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Abstract 

In this work, we introduce a new method for preparing an enhanced anion exchange membrane (AEM) based on biopolymer 

(cellulose) for water treatment. The preparation and fabrication of AEM were performed by chlorinating cellulose powder to 

prepare chlorodeoxycellulose (CDC) and then quaternizing CDC with dimethyl amine to prepare quaternized dimethylamine 

cellulose (QDC). The quaternized polymeric material was used to fabricate the exchange membrane. Membrane porosity was 

controlled by incorporating polyethylene glycol as a pore former with different ratios using the phase inversion technique. The 

performance of the fabricated AEM was fully investigated by studying the relationship between the pore former content and 

the pore characteristics, including porosity, water uptake, swelling ratio, and ion exchange capacity. The microstructure and 

morphology of the membrane were also examined and discussed. 
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1. Introduction  

Clean fresh drinking water is an essential element of 

human life. Despite the fact that water is an abundant 

natural resource, 97% of the Earth's water is 

seawater; it cannot be used directly for drinking 

without additional treatment [1]. Furthermore, 

although the remaining 3% is freshwater, only 1% of 

it is available for direct use. The accessibility of 

freshwater is a key challenge for economic 

development in many countries. Water desalination 

technologies can provide a viable solution to meet the 

demand for freshwater supply [2]. The shortage of 

clean freshwater derived several research attentions 

towards desalination methods using different 

membrane technologies such as nanofiltration and 

reverse osmosis that have recently become the most 

common methods for water desalination [3].  

Ion exchange membranes (IEM) have undergone 

extensive research activities in the last century [4]. 

The membrane separation procedure is one of the 

most promising technologies for water desalination. 

Membrane technology is an effective and economical 

means owing to its low energy consumption, easy 

set-up, and limited usage of chemicals. Furthermore, 

membrane technology does not create any hazardous 

by-products [5]. It is well known that an ion-

exchange membrane is a semi-permeable membrane 

that transports certain dissolved ions while blocking 

other ions or neutral molecules [6]. Therefore, ion-

exchange membranes are often used in water 

desalination and chemical recovery applications, 

moving ions from one solution to another [7]. El-

Gohary et al., used membrane bioreactor technology 

for wastewater reclamation, where they achieved 

efficient removals of suspended solids, organic 

contaminants parasites, and fecal coliform bacteria 

[8]. Abd Elnasser et al., produced a silver ion-

selective membrane based on a newly synthesized 

compound derived from the reaction of 2-acetyl 

thiophene with 2-aminophenol [9]. Abdel-Shafy et 

al., showed the efficiency of bio-membranes for 

water and wastewater treatment. They claimed that 
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cleaned water production could be achieved without 

any hazardous pollutants, and the treated wastewater 

can be reused safely for non-potable purposes such as 

irrigation or flushing [10].   

Recently, functionalization of some polymers has 

been performed to form quaternary ammonium 

moieties for manufacturing AFMs [11]. This 

functionalization has been performed by halogenation 

followed by quaternization of polymers such as 

polysulfone [12,13], PPO [14,15], poly(phenylene) 

[16], and poly(arylene ether ketone) [17]. Orlando et 

al., converted natural waste materials  into anion-

exchangers through functionalization. They produced 

weak-base anion-exchangers with tertiary amines as 

major functional exchange groups from WNM and 

mixtures of pure lignin and pure cellulose [18]. 

Careful selection of the polymeric materials to be 

used in membrane fabrication might be necessary 

such that the material can resist stresses applied to the 

membrane during service [19]. The ion-selective 

membrane has become an outstanding technology for 

several applications. Producing specific ion 

exchangers is widely used in water desalination and 

wastewater treatment plants. 

 

This work introduces the use of functionalized matrix 

membranes consisting of cellulose as a polymer and 

polyethylene glycol (PEG) as a pore former with 

different contents. The mixture is used to produce an 

enhanced anion exchange membrane (AEM).  

Cellulose was firstly functionalized, followed by 

membrane fabrication with the aid of PEG. The 

fabricated AFM was fully investigated, including 

studying its microstructure and morphology. In 

addition, the relationship between the pore former 

content and the pore characteristics, including; 

porosity, water uptake, swelling ratio, and ion 

exchange capacity, were investigated and discussed.  

 

2. Experimental Methods 

The goal of this work was to synthesize specific 

functional polymeric material to be suitable for the 

fabrication of anion exchange membranes. In this 

work, cellulose was firstly chlorinated with thionyl 

chloride to produce chlorodeoxycellulose (CDC). The 

chlorination process is favored by nucleophilic 

thionyl chloride attack on the hydroxyl group in the 

cellulose backbone, resulting in pendant chlorine 

atoms on the polymeric structure, as shown in Figure 

1[20].   

This substituted atom is much more reactive than the 

original hydroxyl group, and consequently, it was 

used for the quaternization step using dimethylamine 

to prepare quaternized dimethylamine cellulose 

(QDC) [21]. Finally, QDC was treated with 

potassium hydroxide to afford the polymeric material 

suitable for anion exchange membrane fabrication 

[22].  

 

 
 

Figure 1: Schematic diagram for the synthesis of QDC 

membrane [20]. 

 

 

Materials 

Microcrystalline cellulose as a powder (Sigma 

Aldrich), ~ 02  m, was dried before use. 

Polyethylene glycol (PEG, MWt, 600), 

dimethylamine, N,N’-dimethylformamide (DMF) and 

thionyl chloride (SOCl2) were purchased from Sigma 

Aldrich. HCl, NaOH, KOH, and acetone were all 

reagent grade and used without prior purification. 

 

Synthesis of chlorodeoxycellulose (CDC)  

10 g of cellulose powder was suspended in 200 ml 

N,N-dimethylformamide (DMF) in a round-bottomed 

flask equipped with a reflux condenser at 80oC for 1 

hour. Then, 35 ml of thionyl chloride was drop-

wisely added under vigorous stirring. Because the 

reaction is exothermic, the addition speed was 

carefully controlled so that the temperature was kept 

between 95 and 100°C. After the addition was 

completed, the stirring was continued for 2 hours at 

the same temperature. The resulting mixture was 

washed with acetone and deionized water and finally 

was dried in a vacuum at room temperature [23,24].  
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Synthesis of quaternized dimethylamine cellulose 

(QDC)  

10 g of CDC was reacted with 100 ml of 50% 

dimethylamine solution at 90 °C and stirred 

continuously for 3 hours to introduce amine 

functional groups. The final product was filtered and 

washed with 0.1 M HCl, and finally converted to 

hydroxide anion by washing with 0.1 M NaOH 

solution. The product was dried at 40 °C for 4 hours 

[25]. 

 

Preparation of Anion Exchange Membrane  
The prepared functionalized QDC was used to 

fabricate the anion exchange membrane. The 

fabrication process was performed via the phase 

separation technique using polyethylene glycol (PEG, 

MWt, 600) [26,27]. In this method, QDC was 

dissolved in acetone in an amount of 20 wt. %, then 

PEG was added to the cellulose solution as pore 

former at different content (2, 5, 10, 15, and 20wt.% 

by weight of the cellulose), keeping the total polymer 

at 20wt.%. The polymeric solution mixture was 

ultrasonically homogenized for 30 minutes, followed 

by casting on a glass plate using a casting knife with 

a thickness of 250 μm. The glass plate with the casted 

solution was immediately immersed in water for 

creating instantaneous phase inversion between 

solvent and water in the coagulation bath [28]. The 

membrane was then separated from the glass plate, 

rinsed with freshwater, and then dried at 60oC. In the 

last step of preparation, the QDC membrane was 

soaked in an aqueous solution of 1M KOH for 48 h to 

alkalize the {N+(CH3)3Cl-} groups into 

{N+(CH3)3OH-} groups. Then, the alkalized QDC 

membrane was washed with deionized water and 

soaked in deionized water with frequent water 

changes for at least 48 hours to remove the trapped 

KOH [29]. 

 

Membrane characterization 

Porosity, water uptake, swelling ratio, and ion-

exchange capacity  

QDC membranes with dimensions of (Length X 

Wide X Thickness = 50 mm X10 mm X 111μm 

thickness) were fabricated and immersed in deionized 

water at room temperature for 24 hours. QDC 

membranes were then taken out to remove the surface 

water by wiping with a clean tissue and weighed 

immediately. This was followed by drying the 

membranes under vacuum at 60oC until obtaining 

constant weight.  

 

The porosity characteristics of the QDC membranes 

were assessed according to their dry–wet weight 

procedure as reported in the literature [30,31,32]. The 

weight of the QDC membrane in the wet state was 

recorded after eliminating the excess water. These 

membranes were dried in an oven at about 80 °C for 

24 h, and the dry weight was recorded. The porosity 

of the membranes was assessed as follows: 

𝜀(%) =
𝑊2−𝑊1

𝐷𝐴𝐻 
 𝑋 100%…………………1 

Where ε is the membrane porosity, D is the water 

density (0.998 g/cm3), A is the area of the membrane 

in cm2, and H is the thickness of the membranes in 

cm. The weight and thickness of the samples before 

and after the treatments were recorded. The average 

water uptake (WU) of three samples was calculated 

using Equation (2) [33]. 

𝑊𝑈(𝑤𝑡. %) =
𝑊2−𝑊1

𝑊1
 𝑋 100%………………………..…….2 

where W1 and W2 are the dry and wet weights of the 

sample, respectively. The average value of the 

swelling ratio was calculated from three samples by 

evaluating the change in the film thickness using 

Equation (3). 

𝑆𝑅(%) =
 𝐻2−𝐻1

𝐻1
 𝑋 100%…………..…….3 

Where H1 and H2 are the thicknesses of the dry and 

wet membrane samples, respectively. 

 

The ion-exchange capacities (IECs) of QDC 

membranes were determined by the back-titration 

method [34,35]. In this method, three dried pieces of 

the measured membrane (about 100 mg) were 

accurately weighed and then immersed in 52 mL of 

0.05 M hydrochloric acid (HCl) solution for 48 

hours. Then, the HCl solution was back-titrated by a 

standardized KOH solution (0.05 M) using 

phenolphthalein as the indicator. The IEC values of 

the samples were calculated from the titration results 

using Equation (4). 

𝐼𝐸𝐶(𝑚𝑚𝑜𝑙/𝑔) =
𝑁1−𝑁2

𝑀𝑑𝑟𝑦
 𝑋 100%…..…….4 

where N1 and N2 are the amounts of HCl in mmol 

required before and after equilibrium, respectively. 

Mdry is the weight in (g) of the dried membrane 

sample. The average value of the IEC of three 

samples was calculated. 

 

Fourier Transform Infrared Spectroscopy 

The microstructural analysis of the prepared 

membranes has been performed using attenuated total 

reflection Fourier Transform Infrared spectroscopy 

(ATR-FTIR, Alpha Bruker Platinum, 1-211-6353), 

using a zinc selenide crystal with an incident angle of 

45 ± 15° and 560 scan time (24 s) at 4 cm−1 

resolution. The spectral range used for FTIR was 500 

– 4000 cm−1. 

 

Thermal Stability of QDC 

Thermal gravimetric analysis (TGA) was performed 

to analyze the thermal properties of QDC and the 

microcrystalline cellulose using a thermogravimetric 

analyzer (TGA 55, TA) at a heating rate of 10 °C/min 

over a temperature range from the ambient 

environment to 600 °C under a nitrogen atmosphere. 
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The degree of substitution (DS %) in QDC was 

calculated based on Figure 3 using Equation (5) [36] 

 

DS %={Weight loss at T2} - {Weight loss at T1}…5 

 

Mechanical properties of QDC membrane 

Tension tests of the QDC membrane were carried out 

using material testing system based on MTS 

Landmark 100/25, USA. The measurements were 

performed at a crosshead speed of 2 mm/min at 25 
oC. The specimens were rectangles with the size of 

20mm×8mm. Five specimens were tested. The 

thicknesses were about 50μm. 

  

X-ray Diffraction  

The X-ray diffraction patterns of cellulose and QDC 

were obtained using wide-angle X-ray diffraction 

(XRD) diffractometer within radiation =1.54Å, 

voltage of 40 kV and filament current of 40 mA. 

Scattered radiation was detected in the range of 2θ = 

5-70°, at a scan rate of 2°/min. 

 

Scanning Electron Microscopy 

The morphology of QDC membrane surfaces and 

their cross-sections were examined via high-

resolution scanning electron microscopy (SEM) 

(QUANTA FEG 250, ESEM, operated with an 

accelerating voltage of 200 V–30 kV and an 

operating voltage of 5–30 kV). The dried QDC 

membranes were previously coated with gold using 

S150A Sputter Coater-Edwards. 

 

3. Results and discussion 

 

Porosity, swelling, and water uptake 

The effect of changing PEG content (0.0, 2.0, 5.0, 

10.0, 15.0, 20.0 wt.% of the cellulose) on porosity, 

water uptake, and swelling of the QDC membranes 

was investigated. The results are presented in Figure 

2. It is well known that PEG is a hydrophilic water-

soluble polymer and, therefore, it aids in the 

formation of pores during the subsequent casting 

deposition step [37]. Consequently, PEG dissolves 

into the water phase during the coagulation process, 

leaving pores on the membrane matrix, which results 

in an increase in the membrane porosity and thus an 

increase in the surface area required for the 

adsorption process. 

It is obvious from these data that increasing the PEG 

content leads to a rise in the porosity of QDC 

membrane from 11.7% (for the pristine) to reach 

51.6% for QDC15. Consequently, both water uptake 

and swelling are significantly increased. This is 

attributed to the hydrophilic characteristics of the 

polar functional groups and their uniform desperation 

in QDC membranes [38]. The increase of PEG 

content resulted in increased porosity and, 

consequently, the enlargement of wet membrane 

hydrophilicity. Therefore, this causes instantaneous 

phase de-mixing between solvent (acetone) and non-

solvent (water) during membrane fabrication [39,40] 

which in turn increases the pores and voids within the 

membrane matrix. With a further increase in PEG 

content (20 wt.%), the porosity slightly decreased 

which may be due to the aggregation of such pore 

former during the de-mixing process. Therefore, up 

to 15 wt. % of PEG is considered the optimal pore 

former content for membrane fabrication.  

 

 
 

Figure 2: Effect of PEG wt.% on porosity, swelling, and 

water uptake. Error bars represent standard deviation 

of test observations.  

 

 

Ion-exchange capacities (IECs) 

The measure of ion-exchange capacity (IEC) allows 

for the determination of the concentration of 

available active sites in the QDC membrane on a 

weight basis. The IEC is an essential parameter of the 

ion exchange membrane and is related to the amount 

of exchangeable ionic within the membrane [41]. 

Generally, an increase in membrane IECs lead to 

better-performing membranes and also to greater 

membrane swelling in water [42]. The IEC change 

for the different membranes with different PEG 

content is presented in Table 1. The IEC of the QDC 

membrane increased from 0.8 to 2.4 mmol/g, and the 

pristine QDC exhibited an IEC of 0.8 mmol/g. 

 
Table 1. IECs for the QDC Membrane  

*  PEG content as wt.% of cellulose 

  

As expected, the water uptake and swelling increased 

with the increase in IEC. At high IEC values, water 

Membrane PEG%* 

Ion-exchange 

capacities 

(IECs)(mmol/g) 

QDC0 0.0 0.80 ± 0.1 

QDC2 2.0 1.10 ± 0.1 

QDC5 5.0 1.34 ± 0.1 

QDC10 10.0 1.94 ± 0.1 

QDC15 15.0 2.40 ± 0.1 

QDC20 20.0 2.28 ± 0.1 
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absorption was relatively high, which may indicate 

that the amount of quaternary ammonium groups in 

the QDC membrane directly increases the water 

content. The IEC value of QDC20 was slightly lower 

than QDC15, which could be attributed to using PEG 

above the optimal content (15 wt. %) leading to 

agglomeration during membrane preparation. 

However, there is no significant statistical difference 

between IEC values of QDC 15 and QDC20. Overall, 

QDC15 provides the highest IEC value (2.4 mmol/g), 

and consequently, 15 wt.% of PEG seems to be the 

optimum amount of the pore former.    

 

Thermal Stability of QDC  

The thermal behavior of QDC and cellulose was 

analyzed using TGA, and the results are presented in 

Figure 3. In this figure, cellulose possessed a 

primary weight loss of around 270 °C, which was 

ascribed to the unstable hydroxyl groups removed 

from the main chain. The high weight loss from 350 

°C can be attributed to the decomposition of the 

polymer main chain. For QDC, the first weight loss 

started at 215 °C, which was 55°C lower than the 

cellulose, suggesting that more unstable groups exist 

on the QDC, that is, quaternized dimethylamine 

groups. Note that both cellulose and QDC showed a 

slight weight loss below 100 °C because of the water 

evaporation.    
 

The degree of substitution in QDC was calculated 

from the TGA curves [43]. T1 represents the initial 

decomposition temperature of QDC, which is 

attributed to the decomposition of quaternary 

ammonium groups on the QDC surface. T2 represents 

the initial decomposition temperature of cellulose, 

which is attributed to the decomposition of unstable 

hydroxyl in cellulose; this temperature can be 

regarded as the end point of quaternary ammonium 

groups decomposition approximately. 

 
Figure 3: TGA curves of Cellulose and QDC 

 

Therefore, the quaternary ammonium group content 

was calculated by the weight loss of QDC between T1 

and T2. As a result, the degree of substitution in QDC 

was found to be 8.0 wt%. We note the uncertainty 

associated with determining the degree of 

substitution is attributed to the challenge in 

determining the temperature of quaternary 

ammonium groups decomposition with high accuracy 

[44].  

 

Mechanical properties of QDC membrane 

The tensile strength of the QDC membrane with a 

different weight content of the pore former PEG is 

presented in Figure 4. Adding the PEG to synthesize 

the membrane decreased the tensile strength from 2.3 

MPa for blank QDC membrane to reach 0.6 MPa for 

the membrane incorporating 20 wt.% PEG. The 

reduction in the tensile strength due to the increase in 

the membrane porosity is an anticipated result. The 

optimal QDC membrane with 15 wt.% content 

considered the optimal membrane showed a tensile 

strength of 1.2 MPa. This strength is sufficient to 

handle the membrane without damaging it.   

 

 
Figure 4: Tensile strength of QDC membrane. Error  

bars represent standard deviation of test observations. 

 

Microstructural Analysis   

 

X-ray Diffraction 

The effect of functionalization of cellulose was 

examined with XRD technique. It is well known that 

cellulose material includes crystalline phase and 

amorphous phase[45]. Therefore, the crystallinity of 

cellulose and QDC were compared using XRD to 

study the effect of quaternization on the crystallinity 

of cellulose. The X-ray diffraction patterns of 

cellulose and QDC were shown in Figure 5 and the 

crystallinity index (Ic) for each was calculated using 

Equation 6 [46]: 

Ic  =  
{I(002) − I(am)}

I(002)
 × 100…………………………6 

where I(002) is the counter reading at peak intensity of 

2θ angle close to 22° representing crystalline phase 

and I(am) is the counter reading at peak intensity of 2θ 

angle close to 18° representing amorphous phase .It 

was found that the crystallinity index was 70.4% for 

cellulose and it was 49.8% for QDC. This is an 
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evident that attaching of quaternized ammounium 

group on the cellulose surface during the 

quaternization process; decreases the crystallinity of 

cellulose. However, the still remained crystalline 

phase in QDC indicates that quaternized cellulose 

(QDC) was generated without the destruction of 

cellulosic units.  

 

Figure 5: XRD for Cellulose and QDC  

 

Scanning Electron Microscopy (SEM) 

SEM analysis has been performed to investigate the 

main features of QDC membrane incorporating the 

optimal PEG content.  

 

The QDC15 membrane surface morphology 

fabricated with the optimum content of the pore 

former (15 wt.% of PEG) was obtained at different 

magnifications, and the SEM results are shown in 

Figure 6. The surface of the membrane had small 

pores that were noted to be homogeneously 

distributed on the entire surface (Figure 6a). 

Moreover, the cross-section of the membrane 

appeared to be a multilayer with large pores (Figure 

6b). 

  

 
(a) Surface of QDC membrane 

  

 
(b) Cross-section of QDC membrane 

 

Figure 6: SEM analysis of (a) surface, & (b) cross-

section of QDC15 membrane 

 

This indicates a well‐dissolved process during 

membrane preparation and the effective sonication 

step used for distributing the PEG into the cellulose 

phase during the fabrication process. In addition, 

these also indicate the spontaneous de‐mixing during 

the immersion of the membrane solution in the 

coagulation bath (phase inversion technique) 

[47,48,49]. The large pores and macro-voids seem to 

enhance the interaction between the water phase and 

the ammonium groups on the QDC membrane and 

consequently enhanced the IEC value. 

 

Fourier Transform Infrared Spectroscopy (FTIR) 

The performed chemical modification for cellulose 

has been assured by comparing FTIR for cellulose, 

CDC QDC samples, as shown in Figure 7. In these 

FTIR spectra, cellulose shows a typical stretching 

peak for hydroxyl groups at 3200–3500 cm-1. 

Symmetric and asymmetric stretching peaks of CH, 

CH2, and CH3 appear at 2780–2980 cm-1. The OH 

bending vibrations of cellulose are located at 1630 

cm-1, and C-O stretching vibration is observed at 

1050 cm-1. Bending vibration peaks of CH2 and CH3 

appeared at 1390 cm−1 [50,51,52]. 
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Comparing the FTIR spectra of cellulose, CDC and 

QDC exhibit some changes. The chlorination of 

cellulose is confirmed by the presence of two new 

peaks at 665 and 853 cm-1 which are attributed to C-

Cl stretching frequency [53,54,55]. In addition, these 

peaks are significantly decreased in QDC, which 

indicates an effective quaternization reaction. The 

C=O stretching vibration (1712 cm−1) peak that 

appeared on the sample indicated that some parts of 

un-substituted hydroxyl groups on CDC and QDC 

samples oxidized further into ketone groups [56,57]. 

In CDC, the O-H stretching vibration is shifted from 

3340 cm−1 to 3420 cm−1 which is an indication of 

successful chlorination of cellulose. This shifting is 

due to the difference in the hydrogen bonding 

interaction of the hydroxyl groups in CDC and in 

cellulose [58,59]. The broad peak appearing over 

3150-3550 cm-1 which is attributed to O-H stretching 

vibration of the QDC membrane, indicates successful 

alkalization of {N+(CH3)3Cl-} groups into 

{N+(CH3)3OH-} groups [60,61]. The broad peak of 

QDC has a stronger signal than that of cellulose. 

 

Conclusion 

A simple process to fabricate anion exchange 

membrane using inexpensive biomaterials (cellulose) 

is presented. The simple process incorporates 

functionalization of the cellulose, quaternization of 

the functionalized cellulose, polymer blending, and 

membrane fabrication. The membrane porosity was 

controlled by controlling the PEG pore former 

content. It was found that a PEG content of 15% by 

weight of the cellulose can produce optimal 

membrane characteristics. The porosity, water 

update, and swelling of the fabricated membranes 

were characterized. The ion-exchange capacities of 

the membranes were also measured. Furthermore, 

microstructural investigations of the membranes 

using SEM and FTIR were conducted. The 

investigation shows that fabricated QDC membranes 

with good ion-exchange capacities could be 

successfully fabricated. 
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