

conditions, a broader molecular weight distribution leads to an uneven distribution of pH-sensitive 

functional groups, thereby attenuating the overall pH response[45,46].  

FTIR-ATR spectra (Figure 3) of the membranes before and after grafting consist of characteristic 

PET TeMs-g-PS absorption peaks and they agree on wave numbers in articles[47,48]: absorption 

peaks of PET TeMs: for the ester C=O groups 1712 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, for stretching 

C(=O)-O groups 1245 cm-1, for stretching C-O groups 971 cm-1; absorption peaks of PS: for bending 

C-H out- of-plane 700 cm-1 and 760 cm-1, for stretch ring C=C aromatic 1601 cm-1, 1492 cm-1 and 1452 

cm-1. After PMAA grafting, notable spectral changes appear, as clearly seen in Figure 3b, with the 

emergence of absorption bands at 2852 cm⁻¹ and 2925 cm⁻¹ corresponding to the aliphatic C-H 

vibrations of PMAA. The carboxyl (-COOH) and hydroxyl (-OH) groups characteristic of PMAA are 

not distinctly registered in the FTIR spectra due to their relatively low concentration. However, the 
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sorption of TB dye confirms the presence of terminal -COOH groups on the PET TeMs-g-PS-g-PMAA 

surface. As the DGPMAA increases from 0.1 to 3.48±0.22%, COOH groups concentration slightly rises 

from 0.95 to 1.16 mmol/L (0.8 mmol/L for PET TeMs-g-PS[30]). 

 

Figure 2. CA at pH 2 and pH 9 and corresponding DGPMAA for PET TeMs-g-PS-g-PMAA obtained under different 

UV-initiated RAFT graft polymerization conditions: time (a), molar ratio of RAFT-agent:initiator (b), distance 

from UV-lamp (c) and concentration of MAA (d). 

A more detailed analysis of the FTIR peak ratios is presented in Table 1 and shows that as the 

molar ratio of the RAFT-agent to the initiator increases from 1:1 to 1:30, the intensity ratios I1712/I1409 

and I1712/I1245 decrease from 5.00 to 4.00 and from 0.91 to 0.82, respectively, indicating a reduction in 

the number of carboxyl (-COOH) groups. Simultaneously, the intensity ratios I2850/I1409 and I2925/I1409 

increase from 0.17 to 0.43 and from 0.33 to 0.57, respectively, which is consistent with the formation 

of a more branched polymer architecture and hindered packing of polymer chains. These findings 

confirm that an excess of initiator leads to uncontrolled polymerization, reducing grafting efficiency, 

decreasing the number of available -COOH sites, and consequently resulting in decreased pH-

responsivity of the membranes. 

 

30 45 60 75

-1,0

-0,5

0,0

0,5

1,0

1,5

MAA concentration - 117 mM

UV-lamp distance - 12.5 cm

RAFT-agent:initiator - 1:10 (mol.)

D
G

 (
%

)

Time (min)

a

C
A

, 
o

pH2                       94
o 

                        91
o 

                      89
o 

                      78
o

pH9                       83
o 

                       80
o 

                       78
o 

                      68
o

1:1 1:10 1:20 1:30

-0,5

0,0

0,5

1,0

1,5

2,0

2,5b

UV-lamp distance - 12.5 cm

MAA concentration - 117 mM

Irradiation time - 60 min

D
G

 (
%

)

RAFT-agent:initiator (mol.)

C
A

, 
o

pH2                           86
o 

                     88
o 

                        84
o 

                    80
o

pH9                           80
o 

                    76
o 

                         75
o 

                   70
o

7,5 10,0 12,5 15,0

-0,5

0,0

0,5

1,0

1,5

2,0c

MAA concentration - 117 mM

RAFT-agent:initiator - 1:10 (mol.)

Irradiation time - 60 min

D
G

 (
%

)

UV-lamp distance (cm)

pH2                        66
o 

                     90
o 

                        90
o 

                        97
o

C
A

, 
o

pH9                        63
o 

                      65
o 

                       72
o 

                        89
o

0 117 234 351

-2,0

-1,5

-1,0

-0,5

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5d
UV-lamp distance - 10 cm

RAFT-agent:initiator - 1:10 (mol.)

Irradiation time - 60 min

D
G

 (
%

)

MAA concentration (mM)

C
A

, 
o

pH2                       98
o 

                      91
o 

                         80
o 

                    52
o

pH9                       82
o 

                      69
o 

                         78
o 

                    68
o

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 June 2025 doi:10.20944/preprints202506.2325.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202506.2325.v1
http://creativecommons.org/licenses/by/4.0/


 9 of 19 

 

 

Figure 3. FTIR-ATR spectra of PET TeMs, PET TeMs-g-PS, and PET TeMs-g-PS-g-PMAA obtained at different 

RAFT agent:initiator molar ratios: in the range 400-1800 cm-1 (a) and range 2800-3100 cm-1 (b). 

Table 1. Intensity ratios of FTIR-ATR absorption bands for PET TeMs, PET TeMs-g-PS, and PET TeMs-g-PS-g-

PMAA obtained at different RAFT agent:initiator molar ratios. 

Sample I2850/I1409 I2850/I1245 I2925/I1409 I2925/I1245 I1712/I1409 I1712/I1245 

PET TeMs -  -  - -  4.91 0.93 

PET TeMs-g-PS -  - -   - 1.67 0.31 

PET TeMs-g-PS-g-PMAA RAFT agent:initiator 1:1, 

DGPMAA=2.5% 
0.17 0.03 0.33 0.06 5.00 0.91 

PET TeMs-g-PS-g-PMAA RAFT agent:initiator 1:10, 

DGPMAA=1.1% 
0.20 0.03 0.40 0.06 5.40 0.84 

PET TeMs-g-PS-g-PMAA RAFT agent:initiator 1:20, 

DGPMAA=0.6% 
0.18 0.03 0.35 0.06 4.83 0.88 

PET TeMs-g-PS-g-PMAA RAFT agent:initiator 1:30, 

DGPMAA=0.5% 
0.43 0.09 0.57 0.12 4.00 0.82 

Based on the obtained AFM images (Figure 4), as the irradiation time increases from 30 to 75 

min, the grafting of PMAA onto the PET TeMs-g-PS surface (Ra = 8.4±0.9 nm, Rq = 12±2.1 nm, E = 

126±10 MPa, Fa = 63±5 nN) leads to the formation of surface irregularities, making the morphology 

more pronounced and complex. The Ra and Rq values increase to 17±0.1 and 24±1.3 nm, respectively, 

while the mechanical resistance to deformation increases, as evidenced by an increase in the E to 

155±10 MPa. 
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Figure 4. 3D, topographic, and torsion AFM images and basic surface characteristics of PET TeMs (a), PET TeMs-

g-PS (b), and PET TeMs-g-PS-g-PMAA obtained by different irradiation times: 30 min (c), 45 min (d), 60 min (e), 

and 75 min (f). All samples were prepared with a constant PMAA concentration of 117 mM, RAFT agent:initiator 

molar ratio of 1:10, and a UV-source distance of 10 cm. 

Significant changes in interfacial adhesion between the PMAA layer and the substrate are 

observed: the Fa value increases for samples grafted for 30 and 75 minutes to 91 and 112±5 nN, 

respectively. However, for samples irradiated for 60 minutes, Fa decreases to 31±5 nN and fluctuates 

within the measurement error at 62±5 nN for samples grafted for 45 minutes. 

SEM images before and after PMAA grafting are presented in Figure 5. As DGPMAA increases, the 

surface morphology becomes smoother at the microscale. A decrease in the distance between the UV 

source and the sample from 15 to 7.5 cm results in a reduction in pore diameter from 2.09±0.08 µm to 

1.90±0.08 µm due to denser PMAA grafting (DGPMAA increases from 0.59±0.01% to 1.87±0.04%) onto 

the PET TeMs-g-PS surface (initial pore diameter 2.14±0.16 µm). 
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Figure 5. SEM images of PET TeMs (a), PET TeMs-g-PS (b), and PET TeMs-g-PS-g-PMAA obtained at different 

distances from the UV-source: 15 cm(c), 12.5 cm (d), 10 cm (e), and 7.5 cm(f). All samples were prepared with a 

constant PMAA concentration of 117 mM, RAFT agent-to-initiator molar ratio of 1:10, and an irradiation time 60 

min. 

TGA and DTG curves for PET TeMs-g-PS-g-PMAA membranes are shown in Figure 6. The 

thermogram of the pristine PET TeMs exhibits a single-phase decomposition process characteristic of 

the main PET polymer backbone. Decomposition starts at 382°C, with the maximum degradation rate 

observed at 463°C. PS grafting leads to a slight reduction in thermal stability, with the decomposition 

temperature remaining close to that of the  

pristine PET TeMs. The data for PET TeMs-g-PS are consistent with earlier work[30]. PMAA grafting 

results in more significant changes: the first peak at 123°C, with a 1% mass loss, indicates a physical 

evaporation process, as hydrophilic PMAA side groups can retain water or small amounts of volatile 

compounds, such as the IPS solvent. The main decomposition process shifts to 452°C, with a mass 

loss of 51%, indicating PMAA chain degradation. 

Thus, PS and PMAA grafting is confirmed by thermogravimetric analysis, demonstrating trends 

similar to those observed with PAA, but with a more pronounced shift in decomposition 

temperatures and greater mass loss. Additional degradation peaks at 521°C and 630°C, with mass 

losses of 16% and 10%, respectively, may be associated with further thermal degradation of 

membrane residues. 

As a result of this study, pH-responsive PET TeMs-g-PS-g-PMAA membranes were obtained 

under optimal conditions of UV-initiated controlled RAFT graft polymerization of PMAA onto the 

hydrophobic PET TeMs-g-PS surface: PMAA concentration of 117 mM, RAFT agent-to-initiator molar 

ratio of 1:10, irradiation time of 60 min, and a UV-source distance of 10 cm. Under these conditions, 

the DGPMAA reached 1.1±0.06%, and the membrane surface exhibited a pronounced pH response: at 

pH 9, the CA was 65°, while at pH 2, it increased to 90°. The resulting membranes had an average 

pore diameter of 2.01±0.03 μm. 
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Figure 6. TGA thermograms (a) of PET TeMs, PET TeMs-g-PS, and PET TeMs-g-PS-g-PMAA, TGA and 

corresponding DTG curves (b) of PET TeMs-g-PS-g-PMAA. 

PMAA grafting is confirmed by FTIR-ATR spectroscopy, where the spectra after modification 

exhibit absorption bands characteristic of aliphatic CH groups of PMAA (2852 and 2925 cm-1), along 

with a decrease in the intensity of PET and PS peaks. Thermogravimetric analysis reveals an 

additional mass loss at 123°C, attributed to the evaporation of adsorbed volatile components, and a 

shift in the main decomposition process to 452°C, with a 51% mass loss, indicating PMAA chain 

degradation. AFM and SEM analyses reveal an increase in surface roughness and the formation of a 

denser and more uniform morphology as DGPMAA increases, which is also accompanied by changes 

in surface mechanical properties. 

The obtained PET TeMs-g-PS-g-PMAA were tested for the separation of direct and reverse two-

component WOE. For the separation of “oil-in-water” emulsions, the membrane was converted to a 

hydrophilic state by pre-soaking for 30 min in pH 9, allowing water to pass freely through the pores 

while oil droplets were retained. Conversely, for reverse “water-in-oil” emulsions, the membrane 

was made hydrophobic (pH 2), enabling the oil phase to pass through while dispersed water droplets 

were retained. Figure 7 shows the flux dynamics of PET TeMs-g-PS-g-PMAA over 5 separation cycles 

of various emulsion types at vacuum pressures of 500, 700, and 900 mbar. Table 2 summarizes the 

quantitative parameters for the first cycle at 900 mbar: flux (F, L m-2 h-1), flux recovery ratio (FR, %), 

total flux reduction ratio (TR, %), separation efficiency over 5 cycles (R, %), and comparison with 

other studies. 

F gradually decreases over 5 cycles for all types of WOE. For direct emulsions, PET TeMs-g-PS-

g-PMAA shows high initial F and over 90% of the oil phase is separated from water. For example, at 

900 mbar, the initial F for the chloroform-in-water emulsion was 370 L m-2 h-1 with a separation 

efficiency of 90%. For less volatile and more viscous oils, F is lower: for o-xylene-in-water — 190 L m-

2 h-1 and R 98%, for cetane-in-water — 70 L m-2 h-1 and R 93%. 

Table 2. Main quantitative separation parameters for direct and reverse emulsions using PET TeMs-g-PS-g-

PMAA, compared with literature data. 

Material Property Emulsion Pressure F, L m-2 h-

1 

R, 

% 

FR, 

% 

TR, 

% 

Ref. 

PET TeMs-g-PS-g-PMAA Hydrophilicity 

pH>pKaPMAA 

Chloroform-

in-water 

900 mbar 370 90 88 2 This 

work 700 mbar 410 92 - - 

500 mbar 460 93 - - 

o-Xylene-in-

water 

900 mbar 195 98 69 52 

700 mbar 290 98  - 

500 mbar 420 99  - 

Cetane-in-

water 

900 mbar 70 93 54 64 

700 mbar 135 90  - 
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500 mbar 150 95  - 

Hydrophobicity 

pH<pKaPMAA 

Water-in-

chloroform 

900 mbar 330 85 91 25 

700 mbar 420 92  - 

500 mbar 810 96  - 

Water-in-o-

xylene 

900 mbar 170 92 81 19 

700 mbar 310 92   

500 mbar 485 88   

Water-in- 

cetane 

900 mbar 70 99 70 10 

700 mbar 80 94   

500 mbar 650 93   

PET TeMs-g-PS-g-PAA Hydrophilicity pH>pKaPAA Chloroform-

in-water 

900 mbar 2500 94±5 82 22 [30] 

Hydrophobicity 

pH<pKaPAA 

Water-in-

chloroform 

900 mbar 1400 97±1 96 46 

Ti2SnC-MAX-PES Hydrophilicity Oil-in-water 0.3 kPa 355 80 65 - [49] 

MIL88A@TA@APTES-

PVDF 

Superhydrophilicity Oil-in-water Gravity 2600 99 94 - [50] 

PAN@Co-MOF Superoleophobicity, 

water wetting 

Cyclohexane-

in-water 

2-8 kPa 1600 99 - - [51] 

Superhydrophobi-city, oil 

wetting 
Water-in- 

cyclohexane 

2-8 kPa 1040 99 - - 

M-PD/HPA@PVDF Hydrophilicity Hexane-in-

water 

0.3 kPa 150 99 83 37 [52] 

Lowering the pressure from 900 to 700 and 500 mbar increases vacuum, and F significantly rises 

in the first cycle. For chloroform-in-water, F increased from 370 to 410 L m-2 h-1, for o-xylene-in-water 

— from 195 to 460 L m-2 h-1, and for cetane-in-water — from 70 to 150 L m-2 h-1. However, higher 

vacuum leads to a more pronounced F drop over cycles. For chloroform-in-water at 900 mbar, F 

decreased to 80 L m-2 h-1, and at 500 mbar — to 190 L m-2 h-1. A similar trend was observed for other 

emulsion types. Stable F over 5 cycles was noted for cetane-in-water. At low vacuum (900 mbar), F 

slightly decreased from 70 to 60 L m-2 h-1. Increasing vacuum to 700 and 500 mbar led to a drop from 

135 to 65 L m-2 h-1 and from 150 to 50 L m-2 h-1, respectively. This indicates that for direct emulsions, 

the membrane shows better stability under lower vacuum, despite a lower initial F. 

F for reverse emulsions (Figure 7b,d,f) decreased more sharply than for direct emulsions (Figure 

7a,c,e), indicating surface and pore fouling by organic components. At 900 mbar, F for water-in-

chloroform dropped from 330 to 17 L m-2 h-1, for water-in-o-xylene — from 170 to 20 L m-2 h-1, and for 

water-in-cetane — from 70 to 10 L m-2 h-1. Under stronger vacuum, F in the first cycle was even higher 

compared to direct emulsions. For water-in-chloroform at 500 mbar, F was 810 L m-2 h-1, at 700 mbar 

— 420 L m-2 h-1, at 900 mbar — 330 L m-2 h-1. However, in all cases F dropped sharply by cycles 3–5: 

down to 40, 20, and 17 L m-2 h-1, respectively. A similar pattern was seen for water-in-o-xylene, where 

F dropped to 40–20 L m-2 h-1 by cycle 5. The lowest fluxes were observed for water-in-cetane: at 500 

mbar — from 650 to 20 L m-2 h-1, at 700 mbar — from 80 to 10 L m-2 h-1, and at 900 mbar — from 70 to 

10 L m-2 h-1. Moreover, at 500 mbar in cycles 4–5, water leakage through the membrane was detected, 

and R for water-in-cetane dropped to 91–92%, while in other modes it exceeded 95%. Despite the 

sharp F decrease for reverse emulsions, separation efficiency remained high at 85–99%. 
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Figure 7. F variation during five separation cycles of direct (a, c, e) and reverse (b, d, f) emulsions at 900 mbar (a, 

b), 700 mbar (c, d), and 500 mbar (e, f) using PET TeMs-g-PS-g-PMAA. 

Thus, PET TeMs-g-PS-g-PMAA shows more stable hydrophilicity than hydrophobicity, 

confirmed by more stable F over 5 separation cycles and by more pronounced organic fouling in the 

hydrophobic mode. Additionally, for chloroform-in-water, FR was 85% and TR was 2%, indicating 

85% recovery of initial F and very low irreversible fouling (2%). For water-in-chloroform, initial F 

was recovered at 91%, but irreversible fouling reached 25%. This difference is due to the fouling 

nature: in hydrophilic mode, oil droplets are weakly adsorbed and easily washed away, while in 

hydrophobic mode, organic components deposit firmly in the pores and are harder to remove. 

Comparison with PET TeMs-g-PS-g-PAA shows that using poly(acrylic acid) (PAA) enables a 

more efficient transition to the hydrophobic state than PMAA. For PET TeMs-g-PS-g-PAA at pH 2, a 

higher F of 1400 L m-2 h-1 was achieved. This is due to the better ability of PAA to collapse at low pH, 

while PMAA forms less compact coils due to conformational hindrance[44,47] and overlaps the PS 

layer. This confirms that the choice of polar block significantly affects wettability switching efficiency. 

PET TeMs-g-PS-g-PMAA, in terms of key parameters, is comparable and even superior to M-
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PD/HPA@PVDF and Ti₂SnC-MAX-PES in antifouling and separation performance, but slightly 

inferior to superhydrophilic and superhydrophobic MIL88A@TA@APTES-PVDF and PAN@Co-

MOF. Despite the lower flux compared to some high-performance superhydrophilic membranes, 

PET TeMs-g-PS-g-PMAA provides stable F in direct emulsion separation, maintains high R (85–99%), 

and exhibits effective antifouling properties in both hydrophilic (chloroform-in-water, TR 2%) and 

hydrophobic (water-in-cetane, TR 10%) configurations. The versatility toward emulsion type and 

controllable wettability make these membranes promising for applications requiring switchable 

separation modes. 

4. Conclusions 

As a result of UV-initiated RAFT graft polymerization of MAA onto the surface of PET TeMs-g-

PS, pH-responsive membranes PET TeMs-g-PS-g-PMAA were obtained. The optimized grafting 

conditions (117 mM PMAA, RAFT:initiator 1:10, 60 min, 10 cm from UV source) provided DGPMAA of 

1.1%, pH response CA 65° (pH 9) – 90° (pH 2), and a pore diameter of 2.01 µm. 

The grafting of PMAA is confirmed by several analytical methods. New bands appear in the 

FTIR spectra at 2852 and 2925 cm⁻¹, characteristic of CH-group vibrations of PMAA. TGA shows 

additional thermal decomposition stages at 521°C and 630°C, and the main degradation peak shifts 

from 463°C to 452°C, indicating the presence of the grafted polymer. SEM reveals smoothing of the 

surface morphology and pore narrowing. AFM detects an increase in surface roughness Ra and Rq 

from 8.4 nm and 12 nm (PET TeMs-g-PS) to 17 and 24 nm, respectively. TB sorption results show an 

increase in the content of carboxyl groups from 0.8 to 1.16 mmol/L. 

PET TeMs-g-PS-g-PMAA demonstrate high efficiency in the separation of direct emulsions: 

stable F over 5 cycles, separation efficiency of 90–98%, and low irreversible fouling (TR up to 2% for 

"chloroform-in-water"). In reverse emulsions, higher initial F values are observed but with a 

significant decrease already by cycles 3–5, indicating less stable hydrophobicity at low pH. 

Thus, despite limited hydrophobic stability, PET TeMs-g-PS-g-PMAA membranes exhibit 

excellent antifouling properties, high separation efficiency, and versatility due to their pH-

responsivity. These membranes can be considered a competitive solution among switchable 

membrane systems for emulsion separation. Future research prospects are related to improving the 

membrane stability at low pH and enhancing performance in the hydrophobic state. 
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