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Abstract: With over one-third of the world's population residing in areas characterized by "water stress," where 
the demand for fresh water exceeds its supply, effective solutions are needed to address this issue. In this 
context, membrane-based water purification technologies such as reverse osmosis (RO) and nanofiltration (NF) 
have emerged as promising alternatives, thanks to technological advancements and cost reductions. However, 
one of the fundamental challenges associated with these separation methods is membrane fouling, leading to 
a continuous decrease in membrane permeability, resulting in greater retention of low-molecular-weight 
solutes, increased operational costs, and a shortened membrane lifespan. Given that the membrane unit cost 
constitutes a substantial portion of system costs, it is estimated that approximately 10% of membranes need to 
be replaced annually.The most commonly used membranes are of the "thin film composite" (TFC) type, 
consisting of three layers of polymers. Membrane modification has been explored through two main 
approaches: optimizing the polymer before fabrication or modifying the surface after fabrication. This study 
focuses on membrane modification by depositing ultrathin films of zinc oxide (ZnO) using the sputtering 
process. The impact on permeability and monovalent ion rejection is examined. The results show that an 
increase in ZnO deposition time leads to a reduction in permeate flux density, albeit with an improvement in 
monovalent ion rejection. The Spielger-Kedem model is demonstrated to effectively predict the behavior of 
these membranes. Collectively, the findings suggest that membrane modification with ZnO through sputtering 
can offer significant advantages in water purification applications, albeit with considerations regarding 
reduced permeate flux density. 
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1. Introduction 

Currently, more than one-third of the global population resides in areas categorized as "water-
stressed regions," resulting from the imbalance between the demand for freshwater and its supply 
[1]. The utilization of water purification technologies based on membranes is emerging as a 
promising solution to address this issue. Remarkable technological advancements and cost 
reductions have facilitated the proliferation of pressure-driven membrane processes, such as reverse 
osmosis (RO) and nanofiltration (NF) [2]. 

However, one of the fundamental challenges associated with these separation methods is the 
fouling phenomenon. This issue leads to a continuous reduction in membrane permeability, resulting 
in increased retention of low molecular weight solutes and, ultimately, the blockage of flow channels. 
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This degradation directly impacts operational costs by reducing performance and necessitating more 
frequent cleaning cycles, thereby shortening the membrane's lifespan [3-5]. It is important to note that 
the membrane unit's cost constitutes approximately 20-25% of the total system cost, and it is 
estimated that around 10% of the membranes need to be replaced annually to maintain optimal 
operation [6]. 

The most commonly employed membranes are of the "thin film composite" (TFC) type, which 
consists of three different polymer layers. These layers include a thick layer of polyester, another of 
polysulfone, and finally, a thin and dense layer of polyamide, known as the "active layer," responsible 
for the separation [7]. 

In the quest to enhance resistance to fouling, materials researchers have explored two primary 
approaches. The first involves modifying a polymer to a greater extent and then manufacturing the 
membrane using that optimized composition. The second method, seemingly simpler and more cost-
effective, entails preparing the membrane from a standard polymer and subsequently altering its 
surface [8]. While the first approach demands specific optimization for each particular application, 
the second offers the possibility of creating a wide variety of new membranes based on the original 
matrix [9]. 

As a result of this research, various modification strategies for conventional membranes have 
been examined. Among these techniques, particular attention has been devoted to the incorporation 
of metals and metal oxides, with the aim of enhancing membrane permeability, selectivity, 
mechanical strength, and hydrophilicity [9]. Metals are typically deposited in the form of thin layers 
on various substrates to increase flow through the membranes and ensure adequate mechanical 
strength, thermal stability, and durability [10]. 

On the other hand, zinc oxide (ZnO) is generally considered a non-toxic material. Furthermore, 
since the 1960s, it has been discovered that ZnO possesses piezoelectric semiconductor properties, 
meaning it can convert mechanical energy into an electrical signal. Zinc oxide compounds and their 
derivatives have proven effective in controlling fungi in various applications, acting as fungistats by 
inhibiting the growth of fungi such as mold on various surfaces [11]. 

The Sputtering method is based on the impact of energized particles on the surface, causing the 
surface atoms to be scattered backward upon collision with these particles. This results in an ultra-
thin film of the target material being deposited on the surface [12]. The process involves placing the 
substrate and the target in a high vacuum chamber in contact with a plasma, allowing the material to 
be transported from the target to the substrate, where the film is formed [12]. The film's thickness, 
the phase of the metallic material, and the material's distribution can be controlled by manipulating 
the generated plasma. This is achieved through adjustments to the operating pressure, the ratio of 
reactive gas to noble gas, current power or intensity, the distance between the target and the 
substrate, and deposition times. 

The purpose of this study is to carry out the deposition of ultra-thin zinc oxide films through the 
Sputtering process, using a radiofrequency (RF) magnetron. These films will be deposited onto a 
commercial nanofiltration membrane used in the desalination of seawater. The primary objective is 
to assess the performance of these membranes in terms of permeability and ion rejection capacity. 
The research will be carried out in two distinct phases. In the first stage, the focus will be on 
evaluating the optimal deposition conditions for the films. Subsequently, in a second phase, the 
assessment of the applicability and feasibility of these membranes in the context of desalination will 
be addressed. 

2. Materials and Methods 

The NF90 membrane manufactured by Dupont/FilmTec was used. The NF90 is a nanofiltration 
membrane consisting of a thin-film composite (TFC) over a microporous polysulfone intermediate 
layer and a polyester support layer. For detailed information on the properties of this membrane, you 
can refer to previous research conducted by our research team. 

The ZnO coating on the polyamide membrane (NF90) was carried out in a 10-inch square 
chamber using the ion sputtering process. A ZnO target with a purity of 99.99%, a radiofrequency 
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source (Advanced Energy's Cesar RF power Generator), and a distance of 10 cm between the 
membrane and the magnetron were employed. Before commencing the deposition process, the 
vacuum chamber was evacuated to achieve a minimum pressure of 4x10-5 Torr. During the coating 
process, high-purity Argon gas with a purity of 99.999% was used at a flow rate of 10 sccm, resulting 
in a deposition pressure of 5.3x10-3 Torr. The power used in the process was 100 W. Various 
deposition times were employed for the coating, including intervals of 30, 60, and 120 seconds. 

Scanning electron microscopy (SEM) was used with the JEOL JSM-6390LV equipment to 
perform the analysis of surface morphology modifications of the membrane. In this process, the 
membrane was coated with a gold layer of approximately 400 Åm before taking measurements. X-
ray diffraction (XRD) technique was employed using the PaNalytical X'Pert3 Powder equipment to 
confirm the presence of crystalline phases and to verify the deposition of ZnO, Cu, and Cu2O layers. 
Scanning was performed in a 2θ range from 5° to 90°. This technique is particularly advantageous as 
it is non-destructive and offers precise structural information regarding the chemical composition of 
the membranes, enabling the identification of material phases present. 

The contact angle values were obtained using the Drop Shape Analyzer equipment, DSA25S 
model by KRÜSS. The Advance software was used to assess chemical and morphological variations 
on the membrane's surface. In this process, a volume of 10 μL of deionized water was applied, and 
contact angles were measured using the "sessile drop" technique. Subsequently, the Wenzel Equation 
was applied to eliminate any contributions arising from roughness in this measurement, enabling a 
more accurate evaluation of the contact angles. 

μ=cos(φ)=rcos(θ)     (1) 

With cos(φ) as the intrinsic wettability and r as the roughness factor or Wenzel factor, which 
corresponds to the ratio between the actual surface area and the geometric surface area and can be 
obtained through AFM analysis. 

Roughness measurements were conducted on the nanofiltration membranes, both in their 
original state and in the modified versions, using an Atomic Force Microscope (AFM) in AC mode 
with an OmegaScope 1000 (AIST-NT Inc., USA). These measurements were performed in non-contact 
mode of AFM. 

All filtration tests were conducted at the laboratory level using a Sterlitech HP4750 cell. This 
filtration system operated in dead-end mode, with an active membrane area of 15.9 cm² and was 
subjected to a range of pressures ranging from 2 to 40 bar, using pressurized nitrogen. The 
experiments were carried out at a constant temperature of 24 ±1°C. Prior to each test, the membranes 
underwent a washing process with distilled water to remove any residual substances in the system. 
Subsequently, the membranes were compacted at a pressure of 10 bars for a period of one hour. 

The permeate flux density (JW) is calculated according to equation (2). 
𝑱𝑾 =

∆𝑽

𝑨𝒎 ∆𝒕
       (2) 

Where ΔV/Δt is the permeated volume over time and Am is the effective filtration area. The 
hydraulic permeability constant (kw) was determined using the following expression. 

𝒌𝑾 =
𝑱𝑾

∆𝑷
         (3) 

Where ∆P is the operational pressure difference between feed and permeate. The observed 
rejection efficiency of species was assessed by measuring the conductivity of the feed and the 
permeate using the following expression: 

𝑹𝒐𝒃(%) = ൬𝟏 −
𝑪𝒑𝒔

𝑪𝒇𝒔
൰ 𝒙𝟏𝟎𝟎         (4) 

In this equation, 𝐶𝑓𝑠 represents the conductivity or concentration of heavy metal ions in the feed, 
while 𝐶𝑝𝑠 refers to the conductivity of ion concentration in the permeate. Since nanofiltration 
membranes have been adequately represented by the Spiegler-Kedem (SK) model, which treats the 
membrane's performance as a black box and considers an irreversible thermodynamic process, it is 
proposed to employ this model to examine its approach to the phenomenon occurring in these 
membranes. 
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This model has been widely employed to describe the membrane based on two key parameters: 
the reflection coefficient (𝜎) and solute permeability (𝑃𝑠). For a two-component system composed of 
a solute and water, where 𝐽𝑤 and 𝐽𝑠 represent the water and solute fluxes, respectively, it can be 
expressed as follows [14]: 

𝑱𝑾 = 𝒌𝑾(∆𝑷 − 𝝈∆𝝅)         (5) 
𝑱𝒔 = 𝑷𝒔∆𝑪𝒔 + (𝟏 − 𝝈)𝑱𝑾𝑪𝒎𝒔         (6) 

In this equation, Δ𝜋 represents the difference in osmotic pressure of the solution, Δ𝐶𝑠 is defined 
as 𝐶𝑚𝑠 - 𝐶𝑝𝑠, where 𝐶𝑚𝑠 is the solute concentration at the membrane surface. According to equation (6), 
the solute flow consists of the sum of diffusive and convective terms. The difference in osmotic 
pressure (Δ𝜋) can be calculated using the Vant-Hoff equation: 

∆𝝅 =
𝑹𝒈𝑻

𝒎
(𝑪𝒎𝒔 − 𝑪𝒔)          (7) 

Where Rg is the ideal gas constant, T is the temperature, and m is the molar mass of the solute. 
According to the Spielger-Kedem model, the permeability coefficient (Ps) and the reflection 
coefficient (σ) can be obtained by solving the following equations [14]: 

𝑹𝑹 = 𝝈
𝟏ି𝑭

𝟏ି𝝈𝑭
          (8) 

𝑭 = 𝐞𝐱𝐩 ቀ−
𝟏ି𝝈

𝑷𝒔
𝑱𝑾ቁ          (9) 

Where F is a dimensionless parameter, and RR is the actual solute rejection. The actual rejection 
can also be defined as follows: 

𝑹𝑹(%) = ቀ𝟏 −
𝑪𝒑𝒔

𝑪𝒎𝒔
ቁ 𝒙𝟏𝟎𝟎         (10) 

The model establishes a relationship between solute concentration at the membrane and solute 
concentration in the permeate. However, to account for concentration polarization, it is necessary to 
combine this model with film theory through a correlation that allows for the determination of the 
mass transfer coefficient (𝑘𝑠). This transfer coefficient is subject to variations due to factors such as 
feed velocity, temperature, and geometry. The relationship between solute concentration at the 
surface and in the permeate can be expressed as follows [15]: 

𝑪𝒎𝒔ି𝑪𝒑𝒔

𝑪𝒇𝒔ି𝑪𝒑𝒔
= 𝐞𝐱𝐩 ቀ

𝑱𝒗

𝒌𝒔
ቁ         (11) 

Where ks is defined as: 
𝒌𝒔 =

𝑫𝒔𝒘

𝜹
         (12) 

In this equation, 𝐷𝑠𝑤 represents the solute diffusion coefficient, and 𝛿 denotes the thickness of 
the concentration polarization layer. Furthermore, the mass transfer coefficient is related as follows: 

𝒌𝒔 =
𝑺𝒉 𝑫𝒔𝒘

𝒓𝒔𝒄
         (13) 

Where rsc is the radius of the stirred cell, and Sh is the Sherwood number [16]: 
𝑺𝒉 = 𝟎. 𝟐𝟖𝟓𝑹𝒆𝟎.𝟓𝟓𝑺𝒄𝟎.𝟑𝟑        (14) 

Where Re is the Reynolds number and Schmidt number is defined as: 

𝑹𝒆 =
𝝆𝝎𝒓𝒔𝒄

𝟐

𝝁
         (15) 

𝑺𝒄 =
𝝁

𝝆𝑫𝒔𝒘
          (16) 

Then, both models were combined, expressing the rejection as [17]: 
𝑹𝒐𝒃

𝟏 − 𝑹𝒐𝒃

=
𝝈

𝟏 − 𝝈
ቆ𝟏 − 𝐞𝐱𝐩 ቆ

−𝑱𝒗(𝟏 − 𝝈)

𝑷𝒔
ቇቇ ൬𝐞𝐱𝐩 ൬−

𝑱𝒗

𝒌𝒔
൰൰          (𝟏𝟕) 

3. Results 

3.1.  Physical and chemical evaluations of ZnO-modified membrane 

The morphology of the modified membranes is presented in Figure 1. Figure 1.a corresponds to 
the unmodified membrane, while Figures 1.b, 1.c, and 1.d show the membranes with ZnO deposits 
of 30, 60, and 120 seconds, respectively. Upon examining the images, it can be observed that with 
short exposure times, a thin layer is deposited, and no significant discernible differences are observed 
under the scanning electron microscope (SEM). 
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A study of surface modification was also conducted using X-ray Diffraction Spectroscopy (XRD), 
as depicted in Figure 2. The results reveal the crystalline structure of the unmodified membrane, 
characterized by peaks located at 2θ = 17.8, 22.9, and 26.1°, corresponding to the (O C) phases for the 
first two peaks and the (O C N) phase for the last one [18]. 

 
Figure 1. Polyamide membranes and SEM Images with Sputtering method using ZnO: A) 
unmodified; B) 30s exposure; C) 60s exposure; D) 120s exposure. 

 
Figure 2. XRD Spectra of Sputter-Modified membranes with ZnO at different exposure times. 

In the case of the modified membranes (see Figure 2), the appearance of four peaks at 31.7, 34.3, 
36.4, and 63° is observed, corresponding to the (100), (002), (101), and (103) peaks, respectively. These 
results align with the pattern PDF#36-1451 of the hexagonal Wurzite structure of ZnO. A preferential 
orientation is observed in the (002) plane, which exhibits lower surface tension and, consequently, 
greater growth in this direction, a characteristic feature in ZnO films [19,20]. Due to the high 
deposition rate and associated energy in this process, the (100) and (101) planes are also favored, 
resulting in parallel growth with a polycrystalline structure. For deposition times exceeding 60 
seconds, the appearance of ZnO on the (103) plane is detected. 

Figure 3 displays the contact angles of the original membrane and the modified membranes. 
Firstly, the results obtained for the original membrane align with what has been reported in previous 
research [21, 22]. On the other hand, the images illustrate that the coating layer increases the 
hydrophobicity of the membrane in comparison to the original membrane material. 
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Figure 3. Contact angles of Sputter-Modified membranes with ZnO: A) unmodified; B) 30s exposure; 
C) 60s exposure; D) 120s exposure. 

Furthermore, it is observed that the contact angle increases proportionally with the exposure 
time in the Sputtering process, reaching a value of 140.35 ± 3.88°. Since the exposure time is directly 
related to the amount of ZnO deposited on the surface, it is evident that the contact angle increases 
with the quantity of target material deposited on the substrate, which aligns with previous findings 
[23]. 

The AFM images of the membranes modified through the Sputtering process are presented in 
Figure 4, while Table 1 shows the values of root mean square roughness (RMS), Ra, and the Wenzel 
factor for an image size of 10x10 μm. The results indicate that the thickness of the coating layer 
increases to 230.7 nm after 30 seconds of exposure and to 249.1 nm after 60 seconds of deposition. 
However, a reduction in roughness is observed, down to 174 nm for a deposition time of 120 seconds. 
This phenomenon can be explained by the fact that during the initial exposure periods, ZnO is 
primarily deposited on the (002) plane. As the deposition time increases, ZnO begins to deposit on 
other planes, such as (100), (101), and (103). If we consider that deposition on the (002) plane could 
be the main contributor to substrate roughness, the incorporation of ZnO on the other planes could 
lead to a reduction in the observed increase in roughness.  
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Figure 4. AFM images of ZnO Sputter-Modified membranes: A) unmodified; B) 30s exposure; C) 60s 
exposure; D) 120s exposure. 

Table 1. Roughness of the modified membranes. 

Membrane Image size [μm] RMS Roughness [nm] Ra [nm] Wenzel factor, r 

Unmodified 10x10 90.22 71.42 1.059 

30s ZnO exposure 10x10 230.7 201.1 1.195 

60s ZnO exposure 10x10 249.1 202.8 1.155 

120s ZnO exposure 10x10 174.0 144.2 1.096 

3.2.  Non-Permeate Flux Performance of Modified Membranes 

Figure 5 illustrates the impact of modification through the incorporation of ZnO into the NF90 
membrane on water flux density. It is observed that the modified membranes exhibit lower permeate 
flux density values compared to the commercial membrane. Reducing the exposure time during the 
RF Sputtering modification process results in higher permeate flux density values. 
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Figure 5. Permeate flux density of membranes modified from the commercial NF90 membrane 
through ZnO Sputtering with exposure times of 30s, 60s, and 120s. 

As a result, an excess of exposure time leads to the accumulation of a thicker ZnO layer, which 
in turn decreases the water flow through the membrane pores. This phenomenon follows similar 
patterns to those found in previous research related to reverse osmosis membranes [24]. It is 
important to note that the different exposure times of the membrane generate reductions in permeate 
flux density, which are 47.0%, 47.1%, and 49.6% in comparison to the original flux density of the NF90 
membrane for exposure times of 30, 60, and 120 seconds, respectively. 

The permeability efficiency of modified membranes depends significantly on several key 
parameters, such as the deposited ZnO concentration, hydrophobicity, roughness, and pore size. An 
excess of deposited ZnO can block the pores and, consequently, reduce the water flow through the 
membrane. In the case of hydrophobicity, an increase in exposure leads to an increase in surface 
hydrophobicity, which, in turn, reduces water interaction with the surface and, as a result, decreases 
the permeate flux density. 

In contrast, an increase in surface roughness could theoretically enhance permeate flow by 
providing a greater available area for transfer. However, it's important to note that this assumption 
cannot be confirmed with the current results 

Regarding ion rejection, there is an observed trend of increasing rejection as the ZnO deposition 
time is extended, as shown in Figure 6. This trend is particularly evident at operating pressures of 10 
and 20 bars. However, at higher pressures, there does not appear to be a significant increase in ion 
rejection when extending the ZnO deposition time from 60 to 120 seconds on the membrane surface. 
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Figure 6. Ion rejection observed as a function of operating pressure in the filtration process of a 1 g/L 
NaCl solution on NF90 commercial membrane modified with ZnO Sputtering at exposure times of 
30s, 60s, and 120s. 

The application of the Spielger-Kedem model to the pristine membrane and the modified 
membranes is graphically represented in Figure 7. The calculated parameters for the model are 
detailed in Table 2. It is evident that the model is suitable for predicting solute transport through 
these membranes. The high correlation between experimental data and model predictions supports 
the notion that membrane transport can be explained by the diffusion and convection of uncharged 
molecules. 

 
Figure 7. Solute retention vs. permeate flow curve from experimental data and predicted results using 
the Spielger-Kedem Model (SKM) for unmodified NF90 and ZnO modifications of 30s, 60s, and 120s. 

4. Conclusions 
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This study analyzed the influence of surface modification of membranes through the deposition 
of thin layers of ZnO with different times to evaluate the seawater desalination performance. The 
most relevant results are presented below: 

 It is entirely feasible to use the surface modification method known as Sputtering to 
deposit metals and metal oxides on a nanofiltration membrane made of polyamide without causing 
any damage to its surface. 

 As the deposition time of the thin ZnO layers increases, orientations in the crystal planes 
(100), (101), and (103) are induced, in addition to the preferred plane (002) observed at shorter 
deposition times. 

 The ZnO deposition process on the membrane has the potential to increase the rejection 
of monovalent ions by up to 10%. However, this increase is accompanied by a significant decrease in 
the permeate flux density, which can be reduced by up to 40%. 

 It is important to highlight that the Spielger-Kedem model proves effective in predicting 
experimental results accurately for all modified membranes. Under this approach, membrane 
transport can be adequately explained as the result of diffusion and convection of uncharged 
molecules. 
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