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1. Introduction 
 

Fresh water resources are facing a crisis of severe 

shortages due to demand increases, supply reductions and 

global climate change (Kummu et al. 2016, Zhu et al. 

2018). Desalination is a process of separating dissolved salt 

from brackish water or salt water to obtain fresh water. It is 

crucial to alleviate water shortages and ensure the 

sustainable development of the environment and society in 

many regions of the world (Panagopoulos and Haralambous 

2020, Panagopoulos and Haralambous 2019). Direct contact 

membrane distillation (DCMD) is the most basic 

operational method of membrane distillation (MD) 

technology, and has received extensive attention in heat- 

driven desalination because of its simple structure and easy 

realization in industrial applications (Saleh et al. 2019, Kiss 

et al. 2018). Membrane material is a core part of the DCMD 

process as it acts as a barrier between the feed side and the 

permeate side of the process. Polypropylene (PP), poly- 

vinylidene fluoride (PVDF) and polytetrafluoro-ethylene 

(PTFE) are good membrane candidates as they provide 

high-permeate flux due to their high membrane porosity 

(García Payo et al. 2010, Drioli et al. 2015, Eykens et al. 

2017). Among these, PVDF membranes are promising 

owing to their good hydrophobicity and easy manufacture. 
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Membrane fouling during the DCMD process can lead 

to its failure (Mcgaughey et al. 2017, Wang and Lin 2017). 

To date, many methods have been developed to alleviate the 

problem of membrane fouling in the process of membrane 

distillation, including pretreatment of the saline water 

(Kamyar et al. 2018, Rezaei et al. 2018), optimization of 

operating conditions (Choi et al. 2017, Naidu et al. 2014), 

preparation of new types of membrane with anti-wetting/ 

anti-fouling properties (Liu et al. 2020, Xiao et al. 2019) 

and membrane cleaning (Choudhury and Anwar 2019). Of 

these methods, creating superhydrophobicity membranes by 

surface modification is proving popular for the development 

of new anti-wetting and anti-fouling MD membranes (Li et 

al. 2019, Viswanadam et al. 2012).  

Up to now, the material commonly used to construct 

superhydrophobic surfaces include silicon dioxide (Lu et al. 

2016), titanium dioxide (Fan et al. 2017), zinc oxide (Zhang 

et al. 2018) and graphene (Li et al. 2020). However, 

nano-silica has unique advantages in constructing super- 

hydrophobic surfaces because of its low cost and the large 

number of hydroxyl groups in its surface which can 

facilitate functionalization (Liu et al. 2017, Qin et al. 2014). 

There are many methods for constructing superhydrophobic 

surfaces, such as templating (Zhang et al. 2017), surface 

grafting (Liu et al. 2019) and electrospinning and electro- 

deposition (Liu et al. 2015, Ma et al. 2018), Nanoarrays 

have been synthesized using hydrothermal methods (Gao et 

al. 2018, Dong et al. 2020). Among these methods, surface 

grafting which connects the grafted molecular chain to the 

membrane surface through chemical bonding shows 
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fluorinated SiO2 nanoparticles reduced the surface energy of the PVDF base membrane while at the same time increasing the 

surface roughness. After modification, the WCA of the PVDF base membrane surface increased from 99° to 155° and the 

LEP was enhanced from 204 kPa to 235 kPa. Furthermore, the composite membrane revealed stable performance due to the 
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excellent stability. When PVDF membranes are used, 

pre-activation is necessary to generate reactive groups on 

their surface due to their inherent chemical inertia (Tang et 

al. 2017).  

Studies have suggested that the pre-activation process 

can be implemented using ultraviolet light, plasma or high 

energy radiation (Berthelot et al. 2011, Han et al. 2016, Liu 

et al. 2006). The ultra violet (UV) irradiation grafting 

reaction method is mild and the equipment cost is low, but 

the residual free radicals created on the modified surface 

may accelerate degradation of the PVDF membrane 

(Jiménez-Meneses et al. 2019). The plasma initiation 

method needs to be carried out in a vacuum, which limits 

the application of this method when using large area 

membranes (Jafari et al. 2013). The high-energy rays used 

in the high-energy radiation method have strong penetration 

energy, but in the process of irradiation the structure of 

polymer segments in the membrane being activated can be 

destroyed and hence its service life can be shortened, 

limiting its practical application (Liu et al. 2006). A further 

pre-activation method uses the Fenton reaction as this 

method can oxidize almost all organic compounds (Wang et 

al. 2012). However, recently there has been growing 

concern about hydroxyl radicals formed by the chain 

reaction between the divalent iron ion (Fe2+) of the Fenton 

reagent and hydrogen peroxide. Currently there are few 

reports describing pre-activation of PVDF membrane using 

the Fenton reaction followed by preparation of superhydro- 

phobic surfaces using a grafting method.  
In this research, we combined surface modification and 

grafting method to enhance the commercial PVDF 
membrane surface hydrophobicity. A great deal of hydroxyl 
groups were generated on the surface of the PVDF base 
membrane by the Fenton reaction. The PVDF-PFTS/SiO2 
superhydrophobic membranes were formed by grafting 
fluorinated modified SiO2 nanoparticles onto the surface of 
PVDF-OH membranes. The membranes demonstrated in 
this paper exhibited great anti-wetting/anti-fouling 
characteristics and high desalination performance under the 
direct contact membrane distillation (DCMD) process, 
which is promising to desalt simulated seawater and oily 
high-salt wastewater feeds. 

 

 

2. Materials and methods 
 

2.1 Materials 
 
PVDF flat sheet hydrophobic membranes (0.45 µm) 

were obtained from Merck Millipore Co., Ltd (Germany). 
1H, 1H, 2H, 2H-perfluorooctyl trichlorosilane (PFTS) was 
obtained from Shang Fu technology Co., Ltd (China). 
Anhydrous ethanol (99%) and sulfuric acid (98%) was 
obtained from Beilian Fine Chemicals Co., Ltd (China). 
Cyclohexane (99%) was obtained from Quanrui Co., Ltd 
(China). SiO2 nanoparticles (~30±5 nm), ferrous sulfate 
(FeSO4·7H2O, AR) and sodium chloride (NaCl, AR) were 
obtained from Sinopharm Chemical Reagents Co., Ltd 
(China). Hydrogen peroxide (30%) was obtained from 
Yongda Chemicals Co., Ltd (China). Vegetable oil was 
obtained from Jinlongyu Cereals, Oils and Foodstuffs 
(China). None of the reagents were further purified.  

 
Fig. 1 PVDF-PFTS/SiO2 membrane preparation process 

 

 

2.2 Membrane surface modification 
 

The surface modification process was divided into two 

steps as shown in Fig. 1.  

(1) Pre-activation of the PVDF base membrane surface 

The dried PVDF base membrane, 1.39 g of 

FeSO4·7H2O, 5.5 mL of H2O2 and mixed solvent (50 mL 

ethanol and 50 mL deionized water) were added in a beaker 

and held in a 50℃ water bath for 1 h. The membrane was 

then cleaned thoroughly using excessive sulfuric acid (98%) 

and deionized water to remove the adsorbed Fe3+. Finally, 

PVDF-OH membrane was formed by drying in an oven at 

70°C. 

(2) Membrane surface grafting 

PVDF-PFTS/SiO2 superhydrophobic composite 

membrane was prepared via surface grafting. In the first 

step, SiO2 (1.5%) was added to cyclohexane and 

magnetically stirred for 30 min and then ultrasonically 

dispersed for 30 min. After the SiO2 was fully dispersed, 

PFTS was added dropwise. Ultrasonic dispersion was 

continued for 30 min at 40°C to obtain a PFTS/SiO2 

solution. Next, PVDF-OH was impregnated into the 

prepared PFTS/SiO2 solution for 2 h, then the hydrophobic 

SiO2 was grafted onto the surface of the PVDF-OH 

membrane. The grafted PVDF-OH membrane was removed 

from the PFTS/SiO2 solution and dried at 70°C, resulting in 

a superhydrophobic modified PVDF- PFTS/SiO2 

membrane. 

 
2.3 Membrane characterization 
 
2.3.1 Contact angle 
The change in the hydrophobicity of the membrane 

surface was measured using a contact angle goniometer 

(XG-CAM, China). A 3×3 cm2 membrane sample was 

attached to the glass slide of the instrument, and then 5 μL 

distilled water was dropped onto it. Contact angle 

measurement instrument matching analysis software was 

used to calculate the size of the membrane surface water 

contact angle (WCA). 

 

2.3.2 Surface functional groups 
The surface functional groups of the membrane and 

SiO2 nanoparticles, obtained during the pre-activation and 
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Fig. 2 Self-made direct contact membrane distillation 

(DCMD) system 

 

 
Fig. 3 ATR-FTIR of PVDF base membrane (a), PVDF- 

OH membrane (b), and PVDF-PFTS/SiO2 membranes 

(c) 

 

 

subsequent grafting, were investigated using an attenuated 

total reflectance-Fourier transform infrared spectroscope 

(ATR-FTIR. Nicolet 6700, America). The spectral recording 

wavenumber was 400 cm-1 to 4000 cm-1. 

 

2.3.3 Surface morphologies and elements 
The surface morphologies and rough structure of the 

membrane were observed using an emission scanning 

electron microscope (XL30, America) and an atomic force 

microscope (AFM. Bruker dimension icon, Germany), 

respectively. The membrane surface average roughness 

(Ra) was calculated using the matching analysis software of 

the AFM, and the scanning range was 5 μm × 5 μm. 

Membrane surface elemental analysis was carried out using 

energy dispersive X-ray spectroscopy (X-MAX, Britain). 

 
2.3.4 Thermal stability 
A thermogravimetric analyzer (TGA. DSC3+, 

Switzerland) was used to study the membrane thermal 

stability. Each sample was heated at the rate of 20 °C/min 

within the temperature range of 35°C to 600°C. 

2.3.5 Pore size and liquid entry pressure 
A capillary pore size analyzer (Porolux 1000, Germany) 

was used to obtain the mean and maximum pore size of the 

prepared membranes. Liquid entry pressure (LEP) was 

measured using the same capillary pore size analyzer. 

Nitrogen pressure was increased gradually at the speed of 5 

kPa/s, which pushed the water onto the surface of the 

membrane. The pressure value when water passed through 

the membrane was defined as the LEP. 

 

2.4 Direct contact membrane distillation system 
(DCMD) 

 
The performance of the PVDF-PFTS/SiO2 membranes 

was evaluated in a simulated DCMD process (Fig. 2). The 

effective area of the membrane module was 110 cm2. The 

feed solution was simulated seawater (35 g/L NaCl) and 

oily high-salt wastewater (35 g/L NaCl+ vegetable oil), 

respectively. The feed solutions were kept to 60°C by an 

electric heater and circulated at a flow rate of 80 L/h. The 

water temperature of the permeable solution was controlled 

by a water cooler at 20℃. The circulation rate was the same 

as that on the feed side. In the MD process, the conductivity 

change of the permeate solution was monitored using a 

conductivity meter (HQ40D, America). The membrane flux 

was calculated by collecting the changes in the display on 

the electronic balance (DJ2002FT, China) within a fixed 

time interval. 
 
 

3. Results and discussion 
 
3.1 PVDF-PFTS/SiO2 membrane composition and 

micro-structure analysis 
 
3.1.1 Surface composition of modified membrane 
The infrared spectra obtained from the PVDF base 

membrane, PVDF-OH membrane and PVDF-PFTS/SiO2 

membrane are shown in Fig. 3. In the ATR-FTIR of the 

PVDF base membrane (Fig. 3(a)), absorption peaks with 

wavenumbers at 1071 cm-1, 1170 cm-1 and 3020 cm-1 confirm 

the existence of the C-F group. The peak at 2980 cm-1 was 

associated with the C-H stretching vibration, while the peaks 

at 1401 cm-1 and 835 cm-1 were assigned to the 

deformation rocking vibration of -CH2 (Deng et al. 2010, 

Wei et al. 2018).  

A carbonyl characteristic peak at 1600-1900 cm-1 

appeared after the treatment with Fenton solution (Fig. 

3(b)), whereas the stretching vibration of -CF2 at 3020 cm-1 

decreased significantly. This suggests that the strong 

oxidation by the Fenton solution removed the HF from the 

PVDF chain and formed unsaturated double bonds. The 

unsaturated double bond then broke and combined with 

oxygen coming from the solution. In this way hydroxyl 

groups were formed and this was comfirmed by the 

ATR-FTIR spectra results as a new long and wide 

absorption band appeared at the characteristic peak of hydroxyl 

at 3700-3200 cm-1.  

The spectra from the membranes grafted with SiO2 

particles (Fig. 3(c)) had almost no hydroxyl characteristic 

peak compared to the spectra from the PVDF-OH 
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membrane because of the grafting reaction between the 

modified SiO2 nanoparticles and the hydroxyl groups on the 

surface of PVDF-OH membrane. This indicated that the 

grafting reaction was successful since the bulk of the 

hydroxyl groups on the surface of the PVDF-OH membrane 

were consumed by the modified SiO2 nanoparticles. In 

addition, a broad peak which appeared at 1100 cm-1 due to 

the symmetric stretching vibration of the Si-O-Si bond also 

confirmed successful grafting (Wang et al. 2019).  

Fig. 3 also shows that the modified membranes still 

produced the characteristic peak of the PVDF base 

membrane, confirming that the process of modification did 

not change the bulk properties and molecular structure of 

the PVDF base membrane. 

The surface components of the PVDF base membrane, 

the PVDF-OH membrane, and the PVDF-PFTS/SiO2 

membrane were analyzed using EDS and the results are 

shown in Fig. 4. The main components of the PVDF base 

membrane were C and F, with contents of 57.11% and 

42.89%, respectively, as PVDF is mainly a resin composed 

of these two elements. After the Fenton solution treatment, 

the F on the surface of the membrane decreased, whereas O 

appeared, which indicated that the strong oxidizing property 

of the Fenton solution broke the C-F bond to form the -OH 

group on the surface. The content of O and Si in the 

PVDF-PFTS/SiO2 membrane grafted with fluorinated SiO2 

nanoparticles was further increased, which confirmed that 

the SiO2 nanoparticles had been grafted to the surface of 

PVDF-OH membrane. 
 

3.1.2 Surface microstructure of modified membrane 
The surface microstructure of a membrane has a significant 

influence on its hydrophobicity (Ge et al. 2014). The SEM 

images of the PVDF base membrane, the PVDF-OH 

membrane and the PVDF-PFTS/SiO2 membrane are shown 

in Fig. 5. The strong oxidizing property of the Fenton 

solution resulted in the PVDF base membrane becoming 

partially carbonized and so the surface of the membrane 

pre-activated with Fenton solution (Fig. 5(b)) formed a 

more open high pore structure compared to the PVDF base 

membrane (Fig. 5(a)). Figs. 5(c1) and 5(c2) show that after 

PFTS/SiO2 modification, the PVDF base membrane pores 

and surface were filled with many fluorinated SiO2 

nanoparticles. Aggregation of fluorinated SiO2 nano- 

particles can also be seen due to the strong interaction 

between these nanoparticles. These micro/nano binary 

structures trap a large amount of air, which increases the 

hydrophobicity of the membrane surface and forms a 

superhydrophobic surface. Therefore, when water droplets 

come into contact with the surface of the PVDF-PFTS/SiO2 

membrane, they will immediately roll off, removing 

contaminants and thereby alleviating membrane fouling and 

wetting. 

AFM was employed to observe the rough structure of 

roughness (Ra). Three-dimensional morphologies of the 

PVDF base membrane, the PVDF-OH membrane and the 

PVDF-PFTS/ SiO2 membrane are shown in Fig. 6. In 

contrast to the relatively plain surface of the PVDF base 

membrane (Ra = 217 nm), the average roughness values of the 

PVDF-OH membrane and PVDF-PFTS/SiO2 membrane were  

 

 

Fig. 4 Chemical composition of PVDF(a), PVDF- 

OH(b), and PVDF-PFTS/SiO2(c) membranes surface by 

EDS analysis 

 

 

 
Fig. 5 SEM images of the PVDF base membrane (a), 

PVDF-OH membrane (b), and PVDF-PFTS/SiO2 

membrane (c1), (c2) High-magnification SEM image of 

the PVDF-PFTS/SiO2 membrane (c1) 

 

 

383 nm and 582 nm, respectively. These results confirmed 

that a more open porous structure was formed on the 

surface of the PVDF base membrane after the Fenton 

solution treatment, and the average roughness increased. 

The loading of modifying SiO2 nanoparticles further 

enhanced the surface roughness to achieve 

superhydrophobic PVDF membranes. These results are 

consistent with those from the SEM analysis. 

 
3.1.3 Pore size and LEP of modified membrane 
Pore size is the key factor affecting the performance of a 

porous membrane. The pore sizes of the PVDF base 

membrane, the PVDF-OH membrane and the PVDF-PFTS/ 

SiO2 membrane are given in Table 1. The average and largest 

pore sizes of the PVDF-OH membrane modified by the 

Fenton solution were larger than those of the PVDF base 

membrane, with a maximum pore size of 690 nm and an 

average pore size of 570 nm. This confirmed that a more 

open pore structure in the PVDF membrane was obtained 

following the strong oxidation of the Fenton solution. After 

further grafting of PFTS/SiO2, the maximum and average 

pore size of the PVDF-OH membrane decreased to 664 nm 

and 561 nm, respectively. This was because of the 

aggregation of fluorinated SiO2 nanoparticles on the surface 

and pores of the PVDF-OH membrane. In addition, it can  
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(a) (b) (c) 

Fig. 6 AFM image of the three-dimensional morphology 

of PVDF base membrane (a), PVDF-OH membrane (b) 

and PVDF-PFTS/SiO2 membrane(c) 

 

 
Fig. 7 Pore size distributions of PVDF base membrane, 

PVDF-OH membrane and PVDF-PFTS/SiO2 membrane 

 

 
Fig. 8 Thermo gravimetric analysis (TGA) (a) and 

Derivative thermo gravimetric (DTG) analysis (b) of 

PVDF base membrane, PVDF-OH membrane and 

PVDF-PFTS/SiO2 membrane 
 

 

be seen from Fig. 7 that the addition of SiO2 nanoparticles 

makes the pore size distribution of the PVDF base 

membrane narrower and more uniform. 

The LEP is an important index of membrane wettability. 

When the pressure on the hot side of a membrane is higher 

than the LEP of the membrane itself, pore wetting will 

occur and lead to fouling by the permeable liquid and a 

decrease of the membrane flux (El-Bourawi et al. 2006). 

The Laplace equation states that the LEP value is not only 

related to the structure of the membrane itself, but also 

related to its surface properties (Franken et al. 1987). The 

specific relationship is: 

𝑃𝑙𝑖𝑞𝑢𝑖𝑑𝑃𝑣𝑎𝑝𝑜𝑟 =
 −2𝛾𝐵 𝑐𝑜𝑠 𝜃

𝑟𝑚𝑎𝑥

< 𝐿𝐸𝑃. (1) 

where B indicates the geometric factor which is a parameter 

related to the membrane structure, 𝛾 is the surface tension 

of the droplet, 𝜃 is the contact angle of the liquid and 𝑟𝑚𝑎𝑥 

is the maximum pore size of the membrane. 

Owing to the decrease in hydrophobicity and the 

increase in the largest pore size of the PVDF-OH 

membrane, LEP decreased from 204 kPa for the base 

membrane to 195 kPa for the PVDF-OH membrane. 

Although the maximum pore size of the PVDF base 

membrane was slightly smaller than that of the 

PVDF-PFTS/SiO2 membrane, the PVDF-PFTS/SiO2 

membrane was much more hydrophobic than the PVDF 

base membrane, resulting in an increase in the membrane 

LEP from 204 kpa to 235 kPa.  

Silica nanoparticles can act as a crosslinking point in 

composite membranes, which can increase the rigidity of 

polymeric chains and result in improved membrane 

mechanical performance (Lai et al. 2014). The tensile 

strength was increased from 39.8 MPa for the PVDF base 

membrane to 43.6 MPa after modification with fluorinated 

SiO2 nanoparticles. However, the addition of fluorinated 

SiO2 nanoparticles increased the brittleness of the PVDF 

base membrane, and the tensile strain at the fracture was 

reduced from 19% to 17%. 

 

3.2 PVDF-PFTS/SiO2 membrane stability analysis 
 

3.2.1 Thermal stability of the PVDF-PFTS/SiO2 
membrane 

One of the main requirements of a hydrophobic 

membrane is high thermal stability. Therefore, TGA tests 

were conducted to analyze the difference in thermal 

stability between the PVDF base membrane and the 

modified membranes. The results showed that all samples 

had nearly the same thermal trend with good thermal 

stability (Fig. 8). The PVDF base membrane, the PVDF-OH 

membrane, and the PVDF-PFTS/SiO2 membrane first 

showed decomposition at 473°C, 483°C and 490°C, 

respectively. Contrasted with the PVDF base membrane, 

the decomposition temperatures of the PVDF-OH 

membrane and the PVDF-PFTS/SiO2 membrane increased 

by 10°C and 17°C, respectively. The thermal stability of the 

PVDF-OH membrane was better than that of the PVDF 

base membrane, and the thermal stability improved further 

after PFTS/SiO2 grafting. SiO2 particles have strong thermal 

stability with a heat-insulating effect during the heating 

process, which may explain the delay in the decomposition 

of the PVDF-PFTS/SiO2 membrane. In addition, the 

hydroxyl groups on the surface of fluorinated SiO2 can form 

hydrogen bonds with the surface of the pre-activated PVDF 

membrane. These hydrogen bonds are able to limit the 

thermal movement of the PVDF macromolecular chain and 
increase energy needed for the movement and fracture of 

the PVDF-PFTS/SiO2 membrane macromolecular chain 

(Gaur et al. 2015, Yu et al. 2009). The weight of all 

samples decreased by about 65% at 500°C, and this 

decrease continued with increasing temperature, because of 

the decomposition of the PVDF polymer backbone. 

 
3.2.2 Durability of the PVDF-PFTS/SiO2 membrane 
The PVDF-PFTS/SiO2 membrane was treated in an 

ultrasonic cleaner at 75°C for 3 h, and its durability was 

assessed by detecting any change in its surface hydro- 

phobicity. Change in surface hydrophobicity was observed 

by measuring the WCA every 30 min (Fig. 9). After 3 h of 

son ica t ion ,  th e  su r face  hydrophobic i ty  o f  t h e 

PVDF-PFTS/SiO2 membrane showed a slight decrease, but 

still had a long-lasting stable high hydrophobic surface with 
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Fig. 9 The change of water contact angle of PVDF- 

PFTS/SiO2 membrane surface with ultrasonic time 

 
 

a WCA of 149.6°. The results indicate that the super- 

hydrophobic surface formed by grafting fluorinated SiO2 

nanoparticles on to the surface of PVDF base membrane 

treated with Fenton solution has good stability and 

durability, and has broad application prospects in 

membrane distillation technology. 

 

3.3 Superhydrophobic mechanisms of the PVDF- 
PFTS/SiO2 membrane 

 
The hydrophobicity of a solid surface lies in its low 

surface energy and surface structure with multi-stage 

roughness (Wang et al. 2008). It is well-known that 1H, 1H, 

2H, 2H- perfluorooctyltrichlorosilane (PFTS) has an 

extremely low surface energy because of its high content of 

-CF3 (6.7 mN/m) and -CF2 (16 mN/m) groups (Meng et al. 

2008, Saifaldeen et al. 2016). The surface energy can be 

further reduced, and its wettability can be adjusted, after the 

solid surface is treated with appropriate molecules. In this 

study, SiO2 nanoparticles were fluorinated and then grafted 

onto the surface of PVDF base membrane using 1H, 1H, 

2H, 2H-perfluorooctyl trichlorosilane (PFTS). The specific 

reaction process can be divided into two parts. Firstly, In 

the presence of water, the hydrophilic trichlorosilane head 

of the PFTS molecule is hydrolyzed to generate trisilanol. 

The hydroxyl groups on the head of the trisilanol and part 

of the hydroxyl groups on the surface of the SiO2 form a 

bond of Si-O-Si to fix the PFTS molecules onto the surface 

of the SiO2 nanoparticles. Next, the remaining hydroxyl 

groups on the surface of the fluorinated SiO2 combine with 

the hydroxyl radicals generated on the surface of the PVDF 

 

 
Fig. 10 FTIR spectra of pristine and fluorinated SiO2 

nanoparticles 

 

 

base membrane treated with the Fenton solution, and the 

fluorinated SiO2 nanoparticles are grafted onto the surface 

of the PVDF membrane. Therefore, fluorination 

modification of SiO2 is a key step in the preparation of 

composite membranes.  

To prove the modification results, the chemical 

composition of the fluorinated SiO2 nanoparticles and 

pristine SiO2 were characterized using ATR-FTIR 

spectrometry (Fig. 10). Spectral peaks at 1107 cm-1 and 806 

cm-1 were characteristic of Si-O-Si stretching vibration and 

bending vibration in SiO2, respectively (Lin et al. 2014). 

The characteristic peak generated by the symmetric 

stretching vibration of -OH was about 3440 cm-1, while the 

absorption peak at 1630 cm-1 was derived from the bending 

vibration of -OH in the physical adsorption water 

(Abdolmaleki et al. 2011, Vejayakumaran and Rahman 

2008). These characteristic peaks indicated that the 

modification reaction did not change the main structure of 

SiO2. The peak of the C-F bond appeared at 1204 cm-1 in 

the fluoroalkyl chlorosilane after the modification reaction 

(Gao et al. 2006), while the -OH characteristic peak at 3443 

cm-1 was also significantly weakened. These results indicate 

that the fluoroalkyl groups were successfully grafted onto 

the surface of the SiO2 nanoparticles after the modification. 

The water contact angle of the virgin and fluorinated SiO2 

nanoparticles were measured and results are presented in 

Fig. 11. The WCA of the fluorinated SiO2 nanoparticles 

increased from 0° to 146°. This also confirms that the SiO2 

nanoparticles had good hydrophobicity after fluorination 

modification. 

The measured WCA values can be used in the Cassie- 

Baxter model in order to explain the reason for the change  

Table 1 Parameter of PVDF base membrane, PVDF-OH membrane and PVDF-PFTS/SiO2 membrane 

Sample 
Membrane 

thickness (μm) 

Max pore size 

(nm) 

Mean pore size 

(nm) 

WCA 

(°) 
LEPw (kPa) 

Tensile strength

（MPa） 

Tensile stain at 

break (%) 

PVDF 100±1 652 543 100±1 204 39.8 19 

PVDF-OH 99±1 690 570 85±1 195 35.2 25 

PVDF-PFTS/SiO2 101±1 664 561 153±2 235 43.6 17 
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Fig. 11 Water contact angle (WCA) of the virgin (left) 

and fluorinated SiO2 nanoparticles (right) 

 

 
Fig. 12 Schematic diagrams of modified superhydro- 

phobic membrane surface 

 

 
Fig. 13 Membrane flux and permeate conductivity for 

PVDF base membrane and PVDF-PFTS/SiO2 

membranes in DCMD via feeding NaCl solution (3.5 

wt%) 

 

 
Fig. 14 Surface state of PVDF base membrane(a) and 

PVDF-PFTS/SiO2 membrane(b) after DCMD 

experiment NaCl solution (3.5 wt%) was used as the 

feed solution 

 

in hydrophobicity of the modified membrane surface 

(Nosonovsky and Michael 2007). According to Cassie- 

Baxter theory, the interface between droplet and rough 

surface is a composite interface consisting of liquid/solid 

and liquid/gas interfaces. Since the droplet size is larger 

than the size of the microstructure of the rough surface, the 

droplet cannot penetrate into the groove of the rough 

surface, and so air is trapped between the droplets and the 

rough surface. The Cassie equation (Cassie 1948) is as 

follows: 

cos 𝜃𝑛 = 𝑓1 𝑐𝑜𝑠 𝜃1 + 𝑓2 𝑐𝑜𝑠 𝜃2 (2) 

𝑓1 + 𝑓2 = 1 (3) 

Here, θn is the apparent contact angle of the modified 

membrane, f1 and f2 are the ratio of liquid/solid to liquid/gas 

contact area to total contact area, respectively. θ1 and θ2 are 

the eigen contact angle of the liquid/solid and liquid/gas 

interfaces, respectively, and θ2 = 180°. Eq. (2) can be 

transformed into: 

cos 𝜃𝑛 = 𝑓1 cos 𝜃1 + 𝑓1 − 1 (4) 

The water contact angle of a smooth surface PVDF base 

membrane can only reach as high as 98° (i.e., θ1 = 98°) 

while the contact angle of the PVDF-PFTS/SiO2 membrane 

was 152° (θn = 152°), and f was calculated to be 0.139. This 

meant that when the droplets were placed on the prepared 

superhydrophobic PVDF-PFTS/SiO2 membrane surface, 

only 13.9% of the PVDF-PFTS/SiO2 membrane surface 

came into contact with the droplets. Therefore, it can be 

confirmed that a micro/nano multi-level rough surface was 

constructed after fluorinated SiO2 nanoparticles were 

grafted onto the surface of the PVDF-OH membrane. The 

surface can be regarded as a rough, porous structure. As the 

amount of air between water droplets and the membrane 

surface increased, the contact area between the droplets and 

the membrane surface decreased. Thus, the hydrophobicity 

of the modified membrane surface was increased, and a 

superhydrophobic surface was obtained (Fig. 12). 

 
3.4 PVDF-PFTS/SiO2 membrane performances 

during the DCMD process 
 

A DCMD simulation was carried out using 3.5 wt% 

NaCl as the feed solution. The electrical conductivity of the 

permeate and the membrane flux were compared between 

the PVDF base membrane and PVDF-PFTS/SiO2 membranes 

(Fig. 13). The permeation flux of the PVDF base membrane 

was approximately 7.7 kg/m2h which was slightly higher 

than that of the superhydrophobic PVDF-PFTS/SiO2 

membrane (7.0 kg/m2h). The main reason for the decrease 

of permeation flux of the PVDF-PFTS/SiO2 membrane was 

that a fluorinated SiO2 layer formed on the membrane 

surface after surface grafting, which increased the 

membrane thickness and slowed down the mass transfer 

slightly. In addition, the PVDF base membrane showed 

stable permeation flux for 4 h before operation. After 7 h of 

operation, the permeation flux gradually decreased to about 
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Fig. 15 Membrane flux and permeate conductivity for 

PVDF base membrane and PVDF-PFTS/SiO2 

membranes in DCMD via feeding simulated oily 

high-salt wastewater 

 

 
Fig. 16 Simulated oily high-salt wastewater was used as 

the feed solution, the surface state of PVDF base 

membrane(a) and PVDF-PFTS/SiO2 membrane(b) after 

DCMD experiment 
 

 

77% of the original flux, and the permeation conductivity 

gradually increased to 256 μS/cm. Obvious wetting was 

observed on the surface of the PVDF base membrane after 

the DCMD simulation (Fig. 14).  

The PVDF-PFTS/SiO2 membrane was quite stable 

during its entire operation and permeation flux and 

conductivity of the PVDF-PFTS/SiO2 membrane did not 

change significantly. The main reason for this result was 

that the PVDF base membrane was more likely to be wetted 

and fouled than the PVDF-PFTS/SiO2 membrane. Owing to 

the grafting of fluorinated SiO2 particles, the PVDF-PFTS/ 

SiO2 membrane had very low surface energy and high 

surface roughness. The inorganic salts in the feed solution 

were not easily accumulated or adsorbed onto the PVDF- 

PFTS/SiO2 membrane surface. Hence, the pores of the 

PVDF-PFTS/SiO2 membrane were not easily wetted and 

fouled, and hence had better stability and durability than the 

PVDF base membrane. 

The DCMD simulation was also carried out using oily 

high-salt wastewater as the feed solution, and the 

anti-fouling/anti-wetting properties of the PVDF base 

membrane and the PVDF-PFTS/SiO2 membrane were 

compared. The electrical conductivity of the PVDF base 

membrane increased sharply and the flux decreased slowly 

within 2 hours of operation, which indicated that the 

membrane had been partially wetted, resulting in 

high-concentration NaCl being transferred directly through 

the membrane to the permeate side (Fig. 15). Compared 

with the PVDF base membrane, the superhydrophobic 

PVDF-PFTS/SiO2 membrane had better anti-wetting/ anti- 

fouling performance, and the desalination rate was 

maintained at 99.85%. The combination of multiple levels 

of roughness structures and low surface energy made it 

difficult for the surface of the PVDF-PFTS/SiO2 membrane 

to contact the feed solution, reducing the adsorption of oil 

contaminant onto the surface of the membrane, thus 

preventing the superhydrophobicity membrane from being 

wetted. 
By observing the surface state of the membranes after 

the DCMD simulation, it can be clearly seen that the 
surface of the PVDF base membrane was obviously wetted 
by the adsorption of oil, while the surface of the super- 
hydrophobic membrane was still very clean with only slight 
wetting (Fig. 16). Therefore, the PVDF-PFTS/SiO2 
membrane demonstrated stable anti-wetting/anti-fouling 
properties. Hence the superhydrophobic PVDF-PFTS/SiO2 
membrane prepared by this method is a good choice for 
extracting water from high saline feed solution containing 
hydrophobic pollutants using the membrane distillation 
process. 

 

 

4. Conclusions 
 

In this paper a new membrane modification method is 
developed, with the pretreatment of PVDF base membrane 
by Fenton solution, followed by grafting of hydrophobic 
fluorinated SiO2 nanoparticles, providing a technically 
feasible and economically reasonable choice for the 
preparation of stable and durable of superhydrophobic 
composite membranes.  

• The results indicated that after grafting with 

fluorinated SiO2 nanoparticles, the surface energy of PVDF 

base membrane is decreased and the surface roughness is 

increased (from 217 nm to 582 nm), resulting in the water 

contact angle of the PVDF increasing from 99° to 155°.  

• In addition, the grafting of SiO2 nanoparticles made 

the pore size distribution of the PVDF membrane narrower 

and more uniform.  

• Pre-activation of the PVDF membrane using Fenton 

solution made the fluorinated SiO2 layer more stable and 

producing good anti-fouling/anti-wetting ability during 

membrane distillation desalination.  

• Therefore, this method is expected to provide a new 

approach and inspire new ideas for industrial applications of 

superhydrophobic surface preparation and membrane 

distillation desalination technologies. 
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