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ABSTRACT: This work reported a new perspective on improving the green synthesis of titanium 

dioxide (TiO2) nanoparticles (NPs) from Aloe vera plant leaf extract and their incorporation into 

membranes for several applications. The X-ray diffraction of the powder depicted that the size of the 

samples TiO2 NPs (1 h) and TiO2 NPs (5 h) were 83 ± 15 (Ø2) nm and 23 ± 1.6 nm (Ø1), respectively. 

With two sizes of TiO2 NPs as an additive, cellulose acetate (CA) membranes and a series of TiO2/CA 

hybrid membranes were prepared using a phase-inversion method. The membrane characterization 

was carried out by Fourier transform-infrared spectroscopy, scanning electron microscope (SEM), 

water content, contact angle, porosity, and pure water flux measurements. The cross-section SEM  
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images indicated that the size of macro-voids was reduced and the width of the membrane pores was 

slightly increased by the addition of TiO2 (Ø1). Membrane performance has been investigated in terms 

of dye Remazol Brilliant Red F3B (Reactive Red 180, RR 180) removal, which could be, however, 

affected by the competitive effect of another chemical species present in the solution such as NaCl salt. 

Indeed, NaCl decreased the retention rate of dye due to electrostatic interactions, as the chloride ions 

compete with the anionic dye molecules during the complexation process. The retention rate decreased 

at alkaline pH due to interaction forces between the membrane surface and anions of the RR 180. 

 

 

KEYWORDS: Cellulose acetate (CA); Titanium oxide (TiO2); Nanoparticles (NPs); Aloe vera; 

Hybrid membrane; Azo dye treatment. 

 

 

INTRODUCTION  

Industrial dye effluents have long been recognized  

as a significant source of water contamination. They 

constitute a wide family of organic pollutants known for 

their harmful effects on the environment and human 

health. The treatment of effluent azo dyes has gained 

considerable attention [1-3]. Separation procedures such 

as coagulation/flocculation and sedimentation (or 

sedimentation) are utilized in the traditional treatment of 

textile industry wastewater. However, all of them require 

a final disposal, maybe with preceding on-site storage. The 

disadvantages of such chemical techniques include the use 

of extra chemicals, greater sludge generation, and the 

requirement to remove additional color and chemical 

oxygen demand. In some textile facilities, unconventional 

membrane separation is used in conjunction with specific 

pre-treatment processes [4]. Membranes are commonly 

used in chemical technology and have been used in a wide 

variety of applications, such as the manufacture of high-

quality water, the removal or recovery of hazardous or 

useful materials from various industrial effluents, food and 

pharmaceutical applications. Separation, concentration, 

and purification have become industrially viable unit 

operations with the advent of membrane technology 

thanks to high separation performance, low operating 

energy, and ease of operation with modern compact 

modules of several types [5]. 

Cellulose Acetate (CA) is very common, like most of 

various polymeric materials used to prepare phase-

inversion membranes. CA offers several features such as 

good durability, high biocompatibility, good desalination 

efficiency, high potential flux, and relatively low-cost [5-7].  

It has already been widely used for reverse osmosis, 

microfiltration, and gas separation [8,9]. Also, CA membranes 

have excellent hydrophilicity, which is very important  

in the minimization of fouling phenomenon [6,10]. 

Nevertheless, there are drawbacks related to these two 

strategies, such as poor permeate flow, high costs and low 

selectivity. In order to deal with such obstacles, organic-

inorganic hybrid membranes have been suggested. Such 

hybrid membranes are created by adding micrometer and 

nanometer sizes of inorganic oxide particles to the polymeric 

casting solution or by producing them in situ [11-13]. Few 

scholars have identified organic polymer mixing with 

inorganic materials such as alumina, titanium, silica, etc. [14-16]. 

NanoParticles (NPs) have been used in membrane 

preparation for two main purposes. Due to interactions 

between the surface of NPs and polymer chains and/or 

solvents during membrane preparation, one creates 

membranes with a desirable structure. These structural 

changes result in favorable gas separation selectivity and 

permeability and adequate performance in membranes for 

ultrafiltration (UF) and nanofiltration. The other objective 

is to regulate membrane fouling triggered by functional 

groups of NPs and their hydrophilic properties [17-20]. 

The existence of the inorganic phase can also be used to 

restrict the molecular movements of the polymer chains 

and improve the mean distance between the polymer chains 

(free volume). Simultaneous improvement of membrane 

porosity, stability and performance can result from limited 

molecular motions and a favorable increase in the mean 

distance between chains [21].  

Li et al. [15] prepared blend membranes based on 

polyethersulfone (PES) and titanium oxide (TiO2) 

materials by phase inversion process and found that  
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the addition of TiO2 particles to the polymer casting 

solution resulted in higher thermal stability. The permeation 

properties of the hybrid membranes were significantly 

superior to the pure PES membrane and the mean pore size 

is also enhanced with the addition of TiO2 NPs.  

In the recent years, many researchers have examined 

the preparation of TiO2 nano-inorganic mixed matrix 

membranes from two ways such as assembling engineered 

NPs on the surface of the porous membranes [15,22,23] or 

mixing them with polymeric casting solution [5,24,25].  

Both of the cross-linking degree of the polymeric 

matrix and the types of attachment bonds between the 

polymer chains and inorganic phases in the composite 

fabric will influence the structure of the membranes 

[26,27]. Through this point of view, we have concentrated 

on the production of low-cost, inorganic membranes, 

having a satisfactory yield and good performance as  

a principal feature.  

Recently, biosynthesis or green synthesis emerges as 

an alternative process for NPs preparation. The benefit of 

plant extracts is providing a biological synthesis route of 

several NPs. Such synthesis route is more environmentally 

friendly, cost-effective, biocompatible, safe, and gives  

a regulated synthesis with defined size and morphology of 

NPs. There is no obligation to add different chemical 

stabilizers, since the extract is combined with the salt 

solution as the precursor and the plant extract acts as a 

reducing and stabilizing agent for the synthesis of NPs [28]. 

In this study, an eco-friendly and rapid method for 

synthesis of TiO2 NPs was described. At the best of our 

knowledge, this is the first time that a study attempts to 

exploit the Aloe vera leaves extract as reducing agent in 

the green synthesis of TiO2 NPs. The aim of this work is 

to improve the performance of CA membranes by adding 

two sizes of TiO2 NPs in the polymeric dope solution. 

Therefore, the effects of TiO2 NPs on the structure of the 

CA composite membrane were evaluated. Membrane 

performance was evaluated in terms of water permeability. 

Also, CA composite and CA control membranes have been 

fully featured based on morphology (scanning electron 

microscopy, SEM), contact angle, porosity, Fourier 

transform-infrared (FT-IR) spectroscopy and equilibrium 

water content. Then, the separation performance of 

resulting membranes was investigated by soluble dye 

removal (Red Brilliant F3B (RR 180)). In addition, various 

operating conditions such as transmembrane pressure, pH 

solution, concentrations of dye and amounts of added NaCl 

were tested. 

 

EXPERIMENTAL SECTION 

Materials 

A model azo dye, Remazol Brilliant Red F3B 

(Reactive Red 180, RR 180), obtained from Dystar,  

was used without further purification. Further, CA 

(approximately 39.8% acetyl content) was procured from 

Sigma-Aldrich (CAS 9004-35-7). It was with an average 

molecular weight of 30,000 g/mol and used as the polymer 

forming membrane. Further, dimethylformamide (DMF) 

(CAS 68-12-2) and polyethylene glycol (PEG 1000)  

(CAS 25322-68-3) were supplied from Dae-Jung chemicals.  

 The pH of the solution was kept at intended pH values 

(pH = 2-10) by the addition of HCl (0.1 M) and NaOH 

solution (0.1 M). The water used for all prepared solutions 

is distilled water, and all experiments were conducted at 

room temperature. 

 

Synthesis of titanium oxide (TiO2) nanoparticles (NPs) 

Aloe vera plant leaves were collected from Kasserine 

(Tunisia) on the beginning of spring. Herbarium code 

number: TN-65118. The leaves of A. vera were separated 

from plant and thoroughly washed and cut into small 

pieces. Then, 25 g of the leaves were put into 100 mL of 

distilled water and boiled for 2 h at 90°C. After that, the 

mixture was filtered through Whatman No.1 filter paper 

and stored at 4°C for the synthesis of NPs. 

TiO2 NPs were prepared using TiCl4 as a precursor. 

Briefly, 100 mL of leaves extract were added dropwise  

to a 100 mL 1.0 N TiCL4 solution in deionized water.  

The leaf extract present in solution mixture act as  

a capping/stabilizing agent to prevent agglomeration and 

achieve the desired shape and size of the TiO2 NPs. The 

mixture was kept under constant stirring for 4 h at room 

temperature and neutral pH. The obtained white suspension 

was filtered using Whatman No.1 filter paper to separate 

the formed NPs, which were then washed with double 

distilled water repeatedly to remove the by-products.  

Upon subsequent heating at 100°C, the formation of 

TiO2 took place due to the condensation process. The obtained 

dry powder was further calcined at 500°C for the duration 

of the calcination of 1 h (Ø2) and 5 h (Ø1) to decompose 

all biomolecules; at a such high temperature, there were 

only the stable metal oxide NPs that are retained [29].  
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The mechanism behind the formation of TiO2 NPs was 

hydrolysis of Titanium-isopropoxide [30]. 

 

Analysis of titanium oxide (TiO2) nanoparticles (NPs) 

The TiO2 NPs powders were characterized by various 

techniques to specify their structural and textural 

properties. The crystalline phase was analyzed by X-ray 

diffraction (XRD). XRD data were collected on an X’Pert 

Pro Panalytical diffractometer with CuKα radiation  

(λ = 0,15406 nm) and graphite monochromatic. The XRD 

measurements were performed using a phase scanning 

method (range from 10 to 85), the scanning rate was  

0.02 s−1 and the step time was 1s. The infrared (IR) 

spectrum has been registered by a Perkin-Elmer  

(FT-IR 2000) spectrometer using KBr pellets in the region 

of 4000-400 cm−1. Morphology was tested using Scanning 

Electron Microscopy (SEM) (Philips XL30 SFEG). 

 

Membrane preparation method 

All the membranes were obtained by a phase inversion 

process as follows: 0.05 g TiO2 for each diameter (Ø1 (5 

h) and Ø2 (1 h)) were added to dimethylformamide (DMF) 

solution under rapid stirring. The mixture solution was 

submitted to ultrasonication and stirred for 3 hours. Then 

4 g of cellulose acetate (CA) was added to each mixture 

under stirring, and the mixture was again stirred for 72 

hours at 70°C. Approximately 1 g of the pore-forming 

reagent (i.e., PEG-1000) was added to each mixing 

solution and agitation was maintained for 12 h at 70°C to 

obtain the casting suspension. The casting suspension was 

held static for 24 h at 70°C to remove the gas bubbles prior 

to use. The casting suspension was casted with a casting 

knife onto a glass plate at 25±1°C. The nascent membrane 

was evaporated at 25±1°C for 15 s in air and then 

immersed in a deionized-water precipitation bath 

maintained at 15±1°C. For all prepared membranes, after 

complete precipitation, the membrane was transferred to a 

drip-washing water bath for 3 days at room temperature to 

remove the remaining solvents from the membrane 

structures. The prepared membranes were then tested [31]. 

 
Membrane characterization 

To determine the features of prepared membranes, 

several characterization techniques were used. The 

functional groups on the surface of the membrane were 

identified using FT-IR spectroscopy device with IR 

(Model: Perkin Elmer Spectrum RX I). The FT-IR spectra 

of the membranes were recorded in transmittance mode 

over a wave number range of 4000 to 500 cm-1 at 25°C.  

The images of the membranes were taken with a 

scanning electron microscope JEOL (Japan Electro Optic 

Laboratory, model JSM 5400A, Peabody, Massachusetts, 

USA). The membranes were freeze-fractured in liquid 

nitrogen to give a generally consistent and clean break and 

were then sputter coated with a thin film of gold. The 

images were made at 15 kV with a magnification value (or 

factor) ranging between 200 and 2,000. 

The contact angle is measured as a guide to the 

hydrophobicity of the membrane. It is determined using  

a Theta optical blood pressure monitor (Attension) with  

an automated liquid pumping system. The membrane 

sample is contacted with a droplet of distilled water  

of approximately 5 μL through a microliter syringe at room 

temperature. A light source is placed behind the sample 

and the contact angle has been calculated using computer 

software. 

The water content of the membranes was obtained after 

soaking membranes in water for 12 hours; the membranes 

were weighed followed by blotting with blotting paper. 

The wet membranes were placed in vacuum drier at 60°C 

for 2 hours from the dry mass of the membranes.  

The percentage water content was calculated using Eq. (1): 

Water content(%) =
Ww − Wd

Ww

× 100                          (1) 

where: Ww is the weight of the wet membrane and Wd 

is the weight of the dry membrane. 

The membrane porosity ε (%), defined as the ratio 

between volume of voids present in the membrane and the 

overall membrane volume, was measured by gravimetric 

method as it is reported in the literature [32]. The method 

consists in weighting the membrane in dry and wet 

(kerosene for 24 h) conditions. The porosity was calculated 

according to Eq. (2): 

ε(%) =

(Ww − Wd)
ρi

(Ww − Wd)
ρi

+
Wd

ρp

× 100                                    (2) 

Where: ε is the membrane porosity (%); Ww is the 

weight of the wet membrane; Wd is the weight of the dry 

membrane; ρi is the kerosene density (i.e., 0.82 g/cm3) and 

ρp is the CA density (i.e., 1.28 g/cm3). For each membrane,  
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three measurements were performed, then the average 

value and standard deviation were calculated. 

The point of zero charge (pHPZC) can be used  

to characterize a membrane since it indicates the pH  

at which the membrane has a zero-surface charge.  

The determination of pHPZC was performed following  

the solid addition method [33]. The value of pHPZC  

can be determined from the curve that cuts the initial  

pH (pHi) line of the plot pHf - pHi vs. pHi (pHf is the final 

value of pH). 

The main aim of the developed membrane is the dye 

retention. Given that, the relative charge affinity from dye 

molecules to membrane surface will play an important role 

in explaining the rejections obtained, so characterizing the 

membrane charge will be convenient. 

 

Filtration application  

Filtration test  

The performance of the prepared membranes was 

analyzed through a cross-flow system. A schematic 

diagram of the UF system is shown in Fig. 1. The water 

permeability, Lp (L/h m2 bar), of the membrane was 

determined by measuring the permeate flux of distilled 

water, Jw (L/h m2), as a function of transmembrane 

pressure, ΔP (bar), which was varied from 2 to 5 bar. Flux 

Jw and permeability Lp were calculated employing Eq. (3) 

and Eq. (4), respectively: 

Jw =
Q

A × ∆t
                                                                         (3) 

Lp =
Jw

∆P
                                                                                  (4) 

where: Q is the quantity of permeate (L); A is the 

effective membrane area (m2); and ∆t is the operations 

time (h). 

The rejection experiments for RR 180 were conducted 

at a transmembrane pressure varying from 2 to 5 bar. The 

effect of feed pH on dye rejection was studied in the range 

from pH 2 to pH 10 at a feed concentration of 50 ppm. The 

effect of ionic strength was determined through varying it 

from 0.2 to 1 g L-1. Also, the effect of dye concentration 

was investigated from 25 to 75 ppm at their respective 

natural pH. The rejection R (%) of dye was calculated 

using Eq. (5): 

R(%) =
1 − Cp

Cf

× 100                                                         (5) 

where: Cp and Cf are the concentrations of permeate 

and feed solutions, respectively. 

 

Analytical methods 

The permeate concentration was measured by 

ultraviolet (UV)-visible spectrophotometer (Lamba 2, 

Perkin Elmer) using quartz cells. All measurements were 

made at the wavelength corresponding to the maximum of 

absorbance (λmax) for dyer 180 that was 540 nm. 

 
RESULTS AND DISCUSSIONS 

TiO2 nanoparticles (NPs) characterization  

It was discovered that the TiO2 precursor solution is clear 

even after the addition of titanium isopropoxide to the water 

solution, indicating that the metal alkoxide has completely 

dissolved in the solvent. This transparent solution quickly 

turns into a slurry with a pale green color with the addition of 

A. vera plant extract, due to the fast reaction of the precursor 

solution via hydrolysis and condensation produced by the 

presence of water molecules in A. vera plant extract.  

The color shift demonstrates the encapsulating of TiO2 

particles by a little number of solid biomolecules found in A. 

vera plant extract, and the pale green color grows richer  

as the concentration of TiO2 increases. 

The structural properties of TiO2 NPs have been shown 

by XRD. The TiO2 (1 h) and TiO2 (5 h) XRD spectra are 

depicted in Fig. 2. The observed XRD peaks are in good 

agreement with the standard JCPDS file (84-1285), which 

confirmed an anatase structure at all peaks. The favored 

growth was located along the crystal plane (101). No 

excess peaks have been observed suggesting that 

nanocrystals TiO2 were established at 500°C. The average 

particle size D of the samples as prepared was determined 

using the Debyee - Scherrer formula as shown by Eq. (6) [34]: 

D =
k ×  λ

β ×  cos θ
                                                                      (6) 

where: D is the crystallite size (nm); λ is the 

wavelength (1.5406 Å) of the CuKα radiation used; θ is the 

Bragg angle and β is the full-width at half-maximum that 

corresponds to the most popular peak (101), both of them 

are expressed in radians.  

The average crystallite size of the TiO2 NPs is 

considerably decreased from 83 ± 15 nm to 23 ± 1.6 nm, 

respectively, with the calcination duration that was 

increasing from 1 to 5 h. The decrease in particle size with 
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Fig. 1. Schematic of the experimental setup. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2: X-ray diffraction (XRD) of TiO2 nanoparticles (NPs). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3: Fourier transform-infrared spectroscopy (FT-IR) 

spectra of pure TiO2 NPs Ø1 (5h) and Ø2 (1h) samples. 

a duration of 5 h can be attributed to higher precipitation 

intensity. The small size of NPs has an advantageous effect 

on their quantity, surface area, stiffening efficiency, and 

specific surface area [35]. 

The IR absorption spectrum of the material is shown in 

Fig. 3. The analysis of the spectrum shows a broad 

absorption peak in the range of 800 and 450 cm-1, which is 

attributed to the Ti-O vibration mode [34]. 

The surface morphology of the TiO2 NPs was 

examined using SEM. The SEM graph is shown in Fig. 4 

(A and B) for TiO2 NPs. The SEM images revealed the 

presence of agglomerates of NPs and showed that the 

morphology is replete with spheres. Spherical particles 

showed better disintegration behavior and higher NP 

release in comparison to cylindrical particles upon contact 

with water [36]. A representative manually (ImajeJ 

software) constructed histogram of particle size distribution 

of TiO2 is shown in Fig. 4 (C and D). The particle size of 

TiO2 NPs at 500°C for 1 h and 5 h were found to be 85 and 

25 nm, respectively. The crystallite size obtained using 

Debye Scherrer formula is smaller than the particle size 

obtained by SEM. This is due to fact that the Debye Scherrer 

formula does not take into account the effect of lattice strain 

and instrumental factors on peak broadening. 

 

Membrane characterization  

Fourier Transform-InfRared (FT-IR) spectroscopy analysis 

To confirm the effect of TiO2 NPs on the vibrational 

properties of membranes, IR spectroscopy was used since 
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Fig. 4:Scanning electron microscope (SEM) image of TiO2 nanoparticles (NPs) (A for NPs at Ø1, 23 nm and B for NPs at Ø2,  

83 nm) × 20000 magnification and histogram of particle size distribution curve of TiO2 NPs (C for NPs at Ø1, 23 nm and D  

for NPs at Ø2, 83 nm). 

 

it is a very powerful characterization tool for identifying 

molecular groups and obtaining a wealth of microscopic 

information on their conformation and possible interactions. 

Fig. 5 shows the IR spectra of the membranes, with different 

TiO2 compositions (M0, M1 and M2) recorded under the 

same conditions. TiO2 was added as a modifier oxide. 

DMF and PEG 1000 are used as additives in the matrix 

(i.e., CA). The addition of TiO2 is intended to improve the 

thermal properties, hardness, density of the membranes. 

Based on the literature and the observation of the 

spectra of our samples, we noticed the appearance of a high 

intensity wide band located in the wave number range 

2900-3500 cm-1. Such band could correspond to the 

stretching vibration of the hydroxyl groups [37]. The high 

intensity shoulder between 2971 and 2872 cm-1 corresponds 

to the asymmetric and symmetric C-H stretching. We also 

observed a band that appears at 1744 cm-1 corresponding 

to the vibration of the bonds (C=O) [38]. On the other 

hand, we noticed the appearance of a vibration located at 

1638 cm-1 and, which can be related to the distortion of the 

bond (O-H) due to water molecules. The low intensity 

bands that appear at 1218 cm-1 are strongly related to the 

vibrations of carboxylate (C-O) groups [38]. 

In addition, the appearance of a band of medium 

intensity centered around 905 cm-1 is related to the 

stretching vibrations Ti-O and the network O-Ti-O [39]. 

The Ti-O bond was of the TiO4 (located at 740 cm-1) and 

TiO6 (located at 650 cm-1) groups [40]. Raghavaiah et al. [41] 

are well resolved where it can be noted that the width of 

these two bands increased after the addition of TiO2 NPs. 

We also noticed that the intensity of these bands (i.e., 740 

cm-1 and 650 cm-1) relative to M1 and M2 is remarkable, 

when compared with the M0 membrane. Further, after the 

addition of TiO2 NPs, this band is shifted by 20 cm-1 to the 

highest frequencies. The addition of TiO2 also conducts to 

the appearance of an 873 cm-1 shoulder due to vibrations 

of Ti-O-Ti bonds in TiO4 entities, as it is reported in 

literature [42].  
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Fig. 5: Infrared (IR) spectrum of the bare and the 

nanocomposite membranes without TiO2 nanoparticles (NPs) 

(M0), cellulose acetate (CA) membrane with TiO2 NPs 23 nm 

(M1), CA membrane with TiO2 NPs 83 nm (M2). 

 

Scanning electron microscopy (SEM) analysis 

SEM examination was used to assess the effectiveness 

of different TiO2 NPs contents on the CA membrane. The 

morphology of CA membranes was investigated using 

SEM, and the resulting pictures of cross-section and top 

surface are shown in Fig. 6. CA membranes showed an 

asymmetrical morphology consisting of a dense layer 

supported on a porous sub-structure characterized by the 

presence of macro-voids, whereas both of the surfaces 

appeared uniform, smooth and dense. It is identified that 

the up-layers of the membranes restrict the flux and 

determine the rejection [43]. As seen in Fig. 6, by adding 

TiO2 NPs (Ø1), the number of pores in the matrix 

membranes increases more than in the addition of TiO2 

NPs (Ø2). Also, in the sub-layer, the macro-void volume 

of all the modified membranes seems to be larger than the 

unfilled CA.  

The aggregation of TiO2 NPs is responsible for this 

discovery. Aggregation of NPs diminishes the effective 

surface of NPs, resulting in a decrease in the hydroxyl 

groups on the surface of modified membranes. These 

findings are consistent with prior researches [43,44]. 

Furthermore, several fractures can be seen on the surface 

of SEM pictures of TiO2 NPs (Ø2) membrane. These 

cracks were most likely caused by the SEM imaging 

procedure, which revealed that the produced membrane 

was brittle due to the addition of TiO2 NPs (Ø2) NPs. The 

comparison of the surface SEM images for TiO2 NPs of 

different sizes showed that the dispersibility of Ø1 NPs 

was the best and therefore led to the highest hydrophilicity 

for Ø1 embedded membranes [44].  

 

Water contact angle measurement 

Surface hydrophilicity is one of the important 

properties of membranes that can affect the flow and 

antifouling capacity of a membrane. As shown in Fig. 7, 

the contact angle of the incorporated membranes gradually 

decreases with the addition of TiO2 NPs. The low angle of 

contact with water means high hydrophilicity, indicating 

that the addition of TiO2 can improve the hydrophilicity of 

the membranes. However, the change in hydrophilicity 

may be related to the type of TiO2. The CA membrane had 

the highest water contact angle of 92.64 ± 1.5°. By adding 

0.05 g by weight of TiO2, the contact angle was reduced to 

49.7 ± 0.7° and 86.7 ± 0.2° for TiO2 NPs membranes (Ø1 

and Ø2), respectively. The differences can be explained by 

considering the aggregation of TiO2 NPs and their surface 

adsorbed -OH groups. In the M1 membrane, TiO2 NPs 

have the lowest aggregation and largest adsorption -OH or 

adsorbed hydrophilicity. These parameters, low aggregation 

and high hydrophilicity, lead to a higher flow [44].  

 

Water content and porosity study 

The water content is related to the hydrophilic property 

of the membrane [45]. As shown in Fig. 8, the water 

content and porosity slightly increase by adding TiO2 NPs. 

The separation of polymer chains due to the presence of 

TiO2 NPs creates spaces in the polymer matrix that leads 

to an increase in water content. The porosity is little raised 

with the contribution of NPs in the membrane. It is well-

known that high porosity promotes water flow. Increased 

exchange rates between water and solvent, as a general 

rule, can result in more porous membranes, and vice versa [43].  

 

Water permeability  

The CA and CA-composite membranes’ performance 

was evaluated in terms of water permeability retention. 

Results of distilled water flux vs. pressure are displayed in 

Fig. 9, where a clear linear dependency of the flux with 

pressure is found, in accordance with Darcy's law.  

From the slope of such plot, the values of water 

permeability of the tested membranes could be determined: 

LP
0 (M0) = 9.4596 L/h.m2.bar; LP

0 ( (M1) = 21.501 L/h.m2.bar; 

and LP
0 ( (M2) = 7.1961 L/h.m2.bar. These permeabilities 

represent the initial state of the membranes and will be 
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Fig. 6: Scanning electron microscopy (SEM) images of the bare and the nanocomposite membranes (Magnification of  

1000 KX for cross section and 10000 KX and 5000 KX for top and bottom side, respectively). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Water contact angle of the bare and the nanocomposite membranes without TiO2 nanoparticles (NPs) (A),  

cellulose acetate (CA) membrane with TiO2 NPs 23 nm (B), CA membrane with TiO2 NPs 83 nm (C). 
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Fig. 8: Water content and porosity measurements of the bare 

and the nanocomposite membranes without TiO2 nanoparticles 

(NPs) (M0), cellulose acetate (CA) membrane with TiO2 NPs 23 

nm (M1), CA membrane with TiO2 NPs 83 nm (M2). Data are 

means (± SE) of three replicates. Different letters represent 

significant differences between the treatment means. 

Differences were considered significant at p < 0.05 level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: Variation of pure water flux as a function of 

transmembrane pressure of cellulose acetate (CA) membrane 

without TiO2 nanoparticles (NPs) (M0), CA membrane with TiO2 

NPs 23 nm (M1), CA membrane with TiO2 NPs 83 nm (M2). 

 

chosen as references. As expected, the flux increases 

linearly with the pressure, and the CA-composite 

membrane with TiO2 NPs Ø1(M1) exhibited a higher flow 

than the pure membrane (M0). This phenomenon is due to 

the enhanced hydrophilicity and porosity of the membrane. 

These results reflect the SEM images and characterization 

analyzes findings. The CA composite membrane, which 

presented a higher permeability value, is strongly related 

to its structure, having a thin selective layer and macro-

voids. However, the membrane prepared from TiO2 NPs 

Ø2 (M2) caused a decrease in the flow due to pore 

blockage caused by excess TiO2 aggregation and also, due 

to its thicker elective layer [44].  

 

Filtration of dyes 

Pressure effect 

The effect of transmembrane pressure on the RR 180 

(50 mg/L) retention and permeate flux was studied with 

ΔP ranging from 2 to 5 bars. According to Fig. 10A, it is 

observed that the retention of RR 180 dye in the absence 

and presence of TiO2 NPs remains independent of 

pressure. On the other hand, Fig. 10B shows that the 

permeate flux increases with pressure with the raising 

pressure. The data represent typical behavior for a driven 

pressure process. Increasing the pressure would force more 

water to pass through the membrane, which would lead to 

a higher permeate flux [46,47]. We also noted an important 

increase in permeate flux with the membrane CA/TiO2 

NPs (Ø1) (M1) and lower increase with the membrane 

CA/TiO2 NPs (Ø2) (M2) compared to the reference 

membrane flux (M0). This is the result of partial clogging 

of the membrane pores by TiO2 molecules of nominal 

diameter 83 nm [44].  

 

Ionic strength effect 

The presence of various compounds such as salts, acids 

and alkalis in textile dye effluent generally affects the 

efficiency of treatment processes such as adsorption or 

biological treatment. To study the effect of salinity on the 

efficiency of UF process, retention rate of RR 180 and 

permeate flux were monitored in presence of various 

concentrations of NaCl that was chosen as salt model. The 

concentration of NaCl was varied from 0.2 to 1 g/L, the 

concentration of dye fixed at 50 mg L-1, while the pressure 

was fixed at 3 bars. We observed in Fig. 11A that the 

retention rates of anionic dye RR 180 decreased with 

increasing NaCl concentration. It seems that the presence 

of a high concentration of NaCl induces a reduction in the 

electrostatic interaction between membrane surface 

containing several charged groups and the dye molecules. 

In other words, chloride ions compete with anionic dye  

in the complexation process between dye and CA [48,49]. 

It can be seen that the permeate flux is not dependent on 

NaCl concentration (Fig. 11B). 
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Fig. 10: (A) Transmembrane pressure effect on RR 180 dye 

retention and (B) permeate flux at C = 50 ppm of cellulose 

acetate (CA) membrane without TiO2 nanoparticles (NPs) 

(M0), CA membrane with TiO2 NPs 23 nm (M1), CA membrane 

with TiO2 NPs 83 nm (M2). Data are means (± SE) of three 

replicates. Different letters represent significant differences 

between the treatment means. Differences were considered 

significant at p < 0.05 level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11: (A) Salts effect on RR 180 dye retention and (B) 

permeate flux at ΔP = 3 bar and C = 50 ppm of cellulose acetate 

(CA) membrane without TiO2 nanoparticles (NPs) (M0), CA 

membrane with TiO2 NPs 23 nm (M1), CA membrane with TiO2 

NPs 83 nm (M2). Data are means (± SE) of three replicates. 

Different letters represent significant differences between the 

treatment means. Differences were considered significant at p 

< 0.05 level. 

 

pH effect 

The degree of ionization of the dye depends on the 

solution pH. This may affect the stability of the complex 

formed and thus the retention rate of the dye. In this study, 

the pH was varied from 2 to 10 by adding HCl or NaOH 

when the concentrations of dye were 50 mg L-1 and the 

transmembrane pressure was maintained at 3 bars. From 

Fig. 12 A, it is clearly observed that the RR 180 rejection 

values were in order of 96% for pH maintained between 2 

and 4. Thereafter, from pH = 6, RR 180 removal decreases. 

At pH = 10, for example, the retention rate of RR 180 

is 67, 68 and 88% for M0, M1 and M2, respectively. This 

is why, it should be taken into account the electrostatic 

interactions between membrane surface containing several 

charged groups and the dye molecules, which are also 

charged. 

The membrane surface is expected to have a positive 

charge at pH < pHPZC. However, at pH > pHPZC, the surface 

should be negatively charged. The pHPZC value for the CA 

membrane was found to be 5.3. At extreme values of pH, 

the change of pH after addition to the membrane is almost 

nil;however, there is a noticeable shift in sign in the pH 

increase in the intermediate range of pH, demonstrating 

that the overall charge of the membrane surface changes 

from negative to positive. The pHPZC value for TiO2 NPs 

membrane was then determined to be 5.7, which is  
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Fig. 12: (A) pH effect on RR 180 retention and (B) permeate 

flux at ΔP = 3 bar and C = 50 ppm of cellulose acetate (CA) 

membrane without TiO2 nanoparticles (NPs) (M0), CA 

membrane with TiO2 NPs 23 nm (M1), CA membrane with TiO2 

NPs 83 nm (M2). Data are means (± SE) of three replicates. 

Different letters represent significant differences between the 

treatment means. Differences were considered significant at p 

< 0.05 level. 

 

consistent with the value discovered by Bouazizi et al. [33]. 

At low pH values, the membrane presents a net positive 

charge while the dye molecules are negatively charged. 

This results in a strong attraction of dyes for the membrane 

surface where many of these dye molecules occupy 

possible adsorption sites. While the rest of the molecules 

pass freely through the pores, then leading to a low dye 

rejection. As pH increases, the membrane charge changes 

to negative and therefore the electrostatic interaction 

between membrane and solute molecules become 

repulsive, resulting in a clearly higher rejection of solutes. 

The same result was observed by Akbari et al. [50] and 

Seffaj et al. [51]. In the same context, there are studies on 

the effect of zinc oxide (ZnO) and TiO2 NPs on supported 

lipid bilayers. Such studies demonstrated that through the 

variation in zeta potential (ZP) of ZnO with a pH of 7-8.5, 

the dispersions were found stable and positively charged 

(pH 7.4 and ZP ~ +3 mV). Low ZPs tend to coagulate the 

ZnO suspension [52]. In variations of TiO2 ZP with a pH 

of 5 to 9, the dispersions are stable and the surface is 

positive (with a pH of 7.4, ZP = 33 mV). In this case, a 

high ZP will confer stability to TiO2, i.e., the suspension 

resists to aggregation [53]. The effect of pH on permeate 

is also described. According to Fig. 12B, it is observed that 

the variation of the flux permeate of M1 is higher than that 

of M2. This difference can be linked to the pores of the M2 

membrane that are partially blocked by TiO2 molecules of 

nominal diameter 83 nm. 

 

Dye concentration effect 

The influence of dye concentration on rejection and 

flux was studied by filtering the anionic dye at a constant 

pressure of 3 bar. The obtained results are shown in Fig. 

13. The retention rate remains significantly unchanged for 

M0, while a significant decrease is noticed (45 and 79%) 

for M1 and M2, respectively. These findings indicate that 

Ti4+ ions compete with the dye molecules in the process of 

dye-CA complexation. Also, such results confirm that the 

NP-membrane interaction depends on the NP charge and 

ZP. Cationic NPs can penetrate through the membrane 

[53]. There is also an increase in the permeate flow with 

the TiO2-membrane (M1) and one for reduction of the 

TiO2-membrane (M2) compared to the reference 

membrane flow (M0). This is due to the narrowing of the 

pore diameters of the mixed membrane by TiO2 of nominal 

diameter 83 nm. Therefore, we can suppose that there are 

more effects leading to an increase of retention and 

decrease of flux. A possible explanation could be the 

presence of some dye molecules aggregation, being this 

aggregation more effective as the concentration of 

molecules increases [33,54]. Therefore, this initial 

rejection possibly could enhance the formation of a 

secondary polarization layer in the form of a gel, which 

plays an additional role of resistance to the permeation of 

dye molecules [55].  

 

CONCLUSIONS  

Cellulose Acetate (CA) membranes were created 

utilizing two different sizes of green synthetized TiO2 NPs.  
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Fig. 13. (A) Rejection and (B) flux of the dye RR 180 as 

function of the concentration at ΔP = 3 bar of cellulose acetate 

(CA) membrane without TiO2 nanoparticles (NPs) (M0), CA 

membrane with TiO2 NPs 23 nm (M1), CA membrane with TiO2 

NPs 83 nm (M2). Data are means (± SE) of three replicates. 

Different letters represent significant differences between  

the treatment means. Differences were considered significant 

at p < 0.05 level. 

 

The TiO2 (Ø1) nanoparticles (NPs) had low tendency to the 

aggregation and did not block the membrane pores that led 

to the higher pure water flux. The surface SEM images of 

the membranes showed that TiO2 NPs were aggregated by 

TiO2 (Ø2) mixed membranes, which caused membrane’s 

pores clogging and reduced the pure water flux. The cross-

section SEM images indicated that the size of macro-voids 

was reduced and the width of the membrane pores was 

slightly increased by the addition of TiO2 (Ø1). The dye 

retention could be, however, affected by the competitive 

effect of another chemical species present in solution such 

as NaCl salt. In the complexation process, chloride ions 

compete with anionic dye. Because of the contact force 

between the membrane surface and the negatively charged 

anion of the RR 180, the retention rate was reduced at 

alkaline pH. An increase in permeate flow with membrane-

TiO2 (Ø1) compared to membrane-TiO2 (Ø2) is explained 

by a partial blocking of the membrane's pores. TiO2 bio 

nanoparticle improves the performance of ultrafiltration 

and must be confronted with a real textile rejection to 

evaluate its efficacy. 
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