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Abstract: In this study, we aim to evaluate how cyclodextrin molecules affect the hydrophilicity and 
selectivity of PVDF membrane. Herein, we prepared PVDF-PVP(1-x) β-CDx membranes, with x 
ranging from 0 to 1 wt%. The membranes were deeply characterized by means of X-ray diffraction 
(XRD), attenuated total reflectance infrared (ATR-IR), Raman spectroscopies, Thermal gravimetric 
analysis (TGA), Contact angle measurement (CA), scanning electron microscopy (SEM) and atomic 
force microscopy (AFM). The study unequivocally demonstrates the effectiveness of the addition of 
β-CD molecules on membranes' structural, morphological, and dielectric properties. Adding 
0.25wt% β-CD enhanced hydrophilicity, with CA decreasing from 72.6° to 56° and roughness 
decreasing from 81 to 29 nm. The PVDF-PVP(1-x) β-CDx membranes were then fully characterized 
using electrochemical impedance spectroscopy (EIS) to determine their dielectric properties, which 
clearly showed that the presence of β-CD induced polarization of the membrane. The separation of 
various dyes with different sizes and charges was utilized. These dyes included methylene blue 
(MB, positive, 0.504 nm), methyl red (MR, neutral, 0.487 nm), rose Bengal (RB, negative, 0.588 nm), 
and brilliant blue (BB, negative, 0.798 nm). Based on our research, we found that the membrane's 
selectivity is determined by both exclusion factors (such as size and dielectric properties) and 
inclusion inside the β-CD cage. We found that using alpha-CD instead of beta-CD led to the 
disappearance of dye inclusion. These findings strongly suggest that β-CD molecules can be a viable 
solution for dye removal from wastewater. 

Keywords: β‐cyclodextrin; hydrophilicity; PVDF membrane; dye separation; dielectric exclusion 
 

1. Introduction 

Access to safe and clean water is crucial for maintaining good health as it plays a vital role in 
our life cycle [1]. Even though 97% of the earth's surface is covered with seawater [2], which is 
unsuitable for human consumption due to its high salt content, only 2.5% of the world's water is 
freshwater, with the remaining 2% being stored in glaciers and ice caps [3]. However, rapid 
urbanization and population growth have led to a water shortage and increased demand [4]. 
Discharging waste effluents from various sources such as industries, households, agriculture, and 
municipalities has limited the availability of clean water [5]. Such discharges are known to contain 
harmful substances such as dyes [6], heavy metals [7], and polycyclic aromatic hydrocarbons (PHAs) 
[8], which can be detrimental to marine ecosystems and human health. There are several effective 
techniques for removing organic materials from water, such as ozonation [9], adsorption [10], 
photocatalytic degradation [11], biosorption [12], chemical precipitation [13], and coagulation [14]. 
Nevertheless, membrane technology has emerged as a promising purifying and recycling water 
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solution. With its advanced filtration capabilities, it has the potential to significantly improve water 
quality and address the growing concerns of water scarcity and pollution [15]. Membranes serve as 
selective barriers that allow desirable molecules to pass through while retaining undesirable ones 
[16]. Due to its high selectivity, low operating costs, ease of use, and low energy consumption, 
membrane separation technology has garnered more attention than traditional separation processes 
[17]. Effective and environmentally friendly water treatment methods include inorganic and organic 
membranes [18]. These membranes are made from a variety of polymers, such as cellulose acetate 
(CA) [19], chitosan [20], polyarylethersulfones (PAES) [21], polysulfone (PSF) [22], polycarbonate 
(PC) [23], and polyvinylidene fluoride (PVDF) [24]. PVDF is an extensively used semicrystalline 
polymer, which consists of repeating units of -CH2CF2-. It is highly valued for its ability to form 
membranes, excellent chemical resistance, and thermal stability [25]. PVDF is a versatile material that 
can be utilized to create various types of membrane systems, including microfiltration, ultrafiltration, 
and membrane distillation [26]. To dissolve PVDF, polar solvents such as N-methyl-2-pyrrolidone 
(NMP), N, N-dimethylacetamide (DMAc), and dimethylformamide (DMF) are commonly used[27]. 
There are several techniques available for preparing PVDF membranes, such as non-solvent-induced 
phase separation (NIPS), vapor-induced phase separation (VIPS)[28], and electrospinning[29]. 
However, NIPS is the most preferred method for industrial production of porous membranes [30]. 
The NIPS process generates porous membranes that are composed of membrane-forming polymers 
and additives, which are required to be insoluble in non-solvents. In contrast, both solvents and non-
solvents are miscible [31]. 

Although PVDF membranes are highly effective in water treatment, they are prone to fouling 
during the filtration process [32]. Hydrophobic membranes are especially vulnerable to fouling when 
used to treat aqueous solutions containing organic matter [33]. These substances can easily adhere to 
the membranes, clogging pores, reducing efficiency, and increasing cost [34]. Research has shown 
that membrane fouling is more resistant to hydrophilicity increases [35]. Hence, several methods 
have been developed to enhance the hydrophilicity of PVDF membranes. Hydrophilic materials are 
typically incorporated through surface coatings or in situ blending methods. Several studies have 
reported that PVDF was blended with hydrophilic materials to improve the hydrophilicity of the 
membrane. A blended material can comprise hydrophilic polymers such as PMMAs (poly (N-
isopropylacrylamide) [36], PVP (polyvinylpyrrolidone) [37], CAs (cellulose acetates) [38], and 
nanofillers such as ZnO [39], titanium dioxide [40], silver particles [41], or cyclodextrin [42]. By 
incorporating nanocomposites during phase inversion, membranes can be significantly improved in 
terms of their hydrophilicity and antifouling properties by altering their morphology [43]. This has 
been demonstrated by a number of studies, including one by Roshani et al. [44] that found an 
improvement in both wettability and salt rejection rate of PVDF membranes following the addition 
of PS/ZnO nanocomposites. Furthermore, Ma et al.[45] observed that reducing the size of TiO2 
nanoparticles in PVDF membranes enhances their antifouling properties, while Peyravi et al. [46] 
found that adding different amounts of ZnO nanoparticles to PVDF membranes can directly affect 
the membrane contact angle, resulting in increased hydrophilicity. 

β-cyclodextrin (β-CD) is a molecule consisting of seven glycosyl units and is considered the most 
preferred type of cyclodextrin in terms of both performance and cost [47]. Each cyclodextrin is a torus-
shaped molecule that resembles a doughnut [48], with a hydrophobic cavity inside and a hydrophilic 
surface outside [49]. The hydroxyl groups present in β-CD are crucial in its use in several applications, 
and their substitution with other functional groups can improve its performance and functionality 
[50]. The ability of β-CD to enhance the adsorption performance of several common adsorbents has 
been extensively studied. For example, Mohammadi et al. [51] studied the performance of a 
composite adsorbent, (MWCNTs/Gly/ β-CD), for removing various dyes from aqueous solutions. 
Incorporating β-CD into MWCNTs improved the adsorption capability significantly due to β-CD's 
inner hydrophobic cavity and outer multiple hydroxyl groups, which can form complexes with 
organic dyes and pollutants. Recent studies have focused on incorporating β-CD and its derivatives 
into complex membrane systems [52]. For instance, Yuancai et al. [53] developed a cellulose nanofiber 
membrane loaded with porous β-CD to treat bisphenol pollutants. The study found that the volume 
of treated water in the CA/P.β-CD membrane was 14.5 times greater than that in the control 
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membrane sample. Nanomaterials can also be functionalized with β-CD, resulting in a hybrid 
material with synergetic properties. Liu et al. [54] reported the modification of graphene oxide (GO) 
with β-CD through chemical grafting to enhance the permeability of the membrane. β-CD improves 
water flux by expanding GO's interlayer without affecting rejection efficiency. However, only a small 
amount of research has been conducted on the direct blending of PVDF membranes with β-CD. 

This research article focuses on preparing β-CD modified PVDF membranes to effectively 
remove dye molecules from textile wastewater. β-CD molecules can enhance the hydrophilic and 
dielectric properties of membranes. Through various characterization methods, we confirmed that 
the addition of β-CD significantly improves the morphology, hydrophilicity, dielectric properties, 
and performance of the modified PVDF membranes. The addition of β-CD results in a dielectric 
exclusion of dyes, which has not been well demonstrated elsewhere, proving our confidence. Our 
research indicates that we are leading the way in developing innovative solutions to guarantee access 
to clean water. 

2. Materials and Methods 

2.1. Materials 

Poly(vinylidene fluoride) (PVDF, average Mw ~534,000), Polyvinylpyrrolidone (PVP, Mw ~ 40k)  
Methylene blue (MB, ≥95%), Methyl red (MR, BioReagent, ≥95%), and Rose bengal (RP, ≥95%, ) were 
purchased from Sigma-Aldrich, St. Louis, MO, USA. Brilliant blue (BB, Reagent European 
Pharmacopoeia) was bought from Fisher Scientific GmbH, Schwerte, Germany. Dimethylformamide 
(DMF, 99.9%) was acquired from Sigma-Aldrich, USA. Deionized water (18 MΩ) was produced using 
the ELGA Deionization System. 

2.2. Membrane Preparation 

The PVDF membranes were prepared using the phase inversion method. PVP and β-CD were 
dissolved in DMF at a fixed ratio of 1 wt%. At a constant speed, 3.33g of PVDF powder was dissolved 
in 20g of DMF and heated to 50°C. After dissolving polyvinylidene fluoride (PVDF) 0.223 g of 
additives consisting of polyvinylpyrrolidone (PVP) and β-cyclodextrin (β-CD) were added to the 
solution. The ratio of PVP to β-CD was varied between 1-x% and x%, where 0≤x ≤1. The mixture was 
stirred for 4 hours to ensure complete homogeneity. The solution was then degassed overnight to 
remove any bubbles that may have formed during stirring. Using a Porometer MEMCAT machine, 
the dope solution was cast onto a clean stainless-steel plate with a gap size of 250µm at a temperature 
of 40 degrees. The casted membrane was then immersed in deionized water for 24 hours. After 
removal, the membrane was dried, cut to size, and stored for future use. The membranes were named 
M0, M1, M2, M3 and M4 for respectively PVDF-PVP, PVDF-PVP0.75 β-CD0.25, PVDF-PVP0.5 β-CD0.5, 
PVDF-PVP0.25 β-CD0.75 and PVDF-β-CD1.0 . 

A membrane named M5 was created using identical conditions to those used in the production 
of membrane M1. However, instead of b-CD molecules, a-CD molecules were used in the preparation 
of M5. 

2.3. Pure Water Flux and Wettability 

A flat sheet membrane separation unit was used to separate a sample. The membrane was cut 
and shaped to fit the fouling unit cell. Before use, the sample was wetted with isopropanol and 
distilled water was fed into the unit. The permeate flux of pure water was measured at a working 
pressure of 80 KPa. (Equation (1)): 

JW.1 =  𝐕𝐕
𝐀𝐀×𝐭𝐭

                                         (Eq.1) 

Where JW.1 (L m−2 h−1) is the water flux, t (h) is flowing time, V (L) is solution volume, and A(m2) is 
membrane effective area. 

Determining the wettability of membranes is an important process, which can be achieved 
through contact angle measurements. In this study, we used the Attension Theta Flex instrument 
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from Bioline Scientific to measure the pure water contact angle (CA) of the membranes, using the 
sessile drop method at room temperature. To ensure accurate results, all fabricated membranes were 
fully dried, cut into 20 mm × 1.5 mm strips, and attached to the sample holder. A 3 μL pure water 
droplet was then carefully dropped onto a clean and well-dried membrane surface using a micro-
syringe. We performed a Triblet test for each sample at different locations, and the results were 
averaged to obtain an accurate contact angle. This method provides important insights into the 
properties of the membranes, which can help us to optimize their performance. 

2.4. Separation Performances of Membranes and Antifouling Test 

This study aimed to examine and optimize the separation capability of modified PVDF 
membranes on four different dyes: Neutral (Methyl Red, MR), cationic (Methylene Blue, MB), and 
two anionic (Brilliant Blue(BB), Rose Bengal(RB)). In the first stage, we tested the membranes' ability 
to separate (MB) solution. During the second stage, we evaluated the performance of the optimized 
membrane by supplying three-component dye solutions to the filtration system. Each experiment 
used a new membrane sample, which was fixed to the membrane cell. The results from this study 
will help to enhance the development of improved membrane technologies for dye separation.  

The rejection ratio of each dye solution (at a concentration of 10 mg L−1) was determined by 
testing under a working pressure of 80 KPa. The maximum absorbance measurements were taken 
using a Shimadzu UV-160 spectrophotometer. The concentrations were used to calculate the 
percentage of solute rejection, which is expressed by Equation (2).  

R % = 
𝑪𝑪𝒇𝒇−𝑪𝑪𝒑𝒑
𝑪𝑪𝒇𝒇

 𝑿𝑿 𝟏𝟏𝟏𝟏𝟏𝟏                         (Eq .2) 

Where R is the solute rejection (%), Cp and Cf are the permeate and feed concentration (mg L−1), 
respectively. 

The performance of membrane antifouling was analyzed using a three-cycle flotation process. 
First, the pure water flux (Jw.1) was measured at a fixed volume for a certain time. After that, the flux 
of dye solution through the membrane was measured as (Jp). Then, the fouled membrane was cleaned 
with deionized water, and the water flux (Jw.2) was recorded again. Next, the flux attenuation curves 
of the membrane sample were plotted, and the flux recovery ratio (FRR) was calculated using 
(Equation (3)).  

RFR (%) = (1- 𝑱𝑱𝑷𝑷
𝑱𝑱𝑾𝑾.𝟏𝟏 

) × 100                         (Eq. 3) 

To calculate the system resistance due to various fouling mechanisms, Darcy's law was applied: 

𝑱𝑱 =  △𝑷𝑷
µ(𝑹𝑹𝒎𝒎+ 𝑹𝑹𝒄𝒄+𝑹𝑹𝒇𝒇)

                                                        (Eq. 4) 

J is the permeate water flux (m3 m−2 s−1), 𝛥𝛥P is the applied pressure (kPa), µ is the water viscosity 
(Pa.s), Rm represents the hydraulic resistance (m−1), Rf is a measure of fouling resistance (m−1) and Rc 
is a concentration polarization resistance (m−1). 

The total resistance (RT) was determined using the resistance-in-series model by combining all 
filtration resistances. The following equation (Equation (5)) was used to calculate RT: 

RT =RM +RF +RC                                           (Eq. 5) 
RM is caused by porous sizes and distributions, membrane thickness, as well as the hydrophilic 

and hydrophobic properties of the membrane. It can be measured using (Eq. 6): 

𝑹𝑹𝒎𝒎 =  △𝑷𝑷
µ (𝑱𝑱𝒘𝒘.𝟏𝟏)

                                                   (Eq. 6) 

RF represents the resistance resulting from pore adsorption, pore blocking, and cake deposition. 
It was calculated based on the measurements of water flux following the pollutant rejection 
experiment (Jw.2) as described in (Equation (7)): 

𝑹𝑹𝒇𝒇 =  △𝑷𝑷
µ (𝑱𝑱𝒘𝒘.𝟐𝟐)

− 𝑹𝑹𝒎𝒎                                             (Eq. 7) 

Finally, subtracting all other resistances from RT (Equation (8)) gives the final value of RC.  
𝑹𝑹𝒄𝒄 =  𝑹𝑹𝑻𝑻 − 𝑹𝑹𝒎𝒎 − 𝑹𝑹𝒇𝒇                                          (Eq. 8) 
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2.5. Porosity 

The porosity of a membrane is a well-defined characteristic that determines the amount of void 
space present within its volume. With applying the gravimetric method, represented by Equation (9), 
we can confidently measure this property, providing a solid foundation for further exploration and 
innovation. 

ɛ =    𝑾𝑾𝟐𝟐−𝑾𝑾𝟏𝟏
𝝆𝝆𝒘𝒘 × 𝑨𝑨 × 𝒉𝒉 

                                             (Eq  .9) 

The wet and dry weights of membranes are w1 and w2, respectively. The density of water (ρw) is 
0.998 g cm−3 and A is the membrane area (cm2). 

The Elford-Ferry equation (Equation (10)) is a widely used method for estimating the average 
pore size of membranes. This equation considers the membrane thickness, porosity, and hydraulic 
permeability to determine the average pore size. By accurately estimating the average pore size, we 
can better understand the transport properties of the membrane, which is crucial for many 
applications such as water purification, gas separation, and biomedical devices. Additionally, the 
Elford-Ferry equation is versatile and can be applied to various membranes, from microfiltration to 
ultrafiltration. Therefore, it is an essential tool for researchers and engineers in membrane technology. 

𝒓𝒓𝒓𝒓 =  �(𝟐𝟐.𝟗𝟗−𝟏𝟏.𝟕𝟕𝟕𝟕 ɛ)𝒙𝒙𝒙𝒙𝛈𝛈 𝐝𝐝 𝐐𝐐
ɛ 𝒙𝒙 𝑨𝑨 𝒙𝒙 𝑷𝑷

                                                   (Eq. 10) 

Where η is the viscosity of water (8.9×10−4 Pa.S). Q is filtration volume (m3 s−1), A is the membrane 
area (m2), P represents the operating pressure (MPa) and d (m) is the membrane thickness, measured 
by a digital micrometer. 

2.6. Characterization 

The membrane's structural characteristics were identified through several methods, including 
an X-ray diffraction (XRD) analysis, attenuated total reflectance infrared spectroscopy (ATR-IR), and 
atomic force microscopy (AFM). XRD data was obtained using a Ni-filtered Cu Kα radiation source 
(λ = 1.54184 Å) and an automatic diffractometer (Philips Panalytical X'Pert ProMPD), while ATR-IR 
was used to determine the chemical composition of the modified membrane surfaces using a Bruker 
TENSOR27 FT-IR spectroscopy. The membrane's thermal stability was evaluated through a 
thermogravimetric analysis (TGA) using Shimadzu TGA-50 in a nitrogen-containing atmosphere. 
SEM and AFM were used to examine the membrane's surface morphology and topography, 
respectively. Prior to scanning, the membrane samples were dipped in liquid nitrogen for cutting to 
preserve cross-sectional structure. The average plane roughness (Ra) and root mean square 
roughness (Rms) were also measured to evaluate surface roughness. These methods provided a 
comprehensive understanding of the membrane's characteristics and improved its performance.  

3. Results and Discussion 

The X-ray diffraction patterns of neat PVDF and β-CD modified membranes are shown in Figure 
1. The pure PVDF membrane diffraction pattern displays two strong peaks at 18.4° and 20.3°, and 
two weaker peaks at 36.3° and 41.1°. These peaks indicate the presence of nonpolar α and polar β 
crystalline phases [55,56]. In particular, the α phase peaks can be observed at 2θ = 18.4° [57] and 40.5° 
[58]. The β phase shows a strong diffraction peak at 2θ = 20.3°, which is attributed to the sum of the 
diffraction in the (110) and (200) planes, plus a smaller peak at 2θ = 36.4° [59]. 
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Figure 1. XRD diffraction patterns of (a) M1, (b) M2, (c) M3, (d) M4 , and (e) M0  pure PVDF. 

Figure 1 shows that the presence of PVP, an amorphous polymer, has affected the diffraction 
patterns of the modified membranes. According to Xiang et al. [60], PVDF's miscibility with PVP 
affects its XRD diffraction peaks, gradually shifting from crystallized PVDF to amorphous PVP. Eren 
et al. [61] explain that forming hydrogen bonds between PVDF hydrogen atoms and PVP carbonyl 
groups may destabilize the crystalline segments, reducing the crystallinity. However, the membrane 
with 1% β-CD (Figure 1(M4)) follows the same diffraction pattern as pure PVDF, exhibiting all four 
peaks without any noticeable shift in their position. X-ray diffraction confirmed the presence of 
residual PVP in PVDF membranes, while β-CD presence shows no effect on the polymer crystallinity. 

To determine the chemical composition of Mi membranes attenuated total reflectance infrared 
spectroscopy (ATR-IR) is investigated, and the results are presented in Figure 2. The analysis revealed 
that the PVDF membrane spectrum displayed peaks at 1405 cm−1 and 1168 cm−1, which were 
attributed to the stretching vibrations of CH2 and CF2 [62]. Additionally, the peaks at 878 cm−1 and 
840 cm−1 were caused by the stretching vibrations of C–C and C–F bonds [63]. The peak at 2900 cm−1 
reflected –CH3 band vibration and stretching [64]. The peak at 1660 cm−1 may be attributed to C=O 
groups from PVP and/or β-CD water deformation bands of H–O–H for modified membranes. [65,66]. 
Moreover, we found an absorption band in the range of 3200-3600 cm-1, which was attributed to O–
H stretching [67]. This peak was caused by the presence of PVP and β-CD. The O–H peak in modified 
membranes indicated that β-CD was successfully incorporated into the polymer matrix. Overall, 
these findings provide valuable insights into the chemical composition of the fabricated membranes, 
which can be useful in further optimizing their performance. 
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(B) 

  
Figure 2. (A) ATR-IR spectra of PVDF-PVP(1-x)- β- CD(x) membranes: M0 (x=0), M1 (x=0.25), M2 (x=0.50), 
M3 (x=0.75) and M4 (x=1.0). (B) Zoom 2900-4000 cm-1. 

Figure 3 presents the Raman spectra of β -CD modified PVDF. The Raman shift observed at 1100 
cm-1 corresponds to symmetric in-plane C–C stretching motion [68,69]. There is no question that the 
intensity of the compound is entirely dependent on the precise loading of beta-cyclodextrin (βCD) 
present in the mixture. The increased intensity of the guest molecule beta-cyclodextrin (βCD) from 
M1 to M4 membranes provides important insight into the membrane structure. By comparing the 
relative intensities of the peak at 1100 cm−1, we could subtract the free βCD membrane (M0) spectrum 
from the complex ones (Figure 3B). Interestingly, in the case of M3 (0.75 w% βCD), the relative 
intensity was almost the sum of M1 and M2, and the sum of M1 and M3 for M4. These findings can 
help us to ascertain a homogeneous distribution of βCD in the membrane. 

 

 

Figure 3. (A) Raman spectra of PVDF-PVP(1-x)- β- CD(x) membranes: M0 (x=0), M1 (x=0.25), M2 (x=0.50), 
M3 (x=0.75) and M4 (x=1.0). (B) peak area at 1100 cm-1 versus b-CD loading. 

To better understand how the presence of β-CD affects the membrane structure and pore 
morphology, we conducted scanning electron microscopy (SEM). Figure 4 provides valuable insights 
into the cross-sectional and surface morphology of the blended membranes. We have analyzed SEM 
images of the membrane surface and found the emergence of pores of different diameters, depending 
on the b-CD loading (Figure 4). Further statistical analysis on 200 pores revealed that the highest 
mean pore average of 710 nm was observed for M0 (1 wt% PVP). M1 exhibited an optimal performance 
with a bCD loading of 0.25 wt%, which resulted in a pore diameter range of 345 nm. Subsequently, 

(A) 

(A) (B) 
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with increased bCD loading, a decrease in pore diameter was observed, with 1 wt% of bCD resulting 
in a diameter of 205 nm (Table 1). This information could be vital in understanding the behavior of 
the membrane and improving its performance. In particular, the cross-sectional view of M0 
membrane shows the presence of large finger-like macro-voids and cavities with a porous surface 
layer (fig.4 M0), a common feature of PVDF/PVP membranes fabricated using NIPS [70]. Figure 3 (M1, 
M2, M3, M4) demonstrates how incorporating β-CD nanofillers into the membrane can alter the pore 
morphology. At low β-CD loadings (0.25-0.5 wt%), there is an improvement in the formation of 
finger-like pores and an increase in their diameter. According to Zheng et al. [71], the kinetics of phase 
inversion significantly impact membrane formation. Solid and liquid polymer phases are formed 
when a cast dope solution is dipped into a non-solvent [72]. 

NIPS is a necessary process that involves either instantaneous or delayed de-mixing, leading to 
the formation of different types of pores [73]. Ho-Taek states that hydrophilic additives work as de-
mixing enhancers for NIPS [74]. Thus, hydrophilic additives affect phase-inversion kinetics, 
suggesting that β‐CD may be directly related to (OH) groups, which increase mass transfer across 
membranes [75]. During the instantaneous de-mixing process, nonsolvent diffuses more quickly from 
the cast membrane, resulting in greater pore channels and a faster solidification rate. However, it's 
important to note that the impact of β-CD's hydrophilicity on the process is limited by the presence 
of PVP contents in the membrane. As such, it's important to maintain the right balance of PVP content 
to ensure that the pores have the right size and density. By carefully monitoring the process and 
measuring the porosity, mean pore size, and thickness of modified membranes, we can improve the 
quality and effectiveness of the NIPS process (Table 1). 

The data in Table 1 suggests that the thickness of the membrane varies depending on the amount 
of βCD and PVP present simultaneously. Interestingly, for low CD loading (0.25 wt%), the 
membrane thickness remains unchanged compared to the M0 membrane. However, as the CD 
loading increases, the membrane thickness decreases in the following order :  M2 (100 μm) > M3 (89 
μm) > M4 (80 μm). These findings are consistent with a similar study investigated by Morihama et al. 
[74], where adding Nano clay to PVDF membranes with and without PVP produced different results. 
Specifically, adding only clay nanoparticles resulted in a thin membrane (33.1 μm) with a sponge-
like structure, while the PVDF-PVP (1 wt.%) Nanoclay (2wt.%) membrane resulted in a thicker 
membrane (83 μm) with a finger-like structure. Furthermore, the porosity of the membrane is highly 
affected by PVP loading. The M0 membrane has a porosity of 47% against 16% for a PVP-free 
membrane, indicating the importance of PVP in achieving high porosity.  Interestingly, an optimum 
porosity of 71% is observed for M2, which contains 0.75 wt% PVP with 0.25 wt% CD. The Elford-
Ferry equation yields a higher pore size diameter than SEM analysis, particularly for M2 and M3. This 
discrepancy can be explained by the fact that SEM analysis only considers the surface while the 
Elford-Ferry equation considers both surface pores and internal voids.  

Table 1. Membrane properties: thickness, porosity, average pore diameter from SEM, average pore 
size from Elford-Ferry equation, mean roughness (Ra), the root mean square of the Z data (Rq), and 
the mean difference between the highest peaks and lowest valleys of the membranes (Rpv). 

Membrane 
b-CD 
(wt.%) 

PVP 
(wt.%) 

Thickness 
(mm) 

Porosity 
(%) 

Contact 
angle (°) 

Average pore 
diameter (nm) 

Atomic Force Microscopy 
(AFM) 

SEM* 
Elford-
Ferry 

equation 
Ra (nm) Rq (nm) Rpv (nm) 

M0 0 1.00 110 ±1 47 72.6±1.8 710 500 81-101 99-118 417-437 
M1 0.25 0.75 110 ±1 72 54.6±1.8 345 913 29-26 31-33 115-124 
M2 0.50 0.50 100 ±1 38 63.7±0.8 508 835 50-59 66-68 281-334 
M3 0.75 0.25 89 ±1 31 80.9±1.1 525 176 47-52 57-63 217-28 
M4 1.00 0 80 ±1 16 87.1±1.5 205 - 58 71-72 304-310 

*Average pore diameter calculated from surface scanning of 200 pores. 
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The roughness of a membrane is a crucial factor that significantly impacts fouling performance 
and surface contact angle. It is well-established that molecules tend to accumulate more readily on 
rough membrane surfaces, leading to increased fouling. [76]. In contrast, smooth surfaces are less 
likely to accumulate fouling in the long term. To investigate the effect of β-CD loading on membrane 
surface roughness, a three-dimensional AFM was performed on an 8 μm x 8 μm area. The results are 
displayed in Figure 5.  

The roughness parameters of PVDF-PVP-β-CD are summarized in Table 1. These parameters 
are expressed in terms of the mean roughness (Ra), the root mean square of the Z data (Rq), and the 
mean difference between the highest peaks and lowest valleys of the membranes (Rpv). The surface 
of M0 membrane (Fig. 5, M0) clearly displays several large peaks resulting from its highly rough 
texture (Ra ~81 nm). This can be confidently attributed to the presence of PVP as a pore agent, which 
has a large molecular size [77]. Upon reducing PVP contents, the surface appears smoother with 
smaller peaks and decreased roughness. The presence of β-CD molecules decreased the Ra values, 
reaching an optimal value of 29 nm at 0.25 wt% β-CD. It's worth noting that the Rq values exhibited 
a similar trend to that of the roughness. This information could provide valuable insights for further 
analysis and improvements. Blended β-CDs membranes showed lower roughness compared to 
PVDF-PVP(1). The lowest roughness was assigned to M1 (0.25 wt% βCD) and a slight increase was 
recorded with further loading due to the aggregation phenomena of nanomaterial [78]. The above 
statement confirms the previous observations on how hydrophilic additives affect the roughness of 
hydrophobic membranes. In a study conducted by Mabusha et al. [79], it was found that 
incorporating 1% f-CNT resulted in a three-fold decrease in roughness for PSF/PES membranes. This 
decrease was attributed to the impact of hydrophilic additives on the phase inversion kinetics. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 April 2024                   doi:10.20944/preprints202404.1247.v1

https://doi.org/10.20944/preprints202404.1247.v1


 

 

 

Figure 4. SEM images (surface and cross section) and average pore diameter of PVDF-PVP(1-x)- β- CD(x) membranes: (a) M0 (x=0), (b) M1 (x=0.25), (c) M2 (x=0.50), (d) M3 
(x=0.75) and (e) M4 (x=1.0). 
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Figure 5. AFM images of PVDF-PVP(1-x)- β- CD(x) membranes: M0 (x=0), M1 (x=0.25), M2 (x=0.50), M3 (x=0.75) and  M4 (x=1.0). 
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The thermal stability of M0 to M4 membranes was evaluated using TGA. Figure 6 data indicates 
that all the membranes maintain stability up to 370°C. This temperature seems to allow for very little 
molecular water to evaporate. Between 370°C and 480°C, PVP membranes (M0 to M3) decompose in 
two stages. In contrast, the PVP-free membrane (M4) degrades in a single step between 440°C and 
490°C. Studies conducted earlier [80] showed that PVP decomposition is responsible for weight loss 
at approximately 370°C. The actual weight loss observed during the experiments is consistent with 
the theoretical calculations of PVP content in each membrane. The observed weight loss percentages 
at 370°C are 8%, 5%, 3%, 1.5%, and 0% for M0, M1, M2, M3, and M4. In Figure 6B, it is shown that the 
temperature at which the maximum weight decomposition took place was 460°C for M0 (1wt% PVP). 
Upon the addition of β-CD, it was noted that the temperature increased to 471°C. This change 
indicates that the second-stage decomposition occurred at a higher temperature, enhancing the 
modified membranes' stability. The improved thermal stability of the modified membranes can be 
attributed to alterations in surface roughness, as observed in AFM measurements. In a study 
conducted by Mohammed et al. [81], it was shown that the grafting of poly-HEA onto PVDF resulted 
in a reduction in surface roughness and contact angle, which was associated with an enhancement in 
thermal stability. 

  

Figure 6. (A) TGA of M0, M1, M2, M3 and M4 membranes and (B) derivatives weight loss of a) M0 b) 
M1 membranes. 

The contact angle (CA) and permeate flux are key indicators of a membrane's wettability and 
hydrophilicity. We measured water contact angle measurements to measure the modified 
membrane's hydrophilicity (Figure 7).  

Figure 7 shows that M0 membrane, has a water contact angle of 72°, is highly hydrophobic. On 
the other hand, upon the addition of 0.25wt% β-CD, the CA decreases by 23%, indicating better 
hydrophilicity. According to Zongxue et al. [82], the presence of hydroxyl groups on the outer surface 
of the blended β-CD molecules enhanced the water-membrane interactions in the PVDF membrane. 
Herein, the incorporation of β‐CD in the blended membrane significantly enhances the pure water 
flux from 48 to 241 LMH for M2 (0.25 wt%β‐CD). By contrast, the water flux decreases dramatically 
for higher bCD loadings. This result can be supported by the existence of a synergetic effect between 
PVP (pore former) and bCD (polarity tuning). Herein, incorporating β-CD onto the membrane 
increased its permeability due to the higher porosity created by an enlargement in pore size, as seen 
in SEM images. The hydrophilicity also increased, allowing instant wetting of the membrane surface 
and faster water flow through better transfer channels. However, when the content of β-CD exceeded 
0.5%, the water flux sharply decreased, possibly due to a change in morphology. The adjusted PVDF 
membrane's average pore size increases simultaneously with β-CD until it reaches a breaking point. 
Beyond 0.5% loading, the membrane pores volume decreased, making it difficult for water to 
transport across the membrane due to the high reduction of PVP. Overall, M4 membrane had the 
highest surface contact angle (87°), which prevented water from passing through under 80Kpa 
working conditions.  

An investigation was conducted to assess the enhancement in membrane flux by measuring the 
membrane resistance (Rm) (supplementary information Figure S1). The internal resistance of the M0 

(A) (B) 
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membrane (1wt% PVP) is found to be ~470 m-1, while the β-CD modified membranes exhibit a 
significant decrease in resistance at low loading. The reduction in resistance caused by the 
introduction of β-CD in membranes could be due to the improvements in hydrophilicity, pore size, 
and roughness. The increase in pore size of the membrane reduces the mass-transport resistance and 
escalates the permeated flux, leading to better membrane wetting. Among the modified membranes, 
M1 (0.25wt% β-CD) shows the lowest resistance (93 m-1), consistent with the water flux values. 

Table 2 summarizes the effects of various additives on water flux and contact angle on PVDF. 
Various blending methods were used, including nanomaterial, nanomaterial-polymer, and polymer. 
The weight percentages of PVP (nanofiller) and PVDF were varied between 1-3% and 15-18%, 
respectively. At the same PVP loading (1wt%), the addition of nanomaterial enhances the water flux 
and lower the contact angle. For example, with the addition of 0.4 wt% Ag/ZrO2, the contact angle 
decreases from 82.7° to 60° and yields better water flux [83]. Incorporating Cu2S (1 wt%) into the 
membrane has a beneficial impact on its polarity, resulting in a reduction in contact angle and a 
significant increase in water flux, improving the overall efficiency of the membrane [84]. For higher 
PVP loading (3wt%), the addition of GO-Ag composite (0.15wt%) results in polarity and flux 
enhancement [85]. With the incorporation of just 0.36 wt.% of β-CD-HNTs, the water flux experiences 
a slight yet remarkable boost [86]. These comparisons provide further insight for conducting deeper 
experiments. However, the varying parameters and loading used in the literature make comparisons 
difficult. Other research groups have explored using nanomaterials and/or polymers as additives in 
PVDF membranes without using PVP. Various additives were investigated to enhance the properties 
of the PVDF membrane. Among these were 10 wt% of PEG200 and 0.1 wt% of LDH [87], PAN-TNT 
(1-3 wt%) [88], and Styrene acrylonitrile (SAN) [89]. These additives result in a more hydrophilic 
membrane; there is no doubt that water flux enhancement has occurred. Our work has conclusively 
demonstrated that adding a merely 0.75 wt% PVP and 0.25 wt% bCD results in a significantly 
improved hydrophilic PVDF membrane, with a remarkable enhancement of 345% in water flux. 

Table 2. Water flux and contact angle for modified PVDF membranes. 

 
a PEG200, Poly(ethylene glycol); bLayered double hydroxides, LDH (Mg-Al); cPANI (polyaniline), TNT(titanium 
nanotube) ; dStyrene acrylonitrile (SAN). 

 

PVDF   
(wt.%) 

PVP 
(wt.%) 

Additives Blending Method Contact Angle (°)  Water Flux  
(L.m-2 .h-1) 

References 

15 1  Ag/ZrO2 (0-0.4 wt.%) nanomaterial 82.7° to 60° 40 to 137 [83] 
18 1  Cu2S (0-1 wt.%) nanomaterial 77.8° to 66° 152 to 248 [84] 

17 3  GO-Ag composite 0-0.15 wt.%) nanomaterial 82° to 63° 110 to 177 [85] 
18 3  β‐CD‐HNTs (0-0.36 wt.%) nanomaterial 84° to 57° 23 to 69.5   [86] 
15 - PEG200a (10 wt.%) 

LDHb (0-0.1 wt.%) 
nanomaterial 

/polymer 
89° to 62° 164 to 213 [87] 

15 - PANI -TNTc (x=1-3 wt.%) nanomaterial 
/polymer 

102° to 66° 312 to 484  [88] 
 

17.5 - SANd 
(x=0,10, 20, 60, 100 wt.%) 

polymer 82°to 63° 
 

24 to 245  
    

[89] 
 

15 0.75  β-CD (0.25 wt.%) organic molecule 72° to 55°  48 to 214  This work  
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Figure 7. Pure water flux of PVDF-PVP(1-x)- β- CD(x) membranes:  M0 (x=0), M1 (x=0.25),  M2 (x=0.50), 
M3 (x=0.75) and  M4 (x=1.0) and their corresponding contact angle values. 

The selectivity (or separation power) of the membrane is not governed only by size effects 
(linked to the relative sizes of pores and solutes) but also by interactions of electrostatic origin, 
including Coulomb forces (due to the surface charge of the membrane) and very probably exclusion 
dielectric phenomena (due to differences in dielectric constant between the solution in the nanopores, 
the membrane material and the external solution). To achieve the desired results, it is crucial to 
thoroughly analyze the structural characteristics of the membranes, including pore radius, thickness, 
and porosity, in addition to examining their electrical and dielectric properties.  

In Figure 8, the behavior of the dielectric constant (ε') of a PVDF membrane is shown for different 
β-CD substitution ratios. The measurement was taken in the frequency range 10 – 106 Hz and with 
zero Vdc. It is observed that the dielectric constant (ε') is not constant and varies with frequency. The 
value of ε' at low frequencies is higher than at high frequencies. The β-CD substitution ratio, 
represented by the variable 'x', affects the dielectric coefficient. The dielectric coefficient also increases 
as the β-CD substitution ratio increases (x=0, 0.25, 0.5, 0.75, 1). For example, for the x=1 value, the 
value of ε' is approximately 34.4, corresponding to a 40% increase in the dielectric constant. This is a 
significant result. The high value of ε' (≈ 34.4) at low frequencies is due to the influence of Maxwell-
Wagner-Sillars (MWS) interface polarization [90]. The results presented in Figure 8B demonstrate a 
clear correlation between the conductivity value and frequency, particularly for increasing ratios of 
β-CD substitution. Notably, beyond 105 Hz, the ac conductivity values for M0 (0 wt% β-CD) and M4 
(1.0 wt% β-CD)  reached 1.36x10-4 and 2x10-4 S/cm values at 1x10-7 Hz, respectively. These findings 
suggest that β-CD substitution may play a key role in enhancing the conductivity of the material 
under investigation. This result may contribute to dye separation as the membrane and solution 
dielectric constant differ. 
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Figure 8. (A) Dielectric constant behavior as a function of frequency and (B) Ac conductivity behavior 
for of M0, M1, M2, M3 and M4 membranes. 

To test the effectiveness of a membrane's antifouling properties, a multicycle filtration method 
was used. The first cycle involved allowing pure water to pass through the membrane for a period of 
time. In the second cycle, a solution containing MB (10 mg/L) was filtered, followed by washing with 
distilled water for 30 minutes before allowing pure water to pass through the membrane again in the 
final cycle. The results of three filtration stages are presented in Fig. 8. When pure water is alternated 
with MB solution, the flux slightly decreases due to MB adsorption/deposition on the membrane 
surface. The flux measurements of MB solution are similar to those of pure water, indicating high 
antifouling properties. However, an increase in membrane flux may lead to a reduction in rejection 
due to pore size enlargement. Kesting et al. [91] have noted that increased inter-void space and 
loosely packed polymers result in lower reject rates in membrane filters. It is important to note that 
the incorporation of β-CD may alter the membrane morphology and consequently change the 
rejection mechanisms. With β-CD modified membranes, the separation mechanism for dyes may 
involve size exclusion, electrostatic interaction, and inclusion complexation [92]. A reduction in 
rejection rate from 94% to 66% upon adding 0.25% β-CD could be attributed to increased pore size. 
According to Liu [93], the mechanism of MB adsorption by β-CD involves both electrostatic 
interactions and inclusion complexation. As per Wang [94], MB mainly attaches to the β-CD through 
electrostatic attraction and π-π stacking. With a further increase of β-CD to 1%, MB rejection rates 
are slightly affected. The data from the last stage clearly demonstrated that the pure water flux was 
fully restored to the initial value for M1 (0.25 wt% bCD) membrane after membrane cleaning. We 
used equation (3) to calculate the FRR value to evaluate the extent of flux recovery after MB fouling, 
and the results, presented in Figure 9, show that a higher FRR indicates better antifouling properties. 
The M0 membrane had an FRR value of 91%, which increased to 100% after loading 0.25% of β-CD. 
However, the FRR value for M3 was the lowest, indicating only 56% recovery. 

An experiment was conducted to test the effect of adding β-CD to membranes on their 
permeability and selectivity. To analyze the selectivity of the M1 (0.25wt% β-CD) membrane in detail, 
various dyes with different sizes and charges were utilized. These dyes included methylene blue 
(MB, positive, 0.504 nm), methyl red (MR, neutral, 0.487 nm), rose Bengal (RB, negative, 0.588 nm), 
and brilliant blue (BB, negative, 0.798 nm). Our study unequivocally demonstrates that the filtration 
process had a high rejection rate for Methyl red (MR), Rose Bengal, and Brilliant blue dyes, with rates 
of approximately 83%, 73%, and 99%, respectively, as shown in Figure 10. Moreover, previous 
research has conclusively shown that β-CD can form an inclusion complex with azo dyes like MR, 
which provides a plausible explanation for the high rejection rate observed for MR in our study. 

 

Figure 9. Water flux, Flow recovery (FRR), and Rejection of PVDF-PVP(1-x)- β- CD(x) membranes M0 
(x=0), M1 (x=0.25),  M2 (x=0.50), M3 (x=0.75) and  M4 (x=1.0) during MB test (J1 = pure water flux, Jp = 
pollutant water flux, J2= pure water flux after test). 
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Therefore, it is likely that the formation of an inclusion complex between β-CD and MR 
molecules contributed to the observed result. To test this hypothesis, a new membrane was casted by 
substituting smaller CDs molecules like α-CD (0.47 nm) instead of βCD (0.6-0.65 nm), while keeping 
the loading constant at 0.25 wt%. The filtration of MR (0.478 nm) was compared among M0, M1 (0.25 
wt% β-CD), and M5 (0.25 wt% α-CD) membranes. The results, which can be found in supplementary 
information S2, showed that the MR rejection rate was in the order of M2 (83%) > M0 (27%) > M5 
(16%). This result suggests that MR might be included in the larger cage of bCD, in comparison to 
smaller a-CD. Otherwise, conjugated systems, like MR dyes (seven), can experience significant charge 
movements within their structures. This charge dislocation leads to a change in the dye's dipole 
moment and polarization. Since the dyes are polar, the total polarization is expected to include 
electronic, ionic, and dipolar polarization [95]. In this study, two dyes, MR (ε’~ 6) and MB (ε’~ 16), 
were compared based on their dielectric constant about the membrane pores (ε’~ 29). The two dyes 
used in the experiment are of similar size, which helps to avoid exclusion phenomena. However, the 
rejection rates of the two dyes differed: 83% for MR against 66% for MB. The difference in rejection 
rates can be attributed to the dielectric variance between the two dyes and the pores of the β-CD 
modified membrane (ε’(membrane)>> ε’(MR)). Hence, the membrane pore's unique confinement 
caused the dye molecules to rearrange spatially, forming distinct yet diffuse layers. This 
rearrangement altered the dyes' physical and electrical properties, simultaneously affecting the 
dielectric constant of the solution and membrane. To date, dielectric exclusion's mechanism and its 
variations with solute type, concentration, and number of ions on the membrane surface remain 
unverified. These findings provide insight into the behavior of dyes in confined spaces, which could 
inform future research in this area. 

 

Figure 10. Rejection of different dyes by plausible dielectric exclusion (MR, MB, and RB) and size 
exclusion (BB) using M1 membrane (PVDF-PVP0.75- β- CD0.25). 

4. Conclusions 

In this study, we explored the impact of adding low amounts of beta-cyclodextrin nanofillers to 
PVDF membrane via a simple blending method on its hydrophilicity and antifouling properties. The 
utilization of characterization techniques has demonstrated that the introduction of beta-cyclodextrin 
induces a considerable morphological transformation in the system, as evidenced by X-ray 
diffraction, ART-IR, SEM, and AFM. The optimized loading of β-CD has been unequivocally shown 
to result in a fivefold greater flux than that of a PVDF/PVP membrane, with the added advantage of 
the lowest resistance during the filtration process. Additionally, the introduction of bCD molecules 
increases the dielectric constant and conductivity of the PVDF membrane. It's important to note that 
a membrane's selectivity or separation power is influenced by a variety of factors, not just the size of 
its pores. While pore size is an important consideration, electrostatic interactions and exclusion 
dielectric phenomena also significantly impact. Coulomb forces resulting from the membrane's 
surface charge and differences in dielectric constant between the solution in the nanopores, the 
membrane material, and the external solution all contribute to the membrane's ability to separate 
dyes having different sizes and charges selectively. When smaller cages of aCD are used instead of 
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bCD, the inclusion of dye is no longer possible. By understanding and optimizing these factors, we 
can develop membranes with improved selectivity and separation efficiency. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Figure S1: Membrane resistance of PVDF-PVP(1-x)- β- CD(x) membranes: M0 (x=0), M1 
(x=0.25), M2 (x=0.50), M3 (x=0.75) and M4 (x=1.0).; Figure S2: Methyl Red (MR) rejection with different 
membranes: M5 (PVDF-PVP (0.75)- a-CD(0.25)), M0 ( PVDF-PVP), and M1 (PVDF-PVP (0.75)- bCD(0.25)). 
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