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To combat carbon emissions, carbon capture and storage becomes an increasingly urgent 

topic. The most common way of carbon dioxide capture and storage is geological storage 

in, for example, depleted oil or gas reservoirs. However, geological storage is not possible 

in some parts of the world, such as Finland. Thus, to avoid carbon dioxide transportation 

to remote locations, other methods are needed. 

This thesis deals with a process for carbon capture and storage by mineralisation (CCSM) 

developed at Åbo Akademi University, where magnesium is extracted from rock using 

ammonium bisulfate or sulfuric acid, forming magnesium sulfate. The magnesium sulfate 

reacts with carbon dioxide in the presence of aqueous ammonia, to form magnesium 

carbonate and ammonium sulfate. 

Bipolar membrane electrodialysis (BPMED) can be used to recycle the substances used 

in the CCSM process, by converting a salt to an acid and a base using bipolar membranes 

and electricity for water dissociation and ion separation. This thesis focuses on energy 

use and efficiency versus throughput optimization for the BPMED part of the CCSM 
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process. The optimization was carried out by running tests on a BPMED lab-scale pilot 

unit and analysing the results.  

It was determined that the sodium hydroxide electrode rinse solution, a solution that 

carries electricity between the electrodes and the membrane stack, caused leakage to the 

base  solution stream. Thus, it was replaced by ammonium sulfate, which caused less 

leakage. 

Furthermore, comparing ammonium sulfate and ammonium bisulfate as BPMED product 

solutions, it was determined that ammonium sulfate is more beneficial for the process, 

since less of it needs to be separated.  

One problem with separating ammonium salts, using BPMED, is the low conductivity of 

the generated aqueous ammonia. This increases the resistance in the membrane stack, 

which makes the process less efficient. Thus, efforts to raise base stream conductivity 

were made by adding ammonium sulfate and magnesium sulfate to the base stream. 

Magnesium sulfate did, however, cause precipitation inside the membrane stack, which 

can make the process less efficient. Thus, ammonium sulfate was considered the only 

viable option for increasing the base solution conductivity.  

Instead of adding ammonium sulfate to the base stream, a two-compartment stack can be 

used. Here, only the anions are separated generating an acid and a mixture of base solution 

and product solution. Thus, the conductivity remains high in the base/product stream until 

the end of the process. This configuration is currently being tested at Åbo Akademi 

University at the time of writing this thesis, showing promising results. 
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Abbreviations 

 

AA    Aqueous ammonia 

ABS    Ammonium bisulfate 

AEL    Anion exchange layer 

AM    Anionic membrane 

AS    Ammonium sulfate 

BPM    Bipolar membrane 

BPMED   Bipolar membrane electrodialysis 

CCS    Carbon capture and storage 

CCU    Carbon capture and utilization 

CCSM    Carbon capture and storage by mineralization 

CM    Cationic membrane 

CEL    Cation exchange layer 

DSE    Dimensional stability electrodes 

ED    Electrodialysis 

GHG    Greenhouse gas 

MS    Magnesium sulfate 
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1 Introduction 

Global temperatures have been increasing during the last decades. Although temperature 

changes occur naturally, scientists agree that the recent climate change is due to the 

emission of greenhouse gases. Carbon dioxide (CO2) is the greenhouse gas that is emitted 

the most, with other greenhouse gases (GHGs) such as methane, nitrous oxide, and 

hydrofluorocarbons being less common. 

The rapid increase in global temperatures has already resulted in longer droughts, more 

extreme weather, melting ice caps, and rising water levels. These effects are expected to 

worsen if we continue to release GHGs into the atmosphere. Thus, efforts must be made 

to decrease these emissions. 

Carbon dioxide accounts for 80 percent of the total GHG emissions. The biggest polluting 

sector is the energy sector, which accounts for 77.01 percent of emissions. Other sectors 

that release GHGs are agriculture (10.55%), industrial processes and product use (9.10%), 

and waste management (3.32%). Within the energy sector, transport accounts for around 

one third of emissions (European Parliament, 2022). A more detailed description of 

emissions in the EU by sector is shown in Fig. 1. 

 

Fig. 1. Energy use in the EU by sector 2019 (Eurostat, 2019).  

Thus, reducing carbon dioxide emissions would greatly reduce total GHG emissions as 

well. A viable way to reduce carbon dioxide emissions would be carbon capture and 

storage (CCS). This would be especially useful in industries where emissions are 
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unavoidable, but also as a means to decrease emissions while phasing out fossil fuels, for 

example in the energy sector, which contributes to a significant portion of total emissions. 

The options for CO2 storage are geological storage, ocean storage, and mineralization. 

Ocean storage means injecting carbon dioxide deep into the ocean. This process can be 

considered an acceleration of the naturally occurring process where CO2 is dissolved in 

water. This process can, however, cause damage to marine life due to acidification of the 

oceans.  

Thus, geological storage is considered a more viable option. Using this option, CO2 is 

stored in depleted oil and gas reservoirs, saline aquifers, or unmineable coal seams in 

combination with coal bed methane recovery. A considerable risk with geological storage 

is carbon dioxide leakage, which would render CCS ineffective and be dangerous to 

humans or animals living in places where it can accumulate. Furthermore, leakage can 

result in groundwater and ocean acidification depending on where the leak occurs. 

However, carbon capture and storage by mineralization (CCSM) offers an opportunity to 

bind carbon dioxide in a thermodynamically stable material that implies storage for a very 

long time (Pires et al. 2011). Furthermore, if the products produced in the CCSM process 

have market value, it can be regarded as carbon capture and utilization (CCU). Thus, this 

option is an interesting topic for further research, especially in Finland (already since year 

2000), as discussed below. 

1.1 Opportunities in Finland 

Geological storage of CO2 is impossible in Finland due to lack of suitable geological 

formations underground. Thus, storage would require transporting CO2 to intermediate 

storage facilities by pipelines, and/or further transporting it to the final storage location 

by ship. A likely storage location would be offshore off the cost of western Norway, 

where the Northern Lights project is building a large storage facility underground 

(Northern Lights, 2023). Consequently, other methods, such as CCSM, become 

increasingly interesting. 

Slag and ash from steel mills can, for example, be used to bind CO2. These contain 

calcium that, when reacting with CO2, form calcium carbonates that are very stable 

compounds. Furthermore, the highest quality calcium carbonates can be used in paper 
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filler applications, as well as other raw materials, while lower quality ones can be used as 

construction materials. 

Another interesting opportunity considering CCS in Finland is capturing carbon from the 

combustion of biomass. This would provide an opportunity for negative emissions, since 

CO2 originally absorbed from air by biomass could be captured in plants that generate 

power and heat. Using this method, Finland could decrease its carbon emissions by tens 

of millions of tons of a total of about 50 million tons/year. Negative emissions are, 

however, currently not acknowledged in the EU’s emissions trading. Another challenge 

is that biomass-combusting plants are usually quite small and the relative cost would be 

quite high. Thus, economically feasible options need to be made available for this method 

to be commercialized (EASAC report, 2018). 

1.2 Carbon Capture and Storage by Mineralization 

 

Fig. 2. Material and energy balances for general CCSM process (IPCC, 2005). 

The idea of carbon capture and storage by mineralization is to use the naturally occurring 

process that converts silicates to carbonates to bind CO2 in a stable material. However, 

this natural process is slow and needs to be accelerated to make it feasible for capturing 

CO2 from, for example, flue gas, ideally at process times of around 1 hour or less. A 

general schematic of this process is presented in Fig. 2. 

The route that this thesis will focus on uses ammonium bisulfate (ABS), sulfuric acid 

(H2SO4) or mixtures of these to leach (extract) magnesium from serpentinite, producing 

MgSO4 (MS). This salt reacts with CO2 in the presence of NH4OH (NH3 (aq), aqueous 

ammonia, AA), which gives the necessary alkalinity, to form MgCO3 and ammonium 

sulfate (AS) (Zevenhoven, R. et al., 2017). Furthermore, if this AS is allowed to react 

with H2SO4, ABS is formed, which can be reused in the leaching process.  
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In one approach, part of the ABS is transported to a bipolar membrane electrodialysis 

(BPMED) unit, which separates the ABS and forms NH4OH and H2SO4. This approach 

is described in Fig. 3 b).  

Another slightly different route uses the same principle, but here, the AS stream from the 

carbonation is divided in two. One of the streams is mixed with sulfuric acid, forming 

ABS, which is used for leaching of magnesium from rock. The other AS stream is 

separated into aqueous ammonia (AA) and sulfuric acid. This process route is presented 

in Fig. 3 b).  

This thesis will focus on the BPMED part of the CCSM process, with emphasis on energy 

use (electricity consumption), its efficiency, and the rate of salt processing. 

 

 

Fig. 3. Schematics of possible CCSM routes. In a) ABS is used as product solution and 

in b) ABS is used as product solution in the BPMED step. 

a) 

b) 
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2 Bipolar Membrane Electrodialysis (BPMED)  

Electrodialysis (ED) is a technology that uses cation (CM) and anion (AM) selective 

membranes in various combinations to transport ions from one solution to another. When 

a voltage is applied over a membrane stack, the ions move to the side of opposite charge. 

However, only positively charged ions (cations) can pass through the cationic 

membranes, and negatively charged ions (anions) through the anionic membranes. Thus, 

depending on the membrane configuration, concentration differences form across 

membranes (Xu & Huang, 2008). A schematic of conventional ED is shown in Fig. 4. 

 

Fig. 4. Schematic of an electrodialysis cell (After Eurodia, 2022). 

Bipolar membranes (BPM), however, are membranes formed by an anion exchange layer 

(AEL) and a cation exchange layer (CEL). These layers work similarly to CMs and AMs, 

the AEL preventing the transport of anions, and the CEL preventing the transport of 

cations. Thus, BPMs prevent all ions from penetrating the membrane. This means that 

current cannot be transported by ions moving through the membrane. 
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As the working principle of BPMED, however, water dissociates into H+ and OH- ions in 

the interface layer between the AEL and the CEL. These leave the interface layer through 

opposite membranes, transporting current and producing an acid and a base on either side 

of the BPM. In BPMED, water dissociation occurs without gas forming, which differs 

from electrolysis where water splitting occurs at the electrodes, requiring much more 

electricity. 

Water dissociation is only possible when the AEL is facing the anode and the CEL is 

facing the cathode. This operating condition is called “reverse bias”. However, if the AEL 

and CEL are facing the opposite way, H+ and OH- ions will migrate into the interface 

where water is formed. This configuration is called “forward bias” (Pärnamae et al. 2021). 

However, forward bias can cause membrane blistering due to ions accumulating in the 

interface. This deteriorates the membrane and is irreversible (Eurodia 2022). 

2.1 Water dissociation 

Water dissociation in bipolar membranes occurs without a significant formation of H2 and 

O2 gases. The rate of water dissociation depends on the electric field in the bipolar 

junction. The so-called second Wien effect is one mechanism used to describe this 

phenomenon. When a strong electric field is applied on a weak electrolyte, Ohms law 

becomes invalid since the electrolyte’s ion mobility and dissociation degree increases. If 

water dissociation only occurred due to the second Wien effect (Pärnämäe et al. 2021), 

however, it would require much higher electric fields than observed. Thus, other effects 

play a part in the water dissociation mechanism in BPMs. 

The protonation-deprotonation mechanism implies that proton transfer reactions occur 

between water and fixed charged groups. Thus, water dissociation would be dependent 

on the catalytic activity of the fixed groups. The second Wien effect predicts that both the 

AEL and CEL have similar water dissociation properties, while in reality the AEL gives 

a larger water dissociation effect, which could be explained by the protonation-

deprotonation mechanism. Furthermore, this theory is also in line with an improved rate 

of water dissociation when catalytic groups are introduced in the bipolar junction, i.e. the 

interface between the AEL and the CEL in a BPM.  

Thus, a model combining the second Wien effect and the protonation-deprotonation 

mechanism has been introduced. This model states that only salt ions are transported 
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through the BPM in a low intensity electric field. However, when the electric field is 

increased, the salt ion flux out of the bipolar junction becomes so large that it cannot be 

compensated by the ion flux into the bipolar junction. This results in the junction being 

depleted of ions. Thus, to transport current, water dissociation occurs, resulting in the 

generation of H+ and OH- ions that are able to transport current. The water that dissociates 

is replenished by diffusion into the junction. Furthermore, the water dissociation is 

enhanced due to the protonation-deprotonation mechanism and accelerated by the second 

Wien effect.  

Dissociation is not limited to water, however. Some alcohols show a similar behavior, but 

instead of an acid and a base, an acid and an alkoxide are produced. Yet, this technology 

is still in an early research stage, but might play a role in future applications of BPMED 

(Pärnämäe et al. 2021). 

2.2 Membranes 

Membranes used in BPMED are anionic, cationic, and bipolar membranes. These are used 

in various combinations to form a BPMED cell. The cationic and anionic membranes 

usually consist of a basis matrix, a supporting matrix and functional groups. The bipolar 

(BPM) membrane consists of an AEL and a CEL combined. The space between the AEL 

and CEL is called the bipolar junction (Pärnamae et al. 2021). 

Because of the functional groups, only positively charged ions can penetrate the anionic 

layer in a bipolar membrane, while only negatively charged ions can penetrate the cationic 

layer. This means that the bipolar membrane will reject all ions. Moreover, the bipolar 

junction in BPMs usually contains catalytic groups to further promote water dissociation. 

Furthermore, membranes that can separate monovalent from multivalent ions exist on the 

market as well. 

Functional groups in CELs usually contain sulfonic acid groups, and in rare cases 

phosphonic acid groups. In AELs quaternary ammonium groups are used in most 

commercial membranes. Other functional groups that are used include tertiary and 

secondary amines and various kinds of di-amines. 

Quaternary ammonium groups decompose in solutions with high alkalinity, however. 

Thus, the chemical stability of AELs is an important factor when considering the 

functionality of a BPM. 
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For an optimal process, bipolar membranes should have low electrical resistance to 

prevent excessive (Ohmic) heat generation, high selectivity to prevent co-ion transport by 

diffusion because of concentration gradients, good mechanical and chemical stability and 

a long lifetime (Chuanhui Huang & Tongwen Xu 2006). 

2.3 BPMED for Acid/Base Production or Recovery 

   

Fig. 5. Schematic of a) three-compartment BPMED b) two-compartment BPMED, where 

ammonium sulfate (AS) or ammonium bisulfate (ABS) is processed (After Eurodia, 2022).  

Acid/base production or recovery from salt can be carried out in a three-compartment 

setup described in Fig. 5 a. Here, a salt solution is fed through the center compartment, 

which is located in between an AM and a CM. Water is fed through the compartments on 

either side.When an electric current is applied, the positively charged ions in the salt 

solutions are transported across the CM and the negatively charged ions over the AM. 

The OH- and H+ ions combine with the transported ions to form a base and an acid in the 

compartments on either side of the salt solution compartment. This is the most commonly 

used configuration in BPMED (Tanaka 2007). 

The two-compartment stack (Fig. 5 b) consists of two bipolar membranes and one anionic 

or cationic membrane. Here, ions migrate from one solution to produce a pure acid or 

base, and a solution of salt and an acid/base.  

The two-compartment stack is suitable for generated solutions that have low conductivity. 

For example, when a solution with low conductivity is generated in the base (or acid) 

compartment of a three-compartment stack, this limits the current density in the entire 

a) b) 
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stack by generating very high resistance. However, in a two-compartment stack the input 

salt raises the solution conductivity, which decreases resistance. This configuration 

requires less membranes and one less stream compared to the three-compartment setup, 

which makes it an interesting alternative from an economic standpoint (Pärnämäe et al. 

2021). 

In this paper AS and ABS will be used as salts in the BPMED process. The generated 

base and acid when using these salts is NH4OH, and H2SO4 respectively. 

2.4 BPMED applications 

The main application for BPMED is the generation of an acid and a base from their 

corresponding salt solutions. These are most commonly inorganic acids and bases that 

can be recovered from, for example, wastewaters that contain a salt. The aim in 

wastewater salt recovery is reducing the amount of waste solution and producing a pure 

acid and base. Salts such as NaCl, NaNO3, Na2SO4, Na3PO4, and NH4F hold the largest 

market share for acid/base recovery. Furthermore, BPMED is used for producing organic 

acids, but this is done at a smaller scale compared to the production of inorganic acids 

and bases. This is partly due to membrane performance limitations and costs (Pärnämäe 

et al. 2021, Astom, 2022). 

BPMED also has applications in the food industry. One example of this is the adjustment 

of pH in different food products, such as juices or wine. Here, if the pH is to be lowered, 

the solution is circulated on the cationic side of the bipolar membrane, which means that 

it receives H+ ions, and thus lowering the pH. If the pH is to be raised, the solution is 

circulated on the anionic side, receiving OH- ions, and thus raising the pH (Bazinet et al. 

1998). 

Another interesting application of BPMED is energy storage. Here, a three-compartment 

setup is used, first operated under reverse bias during the charging phase. This creates a 

pH gradient when OH- and H+ ions are formed in the bipolar membrane. During the 

discharging phase, the system is operated under forward bias, and water recombination 

occurs in the bipolar membrane. The occurring ionic current can be converted to electrical 

current at the anode and cathode.  

The main benefit of this process, is that common electrolytes like NaCl can be used, which 

are non-toxic and cheap. The main problem however, is the leakage of co-ions, which 
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causes significant energy losses due to pH gradients decreasing between streams. Thus, 

membranes need to be improved to improve the efficiency of this process (Pärnämäe et 

al. 2021).  

2.5 BPMED efficiency 

Determining the efficiency of the BPMED-process is important for comparing results 

when the goal is to minimise energy use. An ideal process would be reversible, i.e., have 

a generated entropy of zero. This is, however, not possible in real systems, but it is 

important to analyse where entropy is generated to find ways to minimize it. 

2.5.1 Efficiency definition 

 

Fig. 6. BPMED energy balance. 

A schematic with balance boundaries is presented in Fig. 6. Using this, an expression for 

the energy balance can be determined. If the outlet streams are a higher temperature T 

than T0, this energy can be harnessed to create work that offsets the input work. However, 

the excess heat is not harnessed, hence, it will be released to the environment, generating 

entropy. 

𝑛 ℎ 𝑛 ℎ 𝑊  𝑛 ℎ  𝑛 ℎ 𝑄 (kJ/s)    (1) 

𝑛 𝑠 𝑛 𝑠 𝑆  𝑛 𝑠  𝑛 𝑠  (kJ/sꞏK)  (2) 

In the overall energy balance equations, representing the system at steady state, (1) and 

(2), n (mol/s) is the amount of substance, h (kJ/mol) is the enthalpy, W (kJ/s) is the work 
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input (here: electricity), Q (kJ/s) is a possible heat output, s (kJ/molꞏK) is the entropy, 

S  (kJ/sK) is the generated entropy in the system, and T (K) is the temperature. 

The only reaction that can occur in the BPMED to form new substances is that between 

AS/ABS and water. To obtain the molar ratios for a full reaction, the reactions are 

balanced in eqn. (3) and (4). 

𝑁𝐻 𝐻𝑆𝑂 𝐻 𝑂 → 𝑁𝐻 𝑂𝐻 𝐻 𝑆𝑂       (3) 

𝑁𝐻 𝑆𝑂 2𝐻 𝑂 → 2𝑁𝐻 𝑂𝐻 𝐻 𝑆𝑂       (4) 

NH4OH in water forms AA (NH3 (aq)), NH4
+-ions, and OH- -ions, in a ratio that depends 

on solution concentrations and pH. However, the molar ratios are applicable for the 

energy balance. 

Furthermore, when combining the enthalpy balance (1) and the entropy balance (2), eqn. 

(5) is obtained. 

𝑛 ℎ 𝑇𝑠 𝑛 ℎ 𝑇𝑠 𝑊  𝑛 ℎ 𝑇𝑠

 𝑛 ℎ 𝑇 𝑠 𝑇𝑆      (kJ/s)  (5) 

Considering the equation for Gibbs free energy (6), 

𝑔 ℎ 𝑇𝑠        (kJ/mol) (6) 

and considering that the least amount of work is needed when the generated entropy Ṡgen 

is 0, eqn. (5) can be rewritten as (7); 

 𝑥 𝑔  𝑥 𝑔 𝑔 𝑥 𝑔  (kJ/mol) (7) 

where x is the molar ratio compared to the input salt. Using this ratio and defining g for a 

certain species as Gibbs free energy per mole of input salt, eqn. (7) can be rewritten as 

eqn. (8); 

𝑀 ∆𝑔      (kJ/kg)  (8) 
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where Ms (kg/mol) is the molar mass of the input salt, and ms (kg) is the mass of the input 

salt. Since W  is the work needed for separation, this can be deemed the useful work 

that is used in the process. If this is compared to the actual work used in the process, an 

expression for the process efficiency can be determined, as in eqn. (9); 

𝜂  
 

          (9) 

where 𝑊 is the actual work used in the process (Mistry et al. 2011). 

For an optimal process the efficiency, η, should equal one. However, the real value will 

be lower due to generated entropy. Furthermore, heat generated by ohmic heat will 

increase the enthalpy of the streams. If it is not harnessed to generate work, it will be 

released into the environment, contributing to the generated entropy. 

2.5.2 Entropy generation 

Chehayeb & Lienhard (2017) investigated sources of entropy generation in ED. They 

found that in low salinity solutions, most of the entropy is generated in the fluid channels 

due to the high resistivity of such solutions. However, at higher salinities the membranes 

are the dominating contributors to entropy generation. Thus, at low salinities channel and 

spacer design is very important, while membrane properties dominate at higher salinities. 

Furthermore, when investigating the effect of salinity differences across membranes, 

Chehayeb & Lienhard (2017) found that the diluate channel generated more entropy than 

the high salinity brine channel. This is due to the high resistivity of the diluate. 

Furthermore, the membranes contributed more to entropy generation compared to same 

salinity conditions across membranes, an effect that increased with higher salinity 

differences. This is due to diffusion and osmosis that occurs with salinity gradients.  

While these factors can be applied to AMs and CMs in BPMED, the mechanisms of 

transport are somewhat different in bipolar membranes due to water transport and 

dissociation in the membrane. Thus, more research is needed to determine how entropy 

is generated in bipolar membranes.  

Additionally, entropy is generated by viscous friction. These losses occur when the fluids 

are pumped around in the system, in the membrane stack, the piping and pumps. However, 
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the fraction of these losses is small compared to ion transport losses at high current 

densities. This is, however, largely dependent on the efficiency of the pump since an 

ineffective pump will increase the relative contribution of these losses. 

2.6 Factors that Impact Efficiency 

2.6.1 Co-ion Transport 

The charged groups present in ED membranes exclude mobile ions of the same charge, 

so-called co-ions, due to electrical repulsion. A membrane would ideally exclude all co-

ions. In reality, however, some co-ions penetrate the membrane. This can cause product 

impurities and negatively affect efficiency. 

Rottiers et al. (2015) found that co-ion transport is largely dependent on concentration 

differences, and that an increasing current density does not significantly influence co-ion 

flux. Furthermore, monovalent ions showed a higher co-ion flux compared to bivalent 

ions. This implies that a high current density is beneficial for the process, since a faster 

process means that fewer co-ions have time to penetrate the membranes. Furthermore, 

using low concentration solutions is an effective way of decreasing co-ion flux.  

Proton leakage through the anionic membranes is common, since H+ is very mobile. This 

can cause acidification of the salt, but given today’s membrane limitations, this is 

unavoidable (Eurodia private communication, 2022). 

2.6.2 Solution Conductivity 

The combined conductivities of solutions used in BPMED greatly affect the resistance of 

the entire stack. Low ion concentrations mean that less ions can transport current through 

the stack, thus limiting the current density. Consequently, ions move from the feed 

solution slowly, thus slowing down the process. 

Furthermore, studies have shown that membrane resistance increases when the 

conductivity of the surrounding solutions is low. Geise et al. (2014) studied the effect of 

solution concentration differences on bipolar membranes. When using NaCl solutions 

with concentrations of 1 mol/l and 0.1 mol/l on either side of the membrane, it was shown 

that membrane resistance increased by 13-15 times compared to NaCl solutions with 

concentrations of 1 mol/l on either side of the membrane. 
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Thus, when a solution exhibits low conductivity, the membrane resistance itself will 

increase drastically. This becomes increasingly important when producing weak acids or 

bases, as they show low conductivities even with high concentrations and limit the current 

density through the stack. 

2.6.3 Voltage and Current 

Current density and voltage play an instrumental role in the efficiency of the BPMED 

process. An increased current density can transport more charges in a shorter time, thus 

increasing production capacity. However, it is possible that this causes more energy use, 

for example by heating the solutions, which is why it is important to find optimal electrical 

operating conditions. 

Chehayeb & Lienhard (2019) investigated the effect of different electrical operating 

conditions on energy use in ED desalination. They concluded that a fixed rate of entropy 

generation would yield the best results in an ED system, when energy efficiency was 

considered. However, a constant rate of entropy is difficult to maintain in real systems. 

Thus, constant voltage and constant current operating conditions are more practical in an 

ED system. Chehayed and Lienhard (2019) showed that constant current always yields 

better results than constant voltage, with respect to electricity consumption, and the 

difference increased with increasing system size. 

2.6.4 Limiting Current Density 

Limiting current density is an elemental feature in all ED processes. It is caused by a 

phenomenon called concentration polarization. The reason that concentration polarization 

occurs is that ions are transported faster through membranes than in the solution. This 

means that concentration gradients form near the membrane surfaces. If the ion 

concentration near a membrane reaches near-zero values, the current becomes 

independent of applied voltage (La Cerva et al., 2018). 

However, when a sufficiently high voltage is applied, water dissociation occurs even in 

cationic and anionic membranes, and the current starts increasing rapidly with voltage 

again. This causes pH changes that can damage membranes and lowers current efficiency. 

Thus, the operating current density needs to stay below the limiting current density to 

ensure an effective separation (Káňavová et al. 2013). Furthermore, limiting current is 
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determined by other factors than current density, such as membrane properties, flow 

velocity, solution concentration, cell configuration and spacer design (Lee et al. 2005). 

  

Fig. 7. Limiting current according to a) concentration polarization behavior and b) 

behavior in a real electrodialysis system (La Cerva et al., 2018). 

In real ED systems, the current increases with voltage even in the limiting current region. 

In Fig. 7, a comparison between current-voltage behavior in a real ED system and a 

system that shows only concentration polarization behavior is shown. The real system 

shows an almost linear increase in current before the limiting current region, after the 

limiting current region is reached the increase levels out, followed by the over-limiting 

region where it starts increasing faster again. 

An accurate value for the limiting current density cannot be obtained from the graph in 

Fig. 7 b), for a real ED system. Thus, to determine the limiting current value, another 

method is needed. A method proposed by Cowan and Brown (1959) can be used, where 

the resistance ΔV/i is plotted against 1/i. The limiting current value is obtained in the 

intersection between the tangents of the two regions in the plot, as seen in Fig. 8 (La Cerva 

et al. 2018). This method was used in this thesis to verify that the limiting current density 

was not reached in experiments.  
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Fig. 8. Examples of Cowan and Brown’s method for determining limiting current value 

(La Cerva et al., 2018), (Eurodia, 2022). 

2.6.5 Concentration differences 

When describing the transport phenomena in BPMED, the Nernst-Planck equation is 

often used. This equation combines the effect of migration due to the electric field, and 

diffusion due to concentration differences. Thus, the Nernst-Planck equation (10) 

describes salt transport over (monopolar) membranes well. 

𝐽 𝐷       (mol/m2s)  (10) 

Here, Ji (mol/m2s) is the molar flux of a salt ion, Di (m2/s) is the membrane ion diffusion 

coefficient for species i, Ci (mol/m3) is the concentration of species i, y (m) is the position 

relative to the membrane surface, zi is the valence of species I, F (sA/mol) is the Faraday 

constant, R (J/Kmol) is the gas constant, T(K) is the temperature, and 𝜑 (V) is the electric 

potential (Pärnämäe et al. 2021). 

Using this equation, Mier et al. (2008) developed a model describing the influence of 

concentration on the kinetics of BPMED systems. The model was compared to 

experimental results from the production of hydrochloric acid and sodium hydroxide from 

sodium chloride. The experiments were carried out in a laboratory scale BPMED unit 

running in batch mode.They concluded that both migration and diffusion were major 

factors contributing to ion flux. The relative kinetic importance of diffusion was 

determined to reach up to 25%, increasing when the concentration of ions in the system 
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increased. Thus, the influence of diffusion cannot be neglected when considering BPMED 

systems. 
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3 Equipment 

3.1 Setup and experiment procedures 

The experiments for this ÅA thesis were carried out in an Eurodia SED 3 pilot unit. The 

unit consisted of a metallic frame, a membrane stack, four 5-liter tanks made of 

polypropylen, five flowmeters, four pumps, an electrical cabinet and piping, valves, and 

fittings. Furthermore, a MICROLAB MX 50V-25A DC power supply was used for 

providing electricity to the stack. The SED 3 pilot unit is presented in Fig. 9. 

The streams will be referred to as the product, acid, base, and electrolyte streams, as they 

are the names provided by the manufacturer. Here, the product stream refers to the stream 

that contains the salt that is to be separated. The acid and base streams contain the 

produced sulfuric acid and aqueous ammonia respectively. Furthermore, the electrolyte 

stream contains the electrode rinse solution. 

 

Fig. 9. Eurodia SED pilot unit, a) front, b) back.  

3.2 Membrane stack 

The membrane stack consisted of a three-compartment BPMED setup, with seven cell 

pairs. Seven anionic, cationic, and bipolar membranes were used and separating the 

electrode rinsing solution were two bipolar end membranes. The membranes used were 

a) b) 
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by NEOSEPTA®-TOKUYAMA CORPORATION, with an active area of 2 dm2, giving 

0.14 m2 when using 7 cell pairs. The types of membranes used were CMB and AHA. 

More detailed membrane information can be found in Fig. 10. Pictures of the membranes 

are exhibited in Fig. 11. The membranes were separated by 0.75 mm with a spacer, as 

seen in Fig. 12. Nickel electrodes were used until they were exchanged for DSE 

(dimensional stability electrodes) on August 25, 2022. Furthermore, membranes, giving 

two more cells, were added to the stack on September 13, 2022, giving an active 

membrane area of 0.18 m2. 

 

Fig. 10. Specifications of membrane types provided by NEOSEPTA®-TOKUYAMA 

CORPORATION (Astom, 2022). 
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Fig. 11. Membranes used in membrane stack. Height: 28.5 cm, width: 15 cm. 

 

Fig. 12. Spacer on top of membrane. 

3.3 Measurement equipment 

For the measurements two, later three, WTW pH/Cond 3320 meters were used, which 

had the opportunity to automatically save measurement values. The pH electrodes used 

were WTW SenTix electrodes. For conductivity measurements, WTW TetraCon 325 
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standard conductivity measuring cells were used. A picture of the meter with display, and 

the electrodes used is shown in Fig. 13.  

 

Fig. 13. Coductivity/pH meter and electrodes used in experiments. 

3.4 Preparation 

Before each experiment, the stack and storage vessels were rinsed with reverse osmosis 

water until a conductivity of below 100 µS/cm was reached in the base, acid and product 

stream. Furthermore, during short pauses in use, the system was filled with deionized 

water to keep the membranes hydrated. During a longer pause in operation, between July 

1 and August 8, the membrane stack was filled with a solution of 0.5 M NaCl, according 

to instructions provided by the manufacturer. During this time, the stack was flushed three 

times for 20 minutes each on July 12, July 22, and August 5. 

The pH meters were calibrated with a two, three, or four-point calibration, using buffer 

solutions with a pH of 1,4,7,10. This was done on the day of the experiment to ensure 

accurate readings.  

After the stack was opened for reassembly, a leakage test was conducted to ensure that 

the stack was properly reassembled. The leak test entailed running all the pumps with a 

flow of 100 l/h, and making sure that no leaks occurred below the stack. After the external 
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leak test, an internal leak test was performed to ensure that solution loops were unable to 

mix. This was done by turning off the product loop pump, and disconnecting the product 

loop inlet from the stack. The product loop was allowed to drain, after which a piece of 

paper was inserted into the product inlet. The paper pieces were exchanged for dry ones 

until they were dry after three minutes inside the inlet, and it was concluded that no leak 

had occurred. This process was repeated for the acid and base loops. 

3.5 Chemicals 

The chemicals used in experiments for this thesis are listed in Table 1 below. 

Table 1. Chemicals used in experiments. 

Chemicals Brand Purity 

MS VWR chemicals 100% 

AS Honeywell Fluka ≥99% 

ABS Thermo scientific 99.9% 

NaOH Fisher Chemical 99.1% 

NH4OH Honeywell Fluka 25% (NH3 basis) 

 

3.6 Experimental parameters 

Numerous different starting parameters were used in the experiments performed. These 

are listed in Table 2 below. Furthermore, a flow of 20 l/min per cell was used in all 

experiments, according to instructions provided by the manufacturer. 
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Table 2. Starting parameters for BPMED experiments.  

Date Volume 

(product, 

base, 

acid)  

Cell 

number 

Electrode 

rinse 

solution 

Input 

electricity

Input 

product 

solution

Base 

solution 

Acid 

solution 

13.04 2 l 7 NaOH 24 V ABS 0.1 

M 

Water Water  

26.04 2 l 7 NaOH 24 V ABS 1 

M 

Water Water  

11.05 4 l 7 NaOH 24 V ABS 0.5 

M 

AA pH 

8.7 

H2SO4 

pH 4.91 

17.05 4 l 7 NaOH 24 V ABS 0.2 

M 

AA pH 

9.21 

H2SO4 

pH 0.97 

19.05 4 l 7 NaOH 24 V AS 0.2 

M 

AA pH 

10.2 

H2SO4 

0.1 M 

24.05 4 l 7 NaOH 24 V AS 0.1 

M 

(+0.005 

M MS) 

AA pH 

9.34 

H2SO4 

pH 4 

2.06 4 l 7 NaOH 18 V ABS 0.1 

M 

Water Water  

7.06 4 l 7 NaOH 24 V AS 0.2 

M 

Water + 

4 g AS 

Water  

15.06 4 l 7 AS 24 V ABS 0.5 

M 

Water + 

1 g AS 

Water  

22.06 2 l 7 AS 24 V AS 0.5 

M 

Water + 

0.5 g 

AS 

Water  

16.08 2 l 7 AS 24 V ABS 0.5 

M 

Water + 

0.5 g 

AS 

Water  
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23.08 2 l 7 AS 24 V ABS 0.5 

M 

Water + 

0.5 g 

AS 

Water  

30.08 2 l 7 AS 24 V ABS 0.1 

M + 

every 

10 min 

until 

equaling 

0.5 M 

Water + 

10 g 

MS 

Water  

6.09 2 l 7 AS 18 V AS 0.5 

M 

Water + 

10 g 

MS 

Water  

15.09 3 l 9 AS 24 V AS 0.5 

M 

Water + 

0.75 g 

AS 

Water  

20.09 3 l 9 AS 24 V ABS 0.5 

M 

Water + 

3 g AS 

Water  

27.09 3 l 9 AS 4 A AS 0.5 

M 

Water + 

3 g AS 

Water  

3.10 2 l 9 AS 24 V MS 0.1 

M 

Water + 

3 g AS 

Water  

21.10 3 l 9 AS 24 V AS 0.5 

M + AA 

0.57 M 

Water + 

3 g AS 

Water  
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4 Data analysis 

4.1 Energy demand 

To determine the overall energy used for electrodialysis (J/kg salt), eqn. 11 was used. 

𝐸
∗  

∗ ∗ /
          (J/kg) (11)

  

Here, U (V) is the potential drop across the membrane stack, I (A) is current, t (s) is time, 

n is conversion level, c0 (mol/l) is the salt concentration at the start of the experiment, V 

(l) is the volume of the salt solution, and M is the molar weight (kg/mol). 

To determine conversion, n (%), the salt solution conductivity was measured. The 

concentration was then determined based on the conductivity, with a calibration curve for 

either AS or ABS, see Appendix A. The concentration was then compared to the initial 

concentration as seen in eqn. 12, 

𝑛 1  ∗ 100%        (12) 

where c is the concentration and c0 is the initial concentration. 

4.2 Current efficiency 

Current efficiency is determined by the ratio of the current through the stack that is 

effectively used in salt separation and the total current through the stack. It is calculated 

according to eqn. 13,  

𝐴𝐶𝐸  ∗ ∗ ∗∆

∗ ∗
         (13) 

where F is Faraday’s constant (96485 C/mol), z is the ion valance, V (l) is the solution 

volume, ∆𝐶 is the change in concentration (mol/l), N is the number of cell pairs, I (A) is 

the current through the stack, and t (s) is the time (Szczygiełda et.al. 2017).  

4.3 Heat production 

Two experiments to give a guideline of how much heat was provided by the pumps were 

carried out by filling all compartments except for the electrolyte compartment with water. 

In one of the experiments these contained 3 l of water, and in another 4 l. The electrolyte 

compartment contained 4l of electrode rinse solution in both experiments.  

An estimate of how much heat per second, Q̇, the pumps generated could be calculated 

according to eqn. 14, 
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𝑄
∗ ∗

        (kJ/s) (14) 

where T0 and T1 (ºC) is the initial temperature and the final temperature respectively, cp 

(4.18 kJ/kgºC) is the specific heat capacity for water, m (kg) is the mass that is heated, 

and t is the experiment time.  

Since the BPMED-unit is not heat insulated, significant heat loss to the lab with a 

temperature of around 22.5 ºC can be expected. Furthermore, higher stream temperatures 

lead to an increased heat loss due to the ambient temperature being practically constant 

and the temperature difference increasing. Hence, these calculations can only be used as 

a rough estimate of heat production in the membrane stack. 

4.4 Thermodynamic efficiency 

Another comparison that is useful when determining the efficiency of the process is the 

ratio between energy used in the process and the thermodynamic minimum for the 

reaction. The reaction energy can be obtained from literature or a database. Here, Gibbs 

energy minimization HSC 5.1 (Outokumpu Research Oy, 2002) was used to determine 

the minimum reaction energy. Minimum reaction energies at different temperatures can 

be found in Appendix B. 

NH4OH does not exist as a substance, but further reacts with water to form dissolved 

ammonia gas, ammonium ions, and hydroxyl ions, in a ratio that depends on solution 

concentrations and pH. The minimum reaction energy is dependent on this ratio, and thus 

an exact value cannot be determined for the reaction. However, two limiting values can 

be obtained. 

The energies will be compared to minimum reaction energies at 25⁰C since the experiment 

temperatures varied between 20 and 40 degrees. When converting reaction energies to 

kJ/kg, the following values were obtained: 

Lower ABS: 607.09 kJ/kg 

Upper ABS: 984.18 kJ/kg 

Lower AS: 1217.25 kJ/kg 

Upper AS: 1874.20 kJ/kg 

When determining the thermodynamic efficiency, eqn. 11 is used to determine process 

energy. An optimal process would have a thermodynamic efficiency of one (or 100 %), 
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while reaching a high rate of salt decomposition, but the efficiency value for a real process 

is lower. 
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5 Results and discussion 

5.1 Electricity consumption 

The typical current curve for a BPMED experiment using constant voltage showed an 

initial increase due to rising conductivity in the base and acid compartment. It then 

reached a near constant value before decreasing rapidly at the end of the experiment, when 

the product stream conductivity reached a low value due to it being almost completely 

depleted of input salt. An example of a typical current curve, and typical conductivity 

curves, is shown in Fig. 14.  

 

Fig. 14. Current and conductivity diagram for an experiment carried out on 20.09. For 

more information on operating conditions, see Table 2. 

Examining the conductivity values in this figure, it is apparent that the low base stream 

conductivity limits the current by causing a high resistance. Various solutions to this 

problem were tried, which is discussed in section 6.4. 

Furthermore, to investigate how electricity use in the experiments changed during 

operation, the total electricity used was plotted against mass of product converted. Typical 

examples of such curves are shown in Fig. 15.  
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Fig. 15. Examples of curves for total electricity use plotted against mass product 

converted for a) ABS (20.09), and b) AS (15.09) as product solution. For more 

information on operating conditions, see Table 2. 

Interestingly, comparing these curves the AS experiments resulted in a much more linear 

increase in total electricity use. This is possibly due to proton leakage to the product 

stream, which converted AS to ABS, further discussed in section 6.5. The converted mass 

was calculated from product solution conductivity, and ABS has a higher conductivity 

compared to AS, which means that the values for converted mass are not completely 
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correct. Leakage would mean that the conductivity decrease is slower initially, when some 

AS is converted to ABS, which means that the actual converted mass is larger. The 

opposite effect would occur at the end of the experiment since most of the product stream 

then contains ABS. Thus, it is possible that the curves for electricity use plotted against 

mass product converted, in reality, show similar behaviors. 

A reason for the non-linear behavior of ABS might be diffusive forces that assist the 

process initially. However, when concentration differences decrease, the process 

demands more electricity. Furthermore, at the end of operation, the diffusive forces cause 

more electricity use since the product stream concentration is low, while the concentration 

in the acid and base streams are high. 

The non-linear nature of the ABS curve is interesting since it means that the process 

demands much less energy at the start of operation. Thus, investigating the cause of this 

is important, as reaching similarly low values throughout operation would decrease 

electricity use considerably. 

5.2 Electrode rinse solution 

The function of the electrode rinse solution is to promote current transport. The electrodes 

are flushed with this solution, which allows the current to be transported between the 

electrodes and the membranes (Eurodia, 2022). In the instructions provided by the 

manufacturer, 1 N sodium hydroxide was recommended. Thus, the first experiments were 

conducted with this electrode rinse solution.  

However, these experiments caused the pH and conductivity change to exceed that what 

can be caused by dissolving NH4OH, which indicates ion leakage into the base stream. 

Ion leakage decreases the purity of the base stream and is undesirable in the rest of the 

process. Furthermore, ion leakage can increase the electricity use of BPMED by using 

energy to move ions without contributing to the desired result. Starting and final 

conductivities when sodium hydroxide was used as electrode rinse solution are shown in 

Table 3.  
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Table 3. Starting and final conductivities of base solution when sodium hydroxide was 

used as electrode rinse solution.*Conductivity after 5 minutes.  

Date Product 

solution 

Starting base 

conductivity 

(mS/cm) 

Final base conductivity 

(mS/cm) 

13 April ABS 0.1 M 0.73* 5 

17 May ABS 0.2 M 0.054 8.09 

19 May AS 0.2 M 0.094 7.98 

24 May AS 0.1 M 0.0259 4.8 

2 June ABS 0.1 M 0.0251 2.53 

7 June AS 0.2 M 1.866 5.6 

In Appendix C, a diagram of AA conductivity versus concentration is presented. This 

confirms that the conductivities of the base solutions are higher than the maximum value 

for AA of around 1.21 mS/cm. 

Furthermore, the pH of the final base solution is higher than expected if only the molar 

amount of NH4
+ from the product solution were mixed with OH- from water dissociation. 

The base constant (Kb) for NH4OH equals 1.774 ꞏ 10-5 at 25ºC (Freney, et al. 1981), and 

since it forms NH4
+, OH-, and NH3 (aq), the balance equation (15) is: 

𝐾𝑏         (15) 

This balance must be fulfilled, and all input NH4OH must be converted to either 

ammonium and hydroxyl ions or NH3 (aq). Thus, the final concentration of OH- can be 

calculated according to equation (16), 

𝐾𝑏       (mol/l)  (16) 

where x (mol/l) equals the amount of NH4OH converted to NH4
+ and OH-, Kb equals the 

base constant, and [NH4OH]tot equals the total concentration of ammonium hydroxide in 
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the solution. From the concentration of OH- - ions ([OH-]), the pH of the solution can be 

calculated according to equation (17): 

𝑝𝐻 14 log 𝑂𝐻 14 𝑝𝑂𝐻      (17) 

If AS is present in the base solution, a buffer effect occurs due to dissolved ammonium 

ions from AS. The ion balance in equation (15) remains unchanged, and all input NH4OH 

must again be converted to either ammonium and hydroxyl ions or AA. Thus, equation 

(18) can be applied to calculate the concentration of hydroxyl ions: 

∗
𝐾𝑏       (mol/l)  (18) 

The pH can then be determined according to equation (17). 

Values of starting and final pH-levels, compared to maximum pH-levels (calculated 

according to equations (16), (17), and (18)) in the sodium hydroxide-experiments are 

shown in Table 4. 
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 Table 4. Starting, final and maximum base pH (for dissolved NH4OH) for experiments 

with sodium hydroxide as electrode rinse solution.*Last measured base pH 

value.**Concentration based on initial pH. 

Date Product 

solution 

Conversion 

(%) 

Starting 

base pH 

Starting 

base 

solution 

Final 

base pH 

Calculated 

final base 

pH 

13 

April 

ABS 0.1 

M 

99.5 10.4 Water 12 11.13 

17 

May 

ABS 0.2 

M 

99.3 9.21 NH4OH  

3.1ꞏ10-5 M 

** 

12.15 11.27 

19 

May 

AS 0.2 

M 

98.9 10.2 NH4OH 

1.3ꞏ10-5 M 

** 

12.25* 11.42 

24 

May 

AS 0.1 

M 

99 9.34 NH4OH  

4.9 ꞏ10-4 

M ** 

12.11 11.27 

2 

June 

ABS 0.1 

M 

100 9.6 Water 

 

11.82 11.12 

7 

June 

AS 0.2 

M 

99.2 7.66 Water + 

AS (1 g/l)  

11.9 11.27 

These values show a higher pH than expected from pure AA. The pH in the base solution 

can only be raised by water dissociation in the bipolar membrane, i.e. forming NH4OH 

(aq), or leakage of electrolyte. Thus, leakage of electrode rinse solution-ions to the base 

solution apparently occurs. Furthermore, the stack was constructed so that only the base 

stream was in contact with the end membranes, separating the electrode rinse solution 

from the rest of the stack. Thus, ions from the electrode rinse solution were only able to 

leak to the base solution, and no change in acid or product would occur due to this. 

Consequently, the electrode rinse solution used in later experiments was changed to AS 

solution. Leakage of AS to the base solution would not raise its pH. However, due to a 

buffer effect, AS would lower the base solution pH. Furthermore, AS has a relatively high 

conductivity compared to AA, which means that potential leakage could be noticed by an 
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increase in conductivity that exceeds the increase that can be caused by AA. Conductivity 

values for AS experiments are shown in Table 5. 

Table 5. Starting and final conductivity values for base compartment when AS was used 

as electrode rinse solution. 

Date Product 

solution 

Starting base 

solution 

Starting base 

conductivity 

(mS/cm) 

Final base 

conductivity 

(mS/cm) 

22 June AS 0.5 M Water (2l) + 

0.5g AS 

0.771 1.638 

16 August ABS 0.5 M Water (2l) + 

0.5g AS 

0.633 1.525 

15 September 

(9 cells) 

AS 0.5 M Water (3l) + 

0.75g AS 

0.654 1.962 

20 September 

(9 cells) 

ABS 0.5 M Water (3l) + 3g 

AS 

1.968 2.65 

The change in conductivity is lower and follows the values for NH4OH. However, for the 

15 September experiment, the change is larger than 1.2 mS/cm, which would indicate 

some leakage. Still, this value is much lower than when using NaOH as electrode rinse 

solution. Thus, it seems that using AS as electrode rinse solution caused less ion leakage 

to the base solution.  

Furthermore, when comparing base conductivity and current versus time, the sodium 

hydroxide experiments show a steep increase in conductivity with high current, while the 

conductivity in the AS experiments rises slowly when current increases. This relationship 

is plotted in Fig. 16 and 17. 
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Fig. 16. Base stream conductivity and experiment current plotted against time for 

experiments carried out with NaOH as electrode rinse solution. 

 

0

1

2

3

4

5

6

7

8

9

10

0

1

2

3

4

5

6

7

8

9

10

0 20 40 60 80 100 120 140 160

C
u
rr
en

t 
(A
)

C
o
n
d
u
ct
iv
it
y 
(m

S/
cm

)

Time (min)

NaOH electrolyte

13.04 Cond. 17.05 Cond. 19.05 Cond.

13.04 Current 17.05 Current 19.05 Current

0

1

2

3

4

5

6

7

8

9

10

0

1

2

3

4

5

6

7

8

9

10

0 20 40 60 80 100 120 140 160 180 200

C
u
rr
en

t 
(A
)

C
o
n
d
u
ct
iv
it
y 
(m

S/
cm

)

Time (min)

NaOH electrolyte

24.05 Cond. 2.06 Cond. 7.06 Cond.

24.05 Current 2.06 Current 7.06 Current

a) 

b) 



 36

 

 

Fig. 17. Base stream conductivity and experiment current plotted against time for 

experiments carried out with AS as electrode rinse solution. 

This shows that the base conductivity in the NaOH-experiments increases rapidly with an 

increasing current, while decreasing when the current drops at the end of the experiment. 
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rises. This is likely due to the nature of the AA conductivity curve, which reaches its peak 

at 5 weight-% AA, see Appendix C.  

The conductivity curve in the NaOH-experiments indicates that leakage of sodium 

hydroxide increases with an increasing current, i.e. not only due to diffusion, but also 

migration. Blommaert et al. (2020) studied electrolyte leakage over bipolar membranes. 

They used sodium hydroxide as the anolyte (i.e. anode electrolyte), and various solutions 

as catholyte and concluded that bipolar membranes are better at repelling ions of higher 

valence, which is a possible reason why less leakage occurs when using AS as electrode 

rinse solution. However, they also found that sodium ion leakage varied with different 

catholytes, showing a higher flux for some. This was not dependent on any apparent 

parameter, and they concluded that more research needs to be carried out to understand 

this phenomenon. 

To understand electrolyte leakage, and to be able to generalize guidelines for what type 

of electrode rinse solution works for certain processes, more research needs to be carried 

out in this field, for example at Åbo Akademi University. 

5.3 Product Solution 

The product solution refers to the solution that contains a salt that is to be separated into 

an acid and a base. In the processes considered in this thesis, the BPMED product solution 

is generated in the carbonation step of the CCSM-process. Thus, different compositions 

were tried that would simulate possible carbonation outcomes. 

5.3.1 AS/ABS 

Both AS and ABS were used as product solution to investigate the impact of possible 

solutions to be separated using BPMED. Both routes in Fig. 3 are possible and thus, 

investigating whether one is more beneficial regarding electricity use is essential to 

evaluate the process energy demand. BPMED tests with similar experimental parameters 

are listed in Table 6 below. 
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Table 6. Experimental parameters of comparable AS and ABS experiments. 

Date Product 

volume 

Input 

solution 

Initial 

base 

solution 

Input 

electricity 

Mass 

transfer 

salt 

(kg/h) 

Electricity 

consumption 

per salt 

converted 

(kJ/kg) 

AS/ABS 

16.08 2 l ABS 0.5 M 0.5 g AS 24 V 0.054 6851 

22.06 2 l AS 0.5 M 0.5 g AS 24 V 0.050 6906 

13.04 2 l ABS 0.1 M Water 24 V 0.045 5695 

24.05 4 l AS 0.1 M + 

0.005 M 

MS 

NH4OH 

pH 9 

24 V 0.041 6288 

 

Fig. 18. Salt conversion rate and electricity consumption per mass product salt 

transferred for comparable AS/ABS experiments in Table 6. 
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Fig. 19. Thermodynamic efficiency compared to a) lower limit, and b) upper limit. 

Considering the results of the BPMED experiments in Fig. 18, it seems that both AS and 

ABS give similar results for both conversion and electricity consumption when using 

similar experimental parameters. The electricity use per kg salt, when AS is used as 

product solution, is slightly higher, and the conversion rate of product salt is slightly 

lower. However, examining the thermodynamic efficiency comparison in Fig. 19, it is 

apparent that using AS as a product salt is more efficient. 

 

Fig. 20. Molar conversion rate and electricity consumption per molar amount salt 

converted for comparable AS/ABS experiments in Table 6. 
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Furthermore, considering the available process routes (Fig. 3), it is apparent that, if AS is 

used, only half of the molar amount needs to be converted compared to ABS. Examining 

the conversion rate and energy use in Fig. 20, it seems that AS is the more beneficial 

product substance, since the electricity use is less than double, and the transfer rate is 

more than half of that of ABS. Considering these experiments, a process route that uses 

BPMED to convert AS uses less energy and is faster than if ABS is used.  

Due to lack of data, investigating how input concentrations affect energy use was not 

possible. However, this is an interesting topic for further research since this parameter 

likely affects the process.  

5.3.2 Magnesium salts 

The aim of the BPMED-process in the carbon capture and storage process is to recover 

an acid and a base from salt that has been generated in the carbonation step. This means 

that some magnesium in the form of MgSO4, MS, is present in the product solution. 

This can cause membrane fouling since magnesium ions are transported from the product 

compartment to the base compartment. Thus, locally high pH-values can cause 

magnesium hydroxide to precipitate. To study the behavior of magnesium, an experiment 

was carried out with magnesium as the product solution. 

The product solution consisted of a 2 l, 0.1 M MS solution. The experiment was stopped 

after an estimated conversion of 43%. No magnesium hydroxide precipitation was 

observed in the streams during operation. However, the stack was washed with 0.1 N 

(pH=1) sulfuric acid afterwards, and by increasing wash solution pH, a magnesium 

hydroxide precipitate was found. This indicates precipitation on the membranes during 

operation, which was later removed, through dissolution, during washing. The same 

behavior was observed when MS was added to the base solution to increase conductivity, 

as further discussed in section 6.4.2. 

This confirms that magnesium in the product stream to be processed, poses a problem for 

the BPMED process. A small amount of precipitation is unlikely to be noticed, but larger 

amounts will negatively affect the process. Thus, efforts to remove magnesium ions are 

needed. 
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A solution to this problem would be to add an additional process step to the process route 

in Fig. 3 a) and b). The solution coming from the MgSO4 carbonation step contains AS 

and likely some MS. When this reacts with sulfuric acid, ABS is formed, which means 

that the solution now contains ABS and MS, assuming that the MS remains inert. This 

solution could be purified by using electrodialysis with monovalent ion permselectivity-

membranes, for example CXP-S, and AXP-D-type membranes with further specifications 

in Fig. 10. A schematic of a monovalent ED-stack, where ABS is used as product solution, 

is shown in Fig. 21 a). This would separate ABS and MS solutions, yielding a MS-free 

ABS solution, which could then be used in the BPMED process for producing the needed 

acid and base. The updated process schematic is shown in Fig. 22 a). * 

If the desired product solution used in the BPMED step of the carbonation process is AS, 

the process route in Fig. 22 b) can be used. However, to be able to separate AS from MS 

before the BPMED step, an ED stack using cationic membranes with monovalent ion 

permselectivity and anionic membranes without monovalent permselectivity, is needed. 

A schematic of this stack is presented in Fig. 21 b). Considering electroneutrality in the 

bulk solution, this configuration should allow sulfate ions corresponding to ammonium 

ions to pass through to the concentrated AS compartment, while impeding magnesium 

ions and sulfate ions corresponding to these. However, more research is needed, for 

example at Åbo Akademi University, to confirm the feasibility of the monovalent ED 

configurations. In fact, this work is ongoing while writing this thesis (January 2023). 

*The CXP-S and APX-D have been ordered in January 2023 
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Fig. 21. Process schematic of monovalent ED. MCPM = Monopolar cationic 

permselective membrane. MAPM = Monopolar anionic permselective membrane. In a) 

separation of MS and ABS, and in b) separation of AS and MS. 

a) 

b) 
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Fig. 22. Process flow sheet with monovalent ED, a) with ABS as product solution, and b) 

with AS as product solution in BPMED. 

Another possibility is incorporating monovalent membranes directly into the BPMED-

unit. Replacing the cationic membrane with a monovalent permselective membrane 

would mean that ammonium ions are transported to the base stream, while magnesium 

ions stay in the product stream. This setup is presented in Fig. 23. The pH in the product 

a) 

b) 
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stream remains low, which means that magnesium hydroxide precipitation is unlikely. 

One benefit of this setup is that both AS and ABS can be used as product (input) solution. 

 

Fig. 23. Process schematic of BPMED with monopolar cationic permselective 

membrane = MCPM. 

However, membranes with monovalent cation permselectivity (CXP-S in Fig. 10) 

currently provided by NEOSEPTA®-TOKUYAMA CORPORATION can only be used 

in a pH-range of 0-10. This poses a problem since the base stream pH would have to be 

regulated, for example with AS or ABS as a buffer in the base compartment. Yet, the 

feasibility of this setup depends on conditions in the carbonation step, and desired pH-

values there. If a higher pH than 10 is desired, another setup or other membranes are 

needed. 

5.3.3 Ammonia 

In the CCSM process, ammonia is used to increase pH in the carbonation step. Thus, if 

some of it remains unreacted, it may be present in the product solution entering the 

BPMED process. An experiment was carried out to determine how this affects BPMED 

performance. The initial product solution contained 0.5 M AS and 0.57 M AA, simulating 

a solution produced in the carbonation step. This experiments and operating conditions 
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for some comparable BPMED-experiments are listed in Table 6, and a conversion and 

electricity use comparison for these experiments is shown in Fig. 24.  

Table 6. Operating conditions for selected BPMED experiments. 

Date Product 

solution 

Initial 

base 

solution

Electrical 

conditions

Conversion 

(%) 

Time 

(min) 

Electricity 

consumption 

(kJ/kg) 

15.9 AS 0.5 M H2O 

0.75 g 

AS 

24 V 98.24 211 5614 

27.9 AS 0.5 M H2O  

3 g AS 

 4 A 98.47 191 5204 

21.10 AS 0.5 M + 

NH4OH 0.57 

M 

H2O  

3 g AS 

24 V 96.15 197 6038 

 

Fig. 24. Conversion rate and electricity use for selected BPMED experiments. ■ = AS + 

NH4OH in initial product solution.  
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The experiment that contained AA in the product solution (21.10) gave an average current 

of 4.06 A, and a constant voltage of 24 V. Comparing this to the 27.09 experiment, using 

a constant current of 4 A, and an average voltage of 22.4 V, the experiment with AA in 

the product solution had a lower AS conversion rate although the average current was 

higher. Furthermore, comparing it with the 15.09 experiment, the 21.10 experiment 

demanded more electricity per converted AS. Thus, assuming that a higher current 

increases conversion rate, and a higher voltage increases energy use (further discussed in 

section 6.6), it suggests that AA in the product solution lowers conversion rate and slightly 

increases electricity use per kg converted salt. 

This can, possibly, be explained by an increased amount of ions in the product solution. 

Electricity is used to transfer both AS and AA, which increases the energy demand. 

Furthermore, using BPMED to transfer AA from the product compartment to the base 

compartment is inefficient. This generates AA in the base compartment when ammonium 

ions react with OH- ions from water dissociation. Simultaneously, it generates water in 

the acid compartment when H+ ions generated from water dissociation react with 

hydroxide ions that are transported across the membrane. Thus, it requires more electricity 

than just transporting these ions, since energy for water dissociation is needed in both the 

acid and base compartment. Hence, a considerable amount of residual AA in the product 

solution is undesirable and should be avoided. This implies that a pH of close to 7 is 

preferable (only salt). 

5.4 Base stream Conductivity 

The low conductivity of AA, reaching a theoretical maximum value of 1.2 mS/cm, poses 

a problem for the BPMED process. A low conductivity increases both membrane and 

solution resistance, lowering the current through the stack and, consequently, making the 

process slower. Thus, efforts to raise the base stream conductivity with both AS and 

MgSO4 were made.  

5.4.1 Ammonium sulfate 

Both 0.25 g/l and 1 g/l AS concentrations were used, leading to an initial base 

concentration of 0.5-0.7 mS/cm, and around 1.9 mS/cm respectively. Other than 

conductivity increase, a notable effect of AS is that it acts as a buffer, lowering the base 

solution pH. This is important when regulating the pH of AA that leaves the process, 

depending on how it is used in the next process step (here: carbonation of MgSO4). 
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Table 7. Operating conditions for experiments with AS as conductivity raising substance. 

Date Product 

solution 

Base 

solution 

Input 

electricity 

Cell 

number 

Salt 

conversion 

(kg/h 

AS/ABS) 

Electricity 

use (kJ/kg 

AS/ABS) 

22.06 AS 0.5 M AS 0.25 g/l 24 V 7 0.047 7270 

16.08 ABS 0.5 

M 

AS 0.25 g/l 24 V 7 0.054 6851 

15.09 AS 0.5 M AS 0.25 g/l 24 V 9 0.055 5614 

27.09 AS 0.5 M AS 1 g/l 4 A 9 0.061 5204 

20.09 ABS 0.5 

M 

AS 1 g/l 24 V 9 0.067 5948 

 

 

Fig. 25. Energy use and conversion rate from product stream of BPMED experiments. 

▲= 1g/l, ● = 0.25g/l AS in initial base solution. Operating conditions in Table 7. 
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When comparing the data in Fig. 25, it seems that a higher conductivity in the initial base 

solution leads to a faster process. For example, the experiments on 27.09 and 15.09 were 

carried out with the same parameters, except that on 27.09, a 4 A constant current was 

used instead of 24 V constant voltage, and with an initial concentration of AS in the base 

solution of 1 g/l instead of 0.25 g/l. This experiment had a higher conversion rate, even 

though the total electricity use was lower. Furthermore, the experiment carried out on 

20.09 also had 1 g/l AS in the initial base solution, which resulted in a high conductivity 

and conversion rate. Thus, it is obvious that increasing the base conductivity is important 

for the speed of the process. This is because a higher base conductivity decreases stack 

resistance, lowering resistive losses. 

Furthermore, using a two-compartment stack could be beneficial for this process. If 

sodium ions were separated from the product solution, the conductivity of both solutions 

would remain high until the end of the experiment. This could increase the mass transfer 

rate without the need to add additional substances to the base solution. Thus, exploring 

this option is an interesting topic for further research, and already ongoing at ÅA 

University since December 2022. 

5.4.2 Magnesium sulfate presence 

In some experiments, magnesium sulfate (MS) was used to raise base stream 

conductivity. These experiments did, however, show an unexpected increase in base 

conductivity during the experiments. 

Table 8. Operating conditions for experiments with MS as conductivity raising substance. 

Date Product 

solution 

Base 

solution 

Input 

electricity 

Cell 

number 

Mass 

transfer 

(kg/h 

AS/ABS) 

Electricity 

use (kJ/kg 

AS/ABS) 

30.08 ABS 0.5 

M 

MS 5 g/l 24 V 7 0.087 7224 

6.09 AS 0.5 M MS 5 g/l 18 V 7 0.060 5131 
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Fig. 26. Conductivity plotted against time in base compartment for MS (dashed line), and 

AS (solid line) as conductivity raising substance. Operating conditions in Table 7 and 8. 

In Fig. 26, base compartment conductivity is plotted against time. This shows that the 

conductivity of the experiments where MS was used rises quickly before levelling out, 

while the AS experiments give an almost linear increase. Furthermore, the base 

conductivity of the MS experiments increases more than what can be expected, assuming 

that the conductivity of the mixture shows a similar behavior to water when AA, with a 

maximum conductivity of 1.2 mS/cm, is added.  

Moreover, a decrease in pH compared to other experiments occurred in the base stream 

when MS was added. This decrease was mostly noticeable in an experiment where MS 

was added during operation. The pH levels for this experiment are shown in Fig 27. 
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Fig. 27. pH values for ABS experiment 23 August 2022. Electricity turned on at 17 

minutes, MS added to base compartment at 69 minutes, and ABS refill at 105 minutes. 

At 69 minutes, 10 g of MS was added to the base solution, which resulted in a pH drop 

from 10.3 to 9.7. At this point, 30% of the ABS used in the experiment had been 

converted. Still, the base stream only reached a maximum pH of 9.9 after the addition of 

magnesium sulfate. This indicates a buffer effect in the base stream, which can be 

explained by precipitation of Mg(OH)2.  

If Mg(OH)2 precipitates in AA, the following reaction occurs: 

𝑀𝑔𝑆𝑂 𝑎𝑞 2𝑁𝐻 𝑂𝐻 𝑎𝑞  → 𝑀𝑔 𝑂𝐻 𝑠 𝑁𝐻 𝑆𝑂 𝑎𝑞  

Thus, AS is formed, which causes a buffer effect due to dissolved ammonium ions, beside 

precipitation of unwanted salts inside the BPMED stack.  

In addition, an experiment was carried out using a sample taken at the end of the BPMED 

process, from a base solution where MS was used to increase base stream conductivity. 

Initially, 10 g of MS was mixed into the 2 l base solution. However, after raising the 

sample solution pH to 12.5, little to no precipitation was observed, as seen in Fig. 28. 
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Fig. 28. Base solution initially containing 5g/l MS, after pH raise to 12.5. 

This confirms that almost all initial MS had leaked from the base solution to other 

solutions, or must have precipitated, and caused fouling, inside the BPMED stack. 

However, magnesium hydroxide was never observed in the base stream, which would 

indicate that precipitation did not occur. Yet, it is likely that pH gradients caused 

precipitation of Mg(OH)2 inside the stack. 

Consequently, all streams were washed with acidic solution consisting of 0.1 N sulfuric 

acid (pH = 1). These solutions were collected and the pH was raised to around 12.5. Some 

precipitation was observed in all four solutions (acid, base, electrolyte, and product).  

 

Fig. 29. Membrane stack wash solutions after precipitation. 
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The solutions in Fig. 29 indicate that the base stream contained the most precipitate, 

followed by the electrolyte stream, and the acid and product streams containing the least 

precipitate. Surprisingly, the stream labelled “acid” contained magnesium hydroxide. 

Since the pH value of that stream was < 1 during most experiments, Mg(OH)2 should not 

have been able to form there. This can, however, possibly be explained by magnesium 

sulfate in the washing liquid. The acid that was used for washing was produced during 

BPMED experiments with MS in the base stream. Thus, if ion leakage from the base 

stream to the acid stream occurred during experiments, some of this could have ended up 

as precipitate in all wash solutions.  

Also, the AS electrode rinse solution, used in three experiments with MS in the base 

stream, was tested for presence of magnesium by elevating the pH to 12.5. This resulted 

in precipitation as seen in Fig. 30, and indicates magnesium leakage to the electrode rinse 

solution during experiments where MS was used to increase base stream conductivity. 

  

Fig. 30. Electrolyte solution after pH increase. 

By examining base stream conductivity, a rough estimation of magnesium leakage can be 

determined. Assuming that all MS forms magnesium hydroxide precipitate in the base 

stream, thus forming AS, the conductivity in the base stream should correspond to the 

conductivity of AS and transferred NH4OH.  

If 10 g of MS is dissolved in 2 l of water, this equals a concentration of 0.042 mol/l. 

Assuming all of the dissolved MS precipitates, and forms AS at a molar ratio of 1:1, this 
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equals a concentration of 0.042 mol/l AS in the final solution. To simulate conditions at 

the end of the 0.5 M AS (6.09) experiment where no magnesium was found in the base 

solution, a control solution of 1 M NH4OH (simulating 100% conversion), 0.042M AS 

was prepared. This resulted in a conductivity of 8.97 mS/cm.The final base conductivity 

after 99.4% conversion reached 6.57 mS/cm in the experiment carried out on 6.09. The 

control solution and final base solution concentrations, calculated according to the 

calibration curves in Appendix A, equals 0.036 M and 0.026 M respectively. The control 

solution value is lower than the real concentration of 0.042 M. However, assuming that 

the final base stream conductivity shows a similar behavior, an estimated value of 28 mol-

% leakage, of the starting amount of MS, can be determined. This is a considerable 

amount and confirms that ion leakage occurs within the membrane stack. 

Three experiments were carried out with 10 g MS each in the base solution. This equals 

a total of 30 g, which corresponds to potentially 14.5 g Mg(OH)2 precipitation. Although 

some leakage of magnesium likely occurred, most of it presumably precipitated in the 

base compartment. Notably, this did not have a direct negative impact on BPMED 

performance during the tests. 

 

Fig. 31. Conversion and energy use comparison. × = MS, all others indicate AS as base 

conductivity increase substance (see Fig. 25). Operating conditions for MS experiments 

in Table 8, and for AS experiments in Table 7.  

0

1000

2000

3000

4000

5000

6000

7000

8000

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

El
ec
tr
ic
it
y 
U
se
 (
kJ
/k
g)

Salt conversion (kg/h)

AS ABS

22.06
16.08

15.09
27.09

20.09

6.09 7 cells 18 V

30.08 7 cells 24 V



 54

Energy use and conversion rates in Fig. 31 indicate that instead of influencing the 

performance negatively, the high conductivity of the solution made the process faster 

compared to the seven-cell experiments containing AS as conductivity raising substance. 

The difference to the nine-cell experiments was smaller, but this was due to the larger cell 

number, further discussed in section 5.10.  

The high conductivity of the base stream, in the experiments using MS as conductivity 

raising substance, resulted in a relatively high mass transfer while using a lower voltage. 

However, when considering the active membrane area of 0.14 m2, 14.5 g of precipitation 

was apparently not enough to impact performance. More precipitation would likely have 

a noticeable negative impact on performance. Thus, MS presence in the base solution 

should be avoided, since it would require frequent washing of the membrane stack. 

5.5 Co-ion leakage 

Co-ion leakage can increase electricity demand for the BPMED process by using 

electricity to move ions without contributing to the desired product. Thus identifying this 

phenomenon is essential for improving performance.  

When using AS as product solution, a pH-drop was noticed in the product solution. AS is 

slightly acidic due to a small number of ammonium ions forming NH3 (aq) and H+ (Ka = 

5.6ꞏ10-10 (Karkela & Yli-Kokko, 2013)). However, when current is applied and ions are 

removed from the solution, an increase in pH that reaches values around 7, when all ions 

are removed, is expected.  
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Fig. 32. a) Product stream pH plotted against time. b) Product stream pH plotted against 

relative time. Time point 0 when current was applied and time point 1 when conversion 

reached 98%. All starting product solutions contained 0.5M AS. 

In Fig. 32 product stream pH is plotted against time. Notably the pH decreases until the 

end of the experiment, when a sharp increase occurs. All solutions started out with the 
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same concentration. However, impurities such as small amounts of ABS or AS, from 

previous experiments, likely caused pH differences in the starting solutions. 

Since H+ ions are very mobile, they are able to penetrate membranes, as also mentioned 

by the BPMED unit manufacturer (Eurodia private communication, 2022). This is likely 

the cause of the pH drop . Considering electroneutrality in the bulk solution, when a 

proton enters the product stream, it has to replace an ammonium ion. This means that 

instead of a solution of pure AS, some of it forms ABS, due to protons reacting with 

sulfate ions. 

This conversion can be confirmed by examining the conditions at the end of the 

experiment. For example, examining the 22.06 experiment, the measured pH at its lowest 

point is 1.69. The conductivity at the same point in time is 21.3 mS/cm. Considering that 

ABS dissolves completely, the dissolved ions are NH4
+ and HSO4

-. These ions further 

react according to the following reactions: 

𝑁𝐻  ⇌ 𝑁𝐻 𝐻 , Ka = 5.6ꞏ10-10 

𝐻𝑆𝑂 ⇌ 𝑆𝑂 𝐻 , Ka = 0.012 

The acid constant for the ammonium ion is much smaller (Karkela & Yli-Kokko, 2013), 

which means that its contribution of H+-ions is negligible. A conductivity of 21.3 mS/cm 

gives a concentration of 0.069 M ABS according to the calibration curve in Appendix A. 

Using this, a concentration of H+ ions can be calculated considering the equilibrium of 

HSO4
-. This leads to a calculated pH of 1.63, which suggests that most of the product 

stream contains ABS, at a concentration of 0.069 M.  

Table 9. Measured and calculated pH by assuming product contains ABS. 

Experiment Time Measured 

pH 

Measured 

conductivity 

(µS/cm) 

Concentration 

ABS (mol/l) 

[H+] 

mol/l 

Calculated 

pH 

22.06 120.3 1.69 21300 0.069 0.023 1.631 

6.09 93 1.584 25300 0.084 0.026 1.579 

15.09 161.5 1.617 26100 0.087 0.027 1.570 

27.09 144 1.629 25700 0.086 0.027 1.575 
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Table 9 shows calculated product stream pH for AS-experiments. This confirms that all 

experiments show a similar behavior. At the end of the experiments the pH starts 

increasing rapidly. This is likely because the product stream now almost exclusively 

contains ABS, resulting in H+-ions leaving the product stream as HSO4
-, thus causing the 

concentration of protons to decrease and raising the pH.  

In the experiments carried out on 22.06 and 15.09, a constant voltage of 24 V was used, 

while a constant current of 4 A was used on 27.09, motivated by Chehayeb & Lienhard 

(2019). In the experiment carried out on 06.09, a constant voltage of 18 V was used. 

Examining Fig. 32, and considering the various current behaviors of the experiments, it 

seems that the leakage of protons is not influenced by current density, but rather depends 

on another parameter. Since the concentration of protons (pH) is very similar for all 

experiments at the same relative time (conversion), it is possible that proton leakage is 

dependent on ions transported across the anionic membrane.  

The same phenomenon was not observed in the experiments where ABS was used as 

product solution. Instead, these experiments showed an increasing pH in the product 

stream with decreasing conductivity. This is likely due to the already low pH of the 

solution. Leaked H+-ions form sulfuric acid in the product stream, but this is not enough 

to lower the pH due to more of these ions leaving in the form of HSO4
-.  

To determine the mechanisms behind co-ion leakage, more research (for example at 

ÅAU) needs to be carried out. Furthermore, developing better membrane materials is 

crucial for decreasing co-ion leakage, and thus improving BPMED efficiency.  

5.6 Voltage/Current 

Determining optimal current and voltage values are crucial for lowering power use in 

BPMED. The manufacturer recommended a maximum current of 17 A, and a maximum 

voltage of 24 V for seven cells, which equals around 3.4 V/cell. Within these parameters, 

several experiments were carried out to find the optimal operating conditions. A table of 

comparable experiments with various electrical operating conditions are listed below. 
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Table 10. BPMED experiment specifications. 

Date Product 

volume 

Input solution Cells Input 

electricity 

Mass 

transfer 

salt 

(kg/h) 

Electricity 

consumption 

per salt 

converted 

(kJ/kg) 

13.04 2 l ABS 0.1 M 7 24 V 0.045 5695 

2.06 4 l ABS 0.1 M 7 18 V 0.018 4878 

30.08 2 l ABS 0.1 M + 

every 10 min 

until equaling 

0.5 M 

7 24 V 0.087 7223 

6.09 2 l AS 0.5 M 7 18 V 0.060 5130 

22.06 2 l AS 0.5 M 7 24 V 0.046 7270 

15.09 3 l AS 0.5 M 9 24 V 0.055 5614 

20.09 3 l ABS 0.5 M 9 24 V 0.067 5948 

27.09 3 l AS 0.5 M 9 4 A 0.061 5204 
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Fig. 33. Conversion and power use for experiments in Table 10. Comparable experiments 

in a) to d). 

Examining Fig. 33, it seems that a higher voltage per cell causes more power use per mass 

salt converted. For example, the experiments on 13.04 and 2.06 (Fig. 33 a)), and 6.09 and 

30.08 (Fig. 33 b)), respectively, were carried out with similar operating conditions. 

However, different voltages were used. It seems that a higher voltage causes a higher 

mass transfer rate. This is likely due to the higher voltage causing more current to pass 

through the stack, which implies transferring more ions. However, comparing the 

experiments carried out on 15.09 and 22.06 (Fig 33 c)), the former had a higher transfer 

rate, even though a lower voltage was used. This is likely due to the stack consisting of 9 

cells, instead of 7, in the experiment carried out on 15.09.  

Furthermore, the 27.09-experiment was carried out with a constant current. This is 

compared to the experiment carried out on 20.09, in Fig. 33 d), which had similar 
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operating conditions, except that a constant voltage of 24 V, or 2.7 V/cell, was used. It 

seems that the constant current caused a lower salt conversion rate, but also used less 

power per mass converted salt. This corresponds to the behavior of the other experiments 

when examining average current and voltage values. The 4 A constant current-experiment 

had an average voltage value of 22.4 V (VꞏI=89.2 W), and the 24 V constant voltage-

experiment had an average current of 4.5 A (VꞏI=108 W). Thus, it seems that higher 

voltages cause more power use per converted salt, and higher currents accelerate the 

process.  

In summary, it seems as if an optimal process uses a high electric current, and thus is able 

to transport more ions, while the voltage remains low. This implies decreasing the stack 

resistance by, for example, increasing solution conductivities. Also, decreasing 

membrane resistance is important for decreasing overall power use.  

5.7 Heat  

Examining heat generation in the BPMED process is important to determine how entropy 

is generated, since heat in the membrane stack is synonymous to entropy. Thus, the heat 

generated by the pumps, without electricity running through the membrane stack, was 

measured, further discussed in section 4.3. These values were compared to the heat 

generated in the membrane stack during operation.  
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Fig. 34. Temperature curves for experiments listed in Table 10, compared to heat 

generated by pumps.  

When examining experiment temperature curves in Fig. 34, it is apparent that higher 

voltage experiments generate larger amounts of heat. When this is compared with the heat 

generated by the pumps only, it is apparent that additional heat is generated when 

electricity is applied through the stack. This shows that the reason for the higher power 

use in higher voltage experiments is partly due to heat generation.  

By using eqn. 14 (section 4.3), and comparing the heat generated by the pumps with the 

heat generated in the experiments, an estimation for how much of the total stack input 

energy results in heat generation can be determined. These values are shown in Fig. 35. 
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Fig. 35. Total input energy and heat generation in the membrane stack, operating 

conditions for experiments in Table 10. 

Only three values are presented, due to lack of pump heat generation data for 2 l 

experiments. Furthermore, the electricity use value used was at a maximum of 163.5 min, 

since no pump heat data was available beyond this point. 

However, this indicates that around 25 % of the energy input, in the stack, resulted in heat 

generation that could not be explained by pump heat. The real value is likely higher, since 

a higher temperature results in faster heat transfer to the surroundings. Thus, it is obvious 

that resistive losses affect BPMED performance considerably. 

5.8 Diffusion 

Diffusive forces play a major role in the BPMED-process. Thus, it is important to 

investigate how it affects electricity use and efficiency. An experiment (23.08) was 

carried out to determine how much diffusion takes place before the electricity was turned 

on. The starting product solution for this experiment contained 0.5 M ABS, the base 

compartment contained 0.25 g/l AS, and the acid compartment contained water. 
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Fig. 36. Product stream conductivity plotted against time. 

The results of this experiment are plotted in Fig. 36. The drop in conductivity at the start 

of the experiment is likely because of remaining water in the membrane stack and pipes, 

despite draining before experiments, which dilutes the product solution. However, when 

the conductivity stabilizes, an almost linear conductivity drop occurs. This indicates that 

ions leave the stream, crossing a membrane, because of diffusion. 

The conductivity drops from 118 to 110 mS/cm, after the initial conductivity drop. This 

equals a decrease in concentration of 0.037 mol/l, which is equivalent to 0.005 mol/min, 

or 0.6 g/min. Although the diffusion behavior likely changes when a current is applied, 

this indicates that diffusion over membranes is possible. Furthermore, to minimize 

product solution leakage to the acid and base stream in batch operation, electricity must 

be applied as quickly as possible at the start of operation. 

5.9 Base solution pH 

The base solution is needed for increasing pH in the carbonation step of the ÅA CCSM 

process. Thus, for more control, the pH should be high enough so that that low volumes 

need to be added in the carbonation step. Hence, it is important to examine the final 

conditions in the base solution. 
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Fig. 37. Base stream pH versus time for experiments listed in Table 11. 

pH values in the base stream for some experiments where AS was used as electrode rinse 

solution are displayed in Fig. 37. Experiments where NaOH was used as electrode rinse 

solution are not included, since ion leakage caused a very high pH.  

The pH-curves show a very steep increase initially before levelling out. Interestingly, the 

highest pH-value reaches around 10.8. This is dependent on product solution 

concentration and whether AS or ABS is used. Compared to ABS, AS has double the 

molar amount of ammonium ions, since two ammonium ions are bound to one sulfate ion. 

Thus, the concentration of ammonia in the final base solution should be double compared 
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to when ABS is used, if the same conversion of product salt is reached. Furthermore, 

since AS causes a buffer effect, it will lower pH if present in the base solution.  

Table 11. pH-values for BPMED experiments. *Calculated assuming that 72% of MS 

precipitates and forms AS. **Calculated assuming the same conversion for AS and AA in 

product solution. 

Date Initial Base 

solution 

Initial product 

solution 

Conversion Final 

base pH 

Calculated 

final base pH 

15.06 0.25 g/l AS ABS 0.5 M 55 % 10.39 11 

22.06 0.25 g/l AS AS 0.5 M 98 % 10.73 11.43 

16.08 0.25 g/l AS ABS 0.5 M 99.40 % 10.63 11.21 

6.09 5 g/l MS AS 0.5 M 99.42 % 10.27 10.47* 

15.09 0.25 g/l AS AS 0.5 M 98.24 % 10.73 11.43 

20.09 1 g/l AS ABS 0.5 M 100 % 10.32 10.75 

27.09 1 g/l AS AS 0.5 M 98.47 % 10.6 11.03 

21.10 1 g/l AS AS 0.5 M + 0.57 

M AA 

97.03 % 10.81 11.2** 

25.10 1 g/l AS AS 1.0 M 98.34 % 10.63 11.3 

Examining the values in Table 11, it seems that the base pH never reaches the calculated 

possible value. Interestingly, the experiments carried out on 25.10, and 27.09, had similar 

starting conditions, but on 27.09 the initial AS concentration was doubled. This did, 

however, lead to a difference in pH of only 0.03.  

Furthermore, comparing the experiments carried out 22.06, and 16.08, a pH-difference of 

only 0.1 was observed. Since AS contains double the amount of ammonium ions, this 

difference should be larger. Furthermore, most experiments exhibited a slight decrease in 

pH at the end of the experiment. It is important to explore the reason for these phenomena 

to improve control of base stream pH, and investigate the effect on conversion. 
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One reason for these phenomena is possibly dissolved ammonia evaporating from the 

solution tanks. The tanks used in these experiments were not airtight, which allowed 

gaseous ammonia to escape. This would lower pH by decreasing the concentration of AA 

in the base solution. 

Furthermore, leakage of AA by diffusion across membranes is likely in the stack. If this 

occurs, some AA can transfer to the acid, product, and electrolyte stream, thus lowering 

the pH in the base stream. Additionally, ion leakage from the acid stream can contribute 

to lowering the base pH. Examining acid pH-levels could give an indication of leakage 

between base and acid streams. 

Another possible reason is leakage of electrode rinse solution to the base solution. Since 

AS was used as electrode rinse solution, ion leakage would lower pH by buffering the 

ammonia solution. However, this would lead to an increase in base solution conductivity, 

since AS gives a much higher solution conductivity than AA. In these experiments such 

an increase was not observed, which would indicate that little or no leakage occurred. 

Furthermore, product solution leakage would cause the same effect and is a possible 

contributor to the pH discrepancies.  

Finally, solution temperature is a possible explanation. At the end of the experiment the 

temperature reached 30 to 40 degrees. If this lowered the pH it could explain the 

discrepancies. Thus, for further experimentation, pH values should be measured again 

after the solutions have returned to room temperature to investigate this phenomenon.  

Depending on how the base solution is to be used, pH affects the separation duration. 

After it reaches a constant value, the process can be stopped early to avoid excessive 

electricity use. However, this depends on the desired quality of both the product and acid 

streams. Additionally, understanding how much AA is lost becomes increasingly 

important if BPMED is used for recycling solutions in a continuous process, to determine 

make-up streams and losses. 

 

5.10 Cell number 

The BPMED stack used in experiments initially contained 7 cells, resulting in an active 

cell area of 0.14 m2. To investigate the influence of active cell area, two more cells were 

added, resulting in an active cell area of 0.18 m2. The product, acid and base stream flow 
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rates were adjusted according to instructions provided by the BPMED unit manufacturer, 

from 140 l/h to 180 l/h (20 l/h/cell). Data for two comparable experiments is listed in 

Table 12. below.  

Table 12. Operating conditions and results from comparable 7/9 cell BPMED 

experiments. 

Date Input 

solution 

Input 

electricity 

Cells Salt 

conversion

kg/h 

Salt 

conversion 

per active cell 

area 

kg/h/m2 

Electricity 

use 

kJ/kg 

22.06 AS 0.5 M 24 V 7 0.046 0.331 7270 

15.09 AS 0.5 M 24 V 9 0.055 0.307 5614 

 

Fig. 38. Conversion and electricity use comparison between 9 and 7 cells, data in Table 

12. Experiments with similar operating conditions in a) and b). 

Assuming that a higher voltage results in a higher rate of salt conversion and more 

electricity use, further discussed in section 6.5, the experiment using the 9-cell stack 

should have a smaller rate of salt conversion, since the voltage per cell is lower, compared 

to that of the 7-cell stack (2.7 V compared to 3.4 V). This is not the case when comparing 

salt conversion rates directly in Fig. 38 a). However, the salt conversion rate per active 

cell area was lower in the 9-cell stack, as seen in Fig. 38 b), which possibly indicates a 

similar behavior.  
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However, to be able to determine the effect of cell number on salt conversion per active 

cell area, more experiments need to be carried out. For example, a 7-cell experiment with 

the same starting conditions and a constant voltage of 19 V, resulting in 2.7 V/cell, should 

be carried out to compare salt conversion rates per active cell area. Another possibility is 

using the 9 cell stack with a voltage of 31 V, or 3.4 V/cell.   

5.11 ACE 

ACE is an important indicator of how much of the current is used to convert product 

stream salt to an acid and a base. Thus, improving this metric is important to increase 

process efficiency. The ACE was calculated according to eqn. (13) in section 5.2 (𝐴𝐶𝐸

 ∗ ∗ ∗∆

∗ ∗
). Operational parameters for selected experiments for ACE comparison are 

shown in Table 13.  
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Table 13. Operational parameters for BPMED experiments.  

Date Product 

volume 

Product 

solution 

Initial base 

solution 

Initial base 

conductivity 

Input 

electricity 

Cell 

number

16.08 2 l ABS  

0.5 M 

0.5 g AS 0.633 mS/cm 24 V 7 

22.06 2 l AS  

0.5 M 

0.5 g AS 0.771 mS/cm 24 V 7 

15.09 3 l AS  

0.5 M 

0.75 g AS 0.654 mS/cm 24 V 9 

20.09 3 l ABS  

0.5 M 

3 g AS 1.968 mS/cm 24 V 9 

27.09 3 l AS  

0.5 M 

3 g AS 1.915 mS/cm 4 A 9 

6.09 2 l AS  

0.5 M 

10 g MS 3.87 mS/cm 18 V 7 

 

5.11.1 AS vs. ABS 

Both AS and ABS were used as product solution. Since AS has two ammonium ions per 

molecule, and the SO4
2- ion has a valence of 2, a z-value of two was used in eqn. 10, while 

a value of 1 was used for ABS, since the HSO4
- ion has a valence of 1, and ABS has one 

ammonium ion per molecule.  
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Fig. 39. ACE curves for comparable AS and ABS experiments. Further details on 

operating conditions in Table 13. 

Two typical ACE curves are shown in Fig. 39. These show that the ACE initially has a 

high value for both product solutions, but stabilizes at around 0.6 for the AS product 

solution, and at around 0.3 for the ABS product solution. The ACE was consistently 

higher for AS, which supports the conclusion that separating AS is more efficient than 

separating ABS, further discussed in section 6.3.1. 

5.11.2 Base conductivity 

Various concentrations of substances were used to raise the conductivity in the base 

stream, further discussed in section 6.4. An ACE comparison of such experiments is 

shown in Fig. 40.   
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Fig. 40. ACE for experiments with various conductivity raising solutions in base stream. 

Further details on operating conditions in Table 13. 

Experiments with a high conductivity in the base solution resulted in a faster process, 

which in turn resulted in less energy use per mass of salt converted when lowering the 

voltage across the membrane stack. However, the ACE remained largely unchanged, 

which supports the assumption that the lower resistance in the stack caused by a higher 

conductivity in the base stream was the single reason for less electricity use. An example 

of this is comparing the 20.09, and the 16.08 experiments. The 20.09 experiment had an 

initial conductivity that was 3.1 times higher, but the ACE values remained similar. 

Furthermore, the same behavior was observed in the experiments when AS was used in 

the product solution. Various conductivities were used but no discernable change in ACE 

was observed. 

5.11.3 Voltage/current 

In section 6.6, it will be concluded that a higher current leads to a higher salt conversion 

rate, and that a higher voltage leads to more energy use. However, changing these 

parameters did not influence the ACE value considerably. 
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Fig. 41. ACE for experiments with various input electricity. Further details on operating 

conditions in Table 13. 

In Fig. 41, some values for ACE during experiments are shown. In these experiments a 

24 V constant voltage, a 4 A constant current, and an 18 V constant voltage were used. 

This did, however, not lead to any considerable change in ACE.  

5.11.4 Cell number 

The membrane stack was expanded from 7 to 9 cells, this did affect salt conversion rates 

and thus energy use, further discussed in section 6.9. However, interestingly it did not 

affect the ACE notably, as seen in Fig. 42.  

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 20 40 60 80 100 120

A
C
E

Conversion (%)

6.09 22.06 15.09 27.09



 73

 

Fig. 42. ACE comparison for a 9 and 7 cell membrane stack. Further details on operating 

conditions in Table 13. 

5.11.5 ACE curve 

The vast majority of experiments showed a high initial ACE that stabilized at around ACE 

= 0.6 for AS and ACE = 0.3 for ABS, towards the end of the experiment. For ABS 

experiments the curve stabilized after a conversion of around 50%, while the AS 

experiments stabilized quicker. However, the ACE equation gives a value for conversion 

(to give a value for charges transferred), which was calculated according to conductivities 

in the product solution. Proton leakage to the product stream meant that the concentration 

values for AS were not completely accurate. This means that the real conversion rate of 

AS was quicker initially, since protons increased conductivity, and slower at the end of 

the experiment, since most of the stream now contained ABS. Thus, it is possible that 

both product solutions, in reality, showed similar ACE behaviors. 

Furthermore, the high initial ACE value is interesting since this suggests room for 

improvement. One possible explanation for this phenomenon is diffusion. If diffusive 

forces assist the process, this might increase the ACE value. Furthermore, this behavior 

matches the behavior of the electricity use and mass transfer curves discussed in section 

6.1. These showed a continuously increasing energy demand with more mass transferred, 

which is comparable to the decreasing ACE value.  
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Obviously, a high ACE is essential for an efficient process. However, little to no 

improvements were achieved in the here reported experiments despite various operating 

conditions. Hence, membrane and stack limitations are a possible cause of the low ACE-

value. However, further research (at ÅA) to increase this value is essential for improving 

BPMED performance. 
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6 Conclusions 

Multiple experiments were performed on a BPMED pilot scale unit to optimize 

throughput versus energy efficiency. To achieve this, the experiments were carried out 

with various operating conditions, and the resulting data was examined to reach better 

results. 

6.1 Electrode rinse solution 

It was determined that using NaOH as electrode rinse solution resulted in ion leakage to 

the base stream, resulting in a very high base stream pH and conductivity. Thus, the 

electrode rinse solution was changed to AS (ammonium sulfate), which resulted in less 

leakage. Hence, to avoid contamination of the base stream, using AS as electrode rinse 

solution is recommended for this process. 

6.2 Product solution 

In this thesis both AS and ABS (ammonium bisulfate) were used as product solutions for 

the BPMED (bipolar membrane electrodialysis) process. It was concluded that AS is 

likely the better substance, since it requires half the molar amount to be separated when 

considering the CCSM (carbon capture and storage by mineralization) process routes 

investigated, while still showing similar electricity usage and salt transfer rates.  

Furthermore, residual MS (magnesium sulfate) from the carbonation step is undesirable 

in the product solution, since it results in membrane fouling that decreases membrane 

performance. Thus, if residual MS is unavoidable, additional steps to remove this is 

required is the CCSM process routes. In this thesis, monovalent ED (electrodialysis) was 

recommended as an approach to this. 

Moreover, residual ammonia in the product solution likely has a negative impact on 

BPMED performance, and thus, when considering the energy use and product salt transfer 

rate, this should be avoided. 

Interestingly, a pH drop in the product compartment was observed when using AS in the 

product solution. This was due to highly mobile protons being able to move across anionic 

membranes, which decreased the product pH. This was  due to membrane limitations, and 

improvements in membrane technology are needed to reduce proton leakage. 
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6.3 Voltage/current 

It was concluded that a high voltage causes more electricity use, while a high current 

increases the product conversion. Thus, an optimal process, concerning electricity use and 

product salt transfer rate, reaches a high current while the voltage remains low.  

Consequently, increasing the conductivity of the base stream becomes increasingly 

important, since the conductivity of pure AA (aqueous ammonia (NH3 (aq)) is very low. 

This lowers the overall resistance, which in turn results in a higher current with less 

voltage applied. 

Both AS and MS were added to the base solution to increase conductivity. In both cases 

the higher conductivity lead to a decrease in electricity use. However, using MS resulted 

in precipitation of Mg(OH)2 inside the membrane stack, which would have a negative 

impact on performance if enough precipitation accumulated in the stack. Thus, using AS 

to increase conductivity is recommended. 

6.4 Cell number 

The stack was expanded from 7 to 9 cells to investigate how this would impact 

performance. The results showed less electricity use and a higher product salt transfer 

rate. However, when examining the conversion rate per active cell area, the results were 

similar to the 7-cell stack. This suggests that a comprehensive analysis of stack costs and 

required throughput rate is needed when determining the cell number in a CCSM process.  

6.5 ACE 

Although many different operating conditions were tried, the only significant change in 

ACE was observed when using different product (AS or ABS) solutions. Thus, it is 

possible that membrane stack and unit restrictions largely dictates this value. However, 

more research is necessary to find opportunities to increase this value. 

6.6 Recommendations for future work 

More research is needed to find ways to increase the ACE. However, if this is not possible 

due to unit limitations, other methods are needed to increase performance. A limitation 

when producing AA is its low conductivity. Yet, a two-compartment stack would result 

in the base conductivity remaining high until the end of the experiment, which could 

increase performance significantly. At the time of writing this thesis, experiments have 
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been carried out with this setup, showing promising results. Furthermore, varying the cell 

number in the two-compartment stack would be an interesting prospect for determining 

the optimal CCSM process. 
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7 Swedish summary – Svensk sammanfattning 

Den stigande globala temperaturen leder redan till många olika problem världen över. 

Forskare är överens om att människan är orsaken till detta, genom utsläpp av 

växthusgaser. Den vanligaste växthusgasen är koldioxid och förbränning av fossila 

bränslen är huvudsakligen orsaken till utsläpp av denna. Därför har intresset för 

uppfångning och förvaring av koldioxid ökat under den senaste tiden.  

Den vanligaste metoden för förvaring av koldioxid är förvaring under jorden, till exempel 

i uttömda oljereservoarer. Detta är dock inte möjligt i Finland eftersom berggrunden är 

opassande för koldioxidförvaring. Därför måste koldioxiden antingen transporteras till 

andra länder, till exempel Norge, eller så måste andra metoder användas.  

En intressant metod för koldioxiduppfångning och -förvaring är således genom 

mineralisering. Detta innebär att koldioxiden binds till ett annat material och bildar ett 

karbonat. Tanken med denna process är att bilda ett kemiskt stabilt material, så att 

koldioxiden kan förvaras utan risker.  

Detta arbete fokuserar på en process utvecklad vid Åbo Akademi, där magnesium 

extraheras ur slaggsten och sedan reagerar med koldioxid för att bilda 

magnesiumkarbonat. Extraktionen görs med ammoniumvätesulfat och 

koldioxidreaktionen (karbonatiseringen) sker i en basisk miljö där ammoniaklösning 

fungerar som pH-höjare. Reaktionen resulterar i att magnesiumkarbonat och en lösning 

av ammoniumsulfat bildas. 

För att återcirkulera de ämnen som används i processen utnyttjas elektrodialys med 

bipolära membran. Denna process använder elektricitet för att dela vatten i hydroxidjoner 

och protoner, på samma gång som joner med olika laddning separeras. Detta resulterar i 

att man ur en saltlösning kan utvinna en syra och en bas. I detta arbete användes 

ammoniumsulfat eller ammoniumvätesulfat som ämnen i produktlösningen, alltså den 

ursprungliga lösningen i elektrodialysprocessen som innehöll saltet som skulle 

konverteras. 

Målet med detta arbete var att minimera energianvändningen och maximera 

separeringshastigheten för elektrodialysprocessen. Detta gjordes genom att ändra på 
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parametrarna i processen, utföra experiment på en elektrodialysapparat och analysera 

experimentresultaten. 

Den första stora ändringen som gjordes var att byta ut elektrolytvätskan. Dess uppgift i 

elektrodialysprocessen är att transportera elektricitet mellan elektroderna och själva 

membranpaketet där separeringen sker, utan att vara en del av processen. I de första 

experimenten användes natriumhydroxid som elektrolytvätska, i enlighet med 

instruktioner försedda av elektrodialysapparatens tillverkare. Detta ledde dock till en pH- 

och konduktivitetsökning i basströmmen som inte kunde förklaras av den tillverkade 

ammoniaklösningen. Orsaken till detta var jonläckage från elektrolytvätskan till 

basströmmen och därför byttes denna ut mot ammoniumsulfat, vilket ledde till minskat 

läckage. 

Eftersom både ammoniumsulfat och ammoniumvätesulfat kan användas i 

produktlösningen (lösningen som skulle separeras), så var det viktigt att undersöka vilken 

som var mer fördelaktig för processen. Det konstaterades att användning av 

ammoniumsulfat leder till mindre energiförbrukning och snabbare separering, eftersom 

en mindre mängd av detta måste separeras om man beaktar processen i sin helhet.  

Ett problem som uppkom angående produktlösningen var kvarblivet magnesiumsulfat 

efter karbonatiseringen. Detta ledde till utfällning av magnesiumhydroxid i 

membranpaketet, vilket i längden troligtvis orsakar sämre prestanda. Därför måste 

ytterligare ett processteg tillsättas för att separera magnesiumsulfatet. 

Upplöst ammoniak har väldigt låg konduktivitet och detta leder till att resistansen i 

membranpaketet är hög även vid höga koncentrationer av ammoniak i basströmmen. 

Därför undersöktes olika sätt att höja konduktiviteten i denna. Både ammoniumsulfat och 

magnesiumsulfat användes som konduktivitetshöjare, vilket ledde till ökad prestanda. 

Magnesiumsulfat orsakade dock utfällning i membranpaketet, vilket innebär att 

användning av detta ämne inte rekommenderas.  

En annan parameter som undersöktes var elektriciteten. Det kunde konstateras att en 

högre spänning leder till en högre energianvändning, medan mer ström genom 

membranpaketet leder till en snabbare separation. Värmegenerering i membranpaketet på 

grund av resistiva effekter är en del av orsaken till att den högre spänningen orsakar en 

högre energianvändning, alltså kunde det konstateras att en minskning av resistansen 



 80

(genom att höja konduktiviteten i basströmmen) är väsentlig för att minska 

energianvändningen. 

Genom att lägga till membran så att membranpaketet utökades från 7 till 9 

separeringsceller, kunde separeringshastigheten ökas och energianvändningen minskas. 

Det konstaterades dock att separeringen per aktiv membranyta förblir oförändrad, alltså 

är denna parameter troligtvis en optimeringsfråga gällande pris och separeringshastighet 

som måste beaktas om processen skalas upp. 

Eftersom konduktiviteten i basströmmen är en så viktig parameter så kunde ett 

membranpaket med två strömmar vara fördelaktigt. I detta fall separeras bara anjonerna 

och det bildas under processens gång en blandning av bas och produktsalt i en av 

strömmarna och en syra i den andra. Detta betyder att konduktiviteten i basströmmen hålls 

hög ända tills koncentrationen av produktsalt blir väldigt låg, vilket innebär att resistansen 

i membranpaketet hålls låg under den största delen av processens gång.  

Denna konfiguration har hunnit testas vid Åbo Akademi i skrivande stund och gett 

lovande resultat. Det som dock bör observeras är att basströmmen inte innehåller enbart 

ammoniak utan även en del ammoniumsulfat, vilket kan påverka karbonatiseringen. I 

detta arbete rekommenderades även tester med denna konfiguration och varierande antal 

celler för framtida undersökningar.  
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9 Appendices 

9.1 Appendix A, concentration calibration curves for AS and ABS 
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9.2 Appendix B, minimum reaction energies for AS and ABS 

 

 

NH4HSO4 + H2O =  H2SO4 +  NH4OH

T deltaH deltaS deltaG K Log(K)

C kJ J/K kJ

10 158.008 148.049 116.088 3.83E‐22 ‐21.417

15 169.094 187.148 115.167 1.32E‐21 ‐20.879

20 169.478 188.469 114.228 4.41E‐21 ‐20.355

25 169.858 189.755 113.283 1.42E‐20 ‐19.848

30 170.235 191.008 112.331 4.40E‐20 ‐19.357

35 170.607 192.228 111.373 1.32E‐19 ‐18.88

40 170.976 193.415 110.408 3.82E‐19 ‐18.418

45 171.341 194.571 109.438 1.07E‐18 ‐17.969

50 171.702 195.695 108.463 2.93E‐18 ‐17.534

Formula FM Conc. Amount Amount Volume

g/mol wt‐% mol g l or ml

NH4HSO4 115.104 86.467 1 115.104 64.665 ml

H2O 18.015 13.533 1 18.015 19.646 ml

g/mol wt‐% mol g l or ml

H2SO4 98.073 73.673 1 98.073 53.272 ml

NH4OH 35.046 26.327 1 35.046 0 ml

25 ºC 1475.692 1648.553 984.1795 kJ/kg ABS

 

25 ºC 169.858 189.755 113.283 per mole NH4OH

339.716 379.51 226.566 per mole CO2

7720.818 8625.227 5149.227 per kg CO2

NH4HSO4 = H2SO4 + NH3(a)

T deltaH deltaS deltaG K Log(K)

C kJ J/K kJ

10 118.352 160.631 72.87 3.60E‐14 ‐13.444

15 129.383 199.536 71.887 9.28E‐14 ‐13.032

20 129.73 200.731 70.886 2.33E‐13 ‐12.632

25 130.089 201.944 69.879 5.71E‐13 ‐12.244

30 130.457 203.166 68.867 1.36E‐12 ‐11.867

35 130.831 204.391 67.848 3.15E‐12 ‐11.502

40 131.21 205.613 66.823 7.13E‐12 ‐11.147

45 131.593 206.826 65.792 1.58E‐11 ‐10.803

50 131.978 208.027 64.754 3.41E‐11 ‐10.468

Formula FM Conc. Amount Amount Volume

g/mol wt‐% mol g l or ml

NH4HSO4 115.104 100 1 115.104 64.665 ml

g/mol wt‐% mol g l or ml

H2SO4 98.073 85.204 1 98.073 53.272 ml

NH3(a) 17.03 14.796 1 17.03 0 ml

25 ºC 1127.068 1743.91 607.0945 kJ/kg ABS

 

25 ºC 169.858 189.755 113.283 per mole NH4OH

339.716 379.51 226.566 per mole CO2

7720.818 8625.227 5149.227 per kg CO2
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(NH4)2SO4  + 2H2O = H2SO4 + 2NH4OH

T deltaH deltaS deltaG K Log(K)

C kJ J/K kJ

10 273.443 84.516 249.513 9.27E‐47 ‐46.033

15 284.703 124.224 248.908 7.50E‐46 ‐45.125

20 285.261 126.145 248.282 5.71E‐45 ‐44.244

25 285.818 128.026 247.646 4.07E‐44 ‐43.39

30 286.371 129.868 247.002 2.73E‐43 ‐42.563

35 286.922 131.672 246.348 1.73E‐42 ‐41.762

40 287.471 133.437 245.685 1.04E‐41 ‐40.985

45 288.017 135.166 245.014 5.89E‐41 ‐40.23

50 288.559 136.858 244.333 3.18E‐40 ‐39.498

Formula FM Conc. Amount Amount Volume

g/mol wt‐% mol g l or ml

(NH4)2SO4 132.134 78.574 1 132.134 74.652 ml

H2O 18.015 21.426 2 36.03 39.292 ml

g/mol wt‐% mol g l or ml

H2SO4 98.073 58.32 1 98.073 53.272 ml

NH4OH 35.046 41.68 2 70.091 0 ml

25 ºC 2163.092 968.9103 1874.203 kJ/kg AS

25 ºC 142.909 64.013 123.823 per mole NH4OH

285.818 128.026 247.646 per mole CO2

6495.864 2909.682 5628.318 per kg CO2

(NH4)2SO4 = H2SO4 + 2NH3(a)

T deltaH deltaS deltaG K Log(K)

C kJ J/K kJ

10 194.132 109.68 163.076 8.20E‐31 ‐30.086

15 205.281 149 162.347 3.70E‐30 ‐29.432

20 205.767 150.67 161.598 1.60E‐29 ‐28.797

25 206.28 152.405 160.84 6.59E‐29 ‐28.181

30 206.815 154.186 160.074 2.61E‐28 ‐27.584

35 207.369 155.999 159.298 9.89E‐28 ‐27.005

40 207.939 157.832 158.514 3.61E‐27 ‐26.443

45 208.521 159.675 157.72 1.27E‐26 ‐25.897

50 209.113 161.522 156.917 4.30E‐26 ‐25.366

Formula FM Conc. Amount Amount Volume

g/mol wt‐% mol g l or ml

(NH4)2SO4 132.134 100 1 132.134 74.652 ml

g/mol wt‐% mol g l or ml

H2SO4 98.073 74.223 1 98.073 53.272 ml

NH3(a) 17.03 25.777 2 34.061 0 ml

25 ºC 1557.26 1140.282 1217.249 kJ/kg AS

25 ºC 102.8835 75.335 80.799 per mole NH4OH

205.767 150.67 161.598 per mole CO2

4676.523 3424.318 3672.682 per kg CO2
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9.3 Appendix C, Conductivity Curves 

 

Rosemount analytical, 2010. 

 


