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HYDROPHOBIZATION OF PETF-SURFACES  
FOR WATER-IN-OIL EMULSIONS SEPARATIONS

Abstract. The technique of poly(ethylene terephthalate) track-etched membranes (PETF TMs) modification to increase 
of water-in-oil emulsions separations is developed. The water-in-oil emulsions separations by using PETF TMs with regular 
pore geometry and pore sizes 200 and 350 nm is described in the article. PETF TMs were modified with octadecyltrichlorosilane 
by spin-coating method to increase their hydrophobic properties. The results of changes in the pore diameters and the contact 
angle after PETF TMs modification are presented. The obtained samples were characterized by AFM, SEM and gas-
permeability test. Chloroform–water and n-hexadecane–water emulsions have been used as a test liquid for water-in-oil 
emulsions separations. At an operating vacuum of 700 mbar, the specific filtration performance of chloroform: water emul-
sions were 51.5 and 932.0 l/(m2 ⋅ h), hexadecane: water were 46.1 and 203.4 l/(m2 ⋅ h) for PETF-200 / OTS and PETF-350 / OTS, 
respectively. The degree of purification of emulsions by modified membranes according to the refractive index is of 100 %. 
Obtained membranes can be used to separate oil-water emulsions in order to prevent the corrosion of pipelines and changes  
of crude oil viscosity, as well as the treatment of water purification from oil industry waste.
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ГИДРОФОБИЗАЦИЯ ПЭТФ-ПОВЕРХНОСТЕЙ ДЛЯ РАЗДЕЛЕНИЯ ЭМУЛЬСИЙ ТИПА  
«ВОДА В МАСЛЕ»

Аннотация. Разработана модификация поли(этилентерефталатных) трековых мембран (ПЭТФ ТМ) для увели-
чения разделения водомасляных эмульсий. Описано разделение эмульсий типа «вода в масле» с использованием 
ПЭТФ ТМ с правильной геометрией пор и размером пор 200 и 350 нм. Мембраны модифицированы октадецил три-
хлорсиланом методом спин-коатинга для повышения их гидрофобных свойств. Представлены ре зультаты изменения 
диаметров пор и угла смачивания после модификации ПЭТФ ТМ. Структура образцов изучена методами атомно-
силовой и сканирующей электронной микроскопии. Методом газопроницаемости определен размер пор мембран. 
Эмульсии хлороформ–вода и н-гексадекан–вода использовали в качестве тестовой жидкости для разделения эмуль- 
сий типа «вода в масле». При вакууме 700 мбар удельные показатели фильтрации эмульсий хлороформ : вода 
составляли 51,5 и 932,0 л/(м2⋅ч), гексадекан : вода – 46,1 и 203,4 л/(м2⋅ч) для ПЭТФ-200/ОТС и ПЭТФ-350/ОТС 
соответственно. Степень очистки эмульсий модифицированными мембранами по показателю преломления соста- 
вила 100 %. Полученные трековые мембраны могут применяться для разделения водонефтяных эмульсий с целью 
предотвращения коррозии трубопроводов и изменения вязкости нефти, а также при очистке воды от отходов 
нефтяной промышленности.

Ключевые слова: трековые мембраны, октадецилтрихлорсилан, атомно-силовая микроскопия, угол смачивания, 
свободная поверхностная энергия, гидрофобность
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Introduction. According to UNESCO data the pollution of wastewater with oil products is the ten 
numbers of dangerous. The separation of water-in-oil emulsions is also important in particular for pre-
vention the corrosion of pipelines and changes of crude oil viscosity [1]. The wettability of membranes 
is a key property that determines the separation of an oil/water emulsion. The membrane performances 
in contact with liquid depend on surface energy, pore size, pore density and roughness [2]. Track-etched 
membranes (TMs) have a record narrow pore size distribution. Modification of their surface in order  
to regulate wettability can improve properties of separation water/oil emulsions or gases [3]. The most  
of the above polymers, membranes have oleophilic properties [4], but the actual problem is their modifi-
cation in order to form surfaces with controlled wettability. Regulation of the membrane surface wetta-
bility is achieved both by physical methods, by modifying the surface layer, and by chemical methods,  
at the stage of obtaining membranes [5]. The modification of TMs surfaces allows formation of hydro-
phobic properties and significantly expands the area of their possible application due to a significant 
change in the surface characteristics of membranes, hydrophilic properties and the possibility of chang-
ing the pore size under the influence of external conditions.

Superhydrophobic-superoleophilic membranes allow oil droplets from an oil/water emulsion to wet 
the membrane surface and pass through the pores without passing water. However, the surfaces of mem-
branes intended for the separation of water/oil emulsions are easily polluted and the pores are clogged 
with oils, since it is not yet possible to achieve the limiting requirements for oleophilic properties. Oil 
contaminants due to the high viscosity are difficult to remove and affect the separation performance  
of the membranes when they are reused. Currently, to clean water sources from accidental oil spills, mem- 
branes are used that separate oil pollution in the aqueous phase (membranes operating under water) [6]. 
The use of materials with low surface energy and hierarchical micro/nanostructure can contribute to the 
formation of superhydrophobic surfaces [7–9]. In addition, it is possible to change the properties of the 
medium (pH, temperature, exposure to light, the influence of electric and magnetic fields) to expand the 
spectrum of separable impurities [8]. Janus membranes are an emerging class of materials with opposite 
properties at the interface. Most of them are asymmetric in terms of wettability: one side has superhy-
drophilic properties (to protect against oil fouling), while the other side has superhydrophobic properties 
(self-cleaning) [10]. Polymeric materials (for example, polyacrylonitrile, polyvinylidene fluoride, poly-
ethersulfone, polyvinyl alcohol, polyvinyl chloride, polyethylene, polypropylene, polyamide, chitosan, 
etc.) [2, 10, 11] are of the most interest in the field of filtration and separation membranes due to their 
mechanical strength, chemical stability and elasticity. 
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Existing methods used to fabricate PTFE membranes and PTFE-modified materials are either lim-
ited by complex manufacturing equipment or relatively expensive, and are also not applicable to mod-
ifying substrates. To solve these problems, Asadi et al. [12] used the Layer-by-Layer method: this is an 
inexpensive method that allows the formation of multifunctional coatings of controlled thickness at the 
nanoscale on almost any substrate. 

Another method for the production of superhydrophobic-superoleophilic or superoleophobic-supe-
rhydrophilic porous materials for separation of oil and water emulsions is the laser ablation method, 
which forms micro-/nano-sized structures with a certain roughness and increases the contact angle  
to 155.5° ± 1.5° without chemical modification [13].

One of the widely used methods for the formation of hydrophobic and superhydrophobic nanoscale 
coatings on the surface of a porous substrate is the method of electron beam dispersion of polymers  
in vacuum [14].

For water filtration PETF TMs membranes are often used. The resistance to oil population is an im-
portant criterion for membranes used for oil/water emulsion separation, since oil can easily accumulate 
on the top surface of the membranes, resulting in a significant reduction in flow. 

In addition, there is a limited number of studies in the literature devoted to establishing a relation-
ship between the membrane morphology and physicochemical phenomena occurring on the membrane 
surface [15]. A correlation was established between membrane surface roughness factors, pore diam-
eters, and membranes with high surface porosity, low microroughness, relatively high tortuosity and 
a small radius of pore curvature in depth, wide and relatively dense and evenly distributed density sur-
face features, “defects” (understood as fibers, knots or even pores) are most preferred in the formation  
of hydrophilic/oleophobic membranes [16, 17].

In this article, we present the results of PETF TMs hydrophobization by octadecyltrichlorosilane via 
simple spin coating method. Prepared hydrophobic PETF TMs were tested in separation of chloroform–
water and hexadecane–water emulsions.

Materials and Methods. In the work, polyethylene terephthalate track-etched membranes (PETF TMs) 
were obtained by the Astana branch of the Institute of Nuclear Physics of the Ministry of Energy of the 
Republic of Kazakhstan. To obtain membranes, a PETF film of the trademark Hostaphan® RNK-12 was 
used, which was irradiated with 84Kr15+ ions with an energy of 1.75 MeV/nucleon at a DC-60 heavy ion ac-
celerator; the irradiation density was 1 · 108 cm–2. After chemical etching in 2.2 M NaOH at 85 °C [18], 
membranes with pore diameters 200 (PET-200) and 350 nm (PET-350) were obtained. 

Preparation of the coating. OTS coating (Sigma-Aldrich, 98 % purity) was formed on PETF TMs 
(square of the sample is of 4.9 cm2) and silicon monocrystalline substrates (size of the sample is of 2.5 to 
2.5 cm) from solution of OTS in hexane (Sigma-Aldrich, ≥ 97.0 % purity) with a concentration of 1 mM 
by spin-coating method. All reagents were used without additional purification. 

OTS solution of volume of 1 ml was applied on substrates during 10 minutes they were centrifuged 
at a speed of 3000 rpm for 2 min. Then OTS-modified substrates were sequentially washed with hexane 
and isopropyl alcohol for 1 min to remove excess OTS inside the pores. 

Silicon monocrystalline substrates (111) were previously hydrophilized in water solution of hydrogen 
peroxide and ammonium solution during 10 min at 80 °C. The volume ratio of mixture NH3 (26.9 % wa-
ter solution) : H2O2 (30.8 % water solution) : distilled water is of 1 : 1 : 5 respectively.

In these experiments all reagents were used without additional purification.
Study of the surface structure and mechanical properties of PETF TM. The structure of the mem-

brane surface was studied using an atomic force microscope (NT-206, ALC “Microtestmashiny”, 
Belarus) using standard FMG 01_SS silicon cantilevers (TipsNano, Estonia) with average rigidity 
of 3 N/m (accordingly passport data) and a curvature radius of no more than 10 nm. Changes in the pore 
diameter of PETF membranes before and after modification were estimated from the surface topography 
by constructing a surface profile along the image scanning line. The average value was calculated for  
15 randomly selected pores.

The structure was studied by SEM using a JEOL JSM-7500F high resolution electron microscope 
(Jeol, Germany) with a cold (field emission) cathode. Before the study, the samples were sputtered with 
gold 15–20 nm thick on a JFC-1600 magnetron.
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Surface wettability analysis. The contact angles were measured using a DSA 100E (KRUSS, Ger-
many) by the sessile drop method. Distilled water and diiodomethane (Sigma-Aldrich, 99 % pure) were 
used as test liquids. Based on the CA values, the free surface energy was calculated according the 
OWRK method, according to which the energy of the surface layer of a solid includes two components: 
dispersive and polar.

Filtration characteristics. The pore size (r, m) was measured by the gas permeability method at 
a va cuum difference of 20 kPa [18]. The effective pore sizes of the membranes were estimated by gas 
permeability using equation: 

 

3 3 ,
2 4

Q lr
p n

R T M

⋅
=

π
⋅ ∆ ⋅

⋅ ⋅

Q – air permeability, m3/(c · m2); l – film thickness, m; ∆p – applied vacuum, Pa; R – universal gas con-
stant, J/(mol · K); M – molar mass of air, g/mol; n – irradiation density, J/m3; T – temperature, K.

Figure 1. AFM (a–f ) and SEM (g, h) images of the morphology of PETF TMs (a, d) and modified with OTS (b, c, e, f, g, h). 
PETF TMs with pore diameters 200 nm (a–c, g) and 350 nm (d–f, h), AFM Topography (a, b, d, e) and Torsion (c, f ) regimes
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Membrane specific performance (J) for water, chloroform, o-xylene and hexadecane were deter-
mined by solvent filtration at an overpressure created using an LVS 210 T vacuum pump operating 
vacuum of 700–900 mbar. An emulsion of chloroform (Merck, ≥ 99.9 % purity) – distilled water was 
prepared in a volume ratio of 9 : 1, n-hexadecane (Merck) – water in a ratio of 100 to 1. Mixing was 
carried out using IKA T 18 digital ULTRA-TURRAX dispersant for 3–4 min. The emulsion is a cloudy 
stable liquid for 2 h. Immediately after dispersion, the emulsion was passed through the membranes. 
The performance measurement was determined under vacuum from 900 to 700 mbar. After filtration, 
the refractive index of the solvent was evaluated on refractometer (Isolab GmbH). 

Results and Discussion. According to AFM analyze, the differences in the structure of the modified 
membranes with OTS were established (Figure 1). 

In the case of modifying the surface of OTS membranes, the pore diameter for PETF-200 mem-
branes does not change, for PETF-350 – it decreases by 1.5–2 times. The arithmetic mean roughness, Ra, 
decreased by 2 and 1.5 times for PETF-200 and for PETF-350, consequently (Table 1), the root mean-
square roughness values change more significantly: Rq decreased by 3.6 and 1.8 times for PETF-200 and 
for PETF-350, consequently. 

T a b l e  1. The values of roughness of the modified TM surfaces

Roughness,  
nm

PETF-200 PETF-350

initial OTS initial OTS

Ra 7.5 3.1 6.2 4.3
Rq 14.2 3.9 11.4 6.8

Gas permeability results and changes of pore size also confirm formation of OTS coating on PETF 
TMs surfaces (Table 2). Based on this, it can be concluded that the main contribution to the formation  
of the hydrophobic properties of the surface is made by the nature of modifier layer on PETF TM surface.

T a b l e  2. Gas permeability results

Sample Average effective pore diameter  
by gas permeability, nm

Diameter of the largest pore,  
nm

PETF-200 201 ± 9 695 ± 63
PETF-350 354 ± 13 821 ± 73
PETF-200/OTS 127 ± 10 737 ± 15
PETF-350/OTS 286 ± 10 900 ± 50

The changes of the above parameters after modification indicated the formation of a uniform coat-
ing, as well as enveloping the membrane pore boundaries with a layer of modifier. The results of hydro-
philic properties are presented in Table 3.

T a b l e  3. Contact angle (CA), specific surface energy (w)  
and polar component of surface energy (γp) for hydrophobized membranes

Sample Water CA w, mJ/m2 γp, mJ/m2

PETF-200 (350) 51.0° 63.2 15.86
PETF-200/OTS 99.0° 45.9 0.02
PETF-350/OTS 100.0° 45.1 0.10

Accordingly, the OTS formed more hydrophobic layer on silicon substrate. The diiodomethane CA 
for PETF TM modified with OTS changed from 49° to 9° within 1 min, which was due to the passage 
of a liquid drop through the membrane pores. The low values (γp) of the polar component of the specific 
surface energy for the PETF-200/OTS samples should be noted, which indicates an increase in the oleo-
philicity of the surface. 



240
Весці Нацыянальнай акадэміі навук Беларусі. Серыя фізіка-тэхнічных навук. 2023. Т. 68, № 3. С. 234–241    

Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2023, vol. 68, no. 3, рр. 234–241

PETF TMs performance results. For PETF TMs with a pore diameter of 350 nm the performance 
values (J) for water, o-xylene and chloroform and n-hexadecane are significantly higher (Figure 2, b) 
compared to membranes with a pore diameter of 200 nm (Figure 2, a), which is due to the larger pore 
diameters. For hexadecane, the J values for PETF-200 are close to zero.

It should be noted that a change in vacuum to 800 mbar makes it possible to increase the perfor-
mance for water of PETF-200 membranes from 0 to 7.9 l/(m2 · h).

The performance of n-hexadecane (n-hexadecane is a non-polar liquid, the surface tension of which 
is less than that of most technical oils) for the original membranes is close to zero. The modified mem-
branes filter this solvent, the values J of the membranes modified with OTS are found in the range from 
38.2 to 51.5 l/(m2 · h) at a vacuum of 900 to 600 mbar, respectively. These coatings are promising for the 
separation of water-oil emulsions.

Chloroform emulsions were used as test solutions and hexadecane in water at volume ratios of 9 and 
100 to 1 (Figure 3), respectively. For the original unmodified membrane with a pore diameter of 350 nm 
(by gas permeability) separation of the emulsion is established, but after the chloroform is filtered out, 
water also seeps through the pores. Performance is of 716.4 l/(m2 · h).

An increase in filtration flow with increasing operating vacuum has been established. At a vacu- 
um of 700 mbar, the specific filtration performance of chloroform: water emulsions were 51.5 and  
932.0 l/(m2 · h), hexadecane: water was 46.1 and 203.4 l/(m2 · h) for PETF-200/OTS and PETF-350/OTS, 
respectively. The degree of purification of emulsions by modified membranes according to the refractive 
index is of 100 %. It has been established that for PET-350 membranes, the performance values do not 
change for five filtration cycles, for PETF-200 – for one cycle.

Conclusions. In this study, we have shown simple and technologically convenient method of  
PETF TMs hydrophobization with octadecyltrichlorosilane. Thus, the application of spin-coating meth-

                                                         a                                                                                                          b   

Figure 2. The performance values (J) for water, o-xylene and chloroform and n-hexadecane of initial and modified PETF TMs 
with OTS at operating vacuum 900 mbar; diameters of pores: a – 200 nm, b –350 nm

                                                       a                                                                                                       b   

Figure 3. Results of filtration performance of chloroform and hexadecane emulsions in water with PETF-200/OTS (a)  
and PETF-350/OTS (b) membranes at difference operating vacuum
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od for modifying the surface of polymeric membranes, the complex of studies of surface characteriza-
tion and the study of their separation selectivity and productivity made it possible to develop new mem-
branes with improved performance properties for the separation of water-in-oil emulsions.
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