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Abstract  

Electrodialysis (ED) has been widely acknowledged as an efficient method for the treatment of 

acidic effluents generated from various metal processing industries. ED holds much promise in the 

purification and separation of sulfuric acid from spent acidic liquor wherein the type and cost of 

electrodes are the major affecting factors towards its economic viability at a large scale. Besides 

this, the lean acidic liquor generated electrodialytically also demands the development of an 

efficient multistage ED process that can enrich the lean acidic solution and render it appropriate 

for further use. In the first part of the present study, separation of sulfuric acid from a dilute solution 

was carried out in a plate and frame type ED unit using a commercial anion exchange membrane. 

Batch ED process with affordable electrodes such as graphite and SS 316L was studied and 

analysed its effect on the quality of anolyte. Effect of major physico-chemical parameters such as 

initial catholyte concentration and current density on current efficiency, molar flux, the extent of 

acid separation and voltage requirements was investigated extensively. In the second part of 

studies, a multistage ED system consisting of a cascade of six electrodialyzers was proposed and 

found capable of enriching sulfuric acid solution up to 28 wt. % based on experimental results. In 

order to balance between electrical energy cost and acid enrichment, this study also aimed to find 

out the anion exchange membrane (AEM) which is more suitable for the acid enrichment and 

thereby evaluated process performance critically in terms of extent of acid concentration, current 

efficiency, voltage requirements, and energy consumption using different commercially available 

AEMs namely Selemion AAV, Selemion AMV and Inter polymer (IPA). Estimation of energy 

consumption revealed that ED was less energy intensive process and its integration with 

evaporation was found to be more economical than standalone ED or EV to increase sulfuric acid 

concentration from 1 to 5 wt. %. An empirical equation was developed to predict molar flux and 

voltage requirements and the predicted results were compared with the experimental findings. 

Approximate cost analysis was also carried out for batch as well as cascaded ED process. Findings 

of this work may provide useful insights to ED fundamentals, batch and cascaded process 

performance with a complete set of process parameters along with energy estimations for the 

sulfuric acid separation and enrichment.  

Brief description on the state of art of the research topic  

Being a polluting waste, the disposal of the spent conducting solution from the electroplating 

factories or metal finishing units is a major environmental concern. Iron and steel processing units 

in particular are the significant contributors of acidic waste streams where hydrochloric and 
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sulfuric acids are used as principal acids (Agrawal and Sahu 2009). Recovering the dilute acid is 

not only profitable to the manufacturer but also imperative to environmental protection (Zhou and 

Liu 2007). Acids can be recovered using different conventional as well as advanced separation 

methods amongst which ED is found to be an effective process which serves the dual purpose of 

purification and concentration (Jaroszek et al. 2017). ED is an electromembrane process in which 

ions are transported through a permselective ion exchange membrane from one solution to another 

under the influence of an electrical potential gradient (Nath 2017). Current density (Buzzi et al. 

2013; Zouhri 2013; Martí-Calatayud et al. 2014; Chekioua and Delimi 2015) and initial catholyte 

are considered to be the most influencing process variables in ED. 

In ED process, the selection of electrodes plays a pivotal role. The ED process reported in the 

literature for acidic waste treatment mostly employed platinum (Cattoir et al. 1999),  platinized 

titanium (Zouhri 2013; Chekioua and Delimi 2015; Kroupa et al. 2015), or titanium coated with 

titanium oxide (Buzzi et al. 2013) as electrodes. Though effective, the use of costly electrodes may 

make the process economically impracticable at large scale (Nayar et al. 2015). Literature has 

reported that graphite and stainless steel has good corrosion resistance in acidic solutions and are 

also effective for industrial applications (Iken et al. 2007). Study of the effect of process variables 

on ED performance in presence of graphite electrode is a less focused area of research. Moreover, 

electrodialytically treated effluent can be free from impurities (Koter et al. 2014) but dilute in 

terms of acidic content and thereby requires further enrichment before recycling or reuse. The 

more concentrated acid solution, the wider possible range of application. Though multi-effect 

evaporator system is useful for enrichment of acid contents in solution, but drawbacks like high 

thermal energy requirements, complex design, phase change at high T & P and SO3 mist 

elimination provide constraints to its practical application. Lean acidic solutions could be 

concentrated initially by ED followed by any conventional techniques such as evaporation thereby 

reducing the heat load on the evaporation. Supplementation of evaporation with ED can not only 

be considered as a synergic combination but also an energy efficient process. Furthermore, ED 

processes reported in the literature are mostly for recovery or purification of solutions with a 

continuous mode of operation and not for acid content enrichment. Jaroszek et al.  reported the use 

of continuous ED process for the production of sulfuric acid and increased its concentration up to 

35 wt. % using five different types of anion exchange membranes (Jaroszek et al. 2017). Multistage 

electrodialysis process to increase sulfuric acid concentration up to maximum possible value has 

not been reported with a rigorous determination of process performance parameters using different 

AEMs. ED process developed with affordable electrodes, the material of construction of module 
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and most effective membrane for sulfuric acid separation and concentration enrichment can be the 

more suitable alternative to the conventional evaporation process.  

Definition of the problem  

Presence of sulfuric acid with other metal impurities in waste acidic liquor makes it unusable and 

non-dischargeable as it affects living and non-living environment and thereby demands its 

extensive as well as economic reclamation. Compared to conventional separation and 

concentration methods, ED holds much promise in the treatment of such acidic liquor but employs 

expensive electrodes that may not be affordable at large scale. Selection of an appropriate as well 

as affordable electrode is a great challenge as it affects quality of anolyte. Limited open literature 

is available reporting use of ED with low-cost electrodes and representing effect of various 

physico-chemical parameters on the process performance. Furthermore, a development of 

multistage electrodialysis system for enrichment of lean sulfuric acid solution providing complete 

set of process parameters and suggesting most effective membrane is also a major area of research. 

Systematic experimental and computational studies were performed to find out solutions of 

aforementioned problems. 

Objectives and Scope of work  

1. To study the batch electro-membrane separation process and its suitability to recover 

sulfuric acid from spent acid solution. 

2. To investigate the effects of various physico-chemical parameters on electrodialytic 

recovery of sulfuric acid in a batch process. 

3. To study and compare the performance of different commercial anion exchange 

membranes for enrichment of sulfuric acid in a cascaded electrodialysis.  

4. To study the consumption of energy in electrodialysis process. 

5. To investigate transport mechanism across the ion exchange membrane and mathematical 

modeling of the process. 

Original contribution by the thesis  

Present work explores the suitability of low-cost electrodes such as graphite and SS 316L for 

electrodialytic recovery and concentration of sulfuric acid from a spent acidic solution. In this 

work, ED performance for the studied electrodes was evaluated based on experimental results in 

terms of molar flux, current efficiency, the extent of acid separation and energy consumption. This 

work also explores the amenability of ED to be used commercially either as a stand-alone system, 
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or as a supplement to or integrated with evaporation for the enrichment of dilute sulfuric acid 

solution. The present work provides a complete set of process operating variables such as operating 

time and voltage requirements and also suggests a membrane effective for the enrichment of 

sulfuric acid solution using cascaded ED process that may be useful for large scale operation. An 

equation relating process variables with molar flux and voltage requirements was developed and 

compared with experimental data. Approximate cost analysis was also carried out for the proposed 

process. Two full-length research articles based on the present work have already been published 

in the international peer reviewed journals. Other original outcomes of present work will also be 

published in the journal of international repute.  

Methodology of research  

 (a)  Chemicals and membranes used 

Analytical grade (AR) chemicals supplied by Finar ltd. (Mumbai, India) were used as received. 

Stock solutions of potassium thiocyanate and sulfuric acid were prepared with deionized water 

having conductivity of 20 µS cm-1, produced from a reverse osmosis system. Selemion AAV and 

Selemion AMV anion exchange membranes (produced by Asahi Glass) supplied by AGC 

Engineering Company Limited., Chiba, Japan and Indigenous anion exchange membrane IPA 

obtained from CSMCRI, Bhavnagar, India were used in the experiment. Commercially available 

graphite sheets and SS 316L were used as electrodes. 

(b) Experimental set-up and operating conditions 

 

Fig. 1 Schematic representation of experimental set up used in present study. 

[1. DC power supply 2. Ammeter 3. Stirrer 4. Membrane 5. ED module 6. Electrodes] 
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Fig. 2 Schematic diagram for the cascaded electrodialysis system; numbers indicate sulfuric  

acid concentration by weight %. 

Scheme 1: The batch ED experimental set-up, as shown in Fig. 1, consisted of a two-compartment 

cell having similar volume on both the side, partitioned by AEM with an effective area of 49.5 

cm2. SS 316 L as well as graphite having the same surface area was used as electrodes. 

Experiments were performed with different initial catholyte concentration for wide range of 

current density from 2 to 50 mA cm-2 which was maintained constant by controlling the applied 

voltage (Multiple power supply, model-PSD3304 (DC power supply). Sulfuric acid concentration 

in anolyte and catholyte was analysed at regular intervals by conductivity analysis (Chemiline 

digital conductivity meter CL 220, Aqua Mart, Kolkata, India) and titrimetrically using 0.1 N 

NaOH solutions. Homogeneity of the solution was maintained by providing frequent stirring in 

both the compartments. A qualitative analytical test was performed to determine the presence of 

iron (Fe3+) in the anolyte solution using a standard potassium thiocyanate solution (Vogel 1979). 

Scheme 2: A proposed cascaded ED system flow diagram is shown in Fig. 2. A 5 % wt. synthetic 

solution of sulfuric acid was taken as an initial feed stock. Each electrodialyzer consisted of an 

acrylic module having dimensions and membrane effective area similar to batch scale ED module. 

Each experiment was started with equal volume and concentration of anolyte and catholyte 

solution with graphite electrodes and operated at a constant current density 20.2 mA/cm2. Each 

experiment was run for more than 15 hours and analysis of anolyte and catholyte concentrations 

were carried out at regular time interval.  

(c) Determination of process performance parameters 

(i) Experimental molar flux (JP) 

Experimental molar flux was calculated using Eq. (1). It can be expressed as the net flux of sulfate 

ions crossing the membrane and is directly related to the variation in the amount of sulfuric acid 

in either catholyte or anolyte over the experimental time interval (Masigol et al. 2012; Parsa et al. 

2015). 
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𝐽𝑝 =
1

𝐴𝑚𝑉𝑙
∫

𝑑𝐶𝑐

𝑑𝑡

𝑡

0
      (1) 

Where Jp is the experimental molar flux, Am is the effective membrane area, Vl is the volume of 

solution in catholyte, Cc is the sulfuric acid concentration in catholyte and t is the time. 

(ii) Current efficiency (η) 

Current efficiency is the actual current utilized for the movement of ions from catholyte to anolyte 

per current supplied (Koter and Kultys 2008; Nur Afifah et al. 2018). It was calculated using Eq. 

(2). 

𝜂 =
𝑧 𝐹 (𝐶𝑐𝑜−𝐶𝑐𝑓)

𝐼 𝑡
      (2) 

Where z is the valence number of ions, Cco is the initial catholyte concentration, Ccf is the final 

catholyte concentration, F is the faraday constant and I is the actual current supplied. 

(iii) Sulfuric acid separation (%) 

Sulfuric acid separation in terms of sulfuric acid wt. % reduction in catholyte in given time extent 

is obtained from following Eq. (3) (Nur Afifah et al. 2018). 

𝐶𝑐𝑜−𝐶𝑐𝑓

𝐶𝑐𝑜
 × 100       (3)  

(iv) Energy Consumption 

The energy required to increase anolyte concentration by ED (EED) was calculated using Eq. (4) 

to obtain its value in kJ per liter of final anolyte solution (Vla) (Cattoir et al. 1999; Zouhri 2013; 

Kroupa et al. 2015). Whereas energy required for the same by evaporation (EEV) is calculated 

theoretically using Eq. (5) on the basis of latent heat of vaporization of water (λw), density of water 

(ρw) and volume of water evaporated (Vw) for concentrated solution (Vl). 

𝐸𝐸𝐷 =
𝑉 𝐼 𝑡

𝑉𝑙𝑎
         (4),   𝐸𝐸𝑉 =

𝑉𝑤 𝜌𝑤𝜆𝑤

𝑉𝑙
      (5) 

(v) Diffusive flux (JD) and Flux due to membrane electric potential generated (JØ) 

Diffusive flux (Urano et al. 1984) through the membrane and flux through membrane due to 

membrane electric potential generated based on concentration gradient [Nernst-Planck electro-

diffusion law] (Pourcelly et al. 1994) can be represented by Eq. (6) and Eq. (7) respectively, 

𝐽𝐷 = −𝐷
𝑑𝐶𝑡

𝑑𝑥
            (6)     

𝐽𝜃 =
−𝐷𝑧𝐹𝐶𝑐𝑜(

𝑑𝑉𝑚
𝑑𝑥

)

𝑅𝑇
      (7) 

Where JD is the diffusive flux in mole cm-2 sec-1, D is the diffusion coefficient for membrane, dCt 

is the catholyte and anolyte concentration difference, x is the membrane thickness, m is the 

mobility of ions in the liquid and Vm is the membrane potential.  
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(vi)  Fourier Transform Infrared Spectroscopy (FTIR)  

The presence of organic functional groups on the membrane surface was analyzed by the Fourier 

transform infrared spectroscopy (Perkin Elmer Spectrum GX) using a wave number range of 400 

− 4000 cm−1 at a resolution of 4.0 cm−1 with an acquisition time of 1 min.   

(vii)   SEM analysis 

The outer surface topologies of the AAV membrane was investigated via field emission scanning 

electron microscopy (FE-SEM) using JEOLFE-SEM (JSM-6701F) at 5 kV.  For cross sectional 

analysis, cryogenically fractured membrane samples under liquid N2 were freeze-dried overnight 

and sputtered with a thin layer of platinum using JEOL JFC-1600 auto fine coater. 

Results and discussion  

Effect of electrode material 

Selection of appropriate electrode is an important factor in the electrodialytic separation of sulfuric 

acid from spent liquor. Initially, in the presence of SS 316L electrode, there was an increase in the 

anolyte concentration under present experimental conditions but its color changed to yellow. 

Further analysis of solution with potassium thiocyanate reagent (Vogel 1979) and its color change 

to blood-red indicated oxidation on the electrode surface and confirmed the presence of ferric ions. 

The performance of graphite anode was satisfactory up to the current density of 30 mA cm−2, 

beyond this graphite particles started crumbling down turning anolyte black and rendered the 

electrode unusable (Siroma et al. 2007). 

 

Fig. 3 Images of Electrodes used in present study 
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As shown in Fig. 3 the image of the electrode at the top is of the unused graphite and lowest is of 

SS 316L where the sharp edges and a polished floor are visible. After prolonged use in the ED 

cell, the electrode edges and floor underwent corrosion as seen in the top right image where anode 

got corroded more compared to its cathode counterpart. The graphite electrode was found suitable 

and it could resist corrosion compared to the SS 316L.  

Effect of initial catholyte concentration (Cco) 

 

Fig. 4 Effect of initial catholyte concentration on flux, applied voltage and current efficiency  

Effect of the initial catholyte concentration on molar flux, applied voltage and current efficiency 

for selemion AAV membrane is presented in Fig. 4. Initial catholyte concentration can affect 

significantly the performance of ED process (Luo et al. 2002). Fig. 4 (a) shows that the flux 

increased almost linearly with initial catholyte concentration for current densities 10 mA cm−2 and 

above, however for lower current densities there was negligible flux enhancement. At higher initial 

concentration, the number of ions present in the solution being higher, their conductivity increase 

leads to the lower applied voltage (Chekioua and Delimi 2015). The present study also observed 

that an increase in initial catholyte concentration resulted in a reduction in external voltage required 

to maintain constant current density. Initial catholyte concentration also influences the current 

efficiencies as shown in Fig. 4 (b). A higher number of ions with higher current-carrying capacity 

and the most important is the conductivity of solution that increases with an increase in sulfuric 

acid concentration are accountable for higher current efficiencies and applied voltage reduction. 
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Effect of current density (IC) 

As shown in Fig. 5 (a), molar flux was found to increase almost linearly with applied current 

densities. It increased from 0.9×10−8 to 6.63×10−8, 0.92×10−8 to 9.54×10−8 and 0.84×10−8 to 

10.52×10−8 mol cm−2 s−1 for given values of catholyte initial concentrations when current density 

varied from 2 to 30 mA cm−2. Higher current densities are preferable for obtaining higher fluxes. 

It is apparent that the current densities are sustained by controlling voltage variation. As shown in 

Fig. 5 (b), the applied voltage was found to increase with current density when experiments were 

performed at a constant initial concentration in the range of 2 to 5 wt. %.  

 

Fig. 5 Effect of current density on flux, applied voltage and current efficiency  

Fig.5 (b) shows that current efficiency which was calculated from Eq. (2) found decreasing with 

current density at constant initial catholyte concentration. Current efficiency is basically the actual 

current utilization in the ED and it is affected by several factors that are responsible for incomplete 

current utilization (Strathmann 2004). When Cco was 2.26±0.15 wt. %, efficiency decreased from 

81.9 to 53.8%, and for Cco 3.5±0.4 wt.% it decreased from 83.8 to 61.4%. Applied current density 

is not a certain value (Luo et al. 2002) and it can change with the working system and the properties 

of the membranes. On the basis of results and discussion, the present study recommends the 20 

mA cm−2 as the appropriate value of current density for electrodialytic sulfuric acid separation 

with a graphite electrode.  Furthermore, the separation of sulfuric acid obtained was 5 to 49 % at 

Cco 4.4±0.05 wt. %, whereas it was 19 to 99 % in the case of Cco 1±0.15 wt. % with corresponding 

current density from 2.12 to 30.3 mA cm−2 (data not shown). These observations support the 

possibility of complete removal of acid contents from catholyte (<0.01 wt. %) using ED and 

making the solution dischargeable at a minimum cost of treatment.  
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Sulfuric acid concentration enrichment using Cascaded Electrodialysis System  

A six-stage cascaded electrodialysis system was designed to increase the concentration of dilute 

sulfuric acid. Aim of this work is to increase the acid concentration by 5 wt. % per stage. The first 

stage took almost 660 minutes to reach 9.56 wt. % anolyte concentration from initial concentration 

of 4.9 wt. % with a simultaneous reduction in catholyte concentration to 0.25 wt. %. Stage-wise 

concentration enrichment data along with voltage requirements for Selemion AAV membrane are 

shown in Table 1. Similarly, consecutive stages 2, 3 and 4 took almost 660 minutes for each 5 

wt. % concentration enrichment. Stages 5 and 6 could not be performed satisfactorily.  

Table 1  Stage wise catholyte concentration reduction and anolyte concentration enrichment with 

time and applied voltage for Selemion AAV membrane 

Stage 

No. 

Applied 

voltage 

(V) 

Time 

(min.) 

Initial catholyte and 

anolyte concentration 

(wt. %) 

Final anolyte 

concentration 

(wt. %) 

Final catholyte 

concentration 

(wt. %) 

1 4.4-10 660 5.15 9.98 0.37 

2 4.3-4.5 660 10.29 14.95 5.64 

3 4.2-4.3 660 15.19 19.85 10.54 

4 3.9-4.0 660 20.58 25.23 15.93 

5 3.8-3.9 660 25.48 26.95 24.01 

6 3.7-3.8 660 29.4 31.38 28.2 

 

Stage wise initial and final catholyte concentration and overall anolyte concentration profile 

with time 

Data shown in Table 1 are shown graphically in Fig. 6 (a) for stage wise for catholyte initial and 

final concentrations. Catholyte concentration declined each 5 wt. % in stages 1 to 4 in order 

AMV>AAV>IPA. The fluxes of sulfuric acid were observed largest for AMV membrane and 

smallest for IPA membrane. This could be linked to ion exchange capacity and thickness of the 

membrane and in fact the length of the diffusion path which was the highest for IPA membrane. 

Similar observations were reported by Jaroszek et al. (Jaroszek et al. 2017). Anolyte concentration 

was increased each 5 wt. % in stages 1 to 4 and then after improper results were obtained for 

subsequent stages. As shown in Fig. 6 (b), the final anolyte concentration after 2400 min varied 

from 5 to 25 wt. % and was the highest for AMV and the lowest for IPA membrane.  Further 

sulfuric acid concentration enhancement in anolyte was found difficult due to effect of 

conductivity and concentration polarization.  
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Fig. 6 (a) Stage wise initial and final catholyte concentration (b) Sulfuric acid concentration 

enrichment with time 

Current efficiency vs. anolyte concentration enrichment  

Fig. 7, represent the effect of the increase of sulfuric concentration in anolyte on current efficiency 

(CE) for stage 1. Initially, high CE in the range of 50 to 60 % was observed, then after CE decreased 

rapidly with the decrease in sulfuric acid concentration in catholyte less than 1 wt. %. The 

corresponding increase in sulfuric acid concentration in anolyte more than 8 wt. % leads to the 

large concentration gradient and back diffusion. This might be the reason for observing a rapid 

decrease in CE.   

 
Fig. 7 Effect of sulfuric acid concentration enrichment on current efficiency for stage 1. 

A similar trend was observed with all other stages of cascaded ED process and with all the three 

membranes. Efficiencies were observed higher with AMV membrane and in order 

AMV>AAV>IPA. Similar observations were reported by Jaroszek et. al. (Jaroszek et al. 2017). 

Proton leakage through anion exchange membrane, acid back diffusion, concentration polarization 

and solution conductivity were considered to be the limiting factors for acid enrichment. 

Improper 
results 
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Energy and cost considerations 

  

Fig. 8 (a) Energy consumption for stage wise concentration enrichmentwith different AEMs                     

(b) Proposed ED and EV integraed process 

The electrical energy consumed in each stage to increase sulfuric acid concentration in anolyte by 

5 wt. % was estimated at current density 20 mA cm-2 in kJ/litre and found to be decreased with 

increase in anolyte concentration as shown in Fig. 8 (a). Energy consumption was found increased 

in the following order: AMV<AAV<IPA. The thermal energy required for the same by EV was 

estimated using Eq. (5) and also found in decreasing order. The key point of these observations is 

that the energy consumed by EV to increase sulfuric acid concentration from 1 to 5 wt. % was 

found the highest by EV compared to ED which provides a reason for process integration. 

Integration of ED and EV processes could result in approximately 21 % and 24 % cost saving 

compared to standalone ED and EV respectively (data not shown). The proposed integrated 

process of ED and EV is shown in Fig. 8 (b). 

FTIR and SEM analysis of AAV membrane 

 

Fig. 9 FTIR spectra of AAV membrane used in present study 
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FTIR spectra of the membrane specimen as shown in Fig. 9 indicated broadening and shifting of 

certain bands as a result of quaternization and copolymerization reaction and introduction of ion 

exchange groups.   

 

Fig. 10 SEM micrographs of cross section and top surface of AAV membrane under different 

magnifications used in present study 

The surface topography of the pristine and used AAV membrane from the present study of 

electrodialysis of dilute sulfuric acid was investigated following scanning electron microscopy 

(SEM). As shown in Fig. 10, the SEM analysis of the AAV membrane suggests that the skin layer 

of the pristine membrane had a homogeneous morphology rendering it amenable for delivering 

favorable ionic conducting performance with the present system. 

 

Achievement with respect to objectives   

• Two different electrodes (graphite and SS 316L) were tested under electrodialytic 

conditions for sulfuric acid separation and analysed their effect on quality of anolyte. 

• Rigorous experiments were performed using batch electrodialysis process for a wide 

range of process variables with graphite electrode. 

• Effect of various physico-chemical parameters such as initial catholyte concentration, 

current density on molar flux, current efficiency, extent of sulfuric acid separation and 

voltage requirements were investigated. 

• A cascaded electrodialysis system consisted of six electrodialyzer was operated at 

constant current density of 20 mA cm-2 (a value found appropriate based on batch ED 

experimental results) and proposed to increase acid concentration up to 28 wt. %. 
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• Rigorous experiments were performed to analyse the capability of the proposed system 

to increase sulfuric acid concentration along with performance analysis of 

commercially available membranes (Selemion AAV, Selemion AMV, IPA) in terms 

of their ability to increase acid concentration, current efficiency, voltage requirements, 

and energy consumption.  

• Estimation of energy consumed by ED process along with economic analysis was 

carried out and compared with conventional evaporation process. An integrated 

process consisting of EV and ED was suggested to increase dilute acid concentration 

from 1 to 5 wt. % on the basis of economic evaluation. 

• Studied transport mechanism of ions across anion exchange membrane and developed 

an equation relating voltage requirements and molar flux with process performance 

parameters. Carried out approximate economic analysis of the proposed cascaded 

system. 

 

Conclusion and future scope of study  

The present study demonstrates that electrodialysis can be effectively used for the separation and 

concentration of sulfuric acid from its dilute solution. The material of construction of electrodes 

plays an important role on the performance of ED. Whilst SS 316L as anode material was prone 

to oxidation, graphite could be a suitable option in terms of overall performance in the range of 

current density from 2 to 30 mA cm−2 beyond which its disintegration was found making it 

unusable. This suggests that an appropriate choice of the electrode is desirable. Rigorous 

experiments performed with graphite electrode and a Selemion AAV membrane resulted in 

providing the effect of initial catholyte concentration and current density on molar flux, current 

efficiency, sulfuric acid separation, and applied voltage. The present study established that 2 to 12 

V was found the most suitable range to control current density from 2 to 50 mA/cm2 for different 

initial catholyte concentration. Around 90 % separation could be achieved with more than 70 % 

current efficiency.  

The present work proposes a cascaded ED process to purify and concentrate sulfuric acid from 

spent acidic liquor. A cascaded electrodialysis system consisted of six electrodialyzer was found 

capable of increasing sulfuric acid concentration up to 28 wt. % effectively and efficiently. 

Performance of all the three membranes in terms of their ability to increase acid concentration, 

operating time, voltage requirements and energy consumption were evaluated on the basis of 

experimental results and Selemion AMV membrane was found more suitable amongst all. Major 
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differences were observed in the performance of Selemion AMV membrane with other two AEMs 

with IPA membrane performed as good as low proton leakage membrane. These conclusions are 

important for the selection of an appropriate membrane to particularly ED processes which are 

used for enrichment of acid concentration. Higher acid recovery, higher efficiency and lesser 

electrical energy utilisation are the key factors in terms of commercial viability of process. On the 

basis of energy consumption and cost estimation, an ED-EV integrated process was found 

economical to increase dilute acid concentration from 1 to 5 wt. %. Studies of transport mechanism 

revealed that the contribution of diffusive flux as well flux generated due to membrane potential 

was negligible compared to practical flux calculated in presence of applied electric field. 

Mathematical equations for estimation of voltage requirements and molar flux relating initial 

catholyte, initial anolyte concentration and current density were developed and matched 

satisfactorily with experimental values. 

However, improvements in the ED process performance with surface modified electrodes or 

coating on the surface provides a future scope for research. The electrodialytic acid separation or 

concentration enhancement may even be more economical if operated using other alternate sources 

of electricity such as solar energy, wind energy or if sources are generated for supplying energy at 

a lower rate.  
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