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H I G H L I G H T S  

• Hydrophobic SiO2-PVDF Membrane was fabricated for PFOA removal from wastewater. 
• The membrane exhibited a water flux of 16 LMH and 95.8 % PFOA rejection. 
• The membrane showed remarkable antifouling properties against PFOA substances. 
• Feed inlet temperature exerts a significant impact on the membrane performance.  
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A B S T R A C T   

This study addresses the global issue of the contamination of water resources by per- and poly-fluoroalkyl sub
stances (PFAS). PFAS are notoriously difficult to remove due to their resilient alkyl-fluorinated chains. We 
examined the potential of hydrophobic PVDF membranes in direct contact membrane distillation (DCMD) to 
eliminate perfluorooctanoic acid (PFOA) from Water. For desalination, both commercial and custom-made PVDF 
membranes exhibited a permeate flux of approximately 13 LMH, with salt rejections of 98.39 % and 99.95 %, 
respectively. In the case of PFOA removal, the fabricated PVDF membrane outperformed its commercial coun
terpart. It boasted an initial permeate flux of 16 LMH and a PFAS rejection of 95.8 %, compared to the com
mercial membrane’s 13 LMH and 67.31 %. Furthermore, the custom membrane exhibited superior resistance to 
fouling, experiencing less flux decline. Employing response surface methodology (RSM), we identified the 
optimal combination of feed concentration (30 ppm), (60 ◦C), and flow rate (1.5 LPM) to yield a flux of 9 LMH 
and a PFOA rejection of 95.41 %. Feed temperature emerged as the most influential factor in DCMD perfor
mance. This study offers a novel approach to concentrating and removing emerging contaminants from waste
water and highlights the efficacy of tailored membrane technology in addressing pressing environmental 
challenges.   

1. Introduction 

Per- and poly-fluoroalkyl substances (PFASs) are a class of around 
4700 fluorinated aliphatic compounds. These compounds consist of a 
hydrophobic, fully fluorinated alkyl chain that terminates with hydro
philic carboxylic or sulfonic acid functional groups [1]. The car
bon‑fluorine (C–F) bonds in the PFAS backbone structure are 

characterized by their robustness, requiring significant energy to break 
down. This strong C–F bond imparts several key properties, including 
chemical and thermal stability, hydrophobic and lipophilic character
istics, resistance to friction, and biotic degradation [2,3]. While these 
features have led to their widespread utilization in various industrial 
applications, such as oil and water-repellent materials found in paints, 
food packaging, cosmetics, lubricants, electronics, and film-forming 
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foams for firefighting, they have also rendered PFAS compounds 
persistent in the environment due to their relatively high solubility in 
water [4,5]. 

Significant attention has been directed toward the potential hazards 
posed by PFAS to both human health and the environment [6]. Accu
mulation of PFAS compounds in the body can lead to various adverse 
health effects, including but not limited to cancer, obesity, elevated 
cholesterol levels, and impairment of kidney and thyroid function [7,8]. 
Given the lack of effective medical treatments for eliminating PFAS from 
the human body, prompt removal of these substances from the envi
ronment becomes paramount [9]. To address this concern, the United 
States Environmental Protection Agency (EPA) has established strict 
guidelines, setting total lifetime health advisory (LTHA) limits of 4 pg/L 
and 20 pg/L for the two most prevalent PFAS compounds, namely per
fluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS), 
respectively, in drinking water [10]. As a result, public health regula
tions highlight the urgency for the water industry to develop innovative 
PFAS treatment methods aimed at preventing or mitigating the infil
tration of these chemicals into groundwater, surface water, and eco
systems [11,12]. 

Over the past two decades, researchers have explored various tech
niques for PFAS remediation, including adsorption [13], oxidation 
[13,14], filtration [15], thermal [16], and biological treatments. How
ever, these conventional methods are not sufficiently effective in elim
inating PFAS from water sources due to PFAS’s small molecular size, 
high mobility, and rapid diffusion [17–21]. Additionally, these ap
proaches often suffer from substantial operational costs and high energy 
and chemical use [22]. In this context, membrane separation techniques 
are highly efficient methods for removing PFAS from natural water 
sources, offering exceptional removal efficiency, low energy consump
tion, ease of operation, compact design, and minimal environmental 
impact [23,24]. Furthermore, evaporative separation techniques can 
effectively concentrate PFAS from liquid solutions, primarily because 
PFAS compounds possess low vapor pressures and do not readily evap
orate at elevated temperatures [25,26]. When heated, the water in the 
PFAS solution vaporizes, while the PFAS compounds remain in a liquid 
state [27,28]. Hence, the integration of membrane technology with 
evaporative techniques in an emerging membrane distillation (MD) 
method presents an intriguing opportunity for PFAS removal from 
water. MD relies on water transport through a hydrophobic membrane 
with relatively large pores, driven by a partial vapor pressure difference 
resulting from a thermal gradient [29,30]. Commonly employed mem
brane materials in MD, such as polyvinylidene fluoride (PVDF) and 
polytetrafluoroethylene (PTFE), are chosen for their hydrophobic 
characteristics and superior thermal stability [31,32]. 

One of the primary challenges affecting the prolonged use of PVDF 
and PTFE membranes is wetting and fouling by low surface tension 
substances, leading to a notable reduction in vapor flux. As an example, 
Chen et al. [33] employed PTFE membranes in DCMD to remove per
fluoropentanoic acid (PFPeA) and observed substantial fouling of these 
membranes during the initial concentration hours. PFPeA from the feed 
gradually adhered to the surface of the PTFE membranes, and not only 
did the molecules remain on the surface, but they also began permeating 
through the membrane pores. This diffusion of PFPeA through the 
membrane pores resulted in a gradual decline in rejection efficiency. 
Therefore, modifying the membrane to mitigate wetting and address 
potential PFAS diffusion challenges is essential. The membrane surface 
characteristics, including pore dimensions, hydrophobicity, and surface 
charge, play a significant role in the fouling, scaling, and wetting 
properties of MD membranes [34]. Consequently, selecting an appro
priate membrane material and implementing subsequent modifications 
are of great significance for the MD process. The previous research ef
forts have primarily concentrated on manipulating surface wettability 
by chemical grafting or coating advanced functional materials to the 
surface of MD membranes, aiming to achieve superhydrophobicity 
[35–40], omniphobicity [41–43], and hydrophilicity [44–47]. While 

MD membranes with tailored surface wettability have demonstrated 
success in treating specific feed water solutions, these membranes 
continue to face challenges due to the low stability of their coated/ 
grafted materials. This issue hampers their prolonged operation in MD 
systems, ultimately impacting desalination performance and resistance 
to wetting. One such approach involves incorporating advanced nano
particles, such as graphene oxide, carbon nanotubes, metal-organic 
frameworks (MOFs), and ZnO, into the membrane matrix to produce 
nanocomposite membranes and adjust the surface pore diameter and 
roughness, thereby improving both hydrophobicity and liquid entry 
pressure (LEP) [44,48–50] Zhang et al. [51] applied a hydrophilic layer 
composed of aluminum fumarate (AlFu) metal-organic framework 
(MOF) incorporated into poly (vinyl alcohol) (PVA) on a hydrophobic 
PTFE membrane for direct contact membrane distillation, aiming to 
eliminate PFAS from landfill leachate. Their results revealed that the 
addition of AlFu MOF enhanced PFAS and ammonia rejection by the 
PVA layer. Additionally, the hydrophilic layer, with or without MOF, 
exhibited improved resistance to wetting, and the incorporation of AlFu 
MOF effectively addressed the irreversible fouling. 

This study uniquely employs a hydrophobic PVDF nanocomposite 
membrane, modified with SiO2 nanoparticles, for the first-time appli
cation in PFAS removal through the DCMD process, with a particular 
focus on efficiently concentrating and removing PFOA. Furthermore, 
our research marks a significant advancement by introducing a semi- 
continuous casting machine for the scaled-up production of hydropho
bic nanoparticle-polymer membranes. The main goal of the study was to 
improve the PVDF membrane’s performance in terms of flux stability 
and PFOA retention. Additionally, the study aimed to optimize the 
operational parameters of the DCMD process to achieve enhanced PFOA 
removal. In this regard, a modified PVDF membrane was fabricated, and 
its performance was compared with commercial PVDF membranes for 
PFOA removal through the DCMD process. The fouling resistance and 
anti-wetting properties of membranes was also examined. Over the 
course of extensive long-term experiments, the membrane exhibited 
impressive anti-wetting properties, effectively preventing fouling and 
consistently maintaining its performance. 

2. Materials and methods 

2.1. Material 

PVDF microfiltration membranes (0.3 μm pores) were purchased 
from Sterlitech Co. (WA, USA) and used as a commercial hydrophobic 
membrane in the DCMD process. PVDF powder (PVDF SOLEF® 6020/ 
1001, Solvay Specialty Polymers) and dimethylacetamide (DMAc, >99 
%, Sigma-Aldrich) were utilized to fabricate flat sheet hydrophobic 
PVDF membranes. Silicon dioxide (SiO2, SkySpring Nanomaterials, Inc.) 
and lithium chloride (LiCl, Sigma-Aldrich) were added to the dope so
lution as additives to improve the hydrophobicity and pore formation, 
respectively. Also, PFOA (MW = 414.07 g/mol) was procured from 
Sigma Aldrich and dissolved in deionized water to prepare a feed solu
tion. Deionized water with a resistivity of 18.2 M cm− 1 (Milli-Q, Milli
pore) was used for both the feed solution and the coagulation bath. 

2.2. Membrane preparation procedure 

Fig. 1 shows the fabrication procedure for preparing hydrophobic 
PVDF flat sheet membrane by phase inversion via immersion precipi
tation technique. The dope solution was prepared first by mixing LiCl (5 
wt%), SiO2 (2 wt%), and DMAc (81 wt%). PVDF (12 wt%) was then 
added to the dope solution while stirring at 300 rpm and 60 ◦C for 24 h. 
The polymer solution was then degassed in a vacuum oven at room 
temperature for 1 h. The prepared polymer solution was carefully 
poured onto the polyester support mounted on a semi-continuous cast
ing machine (Fig. S1). The casting machine facilitates uniform and 
controlled solution spreading, ensuring a consistent membrane 
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thickness of 0.16 μm. Subsequently, the cast film is immediately 
immersed in a non-solvent bath of deionized water at room temperature, 
where, upon completion of phase inversion and removal of residual 
solvents and additives, the solidified polymer sheet is rolled up. 
Following the collection of the polymer sheet, it undergoes a 24-h 
soaking in deionized water at ambient temperature, followed by 
sequential soaking in ethanol and n-hexane for 15 min each, aiming to 
minimize shrinkage effects by gradually reducing surface tension during 
the drying process. The final step involves drying the membrane for 24 h 
at room temperature. 

2.3. Membrane characterization methods 

Membranes’ surface and cross-section morphology were examined 
by field emission scanning electron microscopy (FESEM, Zeiss Sigma 
300 VP) at the acceleration voltage of 15 kV. The samples were first 
immersed in liquid nitrogen and then fractured carefully for cross- 
sectional FESEM imaging. Also, the elemental composition of mem
branes was obtained using energy dispersive spectroscopy (EDS). 

The pore size of the membranes was determined through analysis of 
FESEM images using ImageJ software. Assuming that the pores are cy
lindrical, the average pore size was evaluated using the equation: 

ds =

[∑n
i=1ni di2
∑n

i=1ni

]0.5

(1)  

where ds is the average pore diameter, di is the ith pore diameter, ni is the 
number of pores with diameter di, and n is the total number of pores 
considered. 

The evaluation of membrane surface wettability was conducted 

through water contact angle (WCA) analysis. A 2 mL droplet of DI water 
in the air was used in the sessile drop measurement technique, 
employing a contact angle analyzer (Kruss DSA 100 Gmbh, Germany). 
The water droplet was placed on the membrane’s surface using a micro 
syringe. At least three droplets were placed on the surface for each 
sample, and the average contact angles were subsequently determined. 

The membrane surface roughness was measured by a tapping mode 
atomic force microscopy (AFM, Dimension ICON, Bruker, Germany). 
Measurements were carried out using a silicon nitride probe, scanning 
over a 10 μm × 10 μm area at a rate of 1 Hz. The collected data were 
analyzed using NanoScope Analysis software (Version 1.40r3, Bruker, 
Germany), and the root-mean-square roughness (Ra) was reported for 
each sample. 

The Surpass™ 3 Electrokinetic analyzer (Anton Paar, Graz, Austria) 
was used to assess the zeta potential of the membranes. To measure the 
zeta potential values within the pH range of 4–9, a 1 mM KCl solution 
was utilized, and the pH was adjusted to the desired values with NaOH 
and HCl. 

The chemical composition of the fabricated hydrophobic PVDF 
membranes was investigated by analyzing the surface functional groups 
of the membrane sample using attenuated total reflectance-Fourier 
transform infrared (ATR-FTIR). An Agilent Technologies Cary 600 se
ries instrument was employed to measure infrared spectra at room 
temperature. The sample underwent thirty scans within the 400–4000 
cm− 1 wavelength range. For precise determination of PFAS content on a 
fouled membrane surface, sensitive and quantitative methods such as X- 
ray photoelectron spectroscopy (XPS) were considered. This technique 
was used to reveal the C and F bonds of PFAS on the membrane surface, 
as quantitatively evaluating fluoride content across a PVDF base mem
brane fouled with high molecular content fluoride-containing molecules 
like PFAS would not be practical using FTIR. The elemental composition 
and chemical bonding of both pristine and used membranes were 
evaluated using the Kratos AXIS ULTRA XPS, equipped with a mono
chromatic Al Kα X-ray source. 

The liquid entry pressure (LEP) of the membranes was determined 
using a dead-end filtration cell. At room temperature, 200 mL of 
deionized water was poured into a static liquid reservoir with a mem
brane sample at the bottom. Pressure on the liquid was applied using 
compressed nitrogen from a cylinder, and the increment was controlled 
with a regulator at 2 psi every 10 min until water began to drop 
constantly from the cell outlet. Three samples were analyzed for each 
membrane, and the average result was reported. 

2.4. Membrane transport performance evaluation 

The removal of PFOA from the aqueous solution containing 10, 20, 
and 30 ppm of PFOA was evaluated by performing DCMD tests for the 
fabricated and commercial PVDF membranes. A laboratory-scale 
crossflow filtration MD cell (Sterlitech Co.) with a membrane-active 
area of 140 cm2 was used. The membrane module was placed verti
cally, allowing the feed solution and cooling water to flow from the 
bottom to the top of the module. Liquid-jacketed borosilicate glass 
vessels with double-walled casings contained hot and cold-water solu
tions. To maintain the hot feed solution at a constant temperature (50, 
60, and 70 ◦C), the Thermo Scientific heated bath (Cole-Parmer Canada 
Co.) was used to circulate the water around the vessel. A benchtop 
chiller (Polyscience, Illinois, USA) was also utilized to cool down the 
permeate solution, maintaining its temperature at 20 ◦C. A digital 
thermometer constantly monitored the temperature of hot and cold 
chambers. A double-head peristaltic pump (Baoding Shenzhen Precision 
Pump Co. Ltd., China) recirculated the water in the feed and permeate 
chambers with various flow rates (0.5, 1, 1.5 LPM). The mass change in 
the cold permeate side was monitored in real time using a digital balance 
(Mettler Toledo, ME 4002, USA) connected to a computer for data log
ging. All the experiments were continued to obtain a volume concen
tration factor (VCF=Initial feed volume/Final feed volume) of 2. To 

Fig. 1. Schematic representation of nonsolvent-induced phase separation 
(NIPS) process used in this study to fabricate hydrophobic PVDF membranes. 
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assess the concentration of PFOA in the feed solution and distillate, 
samples were collected at various time intervals, and the carbon content 
of these samples was determined using a total organic carbon (TOC) 
analyzer (Shimadzu Corporation, Analytical & Measuring Instrument 
Division, Jiangsu, China). The TOC removal (%) is calculated using the 
following equation: 

TOC rejection (%) =
(TOC0 − TOCt)

TOC0
× 100 (2)  

Where TOC0 is for the initial feed solution and TOCt is for the permeate 
at time t. 

The distillate flux (J, LMH) was calculated by the following equation: 

J
(

L
m2h

)

=
M(kg)

ρ
(

kg
L

)

A(m2)Δt(h)
(3)  

where M is the mass of the permeate, ρ is the density of water, A is the 
effective membrane area, and Δt is the measurement time. 

2.5. Response surface methodology analysis 

In this study, response surface methodology (RSM) was employed to 
explore the correlation between the responses (permeate flow and 
rejection) and the variables. This approach aimed to fine-tune variable 
conditions and predict the optimal values for the responses. The central 
composite design (CCD), recognized for its efficacy in sequential 
experimentation, was applied to attain this objective, ensuring sufficient 
experimental values to assess the lack of fit [52]. Three key independent 
variables in this study were manipulated across three levels (− 1, 0, and 
1): feed temperature, feed flow rate, and feed solution concentration. 
The independent variables and their levels, represented in both real and 
coded values, are detailed in Table 1. A total of 17 experiments were 
conducted for these three parameters, each with three replications to 
minimize the errors (Table S1). Analysis of variance (ANOVA) with a 95 
% confidence level was used to assess the interaction between the 
effective parameter and the response. The modality of the polynomial 
model fit was evaluated by the coefficient of determination R2 and the 
adjusted R2 (Radj

2 ) [53,54]. 

3. Results and discussion 

3.1. Membrane characteristics 

Table 2 provides an overview of the characteristics of both com
mercial and fabricated hydrophobic PVDF membranes. The commercial 
PVDF membrane displayed an overall thickness of 210 μm and a mean 
pore size of 0.3 μm, whereas the fabricated hydrophobic PVDF mem
brane had a thickness of 160 μm and a mean pore size of 0.2 μm. 

In the examination of contact angles, the commercial PVDF mem
brane showed a water contact angle of 75◦, while the fabricated hy
drophobic PVDF membrane demonstrated a significantly enhanced 
contact angle of 102◦. This improved hydrophobicity of the fabricated 
membrane can be attributed primarily to the inherent hydrophobic 
properties of the embedded silica nanoparticles [55,56], effectively 
mitigating any potential detrimental impact of heightened surface 
roughness on WCA measurements. It is widely recognized that surface 

roughness inherently influences wettability by increasing the contact 
area available for the spreading liquid [57]. Many researchers have 
investigated the impact of surface roughness on contact angles, aiming 
to determine the level of surface smoothness at which the influence of 
surface roughness on contact angles can be disregarded. Busscher et al. 
[58] and Miller et al. [59] concluded that the impact of surface rough
ness on contact angles becomes negligible when the average roughness 
and root mean square (RMS) roughness are below 100 nm and 80 nm, 
respectively. 

Therefore, considering the data presented in Table 2, the elevated 
WCA observed in the fabricated nanocomposite PVDF membranes can 
be attributed to the inherent hydrophobic properties of the incorporated 
silica particles. However, even if we were to entertain the idea that the 
membrane roughness in this study impacts the WCA, it should be 
interpreted in accordance with Wenzel’s equation. The Wenzel equation 
is an approximation that becomes increasingly accurate as the size of the 
liquid drop becomes significantly larger compared to the scale of surface 
roughness. In this context, where the drop size exceeds the roughness 
scale by two to three orders of magnitude, as is the case here, the 
application of the Wenzel equation is justified. Wenzel equation states 
that adding surface roughness amplifies the wettability influenced by 
the surface chemistry. In other words, if the surface is chemically hy
drophobic, introducing surface roughness would further enhance its 
hydrophobicity. This principle, as articulated by Wenzel, can be 
described as follows [60,61]: 

cosθm = rcosθy (4) 

Here, θmrepresents the measured contact angle, θy stands for Young’s 
contact angle, and r denotes the roughness ratio. The roughness ratio is 
defined as the ratio between the actual solid surface area and the pro
jected solid surface area, with r = 1 indicating a smooth surface and r > 1 
indicating a rough surface. The surface roughness of the fabricated hy
drophobic PVDF membrane in this study (Ra = 76.30 nm) was notably 
higher than that of the commercial PVDF membrane (Ra = 43.00 nm). 
Since the WCA of commercial PVDF membrane is <90◦, it was expected 
to observe an increase in the WCA of the nanocomposite PVDF mem
brane, based on Eq. (4). However, the significant increase in the WCA 
highlights the remarkable influence of incorporating hydrophobic silica 
particles into the membrane. 

A hydrophobic surface is favorable for the MD process due to less 
penetration of the liquid phase into the membrane pores due to the 
surface tension forces while allowing the passage of the vapor molecules 
through it [62]. The LEP plays a crucial role in maintaining the quality of 
the permeate in the MD process. The fabricated hydrophobic PVDF 
membrane exhibited higher LEP than the commercial membrane due to 
its smaller pore size and higher water contact angle (Table 2). These 
factors—smaller pore size and increased hydrophobicity—synergisti
cally contribute to the membrane’s elevated LEP, making it more 
effective at preventing the unwanted passage of liquid and maintaining 
its anti-wetting properties during the MD process. 

Fig. 2(a-d) depict FESEM images illustrating the top surface and 
cross-section of both the commercial PVDF and fabricated hydrophobic 
PVDF membranes. The images reveal a uniform and porous structure 

Table 1 
Experimental design of the selected operating conditions, representing the range 
of independent experimental variables used in the RSM model.  

Parameter Symbol -1 0 +1 

Feed temperature (◦C) Tf  40  50  60 
Feed flow rate (L/min) Qf  0.5  1  1.5 
Feed concentration (ppm) Cf  10  20  30  

Table 2 
Key characteristic parameters of membranes.  

Parameters Commercial 
Membrane 

Fabricated hydrophobic PVDF 
membrane 

Thickness (μm) 210 160 
Support Thickness (μm) 130 90 
Mean pore size (μm) 0.3 ± 0.05 0.2 ± 0.05 
Water contact angle (◦) 75 ± 2 102 ± 1 
Average roughness (nm) 43.00 ± 7.00 76.30 ± 8.00 
Root mean square 

roughness (nm) 
55.17 ± 8.00 95.38 ± 14.00 

LEP (psi) 10 35  
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with a narrow pore size distribution on the top, with the fabricated 
membrane showing smaller pores in the top layer. Both membranes 
exhibit an asymmetric structure, as evidenced in Figs. 2(b) and (d), 
featuring a relatively thin skin layer and a finger-like substructure. 
Particularly, the fabricated membrane displays a more porous structure 
beneath the skin-selective layer. These characteristics align with the 
membrane feature requirements in the MD process to attain efficient 
performance. 

Fig. 3(a) shows the FTIR spectra of the commercial and fabricated 
hydrophobic PVDF membranes. The characteristic peaks at 1401, 1172, 
and 879 cm− 1 are attributed to the stretching and deformation vibra
tions of C–H2, C–F2, and C–C bonds in the PVDF structure, respec
tively. A distinctive peak at 1072 cm− 1 is ascribed to the mixture of Si-O- 
C and Si-O-Si bonds of SiO2 nanoparticles [63]. This particular peak 
serves as compelling evidence, unequivocally confirming the successful 
incorporation of SiO2 nanoparticles into the PVDF membrane structure. 

Figs. 3(b) and (c) present the EDX spectra of the commercial and 
fabricated hydrophobic PVDF membranes, respectively. The EDX spec
trum of the fabricated hydrophobic PVDF membrane shows the presence 
of carbon, oxygen, fluorine, and silica elements, confirming the presence 
of SiO2 nanoparticles in the structure of the PVDF nanocomposite 
membrane. 

Fig. 3(d) presents the zeta potential results for commercial and 
fabricated hydrophobic PVDF membranes. Both PVDF membranes 
exhibited negative zeta potential values in the entire pH range, which 
can be attributed to the electronegative charge of C–F moieties [64]. By 

increasing the pH from 4 to 9, the fabricated hydrophobic PVDF mem
brane showed a zeta potential ranging from − 27 to − 36 mV, which is 
more negative than the commercial membrane due to the presence of 
SiO2 in the membrane matrix. 

The increased negativity in the zeta potential of the fabricated 
membrane can be attributed to the presence of SiO2 nanoparticles within 
the membrane matrix. The negatively charged hydroxyl groups and 
silanol compounds on the surface of the SiO2 nanoparticles contribute to 
this enhanced negativity [65]. SiO2 nanoparticles typically have a low 
isoelectric point, indicating that they tend to carry a negative charge in 
aqueous solutions with a neutral pH [66]. The more negative charge of 
nanocomposite PVDF membranes enhances their ability to repel nega
tively charged PFOA molecules [67] through more pronounced elec
trostatic repulsion. This attribute enhances the membranes’ resistance to 
fouling by fluorinated contaminants [68,69]. 

3.2. Direct Contact Membrane Distillation (DCMD) performance 

3.2.1. Integrity and baseline tests 
Fig. 4 depicts the flux of the membranes versus the VCF during the 

integrity tests with NaCl solutions. Initially, the water flux experienced a 
linear decline during filtration, followed by a gradual decrease attrib
utable to the concentration polarization phenomenon. Over time, the 
flux stabilized as the concentration polarization layer reached a constant 
level [70]. The initial permeate flux for both commercial and fabricated 
hydrophobic PVDF membranes started at 13 LMH but eventually 

Fig. 2. (a) and (c) top FESEM images and (b) and (d) cross-sectional FESEM images of commercially fabricated hydrophobic PVDF membrane.  

A. Yousefi et al.                                                                                                                                                                                                                                 



Desalination 579 (2024) 117509

6

decreased to 11 and 10 LMH, respectively. In the MD process, water 
vapor molecules permeate through the membrane pores, while the 
diffusion of salt ions is hindered. This gradually increases salt concen
tration near the membrane surface on the feed side, causing concen
tration polarization. Concentration polarization, in turn, reduces vapor 
pressure on the feed side, diminishing the overall driving force. The 
resistance to mass transfer, influenced by the thickness of the concen
tration layer and the reduced driving force, consequently results in a 
lower mass flux [71]. 

Fig. 4 shows that the fabricated hydrophobic PVDF membrane 
consistently maintained a high salt rejection of about 99.95 % 
throughout the process. In contrast, the NaCl rejection of the commer
cial membrane decreased noticeably to 98.39 %. This reduction in salt 
rejection is linked to the low water contact angle of the commercial 
PVDF membrane (Table 2), which increases the chance of membrane 
wetting. 

3.2.2. PFOA removal performance of membranes 
The performance of both commercial and fabricated hydrophobic 

PVDF membranes in concentrating the PFOA solutions was evaluated 
using the DCMD process. Fig. 5 illustrates the permeate flux and rejec
tion as a function of VCF for these membranes under identical 

operational conditions. The flux of fabricated nanocomposite PVDF 
membrane started at 16 LMH and gradually decreased to 9 LMH. In 
comparison, the commercial membrane exhibited an initial flux of 13 
LMH, which declined to 7 LMH. The notable decline in flux during the 
initial filtration stage is primarily attributed to membrane fouling. 
Significantly, the commercial membrane experienced a substantial 50 % 
reduction in flux within the first eight minutes of operation, indicating 
more extensive fouling on its surface compared to the fabricated PVDF 
membrane. Under neutral pH conditions, PFOA molecules possess a 
negative charge attributed to the existence of a carboxyl group (-COOH) 
at one end of their structure [67]. Carboxylic acids have the capability to 
donate a proton (H+) and transform into negatively charged carboxylate 
anions (-COO− ), with this anionic group being accountable for the 
negative charge of PFOA [60]: 

Consequently, the fabricated hydrophobic PVDF membrane, pos
sessing an increased negative surface charge, is more effective in 
repelling PFOA molecules during the MD process, leading to decreased 
fouling on the membrane surface [60,72]. Similarly, the fabricated 
membrane exhibited a more negative charge at higher pH values (Fig. 3 
(d)), intensifying the electrostatic repulsion between PFOA and the 
membrane, and consequently reducing fouling. 

It is worth noting that the decline in flux over time in MD is 

Fig. 3. (a) FTIR spectrum of the commercial and fabricated hydrophobic PVDF membrane, (b) and (c) energy-dispersive X-ray spectroscopy (EDX) spectra of 
commercial and fabricated hydrophobic PVDF membranes, and (d) surface zeta potential of the membranes. The zeta potential values are reported from at least three 
different measurements. 
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influenced by various factors beyond fouling. Understanding these 
reasons is crucial for optimizing MD processes and maintaining mem
brane performance. These factors include wetting, decreasing trans
membrane temperature as a driving force, and alterations in the feed 
solution characteristics. While it is evident that PFOA rejection 
remained constant and flux eventually stabilized during the filtration 
process, membrane wetting can be dismissed as a concern. However, the 
gradual reduction in transmembrane temperature and the increase in 
PFOA concentration within the feed solution over time were inevitable 
factors that might have contributed, at least partially, to the reduction in 
flux. 

Fig. 5 shows that the fabricated hydrophobic PVDF membrane 
consistently exhibited a higher permeate flux compared to the com
mercial membrane. Moreover, the fabricated membrane demonstrated 
significantly higher rejection (95.8 %) in comparison to the commercial 
membrane (67.31 %), and this rejection rate remained constant 
throughout the filtration process. The lower rejection of commercial 

membranes can be related to the higher tendency of PFOA adsorption to 
the membrane surface, which can potentially lead to partial pore wet
ting and a remarkable decrease in PFOA rejection [33]. 

As depicted in Fig. 6(b), the initial membrane roughness measure
ments were 43 nm for the commercial PVDF membrane and 76.30 nm 
for the fabricated hydrophobic PVDF membrane. Following filtration, 
the roughness of the commercial membrane increased significantly and 
reached 61.28, while the roughness of the fabricated membrane 
remained almost unchanged, displaying a value of 78.80 nm. The sig
nificant increase in roughness observed in the case of the commercial 
membrane supports the presence of a more substantial deposition of 
hydrophobic PFOA foulants on the membrane surface [73]. 

Fig. 6(c) shows the XPS wide-scan spectra and high resolution of C1s 
peaks for pristine and fouled fabricated hydrophobic PVDF membranes, 
illustrating four emission peaks for both membranes at 686.5 eV (F 1s), 
530.5 eV (O 1s), 284.5 eV (C 1s), and 101 eV (Si 1s). Fig. 6(d) illustrates 
the convoluted C1s peaks. Both membranes exhibit two prominent peaks 
at 286.3 eV (corresponding to –CH2–) and 291.08 eV (representing 
–CF2–) in their C1s spectra, which indicate the backbone structure of 
PVDF polymer chains [74,75]. Additionally, the C1s spectra reveal two 
peaks at 284.9 and 289.25 eV, which can be attributed to the presence of 
C–H bonds and carbon atoms situated in an electron-withdrawing 
environment. This environment may arise from functional groups such 
as ester or amide groups or from bonding with electron-withdrawing 
atoms such as oxygen (O), indicated by the C––O signature [75]. 
Analyzing the peak areas of carbon atoms, it is observed that the total 
carbon atoms percentage of CF2 and C–H atoms decreases in the used 
membrane compared to the pristine fabricated hydrophobic PVDF 
membrane. Conversely, there is an increase in the total carbon atoms 
percentage of CH2 and C––O in the C1s spectra of the used membrane. 
Furthermore, two new peaks emerge at 294.5 eV and 292 eV in the 
fouled membrane, which can be attributed to –CF3– and –CF2– bonds of 
PFOA [76]. These peaks indicate the attachment of PFOA molecules on 
the membrane surface, suggesting strong hydrophobic interactions be
tween the PFOA molecules and the membrane surface. 

3.3. The effect of operational conditions on the permeate flux in removing 
PFOA by DCMD 

Fig. 7 (a) shows the water flux of the fabricated hydrophobic PVDF 

Fig. 4. Performance of the membranes during integrity tests (NaCl concentration = 35 g/L, feed solution temperature = 60 ◦C, permeate temperature = 20 ◦C, feed 
and permeate flow rate = 1.5 LPM). 

Fig. 5. Water flux and PFOA rejection of PVDF membranes (PFOA concentra
tion = 30 ppm, feed temperature = 60 ◦C, permeate temperature = 20 ◦C, flow 
rate = 1.5 LPM). 
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membrane with variations in feed temperature, PFOA concentration, 
and feed flow rate, as determined through an experimental design 
(detailed information is provided in Supporting Information (Table S1)). 
The permeate flux is notably influenced by the feed temperature, solute 
concentration, and crossflow velocity, as these factors tailor the tem
perature and concentration polarization. The observed trend in flux 
remained consistent across all runs, showing a significant initial 
decrease due to fouling, followed by a gradual approach to a steady state 
over time. The flux continued to decline until a constant effective 
driving force was established. 

Feed temperature was found to be the most significant parameter 
affecting MD performance. Initial permeate flux (J0) almost doubled 
(from 8 to 16 LMH) when feed temperature (Tf) was increased from 
40 ◦C to 60 ◦C at a constant feed flow rate of 1.5 LPM and PFOA con
centration of 30 ppm. However, the impact of the feed flow rate was 
found to be less significant compared to the feed temperature. When the 
feed flow rate was increased threefold, from 0.5 to 1.5 LPM, under 
constant feed temperature (60 ◦C) and PFOA concentration (10 ppm), 
the water flux increased from 9 to 15 LMH. The parameter with the least 
impact is the PFOA concentration. Elevating the PFOA concentration 
threefold (from 10 to 30 ppm) while maintaining a feed temperature of 
60 ◦C and a feed flow rate of 1.5 LPM, led to only a modest enhancement 
in water flux, increasing from 16 to 20 LMH. 

As the foulant deposition is proportional to the water transport 
through the membrane, high accumulation typically occurs in the initial 
operation phases, especially for the high-temperature operation. 
Therefore, it follows that the higher the initial flux, the greater the 
decline in flux over time. Furthermore, the PFOA concentration gradient 
over the membrane surface continuously increases, leading to higher 
concentration polarization [77]. The best linear fit of the measured 
water flux between 1 and 1.2 VCF was used to estimate the initial flux 
decline rates. The upper value (1.2) of this range was identified as the 
maximum value, and all the curves were linearly fitted with reasonable 
approximation. Fig. 7(b) shows the initial flux decline as a function of 
the inlet feed temperature. As expected, a higher flux decline was 
observed by increasing the feed temperature since the initial flux was 
higher. The data also allow assessment of the role of the crossflow ve
locity, in which increasing the crossflow velocity elevated the initial flux 

decline rate. The higher the feed temperature, the larger the vapor 
pressure gradient across the membrane, consequently resulting in a 
higher driving force for water transport. Moreover, elevating crossflow 
velocity, or larger Reynolds number, resulted in lower heat transfer re
sistances and lower thickness of the thermal boundary layer, which 
eventually led to a higher membrane surface temperature and larger 
water flux. Therefore, raising both the feed temperature and crossflow 
velocity enhances permeate flux, and higher PFOA concentration on the 
membrane surface was created, intensifying the concentration polari
zation effect and increasing the flux decline rate. 

Fig. 7(c) indicates the flux decline ratio (FDR = 1- (final water flux/ 
initial water flux)) of the membranes for each experiment. As expected, 
a higher flux decline was observed by increasing the feed temperature 
since the initial flux was higher. The results are consistent with Fig. 7(b). 
It should also be noted that while the water flux at a feed temperature of 
60 ◦C resulted in a higher initial flux (20 LMH), which was approxi
mately twice the flux observed at a temperature of 40 ◦C (9 LMH), by the 
end of the tests, it had decreased to 10 LMH, which was only 1.3 times 
higher than the flux observed at the control condition. Conversely, there 
was no noticeable flux decline at the lower feed temperature. These 
findings underscore the rationale for operating at low to medium feed 
temperatures, specifically at or below 50 ◦C. Such operational condi
tions are conducive to mitigating membrane fouling, leading to more 
consistent and stable performance over time. 

The experimental design encompassed 17 DCMD tests, where various 
combinations of operating parameters, as recommended by the CCD 
method, were employed to evaluate their significance in MD perfor
mance. We investigated PFOA fouling in DCMD under varying feed inlet 
temperatures, feed flow rates, and feed concentrations. From the results 
outlined above, we selected two potentially informative response pa
rameters for the response surface analysis: (i) near-stable permeate flux 
(VCF ranging from 1.6 to 2) and (ii) PFOA rejection. A relative model 
function was constructed using input data (responses) derived from our 
experimental findings for these parameters. According to Design Expert, 
all of these responses exhibited statistical significance concerning feed 
inlet temperature (Tf), feed flow rate (Qf), and feed concentration (Cf), as 
indicated by their low p-values and high F-values. The p-values obtained 
from the analysis of variance (ANOVA) and diagnostic plots of PFOA 

Fig. 6. (a) WCA measurement results for the pristine and tested nanocomposite PVDF membrane, (b) the three-dimensional AFM surface images of the membranes, 
(c) the XPS survey spectra and deconvoluted C1s peaks of fabricated hydrophobic PVDF membranes, (d) before fouling tests and (e) after fouling tests on PFOA. 
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rejection are summarized in Supporting Information (Table S2, Table S3, 
and Fig. S2). 

Table 3. shows the ANOVA table of the developed model for the 
permeate flux. The model exhibited a significant F-value of 58.47, with a 
p-value <10− 4, indicating the adequacy of the reduced quadratic model. 
Additionally, the R2-value (coefficient of determination) was impres
sively high at 0.988, implying that the model accounted for over 98.8 % 
of the variance in the data. Furthermore, the adjusted and predicted 
determination coefficients (Radj

2 and Rpre
2 ) closely aligned with the R2, 

with Rpre
2 at 0.9385 reasonably consistent with Radj

2 at 0.9617. The 
adequate precision ratio, measuring the signal-to-noise ratio, stood at 

27.69, surpassing the desirable threshold of four from a statistical 
perspective. In light of these findings, it is evident that the developed 
model is statistically valid for predicting permeate flux within the 
defined range of factors. Moreover, the significant terms could be ranked 
based on the F-value or p-value; the more significant the F-value (smaller 
p-value), the more influential the corresponding coefficient. Thus, in this 
case, the ranking was as follows: A > B > AB > BC > C > C2 > A2. Feed 
Temperature (A) was the most significant factor because it has the 
highest F value (210.69). 

For each response, we present the final equation generated by Design 
Expert, which establishes the relationship between operating parame

Fig. 7. (a) Results of experiments performed with the synthetic feed water (b) Plot of the initial flux decline rate as a function of the inlet feed temperature (Tf). The 
arrows indicate the increment of the CFV (c) plot of the flux decline ratio for each experiment. 
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ters and the respective responses: 

Permeate flux = 5.68472+ 1.56800 Tf + 1.29400 Qf + 0.272000 Cf

+ 0.410000 Tf Qf + 0.382500 Qf Cf + 0.448491 T2
f

+ 0.558491 C2
f

(5) 

These practical models can be readily employed for graphical rep
resentation and analysis. Integrating actual data into the predicted 
model is crucial to ensure its reliability. The model’s adequacy was 
assessed through diagnostic plots, including a normal probability plot of 
studentized residuals and a plot comparing predicted values to actual 
values. The diagnostic plots of the permeate rejection and permeate flux 
are shown in Fig. S2 and Fig. S3, respectively. 

Fig. S3(a) shows a plot comparing data to a normal distribution using 
residuals. A straight line in this plot signifies an even distribution of 
errors. Fig. S3(b) further illustrates data points clustering around the 
zero y-axis, indicating consistent variances. Approximately 95 % of the 

values fall within two standard deviations, reinforcing the assumption of 
homoscedasticity, which is vital for statistical tests. Fig. S3(c) reveals no 
discernible trend, indicating that the outcomes are not influenced by the 
sequence in which the runs were conducted. This lack of a trend supports 
the reliability of our analysis. Lastly, in Fig. S3(d), the presence of a 45- 
degree line indicates effective modeling, further corroborating the 
robustness of our analysis. These diagnostic plots collectively confirm 
the reliability of our analysis, shedding light on the impact of opera
tional parameters on organic fouling in MD. 

Fig. 8 demonstrates the three-dimensional surface response as a 
function of operating parameters, including feed temperature, feed flow 
rate, and feed concentration. It also indicates the major effects and the 
interaction between the investigated parameters. As mentioned earlier, 
feed temperature notably exerted the most substantial influence on both 
response variables. Specifically, Fig. 8(a) shows how contour values 
increase from a permeate flux of 4 to 11 LMH when the Tf increases from 
40 to 60 ◦C. At maximum feed flow rate and concentration, only 

Table 3 
ANOVA analysis for the quadratic model.  

Source Sum of Squares df Mean Square F-value p-value  

Model  47.76  7  6.82  58.47  < 0.0001 Significant 
A-Feed Temperature  24.59  1  24.59  210.69  < 0.0001  
B-Feed flow rate  16.74  1  16.74  143.49  < 0.0001  
C-Feed concentration  0.7398  1  0.7398  6.34  0.0329  
AB  1.34  1  1.34  11.52  0.0079  
BC  1.17  1  1.17  10.03  0.0114  
A2  0.6092  1  0.6092  5.22  0.0482  
C2  0.9446  1  0.9446  8.10  0.0192  
Residual  1.05  9  0.1167    
Lack of Fit  1.05  7  0.1496  91.57  0.0108 Significant 
Pure Error  0.0033  2  0.0016    
Cor Total  48.81  16      

Fig. 8. 3D response surface plot for responses of (a) permeate flux at the high feed concentration, (b) permeate flux at the low feed concentration, (c) rejection at the 
high feed concentration, and (d) rejection at the low feed concentration. 
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approximately 1 LMH of stable flux is gained for each 5 ◦C-step in ΔTf 
(Fig. 8(a)). However, a different trend emerges when considering the 
impact of feed flow rate while varying feed temperature. The permeate 
flux becomes more sensitive to variations in feed flow rate at higher Tf 
values (Fig. 8(a)). This observed proportionality can be attributed to the 
relationship between Tf and temperature polarization. A faster feed flow 
rate effectively mitigates temperature polarization, and this effect be
comes more pronounced when temperature polarization is of greater 
magnitude, particularly at higher Tf values. This mechanism, in turn, 
results in a larger J0 (as seen in Fig. 7) and a steeper decline in flux. 
Conversely, increasing the feed flow rate yields improved productivity 
concerning the magnitude of the permeate flux. This enhancement may 
be attributed to reduced fouling deposition stemming from decreased 
boundary layer sizes [78,79]. 

Indeed, the response flux exhibits notable variations across different 
parameter combinations. The maximum observed response flux reached 
11 LMH under specific conditions, characterized by a feed concentration 
of 30 ppm, a feed temperature of 60 ◦C, and a feed flow rate of 1.5 L/ 
min. Conversely, the minimum response flux of 4 LMH was recorded 
under contrasting conditions, featuring a feed concentration of 10 ppm, 
a feed temperature of 40 ◦C, and a feed flow rate of 0.5 LPM. In contrast, 
the behavior of PFOA rejection demonstrates a distinct trend. As illus
trated in Fig. 8(c), under conditions of maximum feed concentration (30 
ppm) and a flow rate of 0.5 LPM, the rejection rate declined with an 
increase in feed temperature. Figs. 8(c) and (d) collectively emphasize 
that the highest rejection rate, approximately 98 %, was achieved under 
specific conditions, including a feed concentration of 10 ppm, a feed 
temperature of 40 ◦C, and a feed flow rate of 1.5 LPM. This outcome 
underscores a fundamental principle: reduced membrane fouling con
tributes to higher rejection rates. 

4. Conclusions 

The present study investigated the potential of DCMD for removing 
and concentrating PFOA, one of the most widely used PFAS substances, 
from water using a commercial and fabricated hydrophobic PVDF 
membrane. Results indicated that substantial fouling occurred on the 
surface commercial membrane, decreasing PFAS rejection. In compari
son, the fabricated PVDF membrane exhibited a significantly improved 
performance, with an impressive PFOA rejection rate of 98 %. High LEP 
of fabricated membrane enhances its resilience against wetting. More
over, the presence of silanol compounds on the surface of the SiO2 
nanoparticles contributes to this enhanced negativity. The more nega
tive charge of nanocomposite PVDF membranes enhances their ability to 
repel negatively charged PFOA molecules through more pronounced 
electrostatic repulsion. This electrostatic repulsion effectively counter
acts the hydrophobic-hydrophobic interaction between PFOA molecules 
and the membrane surface. This attribute enhances the membranes’ 
resistance to fouling by fluorinated contaminants. 

Moreover, RSM was conducted to assess the role of feed temperature, 
feed concentration, and crossflow velocity in the removal of PFOA by the 
DCMD process. It was observed that feed inlet temperature exerts a more 
significant impact on undermining membrane performance than feed 
flow rate and feed concentration in terms of PFOA rejection and 
permeate flux. A more severe flux decline was observed at higher feed 
inlet temperatures, emphasizing the importance of operating at low to 
medium feed temperatures to achieve feasible fluxes while minimizing 
the loss of driving force and energy required for heating the feed solu
tion. Indeed, increasing the feed flow rate yields enhanced productivity 
concerning the magnitude of the permeate flux and PFOA rejection. 
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