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Abstract 

One of the methods to recover ammonium is Bipolar Membrane Electrodialysis (BPMED), a 

chemical-free technology that enables recovery and purification of the corresponding acid and 

base by the application of electrical energy. This thesis aims to evaluate five different BPMED 

cell configurations using the ammonium sulfate ((NH4)2SO4) salt. Experiments are based on 

evaluating operational parameters including flow rate, feed volume, base volume, and current 

density to achieve the maximum ammonium recovery using ammonium sulfate salt with 

efficient electrochemical energy consumption. Additionally, the optimum experiment was 

carried out with the best results of operational parameters to understand the impact on 

ammonium recovery and electrochemical energy consumption. However, other operational 

parameters including the impact of varied salt concentration in the feed and base 

compartment, the varied ERS concentration, and volume were not tested in this research and 

need to be studied further. 

Stimulated wastewater with feed conc. 50 g ammonium sulfate salt in 1 L demineralized water, 

with acid and base conc. etc., and with a temperature of 25 ± 0.5 °C was treated with BPMED. 

The influence of current density, flow rate, base volume, feed volume, and different BPMED Cell 

configurations was researched independently in experiments of 120 minutes, after which 

ammonium recovery, NH4
+ current efficiency, and electrochemical energy consumption were 

assessed. 

From the experiments with increasing current densities (CD), ammonium recovery in the base 

increased, and thus, less back-diffusion from the base to the acid compartment was observed. 

The highest ammonium recovery in the base was observed at the highest 100% current density. 

With electrochemical energy consumption, there was an increasing trend with increasing 

current density. The lowest average energy consumption was noted at 24.2 ± 0.4 MJ/kg-NH4
+ for 

25% current density. Average NH4
+ current efficiency decreased from 54.8% to 26.4 % when the 

current density decreased from 100% to 25%. 

For the second research question, increasing flow rates showed a fall in the ammonium 

recovery in the base but a rise in electrochemical energy consumption. The highest average 

ammonium recovery in the base was observed at a flow rate of 7.6 L/h (1 cm/s, crossflow 

velocity) of 4.8 g, and the lowest average energy consumption was observed at a 7.6 L/h flow 

rate with a value of 39.5 ± 1.1 MJ/kg- NH4
+. However, it was found that very low flow rates 

caused concentration polarization on the membranes, and very high flow rates caused ions to 

move out of the stack too soon, which resulted in increased back-diffusion in the acid 

compartment. The highest average NH4
+ current efficiency was observed at a 7.6 L/h flow rate 

with a value of 27.8%. 

The third research question focused on investigating various base volumes, which showed that 

with increasing base volumes, the ammonium recovery increased (causing less back-diffusion of 

ammonium in the acid) and the electrochemical energy consumption decreased. The highest 
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average mass of ammonium in the base at the end of the experiment was 6.8 g at 3 L base 

volume with the lowest average energy consumption of 29.8 ± 1.3 MJ/kg-NH4
+. The lowest 

average ammonium current efficiency of 26.6 % was observed with the lowest base volume of 

0.5 L, whereas the highest average NH4
+ current efficiency of 39.6% was observed with a base 

volume of 3 L. 

Regarding different BPMED cell configurations, five different BPMED setups namely, a two-

compartment cation, a two-compartment anion, a three-compartment, a multi-chamber cation, 

and a multi-chamber anion cell were assessed. Three-compartment cell and cation 

configurations gave the highest ammonium recovery. The rise in average NH4
+ mass recovery 

was observed from 3.7 g in a two-compartment cation cell to 4.2 g in a multi-chamber cation 

cell. Three-compartment required the highest average energy to transport ammonium in the 

base i.e., 43.1 ± 0.3 MJ/kg-NH4
+, whereas the lowest energy consumption was observed with 

anion configurations. 

With increasing feed volumes, it was observed that ammonium recovery increased leading to a 

decreased energy consumption because of larger concentration gradients between 

compartments. The highest average ammonium mass in the base was observed to be 6.8 g with 

the highest feed volume of 3 L with the lowest average energy consumption of 23.6 ± 1.5 

MJ/kg-NH4
+. The highest average NH4

+ current efficiency i.e., 39.6% and 39.4% was observed in 

the highest feed volumes of 2 L and 3 L. 

Lastly, for the optimum experiment, the best operational parameters were chosen considering 

both the ammonium recovery in the base and the electrochemical energy consumption. The 

operational parameters were a 75% CD (i.e., 0.96 A), a 7.6 L/h flow rate, a 3 L base volume, a 2 L 

feed volume, and a multi-chamber cation cell. It was observed that the experiment recovered 

the highest average ammonium mass of 8 g in the base with an electrochemical energy 

consumption of 12.7 ± 0.6 MJ/kg-NH4
+. However, all the operational parameters were tested on 

a three-compartment BPMED cell, the impact of those parameters including flow rate, feed 

volume, base volume, and salt concentration on other configurations, especially multi-chamber 

cell configurations are yet to be investigated, and need further studies on understanding its 

impact on ammonium and sulfate recovery.  

To address the gap between lab-scale data and large-scale execution, thorough modeling and 

simulations, as well as pilot-scale investigations, are important. When scaling up from the lab 

scale, the membrane area and operation time become larger and thus, it becomes more 

essential to test the operating parameters to balance energy consumption, scaling mitigation, 

and removal/recovery efficiency. 
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1. Introduction 

1.1 Ammonia recovery from residual waters: 
Many developed countries such as The Netherlands, are now seriously concerned about 

ammonia nitrogen pollution, and there is a significant demand for efficient ammonia nitrogen 

recovery methods. In previous times, ammonium in wastewater was simply seen as a pollutant 

that needed to be removed by turning it into N2 via biological processes (such as nitrification-

denitrification or anammox)(D. Yang et al., 2023). However, since ammonium is a crucial 

nutrient for the cultivation and growth of vegetation, ammonium-enriched wastewater (such as 

domestic wastewater, and industrial ammonium rich-effluent) can be viewed as a valuable 

resource for producing ammonium-based fertilizer from a circular economy and sustainable 

development perspective (Cruz et al., 2019; Xiang et al., 2020; D. Yang et al., 2023; Ye et al., 

2018). 

It is essential to have a reliable supply of ammonia and an effective ammonium removal system. 

Due to the considerable energy and cost requirements of traditional ammonium removal 

technologies, ammonium recovery in wastewater treatment appears to be more valuable than 

ammonia removal(Foley et al., 2010; Ledezma et al., 2015; Ye et al., 2018). In addition, 

ammonium recovery can improve resource management and serve as a supplement to the 

manufacture of fertilizer(Ye et al., 2018). Ammonium recovery has been discussed in some 

studies on wastewater treatment(Barbera et al., 2018; J. Huang et al., 2018; Iskander et al., 

2016; Ye et al., 2018). Thus, it becomes important to comprehend the methods of ammonia 

recovery from residual water as it is used in subsequent applications of recovered ammonia in 

large-scale industries(Ye et al., 2018). There are major industrial ammonia recovery 

technologies that are widely used, one being ammonia stripping and scrubbing (Bousek et al., 

2016) with the disadvantage that it needs chemicals to treat ammonia rich-effluents; and the 

other being membrane concentration i.e., electrodialysis (H. Huang et al., 2014; Sotres et al., 

2015; Xie et al., 2016; T. Yan et al., 2018), which is energy-efficient technology and does not 

involve the use of chemicals.  

1.2 Membrane technology: 
The most popular chemical-free membrane technologies to recover ammonium in today’s life 

are electrodialysis and then, bipolar membrane electrodialysis (Ye et al., 2018). 

In the ED process, cation and anion exchange membranes were used. Cations such as 

ammonium ions diffuse through cation membranes toward the cathode to move to the base 

compartment and vice versa for anions (Ye et al., 2018).  

Bipolar Membrane Electrodialysis: 

Membrane water-dissociation technology is a process that uses bipolar membranes for 

converting soluble salts to their corresponding acids and bases (Pourcelly, 2002). Bipolar 

membrane electrodialysis (BPMED) is an alternate method of electrodialysis because it 
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generates H+ and OH- ions. This can be used to manufacture the corresponding acid and base 

from salts without the production of oxygen and hydrogen gasses. 

The application of the BPMED cell determines how the bipolar membrane electrodialysis 

method was configured (Franken, 2000; Mani, 1991; Pourcelly, 2002). The method is currently 

used to produce bases and acids from a concentrated salt stream, such as Na2SO4, and to 

recover concentrated acids, such as H2SO4 and NaOH. Bipolar membranes have applications in 

chemical processing in addition to environmental control (Franken, 2000; Mani, 1991; 

Pourcelly, 2002). 

In theory, treating an ammonium sulfate waste stream from the stripper/scrubber process 
using BPMED can remove NH4

+ from industrial reject water sustainably and produce acid that 
can be used again in the stripper/scrubber system. When used in conjunction with BPMED, the 
stripper/scrubber process can effectively remove ammonium sulfate (NH4)2SO4 from industrial 
reject waters, thereby yielding long-term financial benefits. 
 

1.3 NoChemNAR Project: 
From the flowchart below (fig. 1), it can be seen that this process works like a cycle. Here, the 

stripping and scrubbing column uses sulfuric acid which is in turn an effluent from BPMED along 

with ammonia water. To use ammonium salts like ammonium sulfate as an influent in the 

BPMED technology, is an effluent of stripping/scrubbing process. This combination of 

technologies prevents the addition of external or extra chemicals and enables the removal of 

ammonium salts from municipal and industrial wastewater, leading to the formation of a 

valuable ammonium-rich stream. 

 

 

 

 

 

 

 

 

Figure 1 The cyclic process between ammonia stripping-scrubbing and BPMED i.e., the influent for stripping-scrubbing comes out 
from BPMED and the influent for BPMED comes out from the stripping-scrubbing process. 
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Sulfuric Acid 
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BPMED Ammonium salts 
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1.4 Knowledge gaps: 

1.4.1 Current density: 

Previous study by (Ali et al., 2004), it was known that increased current density leads to 

increased ammonium recovery efficiency and a shorter experimental time (section 2.4). 

However, previous studies by (Ali et al., 2004; D. Yang et al., 2023) focused on changing the 

current and keeping the time constant. In this study, the number of coulombs applied for each 

experiment was kept constant, thus, resulting in a shorter experimental time, which might 

result in higher ammonium recovery than the mass of ammonium recovered in the base 

obtained in previous studies (Ali et al., 2004; D. Yang et al., 2023). Therefore, it would be 

interesting to research ammonium recovery, energy consumption, and ammonium diffusion 

with different current densities while keeping the coulombic efficiency for each experiment the 

same. 

1.4.2 Flow rate: 

There were quite a few studies (H. Guo et al., 2021; Lee et al., 2006) on flow rate has already 

been done on BPMED and one study by (De Jaegher et al., 2020) where 2 to 3.5 cm/s crossflow 

velocities were optimized. Here, the flow rate of the pump is calculated based on the crossflow 

velocity of the compartment, c/s area of spacers, thickness of spacer, void fraction, and no. of 

cell triplicates in a three-compartment stack. Note that an increased flow rate may also increase 

Limiting Current Density, which can eventually result in decreased ammonia recovery efficiency 

(Lee et al., 2006). However, there was no comprehensive research done on the entire range of 

flow rates to know the effect of flow rate on ammonium recovery and energy consumption. 

Therefore, efficient ammonium recovery and energy consumption using ammonium sulfate salt 

with distinct flow rates (section 4.2) were investigated in this research. 

1.4.3 Base volume: 

Most of the studies focused on evaluating feed volume to get higher efficiency and recovery (as 

known from sections 2.6 and 1.4.5). However, the effect of varying base volume on the 

ammonium recovered in the base has yet to be investigated. Thus, this study involves varying 

base volumes to see the effect of ammonium recovery concerning energy consumption on 

BPMED. 

1.4.4 Cell arrangement configurations: 

Very few studies (Mani, 1991; Pourcelly, 2002) have been done where different cell 

configurations were investigated. In a study by Pourcelly, 2002, it was discussed that while 

working with organic acids or bases from the equivalent salts that exhibit poor conductivity, a 

two-compartment cation cell (for acidification) and a two-compartment anion cell (for base) 

should be used. To treat concentrated salt solutions to produce their respective acid and base, a 

three-compartment cell was recommended (Pourcelly, 2002). When a larger acid-to-base ratio 

must be achieved given the product's salt level, a multi-chamber configuration was required 

where the effluent from the chamber between two cation membranes or two anion 

membranes goes to their dedicated chamber for efficient transport of cations/ anions 
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(Pourcelly, 2002). However, there were no significant research studies where all configurations 

were measured on the same conditions and compared based on energy consumption and 

ammonium recovered in the base. Thus, it would be interesting to investigate all the different 

BPMED cell configurations to achieve efficient ammonium recovery along with ammonium 

back-diffusion and energy consumption. 

1.4.5 Feed Volume: 

Li et al., 2016 focused on the hydrochloric acid efficiency by comparing the effect of varied 

diluate to acid/base volume ratios from simulated ammonium chloride wastewater. A recent 

study by Yang et al., 2023 focused on the ammonium concentration efficiency by evaluating 

diluate to concentrate ratios in the electrodialysis. However, the impact and direct link of feed 

volume on recovery with the diffusion was missing in the previous research. In this study, the 

effect of varying feed volumes on BPMED for efficient ammonium recovery along with energy 

consumption was evaluated. 

1.5 Research approach: 
Considering Section 1.4 Knowledge gaps, the research involves different operational parameters 

that can affect ammonium recovery in the base with the impact on energy consumption of 

BPMED. Therefore, the main objective of the research is to test parameters including varied 

flow rates, feed and base volumes, BPMED cell configurations, and current density to 

understand its impact on the ammonium recovery in the base with the energy consumption. 

Main research question: 

“What is the effect of operational parameters on the overall ammonium recovery in the base 

and energy consumption of BPMED?” 

Sub-research questions: 

1. What is the effect of varying current densities on ammonium recovery and energy 

consumption? 

2. What is the effect of varying flow rates on ammonium recovery and energy 

consumption? 

3. What is the effect of varying base volumes on ammonium recovery and energy 

consumption? 

4. Which cell arrangement among the five BPMED configurations gives efficient ammonium 

recovery, purity of ammonium in the base, and energy consumption? 

5. What is the effect of varying feed volumes of the BPMED stack on the NH4
+ recovery and 

energy consumption? 

Optimum Experiment: What is the effect of the optimum experiment on ammonium recovery 

in the base and electrochemical energy consumption? 
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2. Literature review 

2.1 Ammonia stripping and scrubbing: 
Ammonium recovery through the stripping adsorption process is mainly attributed to the fact 

that at high reaction temperatures and/or pH, the ammonium can be converted to volatile 

ammonia (Ye et al., 2018)(EL-Bourawi et al., 2007). Shifting equilibrium toward the gaseous 

phase and then removing ammonia from the solution is a way to recover ammonium from 

wastewater (Bousek et al., 2016). Typically, the stripping gas enters from the bottom. In a 

counter-current system, ammonia is thus transported from the liquid to the gaseous phase 

(Bousek et al., 2016). 

In this case, the scrubber works in a way that stripped ammonia can be aided by a sulfuric acid 

solution to create ammonium salts like ammonium sulfate [(NH4)2SO4] by adsorbing by acid 

solutions as shown in Fig. 2. As an alternative solution, it can be harvested as an ammonia-rich 

solution in liquid ammonia (Ye et al., 2018). Also, it was observed in a study by Wu & 

Vaneeckhaute, 2022) that more than 90% of ammonium nitrogen was recovered through 

ammonium stripping from wastewater. 

 

Figure 2 Ammonia air stripping including CO2 removal and ammonia recovery by sulfuric acid scrubbers (Drosg et al., 2020) 

When compared to less concentrated streams, ionic strength was higher in high-concentration 

waste streams like scrubbing effluents, which raises the ammoniacal nitrogen pH value (van 

Linden et al., 2020). For the same quantity of ammonia recovery, this requires introducing more 

chemicals to streams with higher concentrations to raise the pH to pHa (van Linden et al., 2020). 

2.2 Bipolar membrane electrodialysis: 
Being a new type of electrodialysis technology, BPMED has received intensive research 

attention due to its high efficiency in producing acid and base from the neutral salt under the 

direct electric field, in which the bipolar membrane with the interface layer can split water into 

H+ and OH- ions under the direct electric field (Mafé et al., 1998). Salt, for example, ammonium 
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sulfate was pumped into the space between the cation and anion-selective membranes (Fig. 3). 

The cations (NH4
+) and anions (SO4

-) migrate through the monopolar membranes and interact 

with the hydroxide and hydrogen ions produced at the bipolar membrane to form the base and 

acid when an electrical potential was applied across the electrodes (Mani, 1991). 

 

Figure 3 The three-compartment BPMED cell configuration (Pourcelly, 2002) 

There are different cell arrangements in electrodialysis suitable for appropriate solutions. The 

main five cell arrangements are: Two-compartment cation cell, Two-compartment anion cell, 

Three-compartment cell, multi-chamber cation cell, and multi-chamber anion cell (Mani, 1991).  

2.2.1 Two-compartment cation cell:  

Previously, the most popular configuration was a two-compartment design with a cation-

exchange membrane since it is less complicated and more energy-efficient than a three-

compartment design (Jaime-Ferrer et al., 2009). For converting ammonium sulfate into a mixed 

acid/salt stream and a relatively pure, but lowly, concentrated ammonium hydroxide product, a 

two-compartment cell design (Fig. 4) was suitable (Kroupa et al., 2015). Only when NH4
+ ions 

are transported does ammonium hydroxide form; when H+ ions move through CEM and 

recombine with OH- in the base chamber, the current utilization is decreased (Kroupa et al., 

2015). For salts of weak acids, a two-compartment cation cell works best to produce effluents 

as mixed salt/acid stream and base stream. (Mani, 1991). The cell had a BPMED membrane 

stack with ten cell duplicates, in which one cell duplicate consisted of a bipolar membrane in 

conjunction with a cation membrane. Two Anion exchange end membranes (AEEM) were placed 

adjacent to the cathode and anode electrodes (Nosova et al., 2022).  



20 
 

 

 

Figure 4 Two-compartment cation cell, where MX is the salt formed by M+ and X- ions (Mani, 1991). 

2.2.2 Two-compartment anion cell: 

For salts of weak bases, a two-compartment anion cell works best to produce effluents as mixed 

base/salt stream and acid stream (Fig. 5) (Mani, 1991). The product liquid was converted into an 

alkaline ammonia solution in the two-compartment setup, while ammonium sulfate contributed 

to a higher conductivity. This was opposed to a system using a three-compartment stack, where 

ammonium will become the only cation resulting in the (inherently low) conductivity (Koivisto 

et al., 2023). Fewer membranes will be needed in a two-compartment stack, which was 

advantageous in terms of cost and maintenance (Koivisto et al., 2023). With energy values in the 

range of 3630–4844 kJ/kg of ammonium sulfate, it had been demonstrated that a two-

compartment stack was more energy-efficient than a three-compartment stack, which needs 

5102–7223 kJ/kg of ammonium sulfate (Koivisto et al., 2023). The cell had a BPMED membrane 

stack with ten cell duplicates, in which one cell duplicate consisted of a bipolar membrane in 

conjunction with an anion membrane. Two Anion exchange end membranes (AEEM) were 

placed adjacent to the cathode and anode electrodes.   

 

Figure 5 Two-compartment anion cell, where MX is the salt formed by M+ and X- ions (Mani, 1991) 
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2.2.3 Three-compartment cell:  

When compared to the two-compartment system, the acid and hydroxide were obtained in the 

three-compartment arrangement (Fig. 6) with concentrations that were more than twice as high 

(Kroupa et al., 2015). It is the standard purpose unit that can work efficiently over a wide range 

of different salts and can also generate and recover relatively pure, concentrated acid and base 

streams (Mani, 1991). A three-compartment stack's overall current density was constrained 

when the base (or acid) compartment produced a low-conductivity solution (Koivisto et al., 

2023). The cell had a BPMED membrane stack with ten cell triplets, in which one cell triplet 

consisted of a bipolar membrane, an anion membrane, and a cation membrane. Two Anion 

exchange end membranes (AEEM) were placed adjacent to the cathode and anode electrodes. 

Feed was passed between the cation and anion membranes.   

 

 

Figure 6 Three-compartment standard cell, where MX is the salt solution formed by M+ and X- ions (Mani, 1991). 

2.2.4 Multi-chamber cation cell: 

The salt solution was fed between two cation membranes and then passed through the acid 

stream, resulting in high conc. of the acid in the acid/salt stream than two-compartment cation 

cell whereas base output remains the same as two-compartment cation cell (Fig. 7) (Mani, 

1991). In other words, the cell had a BPMED membrane stack with ten cell duplicates, in which 

one cell duplicate consisted of two cation membranes in conjunction with a bipolar membrane. 

Two Cation exchange end membranes (CEEM) were placed adjacent to the cathode and anode 

electrodes. 
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Figure 7 Multi-chamber cation cell, where MX is the salt formed by M+ and X- ions (Mani, 1991) 

2.2.5 Multi-chamber anion cell: 

The salt solution was fed between two anion membranes and then passed through the base 

stream, resulting in high conc. of the base in base/salt stream than two-compartment anion cell 

whereas acid output remains same as two-compartment anion cell (Fig. 8) (Mani, 1991). The 

cell had a BPMED membrane stack with ten cell duplicates, in which one cell duplicate consisted 

of two anion membranes in conjunction with a bipolar membrane. Two Anion exchange end 

membranes (AEEM) were placed adjacent to the cathode and anode electrodes. 

 

Figure 8 Multi-chamber anion cell, where MX is the salt formed by M+ and X- ions (Mani, 1991) 

2.3 Ammonia and sulfuric acid recovery with BPMED: 
A BPMED stack was manufactured by joining no. of CEM, AEM, and spacers (Bauer et al., 1988; 

Simons, 1993). Many studies reported ammonium recovery through the BPMED stack (H. Guo 

et al., 2021; Y. Li et al., 2016; Shi et al., 2018; van Linden et al., 2020).  

The study by Graillon et al., 1996, was the first-time attention arose to understanding the 

recovery of ammonia from a nitrogen-rich water source. The maximum current efficiency of 
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ammonium achieved in that experiment was limited to 70% because of ammonia gas diffusion 

(Graillon et al., 1996). 

Other studies were conducted to achieve ammonium concentration from different water 

effluents such as van Linden et al., 2020 the study investigated ammonium recovery through 

BPMED from NH4HCO3 in batch cycles; Li et al., 2016 study experimented with different 

operational parameters like initial ammonium concentration (110 g/L) from simulated 

ammonium chloride wastewater; Shi et al., 2018 also investigated the effect of recovery of 

nutrients in two experimental BPMED stages. 

Previous studies by Ye et al., 2018; Wang et al., 2020; Zhou et al., 2016, this was known that 

sulfuric acid was widely used in scrubber systems. Thus, with the help of BPMED, it was possible 

to achieve recovery and purity of acid to be used in scrubber systems.  

From the studies of Zhou et al., 2016, and Wang et al., 2020, it was seen that a greater recovery 

of sulfuric acid was achieved when the current density, flow rate, and salt concentration were 

increased. 

2.4 Current Density: 
For Limiting current density (LCD), as shown in the figure below, the y-axis denotes current 

density in terms of A/cm2 and the x-axis denotes voltage. It is important to define LCD which is 

when an ion is depleted at the membrane surface (Fig.9) due to concentration polarization and 

thus, ion concentration reaches 0 (Strathmann, 1995). Further increase in voltage does not help 

in increasing current density (Strathmann, 1995).  

 

Figure 9 LCD-voltage curve in ED (Strathmann, 1995) 
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A study by Zhang et al., 2019, it was reported that the salt stream reached a pH value of 4 

quickly when the current density was increased from 40 to 70 mA/cm2. Also, a study by Ali et 

al., 2004, showed that in terms of ammonia recovery efficiency and concentration in the base 

compartment, an application of high current density (i.e., 50 mA/cm2) worked out very well.  

Yang et al., 2023 proved that increasing current density under LCD showed a more significant 

increment in ammonia recovery. It was observed that with 2 mA/cm2 current density, the 

ammonia concentration in the base increased from 48 to 145 mg/L whereas with 1 mA/cm2, 

ammonia concentration reached only 67 mg/L (D. Yang et al., 2023). It was also observed by 

Yang et al., 2023 that with higher current density also resulted in slightly higher ammonium 

leakage (from 59.6 mg/L to 67.6 mg/L) from diluate to electrode solution. 

In a study by Li et al., 2016, showed an increase in current efficiency and a decrease in energy 

consumption when the current efficiency increased from 38 mA/cm2 to 58 mA/cm2. Moreover, 

higher current density means a higher membrane stack voltage which eventually helps to 

prevent back diffusion of ions especially when there is a large concentration gradient between 

diluate and acid/base (Y. Li et al., 2016). In addition, the higher current density could shorten 

the reaction time to decrease the loss of ammonia due to ammonia volatilization and improve 

the production efficiency (Y. Li et al., 2016). Thus, higher current density leads to higher 

ammonia recovery and increased energy consumption in the base compartment with a shorter 

experimental time (Y. Li et al., 2016).  

The high ammonia recovery results were consistent with the high electric current density at the 

high flow rate (H. Guo et al., 2021). The decreased mass-transfer limitation close to the 

membrane surfaces can be used to explain the enhanced electric current density (H. Guo et al., 

2021). This result was in line with earlier research by (Kim et al., 2011; Walker et al., 2014), 

which found that a high flow rate enhanced the degree of mixing conditions and raised the 

electric current (H. Guo et al., 2021). 

2.5 Flow rate: 
It was known from the study of Guo et al., 2021, that the higher flow rate (i.e., water flow 

velocity in the BMED stack) resulted in higher ammonia recovery. The ammonia recovery of 

88.4% was observed at the flow rate of 180 mL/min (water flow velocity of 1.40 cm/s) while the 

ammonia recovery was 76.1% at 120 mL/min (0.93 cm/s) and 68.7% at 60 mL/min (0.47 cm/s) 

(H. Guo et al., 2021). Additionally, When the flow rate was raised from 60 mL/min to 120 

mL/min, the NH4
+ removal efficiency went up from 84.6% to 89.7% (H. Guo et al., 2021). 

However, the removal of NH4
+ increased somewhat (0.1%) when the flow rate was raised from 

120 to 180 mL/min (H. Guo et al., 2021). Therefore, it was observed that there was a back-

diffusion of ammonium but was not calculated. 

It should be noted that the increase in the ammonia recovery was significant when the flow rate 

increased from 60 to 120 mL/min for the first 60 min (H. Guo et al., 2021). However, there was a 

subtle increase in the ammonia recovery when the flow rate increased from 120 to 180 mL/min. 
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Therefore, a further increase in the flow rate above 180 mL/min (1.40 cm/s) was not expected 

to improve ammonia recovery using the BMED system (H. Guo et al., 2021). The membrane 

stack's electric energy consumption dropped as the flow rate increased, demonstrating that 

high flow rate conditions were more advantageous for BMED's energy-efficient ammonia 

generation (H. Guo et al., 2021). De Jaegher et al., 2020 evaluated flow rate by varying crossflow 

velocities, namely 2, 2.5, 3, and 3.5 cm/s with varying current densities. 

Zoungrana & Çakmakci, 2021 experimented with different flow rates ranging between 15 to 75 

ml/min. It was observed that it reached the power density (0.54 W/m2) at 60 ml/min and a 

further increase in flow rate showed a very low or almost zero increment in power density. 

Therefore, when the flow rate is too high, the solutions escape the membrane stack too quickly 

and don't give the ions enough time to migrate properly, which results in a decline in the 

electrical energy, which lowers the voltage and energy consumption (Zoungrana & Çakmakci, 

2021). Also, a study by Kang et al., 2017, showed similar results to Zoungrana & Çakmakci, 2021 

when it was observed that at very high flow rates, the pressure inside the stack increases which 

causes most ions to move at a faster rate which eventually contributes to lower power density. 

2.6 Base Volume: 
It was found from a study by Li et al., 2016, that an increase in Vsalt : Vbase ratio could cause an 

increase in current efficiency and also a reduction in energy consumption. It was known that 

diffusion takes place from a region of high concentration to a region of low concentration. 

Similarly, when the base volume is increased, it becomes more diluted, and thus, ions will 

transport easily from diluate to base and help in less back diffusion from the base. 

2.7 Feed Volume: 
In a recent study by Yang et al., 2023, it was observed that out of three Diluate/Concentrate 

volume ratios i.e., 20:1, 10:1, and 5:1, ammonium concentration in the concentrate for D/C of 

20:1 was slightly higher than the other two volume ratios (i.e., more recovery with higher D/C 

volume ratios).  

It was also observed from the study by Yang et al., 2023 that the slopes of concentrate 

conductivity-time curves for D/C of 10:1 and followed by D/C of 5:1 were lower than 20:1 which 

ultimately indicates that for the ratios of 10:1 and 5:1, concentration efficiencies were lower. 

Thus, high volume ratios were favorable for higher ammonium recovery when the experimental 

time was long (in this case, the time was 270 min) (D. Yang et al., 2023). 

Moreover, ammonium concentration in the diluate for D/C of 5:1 reduced to 9.5 g/L which was 

lower than the other two D/C ratios (D. Yang et al., 2023). Hence, it can be concluded from the 

study by Yang et al., 2023 that with higher Diluate/concentrate volume ratios, there can be less 

ammonia back diffusion. 
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3. Research design and methods 

3.1 Materials and Methods: 
A bench-size PC-Cell 64004 ED cell (Heusweiler, Germany), which had an 8 cm x 8 cm stainless 

steel cathode and a Pt/Ir-MMO coated and Ti-stretched metal anode was employed 

(Heusweiler, Germany). 450 μm spacers were used in the stack between membranes. Spacers 

were made of the material Silicon/Polypropylene as mentioned in the manual from the 

manufacturer: PC Cell (Heusweiler, Germany).  PC 100D AEMs, PC-SK CEMs, and PC Bip BPMs 

were used in this research. The main features of PCCell's (Heusweiler, Germany) ion exchange 

membranes are presented in Table 1 below: 

Table 1 The main characteristics of membranes purchased from PC Cell (Heusweiler, Germany) for this study 

Membranes Thickness 
(µm)  

Area 
resistance 
(Ω cm2) 

Water 
content 
(wt%) 

Ion exchange 
capacity (meq. g-

1) 

Transport 
number 
(–) 

    Strong 
basic 

Weak 
basic 

 

AEM (PC 100D) 100–160 ~5 ~ 50 ~ 1.2 ~ 0.7 >0.94 

CEM (PC-SK) 100–120 ~ 2.5 ~ 9 –  >0.95 

BPM (PC Bip) ~120 – ~ 30 –  – 

 

Magnetic stirrers were used to continuously mix the solutions on a mixing plate with a 
temperature setting of 25 ± 0.5 °C.  The reagents used in this research are ammonium sulfate 
(NH4)2SO4 salt (≥99 %), sodium sulfate (Na2SO4) salt (≥99 %), H2SO4 (2.5 M), and NH4OH (25 %). 
These reagents were used to prepare the initial solutions used in the acid, base, diluate, and 
ERS compartments. All the reagents were supplied by Sigma Aldrich (Zwijndrecht, The 
Netherlands). The solutions were stored in different borosilicate bottles.  
 
The electric current and voltage were constantly logged in the computer to assess the 

electrochemical energy consumption with the help of a TENMA 72-1330 power supply. The 

solutions were pumped through a Peristaltic Watson-Marlow 520S pump with separate Watson-

Marlow 313 pump heads into the BPMED membrane stack. The pump was calibrated before 

starting the experiment as shown in Appendix A. Solution volumes, mass, pH, and EC were 

measured manually at the beginning and the end. To analyze the pH and EC of the 

compartments, there were calibrated multimeters for each compartment. Furthermore, pH and 

EC were constantly recorded every 5 seconds with the help of multimeters to check the 

performance of compartments throughout the cycle. For pH, IDS SenTix 940 pH meters and 

WTW Multi 3620 IDS multimeters, and for EC, TetraCon 925 EC meters and WTW Multi 3620 IDS 

multimeters. The ions from samples (taken from each solution bottle) were measured using ion 

chromatography (IC). 
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3.2 Methods per experimental phases 
Phase 0: Preliminary information  

The operational run time of the experiments was determined to be kept for 2 hours. The 

limiting current density (LCD) of the system was determined. 

Initially, the diluate, acid, and base contained 50 g, 0.66 g, and 0.66 g ammonium sulfate salt 

(NH4)2SO4) (≥ 99%) in 1 liter, 0.5 liters, and 0.5 liters demi water respectively, which were stirred 

on mixing plate with the help of magnetic stirrers. It means that the diluate contained an 

ammonium concentration of 13.6 g/L; the acid and base contained an ammonium 

concentration of 0.18 g in 0.5 liters. The Electrode Rinse Solution (ERS) contained 71 g sodium 

sulfate salt (Na2SO4) (≥ 99%) in 0.5-liter demi water. The pump was set to a constant flow rate of 

15.3 L/h. The electric current and potential were initially set to 1.28 A and 60 V. The samples 

were taken every 15 minutes for a whole experimental time of 120 minutes. 

Phase 1: Different current density 

This phase studied the effect of varying current densities (taking 2400 coulombs) in the BPMED. 

The same number of coulombs was applied for all the experiments, resulting in the shortest 

experimental time for 100% current density and vice-versa for 25% current density, as shown in 

Table 2: 

Table 2 Varying current densities with their calculated current, total experimental time, and the sampling interval period 

Sr. No. CD (%) Current (A) Experimental time Sampling time 

1 100 1.28 31 mins 15 secs 3 mins 54 secs 

2 75 0.96 41 mins 40 secs 5 mins 12.5 secs 

3 50 0.64 1 hour 2 mins 30 secs 7 mins 48.75 secs 

4 25 0.32 2 hours 5 mins 15 mins 37.5 secs 

Triplicates with each current density were carried out to increase the reliability of the results. 

The diluate, acid, base, and ERS contained the same concentration of salts and volumes as 

mentioned in Phase 0. The electric potential was kept at 60 V. The flow rate was 15.3 l/h.  

The current density that gives the highest ammonium recovery will be taken into account for 

the next phases (i.e., Phases 2, and 3). 

Phase 2: Flow rate variation for best current density 

This phase studied the effect of varying flow rates in the BPMED with the best current density 

(in terms of highest ammonium recovery). Thus, four varied flow rates based on their 

corresponding crossflow velocity were tested as mentioned below (table 3):  

Table 3 Flow rate and their corresponding crossflow velocities 

Sr. No. Flow rate (L/h) Crossflow velocity (cm/s) 

1 3.8 0.5 



28 
 

2 7.6 1 

3 15.3 2 

4 30.6 4 

Triplicates with each flow rate were carried out to increase the reliability of the results. The 

samples were taken every 15 minutes. 

The diluate, acid, base, and ERS contained the same concentration of salts and volumes as 

mentioned in Phase 0. The electric potential was kept at 60 V.  

Phase 3: Variation in base volume for best current density 

This phase studied the effect of varying base volumes for the best current density in the 

BPMED. Thus, four varied base volumes (i.e., B = 0.5 L, B = 1 L, B = 2 L, and B = 3 L) were tested. 

Triplicates with each base volume were carried out to increase the reliability of the results. The 

samples were taken every 15 minutes. 

The diluate, acid, and ERS contained the same concentration of salts as mentioned in Phase 0. 

The volumes of diluate, acid, and ERS were similar as mentioned in Phase 0. The electric 

potential was also kept the same as mentioned in Phase 0 (i.e., 60 V). The flow rate was 15.3 

L/h. 

Phase 4: Different cell configurations 

Different cell configurations were built up as stated in the materials (2.2.1-2.2.5). Triplicates 

were carried out with each BPMED cell configuration to increase the reliability of the results. 

 

Figure 10 Two-compartment cation cell with ten cell duplicates, in which one cell duplicate consisted of a bipolar membrane in 
conjunction with a cation membrane. 
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Figure 11 Two-compartment anion cell with ten cell duplicates, in which one cell duplicate consisted of a bipolar membrane in 
conjunction with an anion membrane. 

 

Figure 12 Three-compartment cell with ten cell triplets, in which one cell triplet consisted of a bipolar membrane, an anion 
membrane, and a cation membrane 
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Figure 13 Multi-chamber cation cell with ten cell duplicates, in which one cell duplicate consisted of two cation membranes in 
conjunction with a bipolar membrane. 

 

Figure 14 Multi-chamber anion cell with ten cell duplicates, in which one cell duplicate consisted of two anion membranes in 
conjunction with a bipolar membrane 

The concentrations and volume (for diluate, acid, base, and ERS), flow rate, electric current, and 

potential were the same as in mentioned in Phase 0. 

Phase 5: Feed volumes of BPMED 

This phase studied the effect of varying feed volumes (i.e., diluate volumes) in the BPMED. Thus, 

four varied feed volumes (i.e., D = 0.5 L, D = 1 L, D = 2 L, and D = 3 L) were tested. Triplicates 

with each feed volume were carried out to increase the reliability of the results. The samples 

were taken every 15 mins and the total experimental time was 120 minutes. 
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The diluate, acid, base, and ERS contained the same concentration of salts as mentioned in 

Phase 0. The volumes of acid, base, and ERS were similar as mentioned in Phase 0. The electric 

current and potential were also kept the same as mentioned in Phase 0 (i.e., 1.28 A, and 60 V 

respectively). The flow rate was 15.3 L/h. 

Phase 6: Optimum Experiment 

This phase aims to study the effect of the experiment with parameters that provide efficient 

ammonium recovery and electrochemical energy consumption. The parameters for the 

experiment were discussed based on the results from all the previous research questions. 

3.3 Performance Indicators: 
Performance indicators for this experiment were energy consumption, ammonium recovery in 

the base (g), mass of ammonium in the base (%), and ammonium current efficiency (%). 

3.3.1 Electrochemical energy consumption: 

 

𝐸NH4+,b =  
∑ (𝑈𝛥𝑡. 𝐼𝛥𝑡. 𝛥𝑡) ∗  0.0036𝑡

𝑡=0

𝑚NH4+,b
 

Here, E = electrochemical energy in MJ/kg-NH4
+,  

𝑈𝛥𝑡 . 𝐼𝛥𝑡 = Power during each time interval in W,  

Δt = time interval in hours and  

0.0036 to convert Wh to MJ 

𝑚NH4+,b = amount of ammonium that was transferred to base in kg-NH4
+. 

 

3.3.2 Ammonium recovery in the base: 
 

𝑟(𝑁𝐻4+)(𝑡) =  
𝐶𝑏(𝑡). 𝑉𝑏(𝑡) − 𝐶𝑏(𝑖). 𝑉𝑏(𝑖)

𝐶𝑓(𝑖). 𝑉𝑓(𝑖)
 

Here, r(NH4+) (t) = recovery of ammonium in the base at time t (in g) 

Cb (t) = the concentration of ammonium in the base solution at time t (in g/L) 

Vb (t) = the volume of the base solution at time t (in L) 

 Cb (i) = the concentration of ammonium in the base solution at time 0 (in g/L) 

Vb (i) = the volume of the base solution at time 0 (in L) 

Cf (i) = the concentration of ammonium in the feed solution at time 0 (in g/L) 
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Vf (i) = the volume of the feed solution at time 0 (in L) 

3.3.3 Mass of ammonium in the compartment (%): 
 

 

Here, Mc = Mass of ammonium in the compartment (diluate, acid, and base) in %,  

Mc, NH4+ = Mass of ammonium in the compartment at t (min) = end of the experiment (g),  

MD, NH4+ = Mass of ammonium in the diluate at t = 0 min (g) 

 

3.3.4 NH4
+ Current efficiency: 

 

 

Here, ηNH4+ = the NH4
+ current efficiency (unitless) 

z = the ion valance (z = 1, unitless),  

F = the Faraday’s constant (F = 96,485 C/mol),  

nNH4+,b = the amount of NH4
+ transported to the base (in mol),  

N = the number of repeated cell units (N=10, unitless),  

I∆t = the average electric current in time interval ∆t (in A = C/s),  

∆t = the time interval (in s). 
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4. Results and discussion 

4.1 Current density: 
The effect of different current densities (CD) in a three-compartment BPMED cell on ammonium 

recovery and energy consumption was tested in this research topic. The experimental time and 

current were different as shown in section 3.2 Methods per experimental phases: Phase 1. The 

number of coulombs applied (i.e., 2400 Coulombs) was the same for all current densities. The 

concentration and volumes for diluate, acid, base, and ERS were the same as mentioned in 

section 3.2 Methods per experimental phases: Phase 0. The pH and EC graphs for diluate, acid, 

base, and ERS can be found in Appendix B.2. The avg. NH4
+ concentration graphs over time can 

also be found in Appendix B.1. 

4.1.1 Ammonium mass distribution 

The average mass of ammonium transported from diluate to base and acid is shown in Table 4 

below. The transport of average NH4
+ mass from diluate into acid and base is depicted in Fig. 15. 

It was observed that with increasing current density, the amount of NH4
+ mass recovered in the 

base also increased. The highest average ammonium recovery of 2.5 g in the base was observed 

at the highest current density of 100% with 1.28A and the least, 1.2 g in the base was observed 

at the lowest current density of 25% with 0.32A. The reason for the increased ammonium 

recovery is the accelerated migration velocity of ions due to increased current (X. Guo et al., 

2023). Therefore, with increasing current density, the increase in ion removal from diluate was 

observed in Fig. 15 and 16. This is in line with previous studies by (X. Guo et al., 2023; Y. Liu et 

al., 2023), where they found that with increasing current density, recovery in the concentrate 

compartment increases. 

Moreover, with low current density, it was observed that back diffusion increases in the acid 

compartment as observed in a previous study by (van Linden et al., 2019). This is probably 

because there is a higher concentration gradient at lower current densities due to the slower 

migration of ions, which leads to back diffusion. Thus, with decreasing current density back-

diffusion becomes dominant.  

Table 4 CD: Average NH4
+ mass in the diluate at the end of the experiment; Average NH4

+ mass diff. in acid, and base at the end 
of the experiment 

Current Density Avg. Diluate mass (g) Avg. Acid mass diff. (g) Avg. Base mass diff. 
(g) 

100% CD 10.1 0.6 2.5 

75% CD 9.9 0.6 2.4 

50% CD 10.5 0.9 2.0 

25% CD 10.7 1.2 1.2 
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Figure 15 Average NH4
+ mass transported from diluate to acid and base with decreasing current density. Error bars represent the 

deviation between triplicates. 

 

Figure 16 Average NH4
+ mass transported from diluate to acid and base in % with decreasing current density. Error bars 

represent the deviation between triplicates. 

4.1.2 Electrochemical Energy Consumption and NH4
+ Current Efficiency 

The average electrochemical energy consumption based on NH4
+ transported in the base for 

varied current densities is shown in Fig. 17(left). It was found that average electrochemical 

energy consumption decreased with decreasing current density, which in turn, leads to 

increased average current efficiency as shown in Fig. 17(right). Average current efficiency 

ranged from 54.8% to 26.4 % when the current density decreased from 100% to 25%. It was 

thus, observed that increased current density could speed up ion transmembrane migration 

and H2O dissociation into H+ and OH− ions. This is similar to the results reported by by Li et al., 

2016.  
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The highest average energy consumption of 28.1 ± 1.4 MJ/kg-NH4
+ was calculated at the highest 

current density of 100%, followed by a decreasing trend of average energy consumption with 

the lowest of 24.2 ± 0.4 MJ/kg-NH4
+ for 25% current density. The increased energy consumption 

with increasing current densities showed that a large part of energy was consumed as current 

density increased, to overcome the electrical resistance to migrate ions from diluate to acid and 

base. This is also found in earlier research by (Choi et al., 2003; Shen et al., 2013). 

  

Figure 17 Left: Graph of Average electrochemical energy consumption to transport NH4
+ mass to base in MJ/kg-NH4

+ with 
decreasing current density. Right: Graph of Average NH4

+ current efficiency with decreasing current density. Error bars represent 
the deviation between triplicates. 

A large part of electrical energy consumption comes from having a higher electrical resistance of 

the stack. The higher average electrical resistance can be understood when observing a higher 

voltage as can be seen in Fig. 18. The highest average electric potential of 28.7 ± 1.1 V was 

observed at the highest current density of 100%, with other current densities having a lower 

potential development over time i.e., 22.8 ± 0.8 V, 18.4 ± 0.6 V, and 11.9 ± 0.2 V for 75 %, 50 %, 

and 25 % respectively. The higher electrical resistance can also be understood from the 

electrical conductivity in diluate (Appendix B.2.6). The lower the conductivity, the higher the 

resistance in transporting ammonium from the diluate and thus, the higher the voltage. The 

higher voltage/electric potential thus, contributes to the fact that the higher energy was 

consumed to overcome the higher electrical resistance of the stack. This relationship between 

energy consumption, electrical resistance, and electric potential was also observed in research 

by (Y. Liu et al., 2022; Shen et al., 2013). 
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Figure 18 Average electric potential/voltage (V) over time (min) for varied current densities. 

4.2 Flow rate: 
In this topic, different flow rates in a three-compartment BPMED cell were optimized to obtain 

efficient ammonium recovery and energy consumption. The flow rates were decided based on 

crossflow velocity, where 0.5 cm/s was 3.8 L/h, 1 cm/s was 7.6 L/h, 2 cm/s was 15.3 L/h, and 4 

cm/s was 30.6 L/h as mentioned in 3.2 Methods per experimental phases: Phase 2. The L/h flow 

rates were calculated based on the calibration of the pump. The experimental time was 120 

min. The concentrations, electric potential, current, and volumes for all the compartments were 

the same as mentioned in 3.2 Methods per experimental phases: Phase 0 The pH and EC for 

diluate, acid, base, and ERS can be found in Appendix C.2. The avg. NH4
+ concentration graphs 

over time can also be found in Appendix C.1. 

4.2.1 Ammonium mass distribution 

The average mass (g) of NH4
+ migrated from diluate into acid and base is shown in Table 5 and 

Fig. 19. It is shown in the graph below that the highest average ammonium recovery in the base 

was observed at a flow rate of 7.6 L/h (1 cm/s, crossflow velocity) of 4.8 g, also with the highest 

removal from diluate of 3.6 g. As the flow rate increases, the recovery in the base (i.e., 4.6 g for 

15.3 L/h and 4.1 g for 30.6 L/h), and removal from the diluate (i.e., 4 g for 15.3 L/h and 4.1 g for 

30.6 L/h) also decreases. The decreased ammonium recovery is a result of decreased residence 

time of ions in the compartment. Decreased residence time of ions eventually results in the 

enhanced turbulence of flow which diminishes the concentration gradient and increases ion 

migration. The higher the flow rate, the more no. of cycles completed within a period in a stack, 

and thus, more no. of ions migrated. The result is similar to the observation by (Omran et al., 

2023; J. Yang et al., 2024). 

Table 5 Flow rate: Average NH4
+ mass in the diluate at the end of the experiment; Average NH4

+ mass diff. in acid, and base at 
the end of the experiment 

Flow rate Avg. Diluate mass (g) Avg. Acid mass diff. (g) Avg. Base mass diff. 
(g) 

3.8 L/h 4.8 4.6 4.6 
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7.6 L/h 3.6 4.5 4.8 

15.3 L/h 4.0 4.8 4.6 

30.6 L/h 4.1 5.0 4.1 

 

However, it is important to note that a low flow rate such as 3.8 L/h can cause ions to retain too 

long in the stack causing thick boundary layers near the membrane surface and a concentration 

profile. This eventually raises the voltage and affects the membranes of the stack (Omran et al., 

2023; Zoungrana & Çakmakci, 2021). Also, a very high flow rate such as 30.6 L/h causes ions to 

leave the stack too soon without having proper contact with the surface of the membrane, 

which reduces the ammonium recovery efficiency in the base and thus, more back-diffusion in 

the acid compartment. Thus, the higher the flow rate, the more the back-diffusion of ions. This 

can be seen in the average mass (%) graph in Fig. 20. The highest average back-diffusion in the 

acid compartment of 36.1% was observed with a flow rate of 30.6 L/h and the lowest of 33.1 % 

with a flow rate of 7.6 L/h. 

Note: Too high flow rates such as 38.2 L/h and 45.8 L/h (which corresponds to 5 cm/s and 6 

cm/s crossflow velocity, respectively) were tested too but due to higher leakage from base to 

diluate, within 30 mins of experimental time, base volume reduced from 0.5 L to 200 ml and 

100 ml, respectively. Therefore, no results were obtained.  

 

 

Figure 19 Average NH4
+ mass transported from diluate to acid and base with increasing flow rate. Error bars represent the 

deviation between triplicates. 
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Figure 20 Average NH4
+ mass transported from diluate to acid and base in % with increasing flow rate. Error bars represent the 

deviation between triplicates. 

4.2.2 Electrochemical Energy Consumption and NH4
+ Current Efficiency 

The average electrochemical energy required for transporting ammonium in the base is 

presented graphically in Fig. 21(left) below. The average current efficiency for transporting NH4
+ 

in the base is shown in Fig. 21(right). The average energy consumption increased from 39.5 ± 

1.1 MJ/kg-NH4
+ to 44.7 ± 2.5 MJ/kg-NH4

+ as the flow rate increased from 7.6 L/h to 30.6 L/h. 

With increasing flow rate, the resistance to transport more ions in the base increases, and thus, 

the energy required to recover ammonium in the base also increases, which causes decreased 

average current efficiency of ammonium from 27.8 %, followed by 26.6 %, and 24.1%. Increased 

vertical flow velocity and intense flow turbulence have an impact on lateral ion migration, 

which raises the specific energy required for ion recovery. Higher feed flow rates greatly 

increase the membrane stack's processing capability, but they also run the danger of 

overloading the pump and mechanically damaging the membranes (J. Yang et al., 2024). 

However, this is not in line with 3.8 L/h flow rate. This is because when the flow rate is too low, 

flow between the spacers may behave as laminar (Reynolds number may be low). Spacers in the 

stack direct the flow through the membrane and the cross straps within the spacers enable this 

flow (Sonu Vinay et al., 2016). The laminar flow between the spacers’ cross strips leads to 

increased resistance and thus, higher energy consumption. Similar results were obtained with 

lower flow rates when observed by (Min et al., 2021; Zoungrana & Çakmakci, 2021). A too-low flow 

rate can cause a drastic drop in process efficiency, potentially decreasing current efficiency (Min 

et al., 2021). 

In electrodialysis operations, it is crucial to optimize the flow rate of the solutions to increase 
the generation of energy while avoiding extremely low flow rates that might degrade system 
efficiency and very high flow rates that may harm the membranes (Zoungrana & Çakmakci, 2021).  
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Figure 21 Left: Graph of Average electrochemical energy consumption to transport NH4
+ mass to base in MJ/kg-NH4

+ with 
increasing flow rate. Right: Graph of Average NH4

+ current efficiency with increasing flow rate. Error bars represent the deviation 
between triplicates. 

As can be seen from Fig. 22, the average electric potential ranges from 28. 5 ± 1.7 V to 20 ± 0.8 

V for the flow rates ranging from 3.8 L/h to 30.6 L/h. The highest average electric potential was 

seen in the lowest flow rate which was typically because of the highest electrical resistance 

observed due to concentration polarization. This is because the depleted boundary layer has a 

higher electrical resistance of the compartment. The lower the conductivity of diluate 

(Appendix C.2.6), the higher the electrical resistance of the stack and thus, the higher the 

electric potential. This was observed in previous studies by (Omran et al., 2023; Zoungrana & 

Çakmakci, 2021). The noise in the graph of the average voltage of 3.8 L/h flow rate was mainly 

due to the depleted boundary causing a concentration profile.  

  

Figure 22 Average electric potential/voltage (V) over time (min) for increased flow rate 
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4.3 Base Volume: 
The study covers varying base volumes in a three-compartment BPMED cell ranging from 0.5 L 

to 3 L to optimize the effect of NH4
+ recovery efficiency and electrochemical energy 

consumption. The initial ammonium sulfate salt concentration was kept the same but the 

volume of the base was varied (i.e., 0.66 g in 0.5 L, 1.32 g in 1 L, 2.64 g in 2 L, and 3.96 g in 3 L). 

The concentration, and volume for diluate, acid, and ERS were the same as mentioned in in 3.2 

Methods per experimental phases: Phase 0. The other details of the flow rate, current, and 

electric potential were also mentioned in 3.2 Methods per experimental phases: Phase 0. The 

pH and EC for diluate, acid, base, and ERS can be found in Appendix D.2. The avg. NH4
+ 

concentration graphs over time can also be found in Appendix D.1. 

4.3.1 Ammonium mass distribution 

The average NH4
+ mass transfer values from diluate to acid and base are shown in Table 6. The 

graphical representation of average mass transfer is shown in Fig. 23. Ions moved easily from a 

highly concentrated solution to a lower concentrated solution. So, as the base volume increases, 

the generated alkali concentration becomes larger, which means the ions concentration 

gradient increases, and thus, ions migrate faster from diluate to base. The highest average mass 

of ammonium in the base at the end of the experiment was 6.8 g at 3 L base volume, followed 

by 6.2 g, 4.9 g, and 4.6 g at 2 L, 1 L, and 0.5 L, respectively. The faster the ions were migrated, 

the more NH4
+ ions were recovered in the base. Similar research by (Dong et al., 2023) observed 

that as the volume ratio of the acid-to-base compartment increased, the ion content gradient 

increased, causing the faster ions to migrate between the two compartments. In another 

research by (Cui et al., 2024), it is shown that larger volumes resulted in wider concentration 

gaps, which prompted active concentration diffusion from diluate to base, faster ion migration, 

and a more rapid approach to the endpoint of the reaction (Cui et al., 2024).  

Table 6 Base Volume: Average NH4
+ mass in the diluate at the end of the experiment; Average NH4

+ mass diff. in acid, and base 
at the end of the experiment 

Base Volume Avg. Diluate mass (g) Avg. Acid mass diff. (g) Avg. Base mass diff. 
(g) 

0.5 L 4.0 4.8 4.6 

1 L 4.1 3.7 4.9 

2 L 3.8 2.3 6.2 

3 L 4.3 1.8 6.8 

 

With increasing base volumes, the concentration gaps are enhanced which causes less back-

diffusion in the acid. The average back diffusion is observed in Fig. 24. The maximum average 

back diffusion of NH4
+ in the acid of 35.1 % was seen at the lowest base volume of 0.5 L and, as 

base volumes increased, it showed lower back diffusion in the acid compartment (i.e., 27.1 %, 

17.5 %, and 13.5% for 1 L, 2 L, and 3 L, respectively) due to a more uniform concentration 

profile in the end. This is shown in the previous study by Li et al., 2016 where the study 
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mentioned that ammonium ions easily move from diluate to base solution, resulting in less back 

diffusion in the acid compartment. Different studies based on the D/C ratio are done by (Abtahi 

Mehrjardi et al., 2023; Araji, 2019), which showed that a higher D/C ratio helps in maintaining a 

more uniform profile across the stack, which diminishes the driving force for back diffusion.  

 

 

Figure 23 Average NH4
+ mass transported from diluate to acid and base with increasing base volume. Error bars represent the 

deviation between triplicates. 

 

Figure 24 Average NH4
+ mass transported from diluate to acid and base in % with increasing base volume. Error bars represent 

the deviation between triplicates. 

4.3.2 Electrochemical Energy Consumption and NH4
+ Current Efficiency 

The graphical representation for the average electrochemical energy consumption to transport 

NH4
+ from diluate to acid and base is shown in Fig. 25(left) and the average NH4

+ current 
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efficiency for transporting ammonium to the base is depicted in Fig. 25(right). It was observed 

that with increased base volume, the energy required to transport ammonium in the base was 

decreased, causing an increase in ammonium current efficiency in the base. The lowest average 

ammonium current efficiency of 26.6 % was observed with the lowest base volume of 0.5 L, 

whereas the highest NH4
+ current efficiency of 39.6% was observed with the base volume of 3 L. 

The current efficiency follows an increasing trend with increased base volume. The 

concentration gradient becomes larger with increasing base volume, the less the mass of 

ammonium back-diffused into acid from the base. Thus, increasing the volume ratio (i.e., base 

volume) improves the current efficiency of the process by suppressing back-diffusion effects and 

enhancing mass recovery in the base. This was in line with previous studies by (X. Li et al., 2024; 

H. Yan et al., 2019). 

The maximum average energy consumed (43.1 ± 0.3 MJ/kg-NH4
+) was 0.5 L as the concentration 

gradient was the least when compared to 1 L (38.6 ± 2.3 MJ/kg-NH4
+), 2 L (32.2 ± 2.9 MJ/kg-

NH4
+), and 3 L (29.8 ± 1.3 MJ/kg-NH4

+) as depicted in Fig. 25(left). As the volume ratio rises, the 

energy consumption falls. Ions find it easier to migrate from the diluate to the base due to the 

decreased mass transfer resistance caused by the elevated concentration gradient (Li et al., 

2024). 

An increased base volume leads to less electric potential over time. However, it was observed 

that major variation between different energy consumption comes from the variated mass 

transported into the base. As seen in fig. 23 and 24 above, the mass of ammonium recovered in 

the base varies greatly with increasing base volume. The increased NH4
+ mass causes lower 

electrical stack resistance and thus, lower energy consumption. 

  

Figure 25 Left: Graph of Average electrochemical energy consumption to transport NH4
+ mass to base in MJ/kg-NH4

+ with 
increasing base volume. Right: Graph of Average NH4

+ current efficiency with increasing base volume. Error bars represent the 
deviation between triplicates. 

The graph for average electric potential over time for all the different base volumes is depicted 

in Fig. 26. It was clear that the average electric potential over time for all base volumes does not 
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have a very big difference between them as the electrical conductivity of diluate was almost the 

same (Appendix D.2.6), resulting in no significant difference in electrical resistance. Increasing 

the volume ratio improves the overall energy efficiency of the process by suppressing back-

diffusion effects. The less the back-diffusion effect, the less is energy consumed in transporting 

ammonium from diluate to base. 

 

Figure 26 Average electric potential/voltage (V) over time (min) for increased base volume 

4.4 BPMED Cell configurations: 
The research topic covers optimizing different BPMED cell configurations to understand the 

impact it had on ammonium recovery efficiency and electrochemical energy consumption. The 

no. of cell pairs for all types of BPMED cell configurations was 10. The build-up mechanism of 

different BPMED cells can be understood from Fig. 10-14 in section 3.2 Methods per 

experimental phases: Phase 4. The electric potential, current, concentration, and volumes for 

diluate, acid, base, and ERS were the same as mentioned in section 3.2 Methods per 

experimental phases: Phase 0. The experimental time was kept for 120 minutes. The pH and EC 

graphs for diluate, acid, base, and ERS can be found in Appendix E.2. The avg. NH4
+ 

concentration graphs over time and the purity of base can also be found in Appendix E.1 and 

E.3, respectively. 

4.4.1 Ammonium mass distribution 

Table 7 below shows the average values of ammonium in grams that were transferred from the 

diluate to acid and base for a three-compartment cell; from diluate to acid for a two-

compartment anion cell and multi-chamber anion cell; from diluate to base for a two-

compartment cation cell and multi-chamber cation cell. It can be observed from Fig. 27 that 

with more compartment BPMED cells, the recovery of average ammonium mass in the base also 

increases. The rise in average NH4
+ recovery in the base was observed from 3.7 g in a two-

compartment cation cell to 4.2 g in a multi-chamber cation cell. The rise in recovery is probably 
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because of dedicated compartments (i.e., base, and acid) available for better separation of 

cations and anions with a three-compartment cell than a two-compartment cell. In a three-

compartment cell, the cathode compartment is specifically designated for the separation of 

ammonia water from NH4
+ and OH- ions; whereas, with a two-compartment cation cell or multi-

chamber cation cell, the separation of cations or anions is not designated in a particular 

compartment, which ultimately leads to a lower ammonium recovery efficiency than a three-

compartment cell. Additionally, the increase in ammonium recovery in the base with multi-

chamber electrodialysis compared to two-compartment cation cells was mainly due to 

increased compartments for salts and base, which allow multiple stages of separation of ions. 

This discussion is similar to some of the previous studies of (Jaime-Ferrer et al., 2009; Yasri & 

Gunasekaran, 2017). 

Table 7 BPMED Cell Configurations: Average NH4
+ mass in the diluate at the end of the experiment; Average NH4

+ mass diff. in 
acid, and base at the end of the experiment 

BPMED Cell Conf. Avg. Diluate mass 
(g) 

Avg. Acid mass 
diff. (g) 

Avg. Base mass 
diff. (g) 

3 comp. 4.0 4.8 4.6 

2 comp. anion 8.7 4.3 - 

2 comp. cation 9.1 - 3.7 

Multi-chamber anion (AEEM) 7.8 5.2 - 

Multi-chamber cation (CEEM) 7.3 - 4.2 
 

 

Figure 27 Average NH4
+ mass transported from diluate to acid and base with different BPMED cell configurations. Error bars 

represent the deviation between triplicates. 

From Fig. 28 below, it was seen that the average back-diffusion of ammonium in the acid 
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multi-chamber anion cell. The increase in back-diffusion is the result of increased no. of 

compartments with two-compartment anion cells, three-compartment cells, and a multi-

chamber anion cell. As the compartments increase, the diffusion path for ions from one end to 

another also becomes longer. This extended pathway causes ions to back-diffuse into acid from 

the base. Moreover, with three-compartment and multi-compartment anion cells, multiple 

compartments cause a larger concentration gradient between adjacent compartments, causing 

more no. of ions to back-diffuse. This is in line with a study by (Doornbusch et al., 2019). 

 

Figure 28 Average NH4
+ mass transported from diluate to acid and base with different BPMED cell configurations. Error bars 

represent the deviation between triplicates. 

4.4.2 Electrochemical Energy Consumption and NH4
+ Current Efficiency 

When comparing AEMs to CEMs from the earlier studies by (Rodrigues et al., 2020; van Linden 
et al., 2020), the ammonium transport number, which indicates the percentage of current 
carried by ammonium ions, is greater through AEMs. This results in increased average current 
efficiency and decreased average energy consumption since more ammonium ions are carried 
in the anion form per unit of applied current. The result can be observed in Fig. 29 (top and 
bottom). The highest average NH4

+ current efficiency (as shown in Fig. 29(bottom)) was 
observed in anion configurations, i.e., a two-compartment anion cell (50.8%) and a multi-
chamber anion cell (45.5%), whereas the lowest NH4

+ current efficiency was observed in cation 
configurations, i.e., a two-compartment cation cell (21.3%) and a multi-chamber cation cell 
(24.3%). 
 
As discussed in earlier sections 4.4.1, a three-compartment cell provides for the highest average 

ammonium recovery but from Fig. 29(top), it was also seen that three-compartment takes up 

the highest average energy to transport ammonium in the base i.e., 43.1 ± 0.3 MJ/kg-NH4
+, 

whereas the least average energy consumption was observed with a two-compartment anion 

cell (31 ± 1.3 MJ/kg-NH4
+) and a multi-chamber anion cell (30.2 ± 0.7 MJ/kg-NH4

+). The highest 
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observed to overcome the higher resistance of the stack, which is discussed further. For the 

two-compartment anion and multi-chamber anion cell, ammonium transports from salt to the 

base compartment through AEMs, which ultimately leads to more ammonium ions being 

transported per unit of applied electric current (resulting in lower energy consumption) 

compared to a two-compartment cation cell and a multi-chamber cation cell, where, 

ammonium ions pass through CEMs making ammonium transport number lower for an applied 

electric current. This is in line with previously discussed studies by (Georg et al., 2023; Rodrigues 

et al., 2020). 

 

 

Figure 29 Top: Graph of Average electrochemical energy consumption to transport NH4
+ mass to base in MJ/kg-NH4

+ with 
different BPMED cell configurations. Bottom: Graph of Average NH4

+ current efficiency with different BPMED cell configurations. 
Error bars represent the deviation between triplicates. 

As can be seen from Fig. 30, the average electric potential does not have a significant difference 
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potential of 21.4 ± 0.1 V. The lowest average electric potential was observed for a two-

compartment anion cell with a value of 15 ± 0.4 V. Higher potential differences can be 

generated throughout the three-compartment cell by separating cations and anions into 

distinct compartments, which may lower the overall resistance to ion transport and ultimately 

resulting in higher ammonium recovery efficiency. The highest electrical conductivity in diluate 

(Appendix E.2.6) was observed for the two-compartment anion and multi-chamber anion cell, 

which ultimately resulted in lower electrical resistance and lower electrical energy consumption 

compared to other BPMED configurations. 

 

Figure 30 Average electric potential/voltage (V) over time (min) for different BPMED cell configurations 

4.5 Feed Volume: 
The research involves varying feed volumes in a three-compartment BPMED cell ranging from 

0.5 L to 3 L to optimize the effect of NH4
+ recovery efficiency and electrochemical energy 

consumption. The experiment was carried out in such a way that the initial ammonium sulfate 

salt concentration was kept the same but the volume of the feed was varied (i.e., 25 g in 0.5 L, 

50 g in 1 L, 100 g in 2 L, and 150 g in 3 L). The concentration, and volume for acid, base, and ERS 

were the same as mentioned in in 3.2 Methods per experimental phases: Phase 0. The other 

necessary parameters involving the flow rate, current, and electric potential of the experiment 

were also mentioned in 3.2 Methods per experimental phases: Phase 0. The pH and EC for 

diluate, acid, base, and ERS can be found in Appendix F.2. The avg. NH4
+ concentration graphs 

over time can also be found in Appendix F.1. 

4.5.1 Ammonium mass distribution 

As can be seen from Fig. 31 below, the average ammonium mass in the base compartment 

increases with an increase in feed volume. The highest average ammonium mass in the base 

was observed to be 6.8 g with the highest feed volume of 3 L. The increase in recovery increases 

with increasing feed volumes because the concentration gradient becomes larger, which causes 
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ions to move easily from feed to the base compartment. However, there was no significant 

difference in the NH4
+ recovery between 2 L and 3 L. In other words, a larger feed volume allows 

for more ammonium ions to be brought into the system, leading to a higher number of ions to 

be recovered. Similarly, with a smaller feed volume (i.e., 0.5 L and 1 L), the concentration 

gradient between the feed and base may be maintained for a shorter duration, causing less 

recovery of ammonium in the base. 

 

Figure 31 Average NH4
+ mass transported from diluate to acid and base with increasing feed volume. Error bars represent the 

deviation between triplicates. 

4.5.2 Electrochemical Energy Consumption and NH4
+ Current Efficiency 

It was observed from the fig. 32(left) that with increasing feed volume, there was a fall in the 

average electrochemical energy consumption to transport ammonium in the base and an 

increase in NH4
+ current efficiency. The average NH4

+ current efficiency to transport ammonium 

ions in the base can be explained in Fig. 32(right). The highest average NH4
+ current efficiency 

i.e., 39.6% and 39.4% was observed in the highest feed volumes of 2 L and 3 L, respectively. The 

higher concentration of salts in the feed can correspond to higher recovery, which potentially 

can increase the driving force for transporting ammonium ions per unit of applied electric 

current. Moreover, the larger feed volume may correspond to a longer contact time between 

the solution and the membranes, leading to efficient ion transport and better ammonium 

current efficiency. This discussion is also observed in the study by Deckers, 2017. 

The highest average energy consumption of 43 ± 2.4 MJ/kg-NH4
+ was with the lowest feed 

volume of 0.5 L and the lowest energy consumption of 23.6 ± 1.6 MJ/kg-NH4
+ was with the 

highest feed volume of 3 L as shown in Fig. 32(left). The reason for such energy difference is 

partially about the discussion in section 4.5.1. The concentration gradient is larger with larger 

feed volumes which leads to more space for ions to migrate and that reduces the resistance of 

the stack leading to lower energy consumption.  
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Figure 32 Left: Graph of Average electrochemical energy consumption to transport NH4
+ mass to base in MJ/kg-NH4

+ with 
increasing feed volume. Right: Graph of Average NH4

+ current efficiency with increasing feed volume. Error bars represent the 
deviation between triplicates. 

The other reason involves understanding the effect of feed volumes on electric potential over 

the whole experimental time. The two reasons together make up the total electrochemical 

energy consumption. Fig. 33 helps to understand that although there is no significant difference 

in average electric potential values of feed volume of 2 L and 3 L, however, the concentration 

polarization and scaling effects associated with a low feed volume consume higher potential 

(22.5 ± 0.4 V for 0.5 L to 17.2 ± 1 V for 3 L). It can be seen from fig. 33, that with 0.5 L there was 

a very high average electric potential observed at the end of the experiment probably because 

of the smaller concentration gradient and lower electrical conductivity (Appendix F.2.6) that 

caused very high resistance for the ions to migrate resulting in a very high electric potential. This 

causes concentration polarization at the membrane surface.  
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Figure 33 Average electric potential/voltage (V) over time (min) for increased feed volume 

After discussing both the concentration gradient (from section 4.5.1) and electric potential over 

time, it can be made clear that the difference in energy consumption in Fig. 32, was mainly due 

to the concentration gradient difference for feed volumes of 1 L to 3 L. However, for 0.5 L feed 

volume, the higher energy consumption is mainly due to both the smaller concentration 

gradient difference and the higher electric potential (due to increased resistance). 

4.6 Optimum Experiment 
This research aims to experiment by taking all the parameters with the most efficient 

ammonium recovery and electrochemical energy consumption of previously discussed topics of 

the study. The concentration, and volume for acid, and ERS were the same as mentioned in in 

3.2 Methods per experimental phases: Phase 0. The pH and EC for diluate, acid, base, and ERS 

can be found in Appendix G.2. The avg. NH4
+ concentration graph over time can also be found in 

Appendix G.1. 

4.6.1 Choosing Parameters for the Optimum Experiment 

I. From section 4.1 Current Density, it was observed that with 100% CD, there was the highest 

ammonium recovery in the base of 2.5 g but it also takes up the highest energy 

consumption of 28.1 MJ/kg-NH4
+. However, the 50% CD had the least energy consumption 

of 22.5 MJ/kg-NH4
+ but also had a lower ammonium recovery of 2 g. Therefore, considering 

both the conditions of ammonium recovery and energy consumption, 75% CD (i.e., 60 V 

with 0.96 A for 120 mins) was chosen with an ammonium recovery similar to 100% CD (i.e., 

2.4 g) and with no significant difference in energy consumption with 50% CD (i.e., 23.2 

MJ/kg-NH4
+). 

II. From section 4.2 Flow rate, it was observed that 7.6 L/h corresponding to a crossflow 

velocity of 1 cm/s gives the most efficient result among all the other flow rates, in terms of 

both the highest ammonium recovery in the base (i.e., 4.8 g) and the least electrochemical 
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energy consumption (39.5 MJ/kg-NH4
+). Therefore, a 7.6 L/h flow rate was chosen for the 

optimum experiment. 

III. From section 4.3 Base Volume, it was observed that the highest base volume, 3 L provides 

the highest ammonium recovery of 6.8 g and the least electrochemical energy consumption 

of 29.8 MJ/kg-NH4
+. Therefore, a 3 L base volume (i.e., 3.96 g ammonium sulfate salt in 3 L 

demi-water) was chosen as the optimum parameter. 

IV. From section 4.4 Different BPMED Cell Configurations, it was observed that ammonium 

recovery efficiency in the base was nearly the same for multi-chamber cation cell and three-

compartment cell (i.e., 4.2 g and 4.6 g, respectively); however, the energy consumption for a 

three-compartment cell was 43.1 MJ/kg-NH4
+ whereas for multi-chamber cation cell was 

36.6 MJ/kg-NH4
+. Therefore, considering both the conditions of ammonium recovery and 

energy consumption, a multi-chamber cation cell was chosen for the optimum experiment. 

V. From section 4.5 Feed Volume, it was observed that the ammonium recovery efficiency for 2 

L and 3 L of feed volume was almost the same (i.e., 6.8 g). However, for electrochemical 

energy consumption, 2 L and 3 L had almost no significant difference between the values 

(i.e., 24.6 MJ/kg-NH4
+ and 23.6 MJ/kg-NH4

+, respectively). Taking the experimental setup 

into account, if the base volume was already chosen as 3 L, it wasn’t possible to set a 3 L 

feed volume with the setup as well. Therefore, a 2 L feed volume (i.e., 100 g ammonium 

sulfate salt in 2 L demi-water) was chosen for the optimum experiment. 

4.6.2 Ammonium mass distribution 

From Table 8 below, it was observed that with the optimum parameters, average ammonium 

recovery in the base had reached the highest 8 g when compared to a multi-chamber cation cell 

with 4.2 g (i.e., when the feed volume was 1 L and base volume was 0.5 L from Fig. 27); when 

compared to a three-compartment cell with average ammonium recovery of 6.8 g (i.e., when 

the base volume was 3 L and feed volume was 1 L from Fig. 23). Therefore, experimenting with 

the optimum parameters gives the highest average ammonium recovery in the base than all the 

other results obtained from this research. 

Table 8 Average values for the optimum experiment: NH4
+ mass distribution (g), Energy consumption to transport NH4

+ in the 
base (MJ/kg-NH4

+), NH4
+ Current efficiency in the base (%), and electric potential over time (V) 

Optimum 
Experiment 

Avg. NH4
+ mass 

distribution (g) 

Avg. Energy 
consumption 
(MJ/kg-NH4

+) 

Avg. NH4
+ 

Current 
efficiency (%) 

Avg. Electric 
potential over 

time (V) 

Base 8 12.7 ± 0.6 62  16.3 ± 0.5 

Salt/Acid 19.2 - - - 

 

4.6.3 Electrochemical Energy Consumption and NH4
+ Current Efficiency 

It was observed that the optimum experiment had the lowest average energy consumption of 

12.7 ± 0.6 MJ/kg-NH4
+ when compared to all the other energy consumption observed from the 

previous graphs and the average ammonium current efficiency reached a value of 62%. This low 
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energy consumption and high current efficiency are mainly due to a high concentration gradient 

and high electrical conductivity (Appendix G.2.4) that makes it easy to transport more 

ammonium ions into the base. Such lower energy consumption was never observed with any of 

the individual parameter analyses such as when with a multi-chamber cation cell, the average 

energy consumption observed was 36.6 MJ/kg-NH4
+ (Fig. 29 (top)); or when the base volume 

was 3 L (i.e., 29.8 MJ/kg-NH4
+ from Fig. 25 (left)); or when the feed volume was 2 L (i.e., 24.6 

MJ/kg-NH4
+ from Fig. 32 (left)). The large concentration gradient ultimately offers lower 

resistance as can be seen from high electrical conductivity (Appendix G.2.4), which can be 

further understood from the electric potential over time.  

As can be seen from Table 8 above, the electric potential observed with the optimum 

parameters (i.e., 16.3 ± 0.5 V) was similar to a multi-chamber cation cell (i.e., 16.6 ± 0.4 V from 

Fig. 30). Thus, the resistance of the stack that the optimum parameters offer was the same as 

the resistance of the stack of a multi-chamber cation cell. Therefore, the electrochemical energy 

consumption difference comes majorly from the concentration gradient.  
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5. Overall discussion and recommendation 
The study successfully demonstrated the usefulness of BPMED as a technique for recovering 

NH4OH from ammonium sulfate-rich water sources under extreme conditions. Flow rate, base 

volume, feed volume, current density, and different BPMED cell configurations were 

investigated in this study. However, other operational parameters including the impact of varied 

salt concentrations in the feed and base compartment (Y. Li et al., 2016), the varied ERS 

concentration, and volume (S. Wang et al., 2023; X. Wu et al., 2023) were not tested in this 

research as according to previous study by (Y. Li et al., 2016; S. Wang et al., 2023; X. Wu et al., 

2023) might end up in higher recovery. Furthermore, the study used stimulated wastewater 

which contained pure ammonium sulfate, which may be different from industrial wastewater. 

Industrial wastewater contains many different cations and anions, which may lead to varied 

diffusion over time or distinct energy consumption due to scaling or fouling in the membranes. 

This eventually, will affect the efficiency of BPMED. 

By increasing the current density of the three-compartment BPMED stack, the migration 

velocity of ions also increases, this increases the recovery of ammonium in the base along with 

electrochemical energy consumption. Additionally, this leads to reduced back-diffusion of 

ammonium in the acid from the base compartment. However, the experiments performed were 

for a shorter period (keeping 2400 Coulombs constant) and thus, experimenting it for a longer 

duration with a greater no. of coulombs applied (i.e., high current density) is further to be 

investigated as this can end up in high ammonium recovery (X. Guo et al., 2023; Y. Liu et al., 

2023). 

Since lab-scale studies are usually carried out for shorter periods, it can be difficult to properly 
capture the long-term scaling and fouling behavior. Large-scale scaling is more frequent due to 
the larger membrane area and longer operation times (Han et al., 2019; H. Liu & She, 2024; Van 

Geluwe et al., 2011). 
 
Experiments with flow rate showed that by increasing flow rate, the ammonium recovered in 

the base increased, leading to enhanced turbulence in the stack, and thus, higher overall energy 

consumption. However, it was observed that at very low flow rates, there was concentration 

polarization near the membranes; and at very high flow rates, the solution didn’t have enough 

time in the stack due to very high turbulence, leading to decreased ammonium recovery. This in 

turn affected the stability and efficiency of membranes (Omran et al., 2023; Zoungrana & Çakmakci, 

2021). Therefore, the implementation of BPMED technology, which is characterized by very high 

flow rates or very low flow rates, will be made easier by the development of more 

stable membranes for varied flow rate processing. This kind of research will shed further 

insights on the application of flow rate on the amount of energy consumed during BPMED of 

(NH4)2SO4 effluents. Moreover, the bipolar membrane stack PC 100D, designed mostly for 

organic acid synthesis, was employed in this study. However, with constantly new membranes 

being designed every day with different materials, there may exist alternative membranes (that 
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are selective) that work even better in this regard (Raissouni et al., 2007). Therefore, a study 

focusing on the impact of different parameters with different materials of membranes should 

be tested under extreme conditions to gain more insights into choosing the right material for 

membranes. 

In large-scale systems, there are larger membrane areas, and maintaining a uniform flow rate 

along a longer flow path becomes challenging, this leads to potential drops across the stack and 

increases overall energy consumption, especially at higher flow rates (Al-Amshawee & Yunus, 

2023; F. Li et al., 2022). Therefore, it is important to optimize the flow rate and proper flow 

distribution to avoid scaling issues when performing at a large-scale. 

Furthermore, with increasing base and feed volumes experiments, it was observed that the 

mass of ammonium in the base increased but this resulted in lower energy consumption 

because of reduced stack resistance due to a larger concentration gradient. However, the 

maximum base volume that was tested was 3 L which was less compared to industrial 

applications (P. F. Li et al., 2022). Therefore, very high volumes for base and feed should be 

tested which may result in very low energy consumption leading to an increased ammonium 

recovery in the base. 

Furthermore, for different BPMED cell configurations, it was observed that compared to anion 

configurations, cation configurations (i.e., two-compartment cation cell, multi-chamber cation 

cell) gave the maximum ammonium recovery in the base compartment. But when a multi-

chamber cation cell was compared to a three-compartment cell, a three-compartment cell 

dominated the ammonium recovery in the base. It is also important to note that this also 

resulted in the highest energy consumption, followed by cation configurations, and then, the 

least energy consumption by anion configurations.  

The purity of acid and base is not studied in this research and needs further insights. This study 

generated both acid and base as a result of using a three-compartment BPMED cell.  

According to published research by Cherif et al., 1997; Rodrigues et al., 2020, a three-

chambered BPMED arrangement yields higher current efficiency than one with two 

compartments. A two-compartment stack, however, may help ensure that the generated acid 

and base are pure as mentioned in a study by Pourcelly, 2002. Thus, research into the 

functioning of a two-compartment BPMED stack might be helpful depending on the application. 

The optimum experiment was carried out to see the impact on ammonium recovery in the base 

and also on energy consumption by putting forward the best of the parameters tested. It was 

observed that with optimum conditions, the highest mass of ammonium was recovered in the 

base (compared to all other individual parameter results) when tested with a multi-chamber 

cation cell along with the lowest energy consumption. 

However, all the operational parameters were tested on a three-compartment BPMED cell, the 

impact of those parameters including flow rate, feed volume, base volume, and salt 

concentration on other configurations, especially multi-chamber cell configurations are yet to 
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be investigated, and need further studies on understanding its impact on ammonium and 

sulfate recovery.  

The impact of all the above-mentioned parameters on sulfate recovery in the acid is also not 

measured in this research and can be further studied in depth to use it as an influent for the 

stripping/scrubbing process (D. Wang et al., 2020; Ye et al., 2018; Zhou et al., 2016).  

To address the gap between lab-scale data and large-scale execution, thorough modeling and 

simulations, as well as pilot-scale investigations, are important. When scaling up from the lab 

scale, it becomes more essential to optimize the operating parameters to balance energy 

consumption, scaling mitigation, and removal/recovery efficiency. Localized low-flow rate zones 

can be caused by irregular flow patterns on a large scale, which can further contribute to 

decreased removal efficiency and higher concentration polarization (Min et al., 2021; Van 

Geluwe et al., 2011). Additional energy losses in large-scale systems can be brought on by non-

uniform current distribution, electrode overpotentials, and solution resistance (Min et al., 2021; 

Van Geluwe et al., 2011). Operational difficulties with membrane replacement, cleaning 

techniques, and maintenance may arise in large-scale systems; these issues are not entirely 

present in lab-scale setups. Thus, regular monitoring and data gathering from large industrial 

facilities might enhance our knowledge of scaling, concentration polarization, and variations of 

energy consumption at larger scales. 
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6. Conclusions 
This research successfully demonstrated the practicality of Bipolar Membrane Electrodialysis as 

a technique for treating ammonium sulfate-rich water under varying operational parameters. 

The technology was proven to be efficient in both ammonium recovery and energy 

consumption. The varying operational parameters are addressed through sub-research 

questions that support the main research question: 

“What is the effect of operational parameters on the overall ammonium recovery in the base 

and energy consumption of BPMED?” 

➢ What is the effect of varying current densities on ammonium recovery and energy 

consumption? 

It was observed that with increasing current density, the amount of NH4
+ recovered in the 

base also increases. The highest average ammonium recovery of 2.5 g in the base was 

observed at the highest 100% current density (with 1.28A) and the lowest, 1.2 g in the base 

was observed at the lowest 25% current density (with 0.32A). This is because a higher 

current causes a higher migration velocity of ions. However, a higher concentration gradient 

at lower current densities due to the slower migration of ions, leads to back diffusion into 

the acid. 

From the study, it was also observed that the electrochemical energy consumption 

decreased with decreasing current density. The lowest average energy consumption 

observed was 24.2 ± 0.4 MJ/kg-NH4
+ at 25% current density, whereas the highest average 

energy consumption was 28.1 ± 1.4 MJ/kg-NH4
+ at the highest current density of 100%. The 

higher energy consumption comes from the higher electric potential required to overcome 

the electrical resistance. 

 

➢ What is the effect of varying flow rates on ammonium recovery and energy 

consumption? 

In this topic, it was observed that as the flow rate increased, the recovery in the base, and 

removal from the diluate decreased. Decreased ammonium recovery in the base was a 

result of decreased residence time of ions in the stack, which eventually gives the enhanced 

turbulence of flow, increasing ion migration. The highest average ammonium recovery in the 

base was observed at a flow rate of 7.6 L/h (1 cm/s, crossflow velocity) of 4.8 g, along with 

the highest removal from diluate of 3.6 g. 

However, note that at very low flow rates such as 3.8 L/h, concentration polarization was 

observed near the membrane surface and a very high flow rate such as 30.6 L/h causes ions 

to leave the system too soon without having proper contact with the surface of the 

membrane, and thus, more back-diffusion into the acid compartment. 
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The electrochemical energy consumption increased with increasing flow rate due to the 

intense mixing of flow, which raised the specific energy required for ion recovery. The 

lowest average energy consumption of 39.5 ± 1.1 MJ/kg-NH4
+ was observed at a flow rate of 

7.6 L/h. 

 

➢ What is the effect of varying base volumes on ammonium recovery and energy 

consumption? 

From this study, it was observed that as the base volume increased, the generated alkali 

concentration tended to be larger, which means the ions concentration gradient between 

the compartments also increased, and thus, ions migrate faster from diluate to base. The 

highest average mass of ammonium recovered in the base was 6.8 g at 3 L base volume. 

Thus, this was also seen in terms of back-diffusion, i.e., when the concentration gradient 

was larger, there was less back-diffusion of ammonium ions noted into the acid 

compartment. 

Regarding energy consumption, it was observed that with an increased base volume, the 

energy required to transport ammonium in the base decreased. The lowest average energy 

consumption of 29.8 ± 1.3 MJ/kg-NH4
+ was observed with the highest base volume of 3 L. 

This was in line with the findings reported in the literature that with increasing base volume, 

a larger concentration gradient reduces the mass transfer resistance of the stack leading to 

lower energy consumption. 

 

➢ Which cell arrangement among the five BPMED configurations gives efficient ammonium 

recovery, purity of ammonium in the base, and energy consumption? 

For this research question, out of the five configurations, cation configurations gave the 

maximum ammonium recovery in the base compartment. The highest average ammonium 

recovery in the base of 4.6 g was observed in a three-compartment cell. This is due to 

dedicated compartments available for the separation of ammonium and sulfate ions. These 

compartments are missing in the two-compartment and multi-chamber cation cell causing 

lower average ammonium recovery: 3.7 g and 4.2 g, respectively. Although multi-chamber 

cation cells did not have dedicated compartments as three-compartment cells, ammonium 

recovery in the base was found to be almost similar (because of the higher number of 

repeated compartments available, allowing for more ions to go through multiple stages). 

However, the increased multiple stages for better separation of ammonium in multi-

chamber anion cells causes more back-diffusion in the acid compartment due to the longer 

migration path of ions which elevates the back-diffusion of ions in the acid compartment.  

The average electrochemical energy consumption was observed highest in a three-

compartment cell, with a value of 43.1 ± 0.3 MJ/kg-NH4
+, whereas the least average energy 
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consumption was observed in anion configurations: a two-compartment anion cell (31.0 ± 

1.3 MJ/kg-NH4
+) and a multi-chamber anion cell (30.2 ± 0.7 MJ/kg-NH4

+)). This is because 

ammonium ions transported through AEMs are higher than CEMs, causing less resistance of 

the stack and thus, lower energy consumption compared to cation configurations. 

 

➢ What is the effect of varying feed volumes of the BPMED stack on the NH4
+ recovery and 

energy consumption? 

The increase in feed volumes creates a larger concentration gradient, making ions move 

easily from a highly concentrated compartment to a low concentrated compartment. This 

was observed in this research question that the ammonium mass in the base compartment 

increases with an increase in feed volume. The highest average ammonium mass in the base 

was observed to be 6.8 g with the highest feed volume of 3 L. This is in line with the energy 

consumption due to the larger concentration gradient made, more space for ions to migrate, 

causing less resistance. The lowest average energy consumption of 23.6 ± 1.56 MJ/kg-NH4
+ 

was observed with the highest feed volume of 3 L.  

However, it was also observed that with very low feed volume, there was concentration 

polarization at the end of the experiment leading to increased resistance of the stack and 

thus, increased overall energy consumption to transport ammonium in the base. 

 

➢ What is the effect of the optimum experiment on ammonium recovery in the base and 

electrochemical energy consumption? 

The optimum experiment was carried out to put the best results together to understand the 

effect it offers on the overall ammonium recovery in the base and energy consumption.  

The highest average ammonium recovery of 8 g was observed in the base when the 

experiment was performed with a multi-chamber cation cell, flow rate of 7.6 L/h, base 

volume of 3 L, feed volume of 2 L, and current density of 75% (i.e., 0.96 A) for 120 minutes. 

Neither of any individual parameters showed such high ammonium recovery in the base. 

This higher ammonium recovery is due to an enhanced concentration that makes it easy to 

transport more ammonium ions into the base. This also supports the discussion on 

electrochemical energy consumption. It was observed that it had the lowest average energy 

consumption of 12.7 ± 0.6 MJ/kg-NH4
+ because of the large concentration gradient as the 

electric potential was almost the same as a multi-chamber cation cell without optimum 

parameters. 
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8. Appendix 

A. Calibration of pump 
 

 

Figure A. 1Pump Calibration 
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B. Current Density 

B.1 NH4
+ concentration over time 

 

 

Figure B.1. 1 100% current density: Average NH4
+ mass distribution over experimental time of 31 mins 15 sec (i.e., 31.25 mins) 

 

Figure B.1. 2 75% current density: Average NH4
+ mass distribution over experimental time of 41 mins 40 sec (i.e., 41.67 mins) 
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Figure B.1. 3 50% current density: Average NH4
+ mass distribution over experimental time of 1 hour 2 mins 30 sec (i.e., 62.5 mins) 

 

Figure B.1. 4 25% current density: Average NH4
+ mass distribution over experimental time of 2 hours 5 mins (i.e., 125 mins) 

B.2 pH and EC graphs over time 
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Figure B.2. 1 Average pH of Acid over time for varied current densities 

 

Figure B.2. 2 Average electrical conductivity (μS/cm) of Acid over time for varied current densities 
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Figure B.2. 3 Average pH of Base over time for varied current densities 

 

Figure B.2. 4 Average electrical conductivity (μS/cm) of Base over time for varied current densities 
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Figure B.2. 5 Average pH of Diluate over time for varied current densities 

 

Figure B.2. 6 Average electrical conductivity (μS/cm) of Diluate over time for varied current densities 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 5 9
1

4
1

9
2

3
2

8
3

3
3

7
4

2
4

7
5

1
5

6
6

1
6

5
7

0
7

5
7

9
8

4
8

9
9

3
9

8
1

0
3

1
0

7
1

1
2

1
1

7
1

2
1

p
H

Time (min)

pH-Diluate

100%CD 75%CD 50%CD 25%CD

0

10000

20000

30000

40000

50000

60000

70000

0 5
1

0
1

5
1

9
2

4
2

9
3

4
3

9
4

4
4

8
5

3
5

8
6

3
6

8
7

3
7

7
8

2
8

7
9

2
9

7
1

0
2

1
0

6
1

1
1

1
1

6
1

2
1

EC
 (

m
ic

ro
S/

cm
)

Time (min)

EC-Diluate

100%CD 75%CD 50%CD 25%CD



72 
 

 

Figure B.2. 7 Average pH of ERS over time for varied current densities 

 

Figure B.2. 8 Average electrical conductivity (μS/cm) of ERS over time for varied current densities 
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C. Flow rate 

C.1 NH4
+ concentration over time 

 

 

Figure C.1. 1 3.8 L/h flow rate: Average NH4
+ mass distribution over an experimental time of 120 minutes. 

 

Figure C.1. 2 7.6 L/h flow rate: Average NH4
+ mass distribution over an experimental time of 120 minutes. 
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Figure C.1. 3 15.3 L/h flow rate: Average NH4
+ mass distribution over an experimental time of 120 minutes. 

 

Figure C.1. 4 30.6 L/h flow rate: Average NH4
+ mass distribution over an experimental time of 120 minutes. 

C.2 pH and EC graphs over time 
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Figure C.2. 1 Average pH of Acid over time for varied flow rates where 3.8 L/h, 7.6 L/h, 15.3 L/h, and 30.6 L/h flow rates 
correspond to 0.5, 1, 2, and 4 cm/s crossflow velocities. 

 

Figure C.2. 2 Average electrical conductivity (μS/cm) of Acid over time for varied flow rates where 3.8 L/h, 7.6 L/h, 15.3 L/h, and 
30.6 L/h flow rates correspond to 0.5, 1, 2, and 4 cm/s crossflow velocities. 
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Figure C.2. 3 Average pH of Base over time for varied flow rates where 3.8 L/h, 7.6 L/h, 15.3 L/h, and 30.6 L/h flow rates 
correspond to 0.5, 1, 2, and 4 cm/s crossflow velocities. 

 

Figure C.2. 4 Average electrical conductivity (μS/cm) of Base over time for varied flow rates where 3.8 L/h, 7.6 L/h, 15.3 L/h, and 
30.6 L/h flow rates correspond to 0.5, 1, 2, and 4 cm/s crossflow velocities. 
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Figure C.2. 5 Average pH of Diluate over time for varied flow rates where 3.8 L/h, 7.6 L/h, 15.3 L/h, and 30.6 L/h flow rates 
correspond to 0.5, 1, 2, and 4 cm/s crossflow velocities. 

 

Figure C.2. 6 Average electrical conductivity (μS/cm) of Diluate over time for varied flow rates where 3.8 L/h, 7.6 L/h, 15.3 L/h, 
and 30.6 L/h flow rates correspond to 0.5, 1, 2, and 4 cm/s crossflow velocities. 
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Figure C.2. 7 Average pH of ERS over time for varied flow rates where 3.8 L/h, 7.6 L/h, 15.3 L/h, and 30.6 L/h flow rates 
correspond to 0.5, 1, 2, and 4 cm/s crossflow velocities. 

 

Figure C.2. 8 Average electrical conductivity (μS/cm) of ERS over time for varied flow rates where 3.8 L/h, 7.6 L/h, 15.3 L/h, and 
30.6 L/h flow rates correspond to 0.5, 1, 2, and 4 cm/s crossflow velocities. 
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D. Base Volume 

D.1 NH4
+ concentration over time 

 

 

Figure D.1. 1 0.5 L Base volume: Average NH4
+ mass distribution over an experimental time of 120 minutes. 

 

Figure D.1. 2 1 L Base volume: Average NH4
+ mass distribution over an experimental time of 120 minutes. 
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Figure D.1. 3 2 L Base volume: Average NH4
+ mass distribution over an experimental time of 120 minutes. 

 

Figure D.1. 4 3 L Base volume: Average NH4
+ mass distribution over an experimental time of 120 minutes. 

D.2 pH and EC graphs over time 
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Figure D.2. 1 Average pH of Acid over time for varied base volumes 

 

Figure D.2. 2 Average electrical conductivity (μS/cm) of Acid over time for varied base volumes 
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Figure D.2. 3 Average pH of Base over time for varied base volumes 

 

Figure D.2. 4 Average electrical conductivity (μS/cm) of Base over time for varied base volumes 
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Figure D.2. 5 Average pH of Diluate over time for varied base volumes 

 

Figure D.2. 6 Average electrical conductivity (μS/cm) of Diluate over time for varied base volumes 
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Figure D.2. 7 Average pH of ERS over time for varied base volumes 

 

Figure D.2. 8 Average electrical conductivity (μS/cm) of ERS over time for varied base volumes 
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E. Different BPMED Cell Configuration 

E.1 NH4
+ concentration over time 

 

 

Figure E.1. 1 3-compartment BPMED cell: Average NH4
+ mass distribution over an experimental time of 120 minutes. 

 

Figure E.1. 2 2-compartment anion cell: Average NH4
+ mass distribution over an experimental time of 120 minutes. 
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Figure E.1. 3 2-compartment cation cell: Average NH4
+ mass distribution over an experimental time of 120 minutes. 

 

Figure E.1. 4 Multi-chamber anion cell: Average NH4
+ mass distribution over an experimental time of 120 minutes 
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Figure E.1. 5 Multi-chamber cation cell: Average NH4
+ mass distribution over an experimental time of 120 minutes 

E.2 pH and EC graphs over time 
 

 

Figure E.2. 1 Average pH of Acid over time for different BPMED cell configurations  
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Figure E.2. 2 Average electrical conductivity (μS/cm) of Acid over time for different BPMED cell configurations 

 

Figure E.2. 3 Average pH of Base over time for different BPMED cell configurations 
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Figure E.2. 4 Average electrical conductivity (μS/cm) of Base over time for different BPMED cell configurations 

 

Figure E.2. 5 Average pH of Diluate over time for different BPMED cell configurations 

0

5000

10000

15000

20000

25000

0 5 9
1

4
1

9
2

3
2

8
3

3
3

7
4

2
4

7
5

1
5

6
6

1
6

5
7

0
7

5
7

9
8

4
8

9
9

3
9

8
1

0
3

1
0

7
1

1
2

1
1

7

EC
 (

m
ic

ro
S/

cm
)

Time (min)

EC-Base

3-comp. 2-comp. cation Multi-chamber cation CEEM

0

2

4

6

8

10

12

0 5 9

1
4

1
8

2
3

2
7

3
2

3
6

4
1

4
5

5
0

5
4

5
9

6
3

6
8

7
2

7
7

8
1

8
6

9
0

9
5

9
9

1
0

4
1

0
8

1
1

3
1

1
7

p
H

Time (min)

pH-Diluate

3-comp. 2-comp. anion

2-comp. cation Multi-chamber anion

Multi-chamber cation CEEM



90 
 

 

Figure E.2. 6 Average electrical conductivity (μS/cm) of Diluate over time for different BPMED cell configurations 

 

Figure E.2. 7 Average pH of ERS over time for different BPMED cell configurations 
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Figure E.2. 8 Average electrical conductivity (μS/cm) of ERS over time for different BPMED cell configurations 

E.3 Purity of ammonium in the base 
 

𝑃𝑁𝐻4+ =
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. 100% 

Here, PNH4+ = Purity of ammonium in the base (in %) 

Cb,NH4+ (t) = the concentration of ammonium in the base solution at time t=120 mins (in mol/L) 

Cb,SO4- (t) = the concentration of sulfate in the base solution at time t=120 mins (in mol/L) 

 

Figure E.3. 1 Average purity of ammonium in the base for different BPMED cell configurations (%) 
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F. Feed Volume 

F.1 NH4
+ concentration over time 

 

 

Figure F.1. 1 0.5 L Feed volume: Average NH4
+ mass distribution over an experimental time of 120 minutes. 

 

Figure F.1. 2 1 L Feed volume: Average NH4
+ mass distribution over an experimental time of 120 minutes. 
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Figure F.1. 3 2 L Feed volume: Average NH4
+ mass distribution over an experimental time of 120 minutes. 

 

Figure F.1. 4 3 L Feed volume: Average NH4
+ mass distribution over an experimental time of 120 minutes. 

F.2 pH and EC graphs over time 
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Figure F.2. 1 Average pH of Acid over time for varied feed volumes 

 

Figure F.2. 2  Average electrical conductivity (μS/cm) of Acid over time for varied feed volumes 
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Figure F.2. 3 Average pH of Base over time for varied feed volumes 

 

Figure F.2. 4 Average electrical conductivity (μS/cm) of Base over time for varied feed volumes 
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Figure F.2. 5 Average pH of Diluate over time for varied feed volumes 

 

Figure F.2. 6 Average electrical conductivity (μS/cm) of Diluate over time for varied feed volumes 
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Figure F.2. 7 Average pH of ERS over time for varied feed volumes 

 

Figure F.2. 8 Average electrical conductivity (μS/cm) of ERS over time for varied feed volumes 
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G. Optimum Experiment 

G.1 NH4
+ concentration over time 

 

  

Figure G.  1 Optimum Experiment: Average NH4
+ mass distribution over an experimental time of 120 minutes. 

G.2 pH and EC graphs over time 
 

 

Figure G.2. 1 Average pH of Base over time for optimum experiment 
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Figure G.2. 2 Average electrical conductivity (μS/cm) of Base over time for optimum experiment 

 

Figure G.2. 3 Average pH of Diluate over time for optimum experiment 
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Figure G.2. 4 Average electrical conductivity (μS/cm) of Diluate over time for optimum experiment 

 

Figure G.2. 5 Average pH of ERS over time for optimum experiment 
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Figure G.2. 6 Average electrical conductivity (μS/cm) of ERS over time for optimum experiment 
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