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Abstract 

Enormous industrial waste is produced while manufacturing food supplements, beverages, desserts, medicaments, 

energy drinks, tonics, and bakery items containing varying quantities of foodstuffs such as organic acids, vitamins, 

and amino acids derived from feedstocks. This waste is discharged into water, or is discarded in open spaces where 

it accumulates, contributing to environmental burden and causing millions in revenue loss annually. These crucial 

food items must be recovered by separating them from waste to ameliorate the economy and quality of life regarding 

environmental cleanliness. Anion exchange membrane-based electrodialysis has emerged as one of the most 

effective techniques to address these unavoidable process gaps and flaws. Polyvinylidene fluoride-based ion 

exchange membranes were synthesized by introducing varying amounts of ion exchange resin, applying the solution 

blending technique with N-Methyl 2-pyrrolidone as its compatible organic solvent, and a single-step phase inversion 

was opted for pore formation in deionized water-ethanol solution. Subsequently, each membrane was modified with 

polyaniline coating to enhance its conductivity, ion exchange capacity, superhydrophilicity, and anion exchange 

capability. The effect of polyaniline coating and varying quantities of ion exchange resin incorporated while fabricating 

membranes in Polyvinylidene fluoride matrix was studied in terms of its separation efficiency of glycine via 

electrodialysis in feed and glycine product solutions as glycinate ions quantifying with acid-based titration which 

found to be enhanced from 10% to 43% and verified with HPLCMSMS. These membranes can be considered as a 

novel approach for developing an efficient, modern anion-exchange membrane system on an industrial scale for 

commercial applications. 
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1. Introduction: 

Membrane technologies such as membrane distillation, 

reverse osmosis, microfiltration, nanofiltration,  and 

ultrafiltration are extensively used in food, 

petrochemicals, pharmaceuticals, and many other 

industries [1-4]. One of the widely used membrane 

fabrication materials designated for ultrafiltration and 

microfiltration is polyvinylidene fluoride (PVDF), which is 

a mechanically and thermally stable thermoplastic 

polymer, maintaining marvelous resistance to ultraviolet 

radiation and corrosive chemicals with superior electro-
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active properties. Among all the fluoroplastics, it ranks 

in second position due to its utility in terms of production 

volume [3-7]. Electrodialysis is one of the unique 

techniques involving an ion exchange membrane (IEM) 

for concentrating, purifying, and separating ionic 

solutions [8-10]. The IEM is a charged membrane 

extensively used in electrolysis, electrodialysis, and 

diffusion dialysis. It functions as an ion-selective barrier 

and an excellent key to separation techniques [11]. 

Selectivity and conductivity are the two unique features 
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of an IEM, but it is impossible to attain their optimum 

values simultaneously [12]. The most recent economic 

developments forecast that membrane technology may 

be considered the latest technology regarding the 

purification and separation of materials at the micro-

level. Different techniques have been applied for 

synthesizing IEMs, including solution blending, grafting, 

plasma, electrochemical, and in-situ polymerization [13-

17]. A new era of membrane surfaced when IEMs were 

synthesized by blending cation and anion exchange 

resin with polymer in its compatible solvent by following 

the solution blending technique, and the surface of such 

membranes was modified by coating with some 

intrinsically conducting polymer (ICP) to widen its role 

and application areas [18]. The development and 

surface modification of IEMs was carried out by dip 

coating, in situ polymerization, atom transfer radical 

polymerization, electrochemical growth, spin coating, 

grafting, thermally induced grafting, and immobilization 

[16-22]. Spin coating is simple and produces a smooth, 

ultrathin polyaniline (PANI) film on the membrane 

surface. Polyaniline is a low cost, stable, easily available 

ICP, and with simple and easily tunable chemistry by 

treating it with some acid or a base, but its insolubility in 

most solvents restricts its extensive use as a modifying 

agent [23]. Membrane morphology and its performance 

depend on selecting a compatible solvent with the ion 

exchange resin and polymer [24]. Among many ICPs, 

PANI is one of the most extensively researched ICP with 

a lot of versatile applications in almost every industry 

like food, pharmaceutical, beverage, ink, dyes, solvent 

extraction, chemical and petrochemical industries in 

terms of separation requirements on account of the 

molecular size of the solution [9, 25-27]. PANI got 

immense attention for its use as a surface modifying 

agent of the IEM, whereas the incorporated IER 

functions as the performance additive in separation 

activities in addition to its mechanical support [28]. The 

PANI film's morphological and electronic characteristics 

depend upon the substrate surface's nature regarding 

its hydrophobicity or hydrophilicity [29]. Sapurina 

determined that when aniline oligomers are adsorbed on 

the rough surface of the substrate, they develop smooth 

and groove-free PANI film [30]. Superior conductivity 

and mechanical properties can be acquired 

simultaneously for a desired purpose by judicious 

choice of molecular weight of the base polymer and 

processing conditions [31]. The chemical and bio-

chemical industries opted for IEMs of different sizes and 

thicknesses fabricated using various polymeric 

materials that are intelligently intriguing and have 

performance additives for their separation needs, which 

are advanced separation tools. IEMs are being applied 

in pervaporation, electrodialysis, nanofiltration, 

ultrafiltration, and to separate gases [32-37]. Glycine is 

an amino acid that is a vital ingredient for the human 

body, existing in anionic, neutral, or cationic forms 

depending upon the pH of the liquid [38, 39]. The 

transport mechanism of glycine is based on interfacial 

chemical reactions due to the exchange of ions, like in 

Donnan dialysis, but the transfer rate of ions depends 

upon the nature of the anion exchange membrane  

(AEM) and the number of ionic species present in the 

feed solution [40, 41]. Electrodialysis has gained 

immense focus on production, separation, purification, 

and concentrating food acids like ascorbic acid, lactic 

acid, tartaric acid, and amino acids, from the feedstock, 

reaction broths, and wastewater due to their 

deterioration causing an unfriendly environment and 

promoting ill effects on the ecosystem [42, 43].  

The prime focus of this instant research work is to 

develop a PANI-modified AEM prepared by mixing 

mecolite PA101 in PVDF matrix through solution 

blending for the separation of glycine via electrodialysis 

which is an important ingredient of food supplements, 

beverages and has potential applications in 

pharmaceutical industries and its scarcity may lead to 

some ill effects on the economy in terms of its urgent 

import by incurring precious foreign exchange [3, 4, 44, 

45]. 

2. Experimental: 

2.1 Materials:  

Mecolite (PC003ID/PA101) is a cation and anion 

exchange resin consisting of Polystyrene-

divinylbenzene-trimethyl ammonium chloride (PS-DVB-

TAC) and sulfonated polystyrene divinylbenzene (SPS-

DVB), respectively, which were taken from a local 

market and applied after micronizing them up to 400 

mesh. A Lahore-based plastic company provided the 

polyvinylidene fluoride. The polyaniline, ferric chloride 

(FeCl3), phenolphthalein, hydrochloric acid, sodium 

hydroxide (NaOH), and analytical grade glycine were 

obtained from Merck and Sigma-Adrich, respectively. 

The PVDF, glycine, reagents, and various other 

chemicals were pure, moisture-free, and of analytical 

grade, and were applied without further purification or 
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pretreatment. The entire experimental work was carried 

out using deionized water. 

2.2. Synthesis of Polyvinylidene Fluoride (PVDF) 

Membrane: 

2.2.1. Fabrication of 15%PVDF-based ion exchange 

membranes (IEMs):  

Initially , S–DVB–TAC and SPS–DVB were soaked in 

water for 24 hours and pulverized in a rod mill. Each 

resin was micronized and used after sieving through a 

400 mesh. Later, PVDF was micronized using a pestle 

and mortar and allowed to pass through a 400-mesh. 

Prepared the 15%PVDF-based 100:0, 90:10, 80:20, 

70:30, 60:40, and 50:50 cation and anion exchange 

casting solution by mixing 0-0g, 0.19g, 0.5g, 

0.89g,1.41g, and 2.15g of cation and anion exchange 

resin in addition to 2.25g of PVDF in each solution 

separately, being a constant quantity, and made the 

volume of every concentration 15 mL by adding N-

methyl-2-pyrrolidone [46-49]. Warmed each solution at 

60°C to develop a homogeneous, clear, free-of-bubbles 

casting solution, and all the solutions were placed in an 

air-tight, moisture-free, non-corrosive glass container in 

a dark place for 48 hours so that each solution could be 

ready for casting into the membrane. The composition 

and synthesizing scheme of every solution is given in 

the Table.1

 

Table 1: Synthesis of 15%PVDF-based cation and anion exchange casting solution and water uptake of the 

synthesized membranes  

S.No NMP 
(mL) 

PVDF 
(g) 

Anion/Cation 
Exchange 
Resin  

Concentrations 
(PVDF: IER) 

Casting 
solution 

Water uptake 
Percentage after 

2h 8h 12h 

1 12.8 2.25 0.00g Blank Pure PVDF-
casting 
solution 

0.01 0.02 0.034 

2 12.56 2.25 0.19g 90:10 15%PVDF-
based 
cation\anion 
exchange 
casting 
solution 

7.18 14.98 16.09 

3 12.25 2.25 0.5g 80:20 15%PVDF-
based 
cation\anion 
exchange 
casting 
solution 

18.54 28.32 30.09 

4 11.86 2.25 0.89g 70:30 15%PVDF-
based 
cation\anion 
exchange 
casting 
solution 

20.64 29.832 33.098 

5 11.34 2.25 1.41g 60:40 15%PVDF-
based 
cation\anion 
exchange 
casting 
solution 

23.06 28.871 36.098 

6 10.6 2.25 2.15g 50:50 15%PVDF-
based 
cation\anion 
exchange 
casting 
solution 

27.09 34.09 39.08 
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Later, numerous 100μm thick non-composite and 

composite anion and cation exchange membranes were 

synthesized using this casting solutions that were cast 

into cation and anion exchange membranes on a 

groove-free, plain and ultra-smooth glass plate by using 

a casting knife [50, 51]. All the membranes were kept in 

the open air for 3 h at 25 °C so that the solvent could be 

evaporated and transferred into a deionized water-

ethanol bath for 48 hours so that single-step phase 

inversion may occur. Each membrane was hydrolyzed 

in 1 M NaOH solution for 1 hour, then washed 

separately with deionized water and preserved after 

drying for further use.  

2.3. PANI-Coating on Non-composite and 

Composite Ion Exchange Membrane 

Prepared 0.4M aniline chloride and 0.3M 

FeCl3 solutions by dissolving 3.7 mL of aniline and 4.8g 

of FeCl3 in 96.3 and 95.2 mL of 0.4M HCl solution. Both 

solutions were mixed until a grassy green color was 

developed. The membranes already fabricated by using 

casting solutions based on varying quantities of (PS-

DVB-TAC)/(SPS-DVB) in a fixed PVDF quantity were 

dipped into the grassy green polyaniline solution for its 

in situ polymerization for 24 h [52]. Subsequently, each 

PANI polymerized membrane was neutralized with 0.1 

M HCl so that oligomers of PANI could be washed away 

if any were present at the membrane and again rinsed 

with deionized water. Dried each membrane in an oven 

at 50 °C for 24 h, and preserved in an air-free box for 

further use. The expected mechanism of the PANI-

coating on the membrane is described in Figures 1 & 2 

below, indicating a reaction among the ion exchange 

resin, PVDF, and PANI when they encounter.  

 

 

Figures 1&2: Expected route and reaction mechanism 

of PANI-coating by in situ polymerization on the surface 

of 15%PVDF-based composite membranes [53, 54] 

 

3. Properties and Characterization of IEM: 

3.1. Water Uptake: 

A 2 cm2 piece of the membrane was dipped in deionized 

water for 24 h to attain equilibration, and the closed 

voids may also open. The membrane swelled up, and 

its weight increased due to water uptake [55-57]. The 

membrane was weighed after squeezing out its 

excessive water with tissue paper and dried in a 

temperature-controlled oven for 4 hours at 70 °C, and it 

was weighed again. The difference in mass between 

wet (Wwet) and dry (Wdry) was calculated, which led to 

determining water uptake percentage (%) measurement 

by the following formula [58-60]. 

                                                      𝐖𝐚𝐭𝐞𝐫𝐮𝐩𝐭𝐚𝐤𝐞(%𝐚𝐠𝐞) =
𝐖𝐰𝐞𝐭−𝐖𝐝𝐫𝐲

𝐖𝐝𝐫𝐯
× 𝟏𝟎0 

(1) 

 

3.2. On Exchange Capacity(IEC) of Ion Exchange 

Membranes:  

30 mL of 0.1 M NaOH solution was prepared, and a 2 

cm2 piece of PANI-coated AEM was kept in it for 24 

hours. The chloride ions (Cl–)  were replaced by the 

hydroxyl (OH–) ions, which are the quinoid part of the 

PANI-coating of the AEM, and of the quaternary 

ammonium, which is of the anion exchange resin, 

respectively [61-63]. The depleted hydroxyl ions (OH–) 

are ascertained by titrating with 0.1 M HCL. Weigh the 

samples after washing and drying. The IEC was 

ascertained as meq/g of the depleted hydroxyl ions 

(OH–) per gram of dry IEM Eq-2. [59].Table 2 
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𝐈𝐄𝐂(𝐦𝐞𝐪/𝐠) =
[𝑽𝑵𝒂𝑶𝑯(𝑵𝟏 − 𝑵𝟐)]

𝑾𝒅𝒓𝒚

 (2) 

 

Table 2: IEC and conductivity of the non-composite and 

composite-AEMs synthesized using 15% PVDF mixed 

with 10%, 20%, 30%, and 40% mecolite PA101 

 

S.No Membrane 

composition 

and its 

category 

IEC 

(meq/g) 

Conductivity 

(Scm1) 

1 100μm thick, 

uncoated pure 

PVDF 

membrane 

0.890 0.211x108 

2 100μm thick, 

PANI-coated, 

PVDF 

membrane 

1.198 0.880x107 

3 100μm 

thick,PANI-

coated, 

PVDF+mecolite  

PA101(90:10) 

membrane  

1.201 0.890x107 

4 100μm thick, 

PANI-coated, 

PVDF+mecolite 

PA101(80:20) 

membrane 

1.239 0.921x107 

5 100μm thick, 

PANI-coated, 

PVDF+mecolite 

.PA101(70:30) 

membrane 

1.248 0.942x107 

6 100μm thick, 

PANI-coated, 

PVDF+mecolite 

PA101(60:40) 

membrane 

1.257 0.960x107 

 

3.3. Electrical Conductivity: 

The four-probe method was applied to determine the 

electrical conductivity of a 3 cm2 spherical piece of IEM 

with the help of Keithley, 6220-Precision being a source 

of current, while the potential difference is applied by 

PS3030-DD. The space between the probes is 0.2 cm 

which is due to their negligible thickness ranging from 

130–40 μm when their thickness is compared with the 

space between each probe while Equation (3) 

ascertains its value and is found to be in the range of 

0.20 × 108 to 0.92 × 108  (Table 2) [64]. 

𝐑𝐞𝐬𝐢𝐬𝐭𝐢𝐯𝐢𝐭𝐲(𝛒) = 𝑽𝑰𝑪 (
𝒅

𝒔
) (3) 

V, I, and C are voltage, current, and correction factors. 

The value of C is obtained when the membrane 

diameter (d) is divided by space (s), while the 

membrane conductivity is ascertained by taking the 

inverse of the resistivity [65]. 

𝐂𝐨𝐧𝐝𝐮𝐜𝐭𝐢𝐯𝐢𝐭𝐲(𝛔) = 𝟏 𝐑𝐞𝐬𝐢𝐬𝐭𝐢𝐯𝐢𝐭𝐲⁄  (4) 

3.4. Structure Elucidation by FTIR Spectroscopy: 

The functionalities of each IEM were ascertained by 

applying the JASCO FTIR-4100 (developed in Tokyo, 

193-0835, Japan) equipped with ATR in the range of 

4000-600 cm–1. 

3.5. Thermogravimetric Analysis (TGA): 

The TGA of each IEM was determined using SDT-Q600 

developed in New Castle, DE 1972, USA at 20°C/min 

heating rate in an inert atmosphere of constantly flowing 

nitrogen gas. 

3.6. Scanning Electron Microscope (SEM) Analysis: 

FEI INSPECT 550, a scanning electron microscope 

developed in São Carlos, SP-BR, CEP 13565-906, 

Brazil, was applied to record the surface morphology of 

every membrane at various resolutions. 

3.7. Particle Size Distribution Analysis: 

The shape and size of micronized resin and PVDF 

particles were determined by applying the Litesizer-500 

developed in Anton Paar-GmbH, Germany, in order of 

1.976–2.964 μm tiny granules (Figure 3), and its effect 

on membrane morphology was examined by SEM 

analysis. 

 

Figure 3: Analysis of particle size of PVDF, anion, and 

cation exchange resin using a size analyzer 
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3.8. Membrane Thickness: 

The thickness of each dry membrane was determined 

by a digital thickness gauge meter developed by 

Mitutoyo, Schenectady, NY, USA. 

3.9. Electrodialysis: 

Electrodialysis was conducted in an electrodialyzer 

made of glass with four compartments. The cathode and 

anode are composed of titanium and steel plates, 

whereas the open area of each electrode is 12.56 cm2. 

The AEM, acting as a test membrane, was fixed in the 

middle while the CEMs of identical composition and 

thickness to that of the AEM were placed on either side 

in the electrodialyzer. The chambers adjacent to the 

cathodic and anodic compartments were tagged as feed 

and product chambers, and both were filled with 7.5 mL 

of 1% glycine solution, and same quantity equal to 

glycine of 0.5M NaOH solution was loaded as an 

electrolyte in the anodic and cathodic compartments. 

Every AEM was kept in glycine solutions for 48 hours 

before the electrodialysis to ensure its acquaintance 

with the glycine solution. 

1. Glycinate ion (Feed Chamber)____AEM___    

Glycinate ion (Product Chamber)  

2. Sodium ion (Anodic Chamber)____CEM____ 

Sodium ion (Product Chamber) 

3. Sodium ion (Feed Chamber)____CEM___ Sodium 

ion (Cathodic chamber) 

 

 

Figure 4: Electrodialysis of glycine [66-68] 

 

Table 3: Electrodialysis of 1%aqueous glycine solution 

using pure, uncoated, and polyaniline-coated 

15%PVDF-based composite and non-composite 

membranes and their efficeinvy by LCMS and titration 

method  

 

S.No Membrane 

category and its 

composition 

Voltage Current 

in 

30 min 

%Efficiency 

by 

LC

MS 

Titrati

on 

1 100μm thick, pure 

PVDF membrane  

31.4 0.23 4.2

1% 

4.650

% 

2 100μmthick,PANI-

coated PVDF 

membrane. 

31.4 0.28 

  

3 100μmthick,PANI-

coated,PVDF+me

colite-

PA101(90:10)me

mbrane.  

31.4 0.70 9.8

1% 

9.756

% 

4 100μmthick,PANI-

coated,PVDF+me

colite-

PA101(80:20)me

mbrane 

31.4 0.09 

  

5 100μmthick,PANI-

coated,PVDF+me

colite-

PA101(70;30) 

membrane 

31.4 0.08 9.8

1% 

9.756

% 

6 100μmthick,PANI-

coated,PVDF+me

colite-

PA101(60:40)me

mbrane. 

31.4 0.69 

  

 

The anode and cathode terminals were attached to a 

direct current after being loaded with feed, electrolyte, 

and product solutions in respective chambers. Once the 

potential difference was applied, the ions began to 

migrate through the IEMs, resulting in vigorous bubbling 

with an instant rise in temperature, indicating that 

electrodialysis had begun, leading to a surge and 

decline in the volume of the product and feed solutions, 

respectively. The glycinate ions resulting from the 

electrodialysis of glycine in the feed chamber started to 

migrate into the product chamber after passing through 

the AEM by decreasing and increasing the volume of 

feed and product solutions. The sodium ions entered the 

cathodic chamber after passing through CEM from the 

feed chamber. The anodic chamber is the hub of sodium 

ions (Na+) ions and they migrate to the product chamber 

to balance the negatively charged glycinate ions (−Ve). 

This setup promotes the movement of ions in the 

electrodialyzer under the influence of direct current, 

which is a driving force. The variation in current was 

observed while a 31.4 V remained constant, during the 

30-minute electrodialysis. (Table 3). The efficiency of 

AEM was quantified by titrating separated feed and 
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product solutions before and after electrodialysis with 

HCL, and HPLC verified its results [68, 69]. 

3.10. Quantification of Electrodialysis Result: 

The electrodialysis result was quantified by the titration 

method and verified using HPLCMSMS. The 

performance of AEMs was monitored by titrating product 

and glycine feed solutions separated as a result of 

electrodialysis using AEM with HCL using 

phenolphthalein as an indicator [68]. 

Glycine is separated into feed and glycine product 

solutions containing varying numbers of glycinate ions 

on electrodialysis using pure and PANI-coated AEM 

made of PVDF. The result was quantified by 

HPLCMSMS, confirming the efficiency of AEM 

regarding glycine separation. Four working standards of 

100, 250, 500, and 1000 ppb concentrations were 

injected into the HPLC.MSMS. Then the samples were 

allowed to be sucked by LC after diluting them through 

the autosampler and subsequently shifted into the 

mobile phase which carries it into the column. The triple 

quad is a sensitive component. and its column acts as 

the stationary phase, and separates the glycine from the 

mixture, The glycine enters the triple quad of MS  if the 

sample contains it and is ionized here by electron spray 

(ESI), generating 73 precursor ions. These precursor 

ions plunge into the quadrupole, where they are 

identified and moved into the inert atmosphere of the 

collision cell created by the nitrogen gas. MSMS is 

applied to detect and quantify precursor ions. The 

precursor ions further disintegrate into 30.1 product 

ions, which appear on the calibration curve. This ion is 

identified after the second quadrupole. The calibration 

curve based on 4 points was drawn with linearity 

R2=0.996, and the glycine peak was identified at 13.57 

minutes retention time. The last column in the 

quantitative summary report is the final concentration in 

parts per billion. The result of each sample was 

ascertained by comparing the peak of the standard 

sample by applying the Mass-Hunter software for 

quantitative analysis. The number of separated 

glycinate ions increases as the electrodialysis of 1% 

glycine advances, increasing the peak area in the 

chromatogram that is calculated considering the 

retention time. The AEM efficiency is evaluated in terms 

of the final concentration of glycine in the form of 

separated glycinate ions and its quantification by LC-

MS/MS in each sample, applying the following formula  

Percentage (%) of Glycine =Concentration from 

calibration curve x Total volume x dilution 

factor/Weight of the sample 

 

4. Results and Discussion: 

4.1. Water uptake: 

The pure PVDF membrane is hydrophobic as it 

absorbed 0.4% of water in 24 h, which cannot be 

considered an appreciable water uptake [70]. Water 

uptake values of plain and PANI-coated AEMs are given 

in Table 1, which shows an increasing trend with a 

gradual increase in resin quantity. The water uptake has 

increased from 0.04% to 46%. It might have resulted 

from incorporating more hydrophilic bulky functional 

groups and other charged moieties into the membrane 

phase, such as quaternary ammonium chloride and 

divinylbenzene (DVB) in specific volume, which became 

hydrated by the electrolyte in water and responded with 

more swelling of the membrane [71]. The water uptake 

by PANI-coated, resin-incorporated AEM is exorbitantly 

higher than that of the PVDF and PANI-coated PVDF 

membranes, which is totally due to the structural 

interaction of (PVDF+PS-DVB-TAC) PANI with the 

water. The PS-DVB-TAC/10%, 20%, 30%, and 40% 

PANI-coated PVDF membranes absorbed 34%, 36%, 

39%, and 45% water respectively, and this convincing 

increase was assigned to the high contents of DVB, 

quaternary ammonium, chloride ions and method of 

fabrication in addition to hydrophilic moieties in 

polyaniline [72]. The PVDF/PS-DVB-TAC blending 

inculcated the hydrophilic properties in the PVDF, which 

facilitated the water plasticization effects and resulted in 

more interaction between PVDF and water, causing a 

highly membrane-swollen morphology [73]. The 

enhanced Hydrophilic character, which is developed 

due to the introduction of ion exchange resin in the 

PVDF, promoted the physical cross-linking between 

water-PANI and water-ion exchange resin in addition to 

water-polymer, polymer-polymer, which is capable of 

forming a polymer gel-like structure while absorbing 

water in the regions that were developed due to cross-

linking, whereas such a structure is thermally reversible. 

The structures, which promote gel-formation, permit the 

excessive moisture to be absorbed while residing in the 

polymer phase, promoting water absorption in IEM [74, 

75]. This enormous swelling may also be linked with 

some unique morphology of PANI-coated resin-
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incorporated IEMs, which resulted from robust H-

bonding between water-PANI and resin-PANI in 

addition to PVDF-resin and PVDF-PANI moieties in the 

backbone of the chains. This robust hydrogen bonding 

promoted relatively more swelling that enhanced water 

uptake quite significantly in IEMs when compared to 

other IEMs of similar structure [66]. The water uptake by 

the IEMs is also associated with the concentration of 

doping acid, which increased on increasing the 

concentration of the doping acid in PANI increased, 

which was consumed during its preparation. This 

reasonable increase in water uptake is rightly attributed 

to the synergetic effects of quaternary ammonium 

chloride (QAC), Divinvylbenzene (DVB), quinoid, and 

the bulky benzenoid moieties in PS-DVB-TAC and in 

PANI with enhanced duration of absorption which fully 

supports to fill the voids, gaps, and free volume in the 

molecules of the membrane as such increasing the 

membrane swelling ratio manifold by increasing water 

absorption capability of the membrane [76] as presented 

in Table 1. 

4.2. Particle Size Analysis:  

The mecolite (PA101/PC003ID) was micronized in the 

range of 1.976–2.964 μm and this is close to 2.3–2.6 μm 

as that particle size is extensively used in the synthesis 

of membrane exhibiting a smooth surface by the uniform 

dispersion of the particles in the membrane matrix, as 

shown in Figure 3. The division of particles according to 

size is vital because it influences the phase morphology 

and topography of the membrane surface [77, 78]. The 

finer size of ion exchange resin particles may promote a 

uniform, smooth, and groove-free homogenous phase 

morphology of the membrane, and if resin grains are 

coarser, the phase morphology will be disturbed, and 

these coarser particles may impart a rough surface to 

the membrane. PVDF is a film-forming polymer, 

whereas the resin particles are relatively infusible and 

are unable to produce a thin film; hence, if the size and 

shape of tiny resin grains become coarser and irregular, 

it will affect the continuous film development and 

mechanical stability of the membrane, which is evident 

from SEM images. 

4.3. Ion Exchange Capacity (IEC): 

The IEC is a key and unique feature of a transport 

membrane to develop its transport characteristics more 

profoundly according to the specific areas of its 

application. The values of the IECs vary from 0.89 to 

1.257 on account of pure, PANI-coated, and PANI-

coated PVDF-based composite membranes fabricated 

by mixing 10%, 20%, 30%, and 40% anion exchange 

resin in the matrix of PVDF (Table 2). It is evident from 

the increasing trend of IEC that PANI-coating and the 

gradual increase in resin have a marked effect on 

enhancing the IEC of the membranes. The values of 

IECs of PANI-coated IEMs which have resin quantity in 

the range of 10%, 20%, 30%, and 40% by weight and 

dense PANI-coating increased from 1.201 to 1.257 

because of the synergic effect of exchangeable chloride 

ions (Cl–) with hydroxyl ions (OH–) caused by leaching 

of chloride ions when the IEMs were kept in NaOH 

solution. It is evident from Table 2, that the IEC of PANI-

coated AEM having resin and polymer quantity in the 

ratio of 10% and 90% respectively is 1.201 and it is 

enhanced up to 1.257 when the resin quantity enhanced 

gradually up to 40% by weight while decreasing the 

weight of polymer with the same ratio. It is being 

observed that, as the resin quantity is increased 

gradually from 10% to 40% by weight and PANI-coating 

by in situ polymerizing IEMs, the efficiency of the 

membranes is also enhanced from 13% to 43% in terms 

of separating glycine with an increase in IEC which is 

from 1.201 to 1.257 as such the membrane efficiency is 

linked with ion exchange capacity of the membranes 

[67]. 

4.4. Electrical Conductivity: 

The ability of an IEM to transfer current is the 

conductivity of an IEM, which depends on the IEC and 

the charge that is fixed on it. The conductivity follows the 

nature and type of the counter-ions with the equilibrium 

concentration of the ionic liquid, while it decreases as 

the size of the participating ions increases [79-82]. The 

conductivity of the uncoated, pure PVDF membrane 

was 0.21x108Scm−,1, and it enhanced up to 

0.96x107Scm−1 when the PVDF was substituted with 

10% to 40% of anion exchange resin by weight, and the 

surface of each membrane was modified by PANI-

coating [83, 84]. The conductivity of the IEMs was 

enhanced in the order of 0.89×10−7Scm−1 to 

0.96×10−7Scm−1, which is attributed to the incorporated 

resin that has enhanced the number of exchangeable 

chloride (Cl–) ions. The enhanced chloride ions from 

10% to 40% in the form of ion exchange resin and PANI-

coating are responsible for exchanging more glycinate 

ions, enhancing the glycine separation from 13% to 
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43%, and verifying the performance efficiency of the 

AEM and indirectly linking it with conductivity (Table 2). 

4.5. FTIR Analysis of PANI-coated 15%PVDF-based 

Membranes: 

The FTIR technique was applied to identify 

functionalities in PANI-modified IEMs prepared using 

PVDF as a base polymer (Table 4, Fig.6 &7). A small 

but flat and sharp peak is visible around 763 cm−1, 

depicting α-phase, while its small size indicates its poor 

concentration in the PVDF structure [85]. A significant 

and of considerable sized peak is noticed at 840 cm−1, 

representing the β-phase quite similar to two other 

peaks one around 1431 cm−1 and the other at 1276 

cm−1, establishing the crystalline phase in PVDF while 

the peak at 1074 cm−1 is also assigned to the β-phase, 

which specifically exists in the structure of PVDF [86-

89]. Compared to the Fluoride family, another sharp 

peak is noticed at wave number 794 cm−1 due to the 

rocking vibration assigned to -CH2- establishing a close 

link to α-phase and the β-phase in PVDF while the band 

positioning at 2974 cm−1 is specifically designated to -

CH2-- symmetric stretching, associated with β-phase 

and such bands are the exclusive property of PVDF 

polymer [90-92].  

 

Table 4: Some Infra Red peaks in Polyaniline modified, 

Non-composite, and composite-IEMs, synthesized 

using PVDF as a base polymer mixed with mecolite 

(PA101/PC003ID) 

 

S.No. Wave Number (cm1)   Assigned to 

1 
441,500,600,751 Rocking 

and Bending  
CF2,β-phase 

2 
834-Asymmetrical 

stretching 
CF2 β-phase 

3 493-Bending and waging CF2,α-phase 

4 
872-Asymmetrical 

stretching  
-C-C-C- 

5 2930-Stretching CH 

6 3372-Stretching NH PANI 

7 1505-Stretching 
C=C-[quinoid-

ring] 

8 1398-Stretching  
C=C-

[benzoid-ring] 

9 
2974-Symmetric 

stretching 
-CH2- 

 

On comparing the positions of phase peaks, the peak 

regarding α-phase is more conspicuous, prominent, and 

pronounced in pure PVDF than in PVDF incorporated 

with mecolite (PC101/PC003ID), indicating that the ratio 

of α-phase and β-phase is significantly changed and 

favors β-phase instead of pure PVDF[93]. It would mean 

that when mecolite (PC101/PC003ID) is blended into 

the PVDF matrix, the PVDF will be more inclined toward 

the β-phase with substantial increases in its 

concentration. There is a characteristic and prominent 

peak among so many other peaks that can be noticed 

around 1233 cm−1, which exclusively stands for the γ-

phase  [51, 94]  whereas, the peak at 1187 cm−1 is 

attributed to the combined effect of β and γ phases.  

 

Figure 1: FTIR analysis of PANI-modified non-

composite and composite AEMs synthesized by 100%, 

90%, 80%. 70%, and 60% PVDF mixed with 0%, 10%, 

20%, 30%, and 40% mecolite PA101 respectively 

 

There are two other peaks, one at 885 cm−1 and the 

other at 1401 cm−1, indicating the combined impact of 

α, β, and γ phases [51, 94] while the peak around 834 

cm1 verifies the CF2 in PVDF.[95].The asymmetric 

stretch is assigned to the β phase in PVDF which is also 

verified by the well-defined peaks at 441cm1, 500cm1, 

600cm1, and 751 cm1 mainly stands for the bending 

and some rocking motions of CF2. in PVDF molecule and 

two other transition bands are also visible in the PVDF 

chain at 1170 cm-1 and 1231cm1 directly relating to C–

F stretch [96]. A well-pronounced, broad, and sharp 

band is identified in the middle of 3300 cm−1 &3500 

cm−1, corresponding to the stretching vibration of the -

OH group of bound water in the polymeric matrix [97]. 

The peak at 493 cm1 represents the bending, wagging 

vibration of CF2, showing the presence of α-phase in 

PVDF polymer. The peak at 872 cm1 represents the 

asymmetric stretch due to the  –C-C-C- bond in the 

polymeric chain of the PVDF molecule, and the peak 
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around 865 cm1 represents the quaternary ammonium 

(CN+) functionality in the anion exchange resin. 

 

Figure 2: FTIR analysis of PANI-modified, non- 

composite and composite-CEM synthesized using 

100% 90%, 80%, 70%, and 60% PVDF mixed with 

0%,10%, 20%, 30%, and 40% cation exchange resin 

(mecolite PC003ID) respectively 

 

Some characteristic and important bands appearing at 

wave numbers 1398 cm1 and 1505 cm1well 

correspond to -C=C- stretching vibration present in 

benzenoid and quinoid rings, and the peak that 

appeared at 3370 cm1 is due to NH moiety in PANI 

molecule. The widening of this peak represents H-

bonding between the C-F group of PVDF and NH of 

polyaniline. There are a few other characteristic bands 

that might be related to PANI, such as N–H stretch at 

3430 cm-1, aromatic C–H stretch at 2920 cm-1,1494 cm-

1 stretch of the benzene ring, and a very conspicuous 

and prominent peak around 1585 cm-1 corresponds to 

the stretching frequency of the quinoid ring [54, 98, 99] 

confirming the PANI deposition on the membrane 

surface [100]. 

4.6. TGA of PANI-coated,PVDF-based, Pure and 

Composite Ion Exchange Membranes: 

TGA provides some practical, crucial, and functional 

information about the thermal stability of a membrane 

[101]. Mainly two and three degradation zones are 

prominent in the TGA profile of PANI-modified, non-

composite, and composite-AEMs. The PVDF 

degradation starts around 400°C but when it is coated 

with PANI then substantial weight loss occurs at low 

temperatures due to weak intermolecular forces caused 

by PANI-coating [102, 103] (Fig.8). The thermogram of 

PVDF shows weight loss around 150°C or at relatively 

high temperature, which may be in the range of 150°C 

directly associated with the loss of trapped water. The 

removal of dopants, bound water, residual solvents, and 

HCL deposited when PANI was doped by in situ 

polymerization at the membrane surface at this 

temperature did not occur appreciably, and resultantly, 

no substantial decrease in the weight was noticed 

between 100 °C and 425 °C, but it took place above 

425°C, and it is rightly assigned to the degradation of 

the polymeric chain[104-106]. The TGA is indicative that 

the blend in the compositions has some stability that is 

close to the stability of the pure  PVDF molecule. The 

ionic salvation enhances water absorption for the doped 

polyaniline [107]. The major and maximum weight loss 

occurs at the second degradation zone, starting from 

425 °C to 600 °C, when the PVDF structure fully 

deteriorates, and the maximum weight loss is observed 

at 475°C [108]. The main end products of PVDF 

degradation at 600°C and above are the ash and other 

carbonaceous polymeric residues It is interesting that 

the polyaniline deposition has increased the 

membranes' decomposition temperature to the tune of 

600°C, while the literature reports it up to 500 °C as such 

the PANI coating has raised the thermal stability of the 

PVDF membrane. Three degradation zones are 

prominent in polyaniline-coated composite-AEMs 

synthesized by introducing anion and cation exchange 

resin in the PVDF matrix. A minute but gradual weight 

loss is observed as compared to the (PVDF+PANI) 

membrane occurs in the temperature zone of 25oC -

200oC which indicates the removal of trapped moisture 

contents in mecolite (PA101/PC003ID) an anion and 

cation exchange resins respectively along with other 

volatile components like a residual solvent and HCl 

which was used while doping polyaniline.                       

 

Figure 8: TGA profile of PANI-modified non-composite 

and composite-AEMs [105, 106, 108]. 

 

The decomposition in the second stage occurs at 200- 

450 °C, which is assigned to the deamination of some 

important parts of anion and cation exchange resins, 
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which is the quaternary ammonium moiety, and the 

decomposition of the whole anion and cation exchange 

resin itself. The final and third stage of weight loss falls 

between 400oC to 600oC which is assigned to the 

decomposition of the PVDF molecule itself and PANI as 

such it verifies that the PANI-coating enhances the 

thermal stability of these membranes and the 

incorporated mecolite (PA101/PC003ID) increases the 

water contents in the membrane due to the inclusion of 

bulky hydrophilic moieties [109] 

4.7. Surface Morphology of PANI-modified, 15 % 

PVDF-based Membranes: 

Figure 10(a) represents an SEM image of the 

membrane synthesized using pure PVDF, depicting a 

smooth but compact surface with tiny pores equipped 

with fibrous, delicate crystalline mass lying on the 

membrane surface. Figure 10.(b-e) illustrates 

composite membranes based on PVDF blended with 

anion exchange resin in the ratio of 10(b)-90:10, 

10(c)80:20, 10(d)-70:30, and 10(e)-60:40 respectively, 

Moving from Figure 10(b) to 10(e) while examining 

images, it is evident that the PANI-coating is compact, 

with aggregation of worm-like fibrous mass embedded 

with minor cracks and equipped with pores of various 

size and diameter, haphazardly distributed having 

relatively rough and scaly membrane texture indicating 

agglomeration of some particles at the surface [110, 

111]. The top surface maintains a porous structure 

developed by interconnected holes, which are 

further connected by a network constructed with 

small spherical particles, linked all around, forming 

a network. The SEM images indicate that the outer 

top layer of the membrane has few closed pores, 

showing good adherence between the 

permselective polymeric layer and the 

macroporous PVDF membrane. This phenomenon 

exhibits that the rapid coagulation of polymeric film 

deters the ultimate infiltration of separating solution 

into the porous PVDF membrane. The doped PANI 

is deposited on the membrane to enhance its 

hydrophilicity, improving its ion exchange 

capability and expanding its application areas 

[100]. A robust interaction has been observed between 

key component of PANI which may be the benzenoid 

(N-H) or the quinoid (N=) with the polar parts of the 

anion exchange resin such as chloride (Cl-) and the 

quaternary ammonium moieties in anion exchange 

resin, and it may have resulted in the thicker and dense 

coating of polyaniline..                                          

      

 

 

 

 

  

Figure 9: SEM micrographs (a) of pure PVDF 

membrane 10.[b-e] and 10.[f-j] PANI-coated IEMs 

synthesized by incorporating 10%,20%,30%, and 40% 

mecolite (PA101/PC003ID) anion and cation exchange 

resins, respectively, in the matrix of 90%, 80%,70%, and 

60% PVDF separately. 

 

The extra PANI layering in patches over the existing 

PANI coating is responsible for causing uneven, coarse, 

and rough surface topography and membrane 

morphology because of a gradual increase in resin 

quantity. Similarly, micrographs 10(f) to (i) indicate that 

the membranes are based on PVDF blended with cation 

exchange resin in the ratio of 90:10, 80:20, 70:30, and 

60:40, respectively. Moving from image 10.[f] to 10.[i], 

the careful inspection reveals that the PANI-coating is 

uneven, scaly, and rough with slight agglomeration due 

to a gradual increase and decrease of resin and PVDF 

quantity in the membrane. The tiny, microscopic 
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spheres of PVDF and styrene are interconnected to 

each other, developing channels and offering 

heterogeneous structures inside the IEM, showing a 

rough surface, promoting better PANI adsorption. The 

uneven distribution of the hydrophobic and hydrophilic 

domains throughout the membrane matrix leads to 

heterogeneous morphological character, which 

facilitates the development of continuous and expanded 

ion-conducting and shifting channels for enhanced ionic 

movement. Anions surround the backbone of the PVDF 

molecule, and these anions are distributed along every 

side of the chain. When the interconnected-based 

separation is decreased, the hydrophilicity increases 

due to the motion and conduction of ions [112]. The 

bulky PVDF hydrophobic segments within the side 

chains of the hydrophilic segment play a vital role in 

developing a hydrophobic domain. SEM images identify 

two types of morphological and topographical 

appearance of the membrane structure., The one type 

is light in color and spherical, exhibiting a crystalline 

structure due to the PVDF, while the darker part is 

because of an amorphous phase corresponding to 

hydrophilic quaternized-VBC. The presence of two 

different structures within the membrane validates the 

heterogeneity in the membrane. The hydrophobic and 

hydrophilic micro-phase partition enhances the ion-

conducting properties of the membrane. The shape, 

pore size, symmetry, and distribution become uneven 

and haphazard, leading to a rough, coarse, and 

somewhat uneven membrane surface [97]. This 

phenomenon can be explained by considering the 

strong polar nature of the sulphonic group in the 

mecolite PC0031D resin. A robust interaction has been 

noticed between the quinoid (-N=) or the benzenoid (N-

H) part of the PANI with the sulphonic acid in cation 

exchange resin, and it may have resulted in a relatively 

thick and coarse coating of PANI partly covering the 

membrane surface. The extra-PANI layering via in situ 

polymerization in patches over the existing PANI-

coating and gradually enhancing resin quantity from 

10%, 20%,30%, and 40% has caused uneven, rough, 

and coarse surface morphology [113]. 

4.8. Electrodialysis: 

Table 3 shows the electrodialysis results regarding the 

separation of glycine by applying the plain, and PANI-

coating 15%PVDFmembrane and these membranes 

have separated 4% and 9.8% glycine respectively but 

when mecolite (PA101/PC0031D) was incorporated in 

the matrix of membranes than such membranes 

exhibited entirely different results in terms of their 

separation efficiencies. The PANI-coated IEMs 

containing 90% polymer and 10% resin have separated 

10% of glycine, and when the quantity of resin is 

enhanced from 10% to 20%, and similarly, the polymer 

ratio is reduced from 90% to 80%, the glycine separation 

is enhanced from 10% to 24%. The enhanced resin 

quantity has enhanced the exchangeable chloride ions. 

These chloride ions have exchanged more glycinate 

ions, increasing the efficiency of AEM in terms of glycine 

separation. This trend goes on to improve the 

membrane efficiency with the increase in resin quantity. 

The consumption of energy varies from 1.4 to 0.7 

kWh/kg during the process of electrodialysis whereas 

the variation in current efficiency (η) from 59% to 81% 

was also observed with an increasing trend of PANI-

coating exhibiting enhanced membrane performance in 

terms of glycine separation due to an increase in resin 

quantity from 10% to 40% which is indirectly promoting 

the exchangeable chloride ions. IEMs are based on 

fixed charge moieties, and they only allow counterions 

to pass under the influence of the driving force, whereas 

the water molecules and the co-ions are rejected while 

obeying transport theory [114, 115]. Electrodialysis 

more conveniently separates the ionic substances 

through the IEM under the influence of an electric field, 

which functions as a driving force. The transport of ions 

is linked with the properties of ions, such as the kind of 

polymer matrix, crosslinking degree, and the ionic 

charge concentration, which is fixed on the ion [73]. The 

IEMs are used in electrolytic cells, where they permit the 

selective transportation of cations and anions as 

required [116]. Electrodialysis of a 1% glycine solution 

was conducted by using a PANI-coated,100μm μm-thick 

AEM, which acted as a test membrane. 

The values in Table 3 indicate that there is a gradual 

increase in driving force, which indirectly indicates the 

enhanced performance of AEM in terms of separating 

glycinate ions in the form of concentrated glycine 

solution in the product chamber. The glycine separation 

results are summarized in Table 3. The glycine 

concentration taken from the feed and product 

chambers was ascertained by titrating it against 0.05 M 

HCl using phenolphthalein as an indicator [68] The 

results of the titration were confirmed by HPLC.MSMS. 
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4.9. HPLC.MSMS: 

The separation of glycine was carried out as glycinate 

ion from a 1% glycine feed and product solutions by its 

electrodialysis using AEM at a constant 31.4V in 30 min. 

As the electrodialysis advances, the separation of 

glycine in the form of glycinate ion increases, which is 

evident from the increasing and decreasing volume of 

glycine in the product and feed chambers with the rise 

in temperature and vigorous bubbling in both chambers. 

The peak of glycine was identified at its retention time of 

13.57 min, which is taken from the chromatograms 

produced by HPLC.MSMS in case of glycine feed and 

product solutions separately. Mass hunter software of 

MSMS was used to generate a quantitation report, and 

with its help 4-point calibration curve with linearity, R2 = 

0.996, was drawn. The membrane efficiency gradually 

enhanced in terms of glycine separation as the quantity 

of resin increased. The results verify the AEM efficiency, 

which has already been verified by the titration method. 

 

5. Conclusion: 

The composite anion and cation exchange membranes 

were synthesized by dispersing 10%, 20%, 30%, and 

40% anion (mecolite PA101) and cation (mecolite 

PC0031D) exchange resin separately in a 15% PVDF 

matrix used as the base polymer. Similarly, the pristine 

membrane was synthesized using pure PVDF. 

Subsequently, each membrane was modified with PANI 

coating except the pristine membrane. SEM images of 

membranes showed that the pore size, symmetry, 

smoothness, and texture of the PANI film depend upon 

the quantity, distribution, size, and shape of resin 

particles incorporated during the synthesis process in 

the PVDF matrix. The ultrafine texture and smooth 

surface of the membranes depend upon the thickness 

and structure of the PANI film, which is controlled by the 

nature of the oligomers and the duration of in situ 

polymerization. The enhanced duration and relatively 

large size promote PANI film’s dense and rough texture, 

while the fine size may lead to a smooth and groove-

free surface. The experimental data regarding electrical 

conductivity elucidate that while enhancing the PANI-

coating and resin quantity, the electrical conductivity of 

the IEM increases, and the IEM becomes more 

conductive, which helps in increasing its efficiency. The 

interaction between PVDF, anion, and cation exchange 

resin in the membrane was established by FTIR, in 

addition to surface coating with PANI by hydrogen 

bonding among them. The gradual increase in resin 

quantity favors more exchangeable chloride ions, and 

these ions can separate more glycinate ions; as such, it 

enhances the efficiency of AEM from 10% to 43% in 

terms of glycine separation. The results and data of 

experiments indicated that the capability of an AEM can 

be enhanced to separate the organic acids if the 

quantity of resin and PANI-coating is enhanced while 

using direct current as a potential source. Necessary 

measures may be taken to separate glycine and other 

organic acids from fermentation broths, including 

electrodysis, where there is a chance of their wastage 

during certain procedures due to discrepancies and 

flaws in the operational system. Separating glycine and 

other organic acids from waste, broths, and the places 

where they are deteriorating openly will save revenue in 

the form of precious products and also provide a better 

solution to the industries in terms of instant availability 

of raw material to prepare food supplements, energy 

drinks, beverages, and tonics. 
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