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ABSTRACT 

  To meet the ever-increasing global demand for fresh water, research is constantly being 

conducted on separation and purification methods. Electrodialysis (ED) is one of the major 

technologies that seems able to make significant headway in combatting water shortages. As 

with all technologies, it is limited by certain aspects, one of those being membrane fouling. This 

research takes a look at the surprisingly unexamined phenomenon of membrane fouling in ED 

systems. The ED system studied was tested using conductivity probing, limiting current density 

analysis, and quartz crystal microbalance with dissipation analysis. Investigation of fouling 

effects commonly seen in ubiquitous ED systems produced data indicating that fouling increased 

rather than decreased permeant flux and separation rate, and increased the limiting current 

density of the system from 23.98 (A/m2) to 31.43 (A/m2). A brief explanation is offered for this 

phenomenon, and future research directions are recommended. 
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CHAPTER 1: INTRODUCTION 

A Brief Introduction to Electrodialysis 

Electrodialysis (ED) is a separation technique that uses semipermeable ion exchange 

membranes (IEMs) to leverage cations’ and anions’ opposite responses to applied electric potential 

[1]. Anions will move to an anode; cations will move to a cathode. An anion exchange membrane 

(AEM) will allow anions to pass, a cation exchange membrane (CEM) will allow cations to pass 

(Figure 1-1 [1]). 

As with other separation methods ED utilizes a driving force to cause separation. In ED 

systems, this is an applied electric potential gradient. For the applied electric potential to be useful 

as a driving force, an electrolytic medium must be introduced to allow current flow. An electrolytic 

medium contains a dissolved electrolyte in solution. A classic example is NaCl dissolved in water, 

the dissociated sodium and chloride ions being free to move throughout the solution. A moving 

charge is a current, whether the charge is a bare electron or an ion, so the driving force of applied 

potential difference is able to attempt to equilibrate through electric current between the two 

electrodes. 

Figure 1-1 shows an electrodialysis cell pair, a CEM paired with an AEM. Industrial 

electrodialysis systems generally contain many cell pairs in series, called an electrodialysis stack, 

a diagram of which is shown in Figure 1-2 [2]. Systems studied in research tend to have anywhere 

from a single IEM to a few cell pairs stacked. 
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Ion Exchange Membranes (IEMs) and their Stacking 

Ion exchange membranes consist of polymers with charged ligands, the charge type, 

positive or negative, defining the type of IEM (Figure 1-3 [1]). Separation techniques utilizing 

IEMs predominantly rely upon charge exclusion of ions. Ions of the same charge type as the 

membrane are rejected due to electric repulsion. Other factors that influence IEM separation 

methods are ion valence and diffusion coefficient. As the valence of an ion increases from example 

X-1 to X-2, the repulsion experienced by the ion to the same membrane increases. The diffusion 

coefficient of an ion will affect how quickly or slowly it passes through the membrane. This is 

related to several factors, including ion size and sterics. 

Cation exchange membranes allow cations to diffuse while blocking anions due to the 

electronic nature of the negatively charged ligands on the polymer matrix of the membrane (Figure 

1-4). Anion exchange membranes perform the same type of separation but allow anions to diffuse 

while preventing cations from doing so. The charge density of the IEM also plays an important 

role in the separation efficacy of the system. 

Figure 1-1. Electrodialysis (ED) cell pair 

diagram. 
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Ion exchange membranes tend to swell in water as the high concentration of similar fixed 

charge ligands experience charge repulsion that is allowed to express once wetted. This swelling 

is countered by a high degree of polymer crosslinking, which in turn makes the membrane brittle. 

Because of this IEMs tend to be shipped, stored, and worked with wet. Ion exchange membranes 

are generally supported by a matrix such as netting or fabric [1].  

 

 

Figure 1-2. Diagram of electrodialysis stack. 

Figure 1-3. CEM polymeric nature with charged ligands. 
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As mentioned above, CEMs and AEMs are paired and grouped as members of a stack. This 

stacking helps improve the efficiency of ED systems because the same potential difference can be 

used across many cell pairs, thus causing multiple separation chambers to be affected in concert.  

Concentration Polarization 

Based on an application of Ohm’s Law (V = IR) and idealized electric and concentration 

gradients (Figure 1-5 [1]), it seems that an ED stack should be able to continuously increase 

separation and species flux solely by increasing the voltage across the system. Increasing the 

current of the system would increase the flux of ions, which are separated as they pass through 

IEMs. Without an appreciable resistance seen anywhere in the system other than in the membranes, 

and without an increase in resistance, an increased voltage only causes an increased current.  

With a perfectly well-mixed electrolyte solution interstitial to the IEMs, essentially no 

voltage drop would occur in the chambers between the membranes. There would also be a constant 

bombardment of ions on all faces of all membranes, with separation initiating at the membrane 

Figure 1-4. Diagram of ion distribution in 

CEM and surrounding salt solution. 
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surface and species fluxing through the ion exchange membranes at their respective rates. As 

electrodialysis cannot enable separation without bound excepting the applied voltage to the system, 

there are other factors that need to be accounted for. 

 

 Concentration polarization accounts for much of the deviation from ideality seen in ED 

systems. As with all such differences, the result is increased energy expenditure to achieve the 

theorized separation. Imperfect mixing and system fluid dynamics are the underlying reasons 

behind concentration polarization. Laminar flow and no-slip conditions at the membrane surfaces 

create regions of fluid that can be deprived of or enriched with ions in respective chambers. Figure 

1-6 shows the effect these regions have on concentration near the membrane surface. In diluate 

chambers the concentration at the membrane surface is lower than in the bulk of the chamber, and 

the opposite holds true in the concentrate chambers. 

 At a given voltage as the concentration of mobile ions near the membrane surface in the 

diluate chamber decreases, the current will decrease. This follows as a lesser amount of electrolyte 

in a given volume corresponds to an increased resistance of that volume. More energy is being 

used to transfer ions across the concentration depleted volume next to the membrane surface. This 

Figure 1-5. Idealized electrodialysis system showing 

electric potential and concentration gradients. 
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correspondence of concentration polarization with increasing intermembrane resistance is shown 

in Figure 1-7 as a comparison of idealized and non-idealized electric potentials and concentration 

gradients. The non-idealized potential drops in the chambers, and more in the diluate chambers 

than concentrate due to the lower concentration of electrolyte. 

 

 

The concentration polarization is accentuated by increasing the voltage across the ED 

stack, as this causes the concentration of ions near the membrane in the diluate chamber to decrease 

further. This continues until the concentration at the membrane surface is essentially zero, at which 

point the limiting current of the system has been reached.  

   

 

Figure 1-6. Concentration polarization. 



7 
 

 

 

Limiting Current Density (LCD) 

Once the limiting current has been reached, any increase in voltage will not cause any 

change in current as there are no more ions capable of transferring charge. Applied voltage over 

the LCD will generally result in an unregulated flow of ions through all IEMs due to induced 

electroconvection [3] and, to a small extent, side-reactions such as the electrolysis of water. The 

limiting current density is that which impacts the efficiency of an ED system.  

There are traditionally three electronic regions as applied to ED systems, which are shown 

in Figure 1-8 [4]. The first is the Ohmic region, in which Ohm’s Law holds. In this region, as the 

voltage across the stack is increased, the current increases proportionally. The Ohmic region ends 

and the second begins at as the limiting current is reached. This region is the plateau region, in 

which an increase in voltage has no appreciable increase in current across the stack. The third 

Figure 1-7. Idealized and non-idealized electric potentials and 

concentration gradients. 
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region is the over-limiting current region, in which increasing voltage once again increases current. 

This is the region in which electroconvection and unregulated ion flow occurs [3,4]. 

 

 

If the LCD is increased, the voltage across the stack can be increased while remaining 

within the Ohmic region of operation, so the ion transport across membranes increases. This leads 

to an improved separation time, as voltage has a minimal effect on ED membrane permeance [1]. 

The actual operating voltage of an ED system is kept well below the LCD threshold, as certain 

types of fouling can decrease the LCD, thus causing a system to cross into the over-limiting current 

region, where co-ions and counter-ions pass through both IEMs of the system. Increasing the 

limiting current density of an ED system is one of the ways to increase the operating efficiency of 

and electrodialysis system, as it is the main limiting factor of all ED systems.  

  

Figure 1-8. Three regions of Ohmic, plateau, 

and over-limiting current show in I-V graph. 
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Fouling 

Fouling is a term used to describe the deposition of undesired materials onto a membrane 

surface during operation. This undesired material typically results in water or ion flux decline 

within membrane separations due to increased transport resistance [1]. Fouling generally falls into 

several categories: scale, silt, organic, and biofouling are some examples [1]. All fouling types 

result in membrane morphology change, be the change surficial or internal. However, fouling that 

occurs on the surface is more easily addressed through cleaning and backflow operation 

procedures. Pore clogging and other internal fouling mechanisms require more complex removal 

procedures to recover separation flux. 

Scale, or scaling, is the adsorption of salts precipitated from the feed solution onto a 

membrane surface. This is commonly seen in desalination processes. The difficulty in reversing 

scaling depends on the characteristics of salt in the solution. Resolution of scale build-up may be 

as simple as controlling the pH of the feed or ion exchange through processes such as water 

softening In essence, antiscalants inhibit the precipitation of salts to the point of keeping 

traditionally insoluble quantities in solution [5]. Scaling is one of the fouling types most commonly 

seen in ED systems. 

Silt in a separation system is the accumulation of particles on a membrane surface. The 

buildup of silt incurring flux decline occurs at different rates depending on the silt-particle size 

and the nominal pore size of a membrane. These effects have been standardized in the silt density 

index (SDI) of water (ASTM D 4189-95, 2002) [6]. The SDI determines the ability of suspended 

particles to impair flux by measuring how long a sample takes to pass through a membrane of 0.45 

µm pore size at a constant pressure. As the processing time of the sample increases, the rate of 

plugging/fouling increases and thus so does the SDI value. Not only is this method effective in 
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predictively bounding how long a filtration process will take, but it also allows for 

predetermination of the necessity of pretreatment procedures. 

Organic fouling is caused by organic compounds adhering to the membrane surface 

restricting transport and resulting in flux decline. Organic compounds commonly seen with this 

type of fouling are oils and greases, with greases being more troublesome to deal with [1] 

(especially as National Lubricating Grease Institute, NLGI, grade increases – becomes harder). 

This type of fouling may be seen incidentally in local water treatment plants but is more frequently 

seen in industrial settings where separation occurs to recover solvents or products. 

Biofouling is a disparate type of fouling and occurs when bacterial growth begins to inhibit 

transport. This type of fouling is largely due to the membrane composition, as certain membranes 

can act as culture plates if the correct conditions are prevalent. This type of fouling is also different 

in that the fouling itself can degrade the membrane to the point of ruination [1]. 

While surface fouling is certainly the most common and most readily dealt with, there is 

also internal membrane fouling, which is the main cause for decreased permeate flux over time 

[7,8]. This fouling that occurs within the membrane is not necessarily due to an anisotropic nature 

of the membrane, especially given the anisotropy of contemporary membranes; it is often due to 

adsorption within the membrane. 

There are two genres of dealing with fouling: mitigation and reversal. Fouling mitigation 

includes feed pretreatment and planned cleaning. Pretreating the feed has the effect of disallowing 

some types of fouling, such as biofouling, and greatly reducing other types. Biofouling 

pretreatment generally consists of any steps that will prevent bacterial growth, including 

bactericides, chlorination, and UV treatment depending on which is least deleterious to the 
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membrane itself. Organic fouling pretreatment may consist of surfactant treatment, adsorption 

filtering, an appropriate combination of the two, or ultrafiltration. Silt fouling may be pretreated 

with the traditional iterative filtration method of continuously decreasing pore-size filtration or 

depth filtration. It may also be treated with settling tanks or slow filtration if appropriate [9].  

 Planned cleaning is a maintenance procedure for membranes, the creation of which is often 

guided by SDI feed results. This procedure is independent of flux decline, though flux is monitored 

to ensure predetermined levels are met. The cleaning may utilize acidic or alkaline conditions, 

surfactants, increased pressure, reversed flow, or any combination. The main difference between 

the two types of fouling mitigation is that pretreatment affects the feed while cleaning affects the 

membrane itself. In most separation methods scaling is usually dealt with by reverse flushing the 

membrane with a cleaning solution that is corrosive to the membrane. In ED systems, by reversing 

the polarity of the electrodes (electrodialysis reversal, EDR), the system will self-descale to a 

certain degree [10]. This process can be carried out two to four times an hour without appreciable 

membrane degradation [1]. Indeed, using a proper cleaning regimen, EDR systems have been 

continuously used in industrial settings without having to change membranes for up to 9 years [3]. 

While fouling mitigation is essentially passive, fouling reversal is reactive in nature. Once 

flux drops below a certain threshold, a more vigorous cleaning procedure is followed. As this flux 

decrease usually coincides with an inadequately pretreated feed, unplanned fouling-induced 

cleaning usually results in adjustment of pretreatment procedures. When permeate flux is viewed 

over the time in which cleaning occurs, the benefit of cleaning is apparent, as seen in Figure 1-9 

[1].  



12 
 

 

All methods of dealing with fouling are destructive, though the extent varies greatly. 

Membranes have a certain lifespan that is defined by the flux and permeability degradation of the 

membrane. This degradation is sped up by cleaning procedures, though planned cleaning is usually 

accounted for when membrane lifespan is reported [1,3]. Once a certain threshold, predicated 

mainly on cost relating to flux decline and increase in downtime due to cleaning, is breached, the 

membrane will be replaced. 

Advantages and Disadvantages of Electrodialytic Systems 

 Several water treatment methods that are currently at the forefront of industrial usage and 

academic research. These methods can be split into two broad categories, membrane-based and 

nonmembrane-based [11]. Some of the different methods are listed in Table 1-1. 

 

 

Figure 1-9. Impact of fouling and cleaning 

on permeate flux over time. 



13 
 

Table 1-1. Broad categories of separation technologies. 

Membrane-based Technologies Nonmembrane-based Technologies 

Electrodialysis (ED) Distillation 

Electrodeionization (EDI) Flocculation 

Reverse Osmosis (RO) Ion Exchange 

Microfiltration/Nanofiltration Centrifugation 

 

 Each of the methods has advantages and disadvantages, and as we are concerned with ED, 

those shall be enumerated and listed in Table 1-2. The advantages include the energy efficiency 

within salination feed range, the high level of product purity achievable, the ease of maintenance 

of a well-developed ED system, that ED is environmentally friendly, the lack of osmotic pressure, 

and the long system and membrane lifetimes. Disadvantages include decreased energy efficiency 

at high feed salinity, that ED does not remove uncharged species, the lack of ion selectivity, and 

membrane fouling [11]. For water with total dissolved solids (TDS) less than 1500 ppm, EDR 

power consumption is less than that of reverse osmosis (RO) [3], and for TDS <1000 ppm, ED/EDI 

is favorable to RO as seen in Figure 1-6 [12,13]. 

One of the main competing separation technologies for creating water of a comparable 

level of purity as ED/EDI systems is reverse osmosis (RO). While they are both used industrially, 

research continues to increase the energy efficiency and thus the market share of both. The benefit 

to a breakthrough in either technology means cheaper clean water, so all advancements are 

celebrated. That said, there are certain inherent issues with RO systems that ED/EDI systems do 

not have. Reverse osmosis systems use pressure difference as one of the main driving forces, which 

creates a host of issues that electric potential gradient does not. 
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Table 1-2. Advantages and disadvantages of electrodialysis. 

Advantages Disadvantages 

Energy efficient within feed salination range Not energy efficient at high feed salinity 

High level of purity Does not remove uncharged species 

Ease of maintenance Lack of ion selectivity 

Environmentally friendly Membrane fouling 

No osmotic pressure Limiting current  

Long system/membrane life  

 

Keeping a system at pressure is costly, any valve or gasket failure can lead to system 

failure. Electrodialysis systems can continue separation while the system is leaking, albeit at a 

decreased efficiency. EDR systems are, to some extent, self-cleaning and can operate with reverse 

flux if needed, whereas RO systems lack this ability, if only because RO membranes tend to be 

anisotropic [14].  

 Figure 1-10. Favorability of ED/EDI versus RO. 
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Perhaps the most notable difference between ED and RO systems is that of approach 

concentration of salt to the membrane. As discussed, in ED systems the salt concentration 

approaching the membrane decreases past the bulk concentration until the LCD is reached. In RO 

systems, the salt concentration approaching the membrane increases past the bulk concentration. 

This means that RO is inherently bound to encounter scaling issues of some kind. While this has 

been accounted for in industrial and even home-use systems, scaling remains difficult to address 

resulting in it remaining the major cause of RO membrane failure [15]. 

Applications  

 Purification and separation are often discussed as separate processes, but one cannot exist 

without the other. The two are omnipresent in modern life, even if they are largely overlooked. As 

such, many of the applications of ED may be surprising. Nota bene, all of the applications 

mentioned here act on the same basic principles discussed above. Here is a brief account of a few 

of the current applications of ED systems seen globally. 

 Since 1892 electrodialysis has been used industrially in the chlor-alkali process [1]. This 

is the use of a single AEM placed between two electrodes to produce NaOH and Cl2. By the mid-

twentieth century, IEM stacking was suggested, tested, and improved to the point that by 1952 the 

first ED plant was developed and opened, with several following around the world within the next 

few years. In the United States, these plants were primarily used for the desalination of water [10].  

Contemporary use of ED in plants takes many forms, such as wastewater treatment in the 

form of salinity reduction; groundwater treatment in the form of nitrate removal, perchlorate 

reduction, fluoride reduction, and hardness and salts reduction; well water treatment in the form 

of gas well water desalination; surface water treatment in the form of bromide reduction and 
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salinity reduction; and uranium mining in the form of sludge desalination [16]. While these 

constitute many of the major established applications worldwide, there are more specialized uses 

for ED that are being seen as well. These range from antifreeze and HVAC fluid recycle [17], dairy 

industry purification [18], and sugar processing [19].  

As mentioned, each of these processes uses the same underlying principles, all that changes 

are the species involved and, in some instances, which stream exists as the desired product. The 

most striking example of this is seen in Japan, which has no indigenous salt source [20]. Here, ED 

is used to concentrated salt water, so the concentrate stream (i.e., salt) is the sought product.  

All of these processes must use pretreatment procedures to lower the TDS of the feed 

stream so that the economics of ED are favorable. Understanding the fouling mechanisms that 

cause flux decrease may lead to breakthroughs that favorably change the robustness and economics 

of ED systems, allowing for more widespread use of this technology. 
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CHAPTER 2: EXPERIMENTAL 

Materials and Instrumentation 

 All ED data was gathered using a Masterflex® system. The pump drivers were 

Masterflex® L/S™ Economy Drive model 07554-90. Masterflex® L/S™ easy-load® II model 

77200-62 peristaltic pump heads were used with 24 gauge flexible silicone tubing. The peristaltic 

pumps were set to a flowrate of 85 rpm (+/- 5 rpm), a rate previously determined to be ideal from 

previous studies. The stack is housed in a PC Cell 64-4 unit. The stack contains two CEMs and 

one AEM with spacer matrices (SM) between the IEMs in the configuration: SM, CEM, SM, 

AEM, SM, CEM, SM. This simplified stack allows for better study of the ED system, especially 

the AEM. This is useful as it is the anionic portions of the foulants studied that tend to reduce ion 

flux.  

The voltage and current were controlled using a GWinstek GPS-3030DD power supply 

unit capable of up to 30 volts (+/- 0.1 volts) and 3 amps (+/- 0.01 amps) [21]. All mass 

measurements were carried out using an Ohaus Adventurer AR240 Analytical Balance with a 

capacity of 210 g (+/- 0.0001 g). All volumetric measurements were made using the same 1000 

mL (+/- 0.3 mL) volumetric flask, 10 mL (+/- 0.02 mL) graduated cylinder, or 100-1000 µL 

VWR ultra-high performance single-channel pipette (precision +/- 3.3% at 100 µL, +/- 0.8% at 

1000 µL, accuracy ≤ 0.7% at 100 µL, ≤ 0.2% at 1000 µL) where appropriate. 

 The CEMs used were Neosepta CMX-FG, and the AEMs used were Neosepta AMX-FG. 

Each membrane sheet was cut into multiple appropriately sized membranes for the Masterflex® 
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system used. Both membranes are preferentially permselective for ions of the corresponding 

charge. The type of IEMs used are found in industrial desalination procedures, including those 

food-grade safe procedures (it can thus be assumed that no deleterious compounds rinse from the 

neat membranes). The inherent resistance of the CEMs is 1.8 Ω ∗ 𝑐𝑚2 and of the AEMs is 2.6 Ω ∗

𝑐𝑚2. The nominal CEM thickness is 0.16 mm and the nominal AEM thickness is 0.15mm [22]. 

 The solution used for separation measurements was a simple NaCl and ultrapure water 

(UPW) solution ranging from 0.01 wt% to 5.00 wt% as indicated. UPW water was collected from 

a Direct-Q® 3 UV water purification system [23]. 

The ionicity of these solutions was found by probing with a Thermo Scientific™ Orion™ 

Dual Star™ pH, ISE, mV, ORP and temperature dual channel benchtop meter before each run and 

monitored throughout all runs at 5-to-15-minute intervals. 

 All heating was done using either a Fischerbrand™ Isotemp™ ceramic combination 

hotplate and stirrer model 11-300-49SHP or an IKA C-MAG HS 7 combination hotplate and stirrer 

in conjunction with an IKA ETS-D5 electronic contact thermometer. 

 All quartz crystal microbalance (QCM) testing was done via a Biolin Scientific QSense 

Analyzer QCM-D system with the included spin coater, and the data were analyzed with the 

compatible QSense DFind software.  

Description of Analytical Procedures 

 Twenty grams NaCl was dissolved in 1000 mL UPW water to make a 1 wt% solution. This 

neat NaCl solution was used to find the unfouled flux rate in the ED system. Two 500 mL beakers 

were filled with 300 mL each of the neat NaCl solution. One was the feed and return respectively 

for the tubes labeled “diluate in” and “diluate out”, and the other was the feed and return for the 
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Figure 2-1. Photo of ED system used 

with concentrate and diluate streams 

labeled. 

tubes labeled “concentrate in” and “concentrate out” respectively as seen in Figure 2-1. These two 

beakers, dilute and concentrate, are where the migration of NaCl was measured – from the dilute 

beaker to the concentrate beaker, both of which start at the same concentration. The flow of each 

solution is between membranes and is made turbulent despite slow flowrate by sheet flow spacers 

as seen in Figure 2-2. A potential difference of 3 volts between the two electrodes was held 

constant for all runs and the amperage was recorded when concentration was. The chloride 

concentration of the dilute and concentrate beakers was measured and recorded at 15-minute 

intervals for 180 minutes. This was done three times and the data averaged and error bound as seen 

in Figures 3-1 and 3-2 as blue circles labeled “neat NaCl”. 

 

 



20 
 

 Next, sodium alginate (SA) was added to the NaCl solution such that it was 0.1 wt% SA. 

This was then used in place of the neat NaCl previously described. Three runs were again carried 

out with measurements of both dilute and concentrate beakers made every 15-mintes for 180 

minutes. The data was averaged, and error bound as seen in Figure 3-1 as orange squares labeled 

“0.1 wt% Sodium Alginate”. This SA procedure was carried out in the same manner with bovine 

serum albumin (BSA). The 0.1 wt% BSA data is in Figure 3-1 as grey triangles labeled “0.1 wt% 

Bovine Serum Alginate”. 

 

 Abnormal data was recorded in the form of reverse ion transport. As the probe is an old 

model it was thought that quickly switching between the different concentrations changing in 

different directions may be compounding any errors. To attempt to negate this introduced error, 

all further runs were made with the probe in the dilute beaker throughout the runs. While this did 

Figure 2-2. Diagram of sheet flow 

spacer used in ED system. 
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reduce the data available for analysis, the error reduction in the gathered data improved the 

statistical significance of presented results. 

 A 0.25 wt% sodium alginate was then run twice with measurements made at the same 

intervals. The data was averaged and error bound as seen in Figure 3-2 as orange squares labeled 

“0.25 wt% Sodium Alginate”. This procedure then was carried out with a 0.25 wt% bovine serum 

albumin solution. The BSA data is shown in Figure 3-2 as grey triangles labeled “0.25 wt% Bovine 

Serum Albumin”. 

 The previously described results are all plotted on the same chart in the Appendix. The 

data obtained were seemingly anomalous. Whereas the procedure was expected to decrease 

permeate flux through membranes, data gathered from the system indicated increased permeant 

flux through the membranes. In an attempt to better understand this, the limiting current density 

was found. The experimental setup was similar, but a different method was used. Six hundred 

milliliters of 1 wt% neat NaCl solution were poured into a 1 L beaker. All four concentrate and 

dilute tubes were placed into the beaker so there would be no net ion transport. This allowed for 

LCD to be determined by increasing the voltage and amperage (during different runs) of the 

stack while recycling both the NaCl solution and the Na2SO4 solution.  

Multiple runs of both neat NaCl and NaCl + SA were made, during which the current was 

increased every five minutes for three hours and the resulting change in voltage was recorded. 

The NaCl solution used was 0.05 wt% and the SA was 0.0025 wt% (+/- 1.7%) to ensure the LCD 

would fall within the restrains of the power supply used. The data were averaged and the LCD 

was found by submitting it to the graphical regression Cowan-Brown method [4] as seen in 

Figures 3-4 and 3-5. 
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Limiting current density data can be used to better understand the system in several ways. 

It may be used the help obtain correction factors to data-fit equations that model the system using 

resistance modelling, or it may be used to gain insight into the transport phenomena of the 

system. Resistance modelling utilizes the same concept behind series resistance seen in circuit 

and heat transfer analysis. It is shown diagrammatically in Figure 2-3. Each measured resistance 

of the system is added in series and treated as shown in equation 2-1. Deriving from the general 

transport equation shown, the flux is treated as contiguous and algebraic, leading to the 

determination of system resistances as exemplified in equation 2-2. 

 

𝐽 = 𝑘𝛻𝐹 → 𝐽𝑖 = 𝑘𝑛𝑒𝑡 (𝑐𝑖𝑏,𝑓 − 𝑐𝑖𝑏,𝑝) = 𝑘𝛿 (𝑐𝑖𝑏,𝑓 − 𝑐𝑖𝑚,𝑜
) =  𝑘𝑚 (𝑐𝑖𝑚,𝑜

− 𝑐𝑖𝑏,𝑝)………………..2-1 

1
𝑘𝑛𝑒𝑡
⁄ = 1

𝑘𝛿
⁄ + 1

𝑘𝑚
⁄ ………………………………………………………………………….2-2 

Figure 2-3 Electrodialysis resistance model. 
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These resistances may be defined from data gathered during the experiment, such as volumetric 

flow rate, �̇�, diffusion coefficient, D, temperature, T, and feed channel height, h, as shown in 

equation 2-3. X is a coefficient correction factor. 

𝑘𝛿 = 𝛸�̇�𝛼ℎ𝛽𝐷𝛾𝑇 ………………………………………………………………………………2-3 

Using the resistance model provides some insight into the behavior of the system studied, but no 

extrapolation to other systems may be made, and no insight is gained into the underlying causes 

of resistance changes. 

Treating ED systems with transport-based models allows for deeper understanding of 

resistance changes. A mathematical treatment of Figure 1-6 leads to the relation between 

concentrations shown in equation 2-4, allowing a concentration polarization modulus to be 

defined as in equation 2-5. 

(𝑐𝑖,𝑜 − 𝑐𝑖,𝑝)
(𝑐𝑖,𝑏 − 𝑐𝑖,𝑝)

⁄ = exp (
𝐽𝛿

𝐷⁄ )……………………………………………………...…2-4 

𝐸
𝐸𝑜
⁄ =

𝑐𝑖,𝑝
𝑐𝑖,𝑜⁄ =

exp (
𝐽𝛿

𝐷⁄ )

[1 + 𝐸𝑜 (exp (
𝐽𝛿

𝐷⁄ )) − 1]
⁄ …………………………………..2-5 

Equation 2-5 shows that concentration polarization is based on the transmembrane flux, 

the boundary layer thickness, and the diffusion coefficients. This allows the reasonable 

postulation that the seemingly anomalous data is a result of a change in one of these factors. 

Determination of the LCD coupled with the defining limiting current equation (equation 2-6) and 

the concentration polarization modulus leads to the conclusion that there was a decrease in the 

boundary layer thickness or the diffusion coefficient, both of which can be determined 

experimentally. 
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𝐼𝑙𝑖𝑚
𝑐𝑜
− → 0

= 𝐷−𝐹𝑐−
𝛿(1 − 𝑡−)⁄ …………………………………………………………………...2-6 

As the LCD data seemed to agree with the conductivity test data, an experiment was run 

to try to further quantify the fouling results seen by quartz crystal microbalance with dissipation 

(QCM-D) testing. A baseline of 2 wt% neat NaCl was run on pristine gold-plated quartz crystal 

microbalance (QCM) crystals. Then 0.1 wt% SA was added to the solution and run. The same 

method was used with 0.1 wt% BSA.  

To mimic the AEM used in the ED system, an anion exchange ionomer solution (FAA-3-

SOLUT-10) from Fumion® was run through the quartz crystal microbalance with dissipation 

(QCM-D) system onto gold plated QCM crystals for 30 minutes to ensure a buildup of 

polymerized ionomer [24]. The coated crystals were then used to run neat 2 wt% NaCl and 

determine any fouling that occurs and if it is easily reversible.  

The pristine crystal was normalized with UPW for roughly 12 minutes. Once a baseline 

was acquired, 0.1 wt% of ionomer solution in UPW was added to the system. This was allowed 

to run for 30 minutes so an anionic exchange polymer could form, mimicking the AEM used in 

previous experiments. The system was then rinsed with UPW for 10 minutes to allow any 

unbound ionomer to be rinsed from the crystal. 2 wt% NaCl solution was added to the system for 

20 minutes, mimicking the bombardment of the AEM surface with chloride ions. The system 

was then rinsed again with UPW for 15 minutes allowing any reversibly bound chloride ions to 

be washed from the crystal. 
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CHAPTER 3: RESULTS AND DISCUSSION 

Electrodialysis 

 The expected result from the ED system runs was that added foulant would increase the 

time for conductivity of the dilute stream to approach zero, which corresponds to a complete 

removal of chloride from the system. This result could also be seen as lower conductivity of the 

neat NaCl within a given time frame. As Figure 3-1 shows, contrary to the expected result, the 

added 0.1 wt% foulants, both SA and BSA, led to a more rapid decrease in conductivity when 

compared to neat NaCl over the same time. The average difference in concentrations of chloride 

between the neat NaCl and foulant added solutions were distinct enough to fall outside the standard 

error bounds of each other. 

This was not an isolated occurrence, as the same system was run with a more fouled system 

of 0.25 wt% SA and BSA with more pronounced results (Figure 3-2). In this run, the BSA caused 

an extremely noticeable decrease in the conductivity, and thus chloride concentration, of the dilute 

stream within the first twenty minutes. The data from Figure 3-1 and Figure 3-2 is shown together 

in the Appendix. It has been reported previously that SA and BSA cause a visible gel layer on the 

AEM as seen in Figure 3-3 [25].
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Figure 3-1. Comparison of neat NaCl solution, 0.1 wt% added sodium alginate, 

0.1 wt% bovine serum albumin with standard errors. 

Figure 3-2. Comparison of neat NaCl solution, 0.25 wt% added sodium alginate, 

0.25 wt% bovine serum albumin with standard errors. 
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Figure 3-3. Anionic exchange membrane after sodium alginate run [25] 

 The unexpected data could have resulted from the formation of a gel layer on the membrane 

surface where in the neat solution there is only a boundary layer in which a concentration 

polarization gradient would exist. This new gel layer would have an impact on the boundary layer 

thickness as well as the concentration polarization gradient magnitude next to the newly expanded 

membrane interface. Due to the SA and BSA falling out of solution as salts and forming a hydrated 

gel layer, this new membrane interface is essentially charge neutral. As a result, this lessens the 

degree of concentration polarization next to the membrane surface for a given voltage across the 

membrane. To determine if this was occurring, the limiting current density was experimentally 

determined for neat NaCl solution and NaCl + SA solution. 
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Limiting Current Density 

 The limiting current density was found experimentally using Cowan-Brown plots of 

resistance versus LCD-1. Because the graph is nonlinearized through a 1/x transformation, the 

sensitivity of data analysis is increased in the area needed. Traditional current-voltage graphs were 

plotted for the data, but the equipment was not sensitive enough to isolate the traditional three 

regions of Ohmic, limiting current, and over-limiting current shown in Figure 3-4. Many methods 

of LCD detection use specialized ED systems [26] and electrochemistry-specific devices such as 

Luggin-Haber capillaries [27].  

 Figure 3-4 shows the Ω-LC-1 graph for neat 0.05 wt% NaCl with linear regressions for the 

initial and final hyperbolic regions extrapolated past their crossing point. The vertical regression 

had an R2 value of 0.9241 and the horizontal regression had an R2 value of 0.8459. The LCD was 

determined algebraically from the intersection and found to be 23.98 amps/m2. The area of the 

membrane used was 0.0058 m2 so the limiting current found was 0.14 (+/- 0.01) A. The neat NaCl 

runs were in very good agreement, with a standard deviation of 0.0002 or 0.71% error (see 

Appendix for data and analysis). 

 Figure 3-5 shows the Ω-LC-1 graph for 0.0025 wt% (+/- 0.00004 wt%) SA with the same 

linear regressions performed. Again, it is noted that the concentrations were kept low so as to keep 

within the limits of the lab power supply, but that the concentration ratio was kept the same as that 

of the ED experiments. The vertical regression had an R2 value of 0.9353 and the horizontal 

regression had an R2 value of 0.8650. The calculated LCD was 31.43 amps/m2 and the 

corresponding limiting current was 0.18 (+/- 0.01) A.  
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Figure 3-4. Neat NaCl LCD data. 

Figure 3-5. 0.0025 wt% sodium alginate LCD data. 

LCD 23.98 (A/m2) 

LCD 31.43 (A/m2) 
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 Determination of the LCD for neat NaCl and SA fouled ED systems produced results 

agreeing with those found in the initial ED runs. The addition of foulant increased the LCD of the 

system. This is rather remarkable as the greater the limiting current density the greater the voltage 

that can be applied to the system. The increased limiting voltage means a concurrent increase in 

the acceptable operating voltage and thus an increase in the flux of ions. This may ultimately lead 

to a decreased time for the same ion transport to occur without sacrificing permeance [3] or 

membrane selectivity [1]. In other words, adding foulant seems to improve one part of the the 

operating efficiency of the system [12,13]. 

Quartz Crystal Microbalance with Dissipation 

 The presented data indicates that certain foulants can have a beneficial effect on ED 

systems, though to verify this, the extent of membrane fouling must be quantified and qualified. 

The impact of fouling on desired ion flux must be accurately measured, and the type of fouling 

must be determined – reversable or nonreversable. To acquire the data needed, a QCM experiment 

and analysis were performed.  

 Figure 3-6 shows the results of the QCM-D experiment. The results are promising as there 

is clear delineation of mass increase and layer thickness between the addition of different solutions. 

Some of the effects are due to bulk density differences, however, the horizontal linearity of the 

plateus indicates that the system is stable.  

The increase between the initial thickness and first UPW wash thickness shows the 

formation of the anion exchange polymer. The second UPW wash also indicates that the NaCl 

introduced to the system is not permanently fouling the system. This experimental method seems 
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sound and the results appear to be indicating what is suspected of happening in the ED system. 

Further experimentation needs to be done. 

 

 

  

Figure 3-6. QCM thickness data of different solutes added timewise. 
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CHAPTER 4: CONCLUSIONS AND RECOMMENDATIONS 

 The ED data shows that organic foulants increase chloride ion flux in the electrodialysis 

system studied. Both a decrease in the conductivity per unit time of dilute feed and an increase in 

the LCD with the addition of foulant has been explicitly shown with sound experimental 

methodology and analysis. The LCD of the system increased by over 31% from 23.98 (A/m2) to 

31.43 (A/m2). This indicates that ED systems can benefit from foulant inclusion studies regarding 

their ion transport efficiency, and the optimization of membrane cleaning regimens for separation 

efficiency. 

The QCM data shows excellent results at this stage in the experimental design process. The 

method shows promise in confirming or refuting the proposed reasoning behind increased chloride 

flux and LCD, with initial data supporting previous experimental results. 

It is recommended that the LCD is determined with bovine serum albumin. A larger data 

set would be very beneficial, especially as the results were contrary to initial expectations. 

It is recommended that the current QCM-D experimental design continues. Study of 

organic foulants of varying type and concentration ought to be studied. The AEM layer thickness 

should be increased by increasing run-time or creating multiple runs with UPW rinse between. A 

cationic ionomer should also be studied. As Ulmer indicated, the current experimental setup allows 

for testing the efficacy of cleaning methods – both with respect to their overall flux reclamation 

ability and their time-effectiveness. 
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It is recommended that electrochemical impedance spectroscopy (EIS) be utilized [24]. A 

Luggin-Haber system would also be of use. The last recommendation is that a modular ED system 

be created similar to that found in work done by Krol et al. This would allow more precise 

resistance and conductivity data to be gathered on individual membranes. Such data would enable 

identification of concentration polarization influences on both AEM and CEM surfaces.
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ED DATA 

Neat NaCl 21-Jun 22-Jun 23-Jun   
Time (min) Diluate (mS/cm) Diluate (mS/cm) Diluate (mS/cm) AVG STDEV 

0 9.82 7.75 9.94 9.17 1.23 

15 9.56 7.99 9.37 8.97 0.86 

30 9.45 8.95 8.88 9.09 0.31 

45 8.88 8.67 8.41 8.65 0.24 

60 8.64 8.15 8.12 8.30 0.29 

75 8.18 8.09 7.78 8.02 0.21 

90 7.93 7.42 7.36 7.57 0.31 

105 7.48 6.84 6.92 7.08 0.35 

120 6.79 6.6 6.43 6.61 0.18 

135 6.43 6.33 5.79 6.18 0.34 

150 5.92 5.54 5.33 5.60 0.30 

165 5.27 5.01 4.89 5.06 0.19 

180 4.76 4.56 4.32 4.55 0.22 

      
 
      

      

0.1 wt% SA 24-Jun 25-Jun 15-Jul   
Time (min) Diluate (mS/cm) Diluate (mS/cm) Diluate (mS/cm) AVG STDEV 

0 10.30 11.20 8.64 9.47 1.30 

15 9.63 9.75 7.51 8.57 1.26 

30 9.09 8.95 7.17 8.13 1.07 

45 8.74 8.34 7.25 8.00 0.77 

60 8.09 7.99 7.06 7.58 0.57 

75 7.51 6.97 6.76 7.14 0.39 

90 6.92 6.33 6.60 6.76 0.30 

105 6.04 5.97 6.11 6.08 0.07 

120 5.46 5.52 6.25 5.86 0.44 

135 4.88 5.01 5.88 5.38 0.54 

150 4.12 4.67 5.65 4.89 0.78 

165 3.36 4.12 5.23 4.30 0.94 

180 2.82 3.71 4.71 3.77 0.95 
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0.1 wt% 
BSA 28-Jun 29-Jun 16-Jul   

Time (min) Diluate (mS/cm) Diluate (mS/cm) Diluate (mS/cm) AVG STDEV 

0 9.19 8.61 9.02 9.11 0.30 

15 8.28 7.75 8.24 8.26 0.30 

30 7.84 8.02 7.87 7.86 0.10 

45 7.63 7.51 8.02 7.83 0.27 

60 7.22 7.25 7.87 7.55 0.37 

75 6.92 7.36 7.22 7.07 0.22 

90 6.23 6.71 6.55 6.39 0.24 

105 6.21 6.43 6.02 6.12 0.21 

120 5.42 6.11 5.23 5.33 0.46 

135 5.37 5.81 4.27 4.82 0.79 

150 4.55 5.54 3.94 4.25 0.81 

165 4.25 5.27 3.43 3.84 0.92 

180 3.97 5.11 2.87 3.42 1.12 
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0.25 wt% SA 2-July 6-Jul   
Time (min) Diluate (mS/cm) Diluate (mS/cm) AVG STDEV 

0 8.31 8.28 8.30 0.02 

15 6.71 7.42 7.07 0.50 

30 6.28 7.11 6.70 0.59 

45 6.06 6.73 6.40 0.47 

60 5.37 6.43 5.90 0.75 

75 4.91 6.04 5.48 0.80 

90 4.56 5.74 5.15 0.83 

105 4.29 5.59 4.94 0.92 

120 3.94 5.25 4.60 0.93 

135 3.57 4.93 4.25 0.96 

150 3.23 4.82 4.03 1.12 

165 3.08 4.55 3.82 1.04 

180 2.82 4.76 3.79 1.37 

     
0.25 wt% 

BSA 7-Jul 7-Jul   
Time (min) Trial 1 Trial 2 AVG STDEV 

0 8.91 10.00 9.46 0.77 

15 8.18 9.34 8.76 0.82 

30 7.72 8.57 8.15 0.60 

45 7.42 8.44 7.93 0.72 

60 7.06 7.72 7.39 0.47 

75 6.66 7.48 7.07 0.58 

90 6.43 7.00 6.72 0.40 

105 5.76 6.25 6.01 0.35 

120 5.46 5.97 5.72 0.36 

135 4.88 5.59 5.24 0.50 

150 4.30 5.17 4.74 0.62 

165 4.04 4.60 4.32 0.40 

180 3.71 4.39 4.05 0.48 
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LCD DATA 

Neat NaCl 
Current 

Density (CD) Current CD-1 Run 1 Run 2   

t [min] I/A I [A] A/I] V Ω V Ω AVG Ω 

0   0   0.3   0.7     

5 1.72 0.01 0.5800 0.50 0.86 0.90 1.55 1.21 

10 3.45 0.02 0.2900 0.80 2.76 1.10 3.79 3.28 

15 5.17 0.03 0.1933 1.20 6.21 1.30 6.72 6.47 

20 6.90 0.04 0.1450 1.70 11.72 1.50 10.34 11.03 

25 8.62 0.05 0.1160 2.20 18.97 1.80 15.52 17.24 

30 10.34 0.06 0.0967 2.50 25.86 2.10 21.72 23.79 

35 12.07 0.07 0.0829 2.50 30.17 2.40 28.97 29.57 

40 13.79 0.08 0.0725 3.00 41.38 2.70 37.24 39.31 

45 15.52 0.09 0.0644 3.20 49.66 2.90 45.00 47.33 

50 17.24 0.10 0.0580 3.30 56.90 3.00 51.72 54.31 

55 18.97 0.11 0.0527 3.40 64.48 3.10 58.79 61.64 

60 20.69 0.12 0.0483 3.60 74.48 3.30 68.28 71.38 

65 22.41 0.13 0.0446 3.80 85.17 3.40 76.21 80.69 

70 24.14 0.14 0.0414 4.10 98.97 3.50 84.48 91.72 

75 25.86 0.15 0.0387 4.40 113.79 3.60 93.10 103.45 

80 27.59 0.16 0.0363 4.40 121.38 3.70 102.07 111.72 

85 29.31 0.17 0.0341 4.70 137.76 3.80 111.38 124.57 

90 31.03 0.18 0.0322 4.80 148.97 4.00 124.14 136.55 

95 32.76 0.19 0.0305 5.00 163.79 4.20 137.59 150.69 

100 34.48 0.20 0.0290 5.10 175.86 4.50 155.17 165.52 

105 36.21 0.21 0.0276 5.20 188.28 4.80 173.79 181.03 

110 37.93 0.22 0.0264 5.40 204.83 5.00 189.66 197.24 

115 39.66 0.23 0.0252 5.40 214.14 5.10 202.24 208.19 

120 41.38 0.24 0.0242 5.60 231.72 5.10 211.03 221.38 

125 43.10 0.25 0.0232 5.70 245.69 5.30 228.45 237.07 

130 44.83 0.26 0.0223 5.80 260.00 5.40 242.07 251.03 

135 46.55 0.27 0.0215 6.00 279.31 5.50 256.03 267.67 

140 48.28 0.28 0.0207 6.10 294.48 5.70 275.17 284.83 

145 50.00 0.29 0.0200 6.30 315.00 5.70 285.00 300.00 

150 51.72 0.30 0.0193 6.30 325.86 5.90 305.17 315.52 

155 53.45 0.31 0.0187 6.40 342.07 6.00 320.69 331.38 

160 55.17 0.32 0.0181 6.50 358.62 6.00 331.03 344.83 

165 56.90 0.33 0.0176 6.60 375.52 6.10 347.07 361.29 

170 58.62 0.34 0.0171 6.80 398.62 6.20 363.45 381.03 

175 60.34 0.35 0.0166 6.90 416.38 6.30 380.17 398.28 

180 62.07 0.36 0.0161 7.00 434.48 6.40 397.24 415.86 
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