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a b s t r a c t 

Microbial electrosynthesis (MES) provides a sustainable route for the conversion of CO 2 and electricity 

into acetate and other organics. The conversion of CO 2 takes place at a biologically active cathode (‘bio- 

cathode’), which is typically separated from the anode by an ion exchange membrane. Since both charged 

and uncharged species participate in the reaction, understanding the transport of these species through 

the membrane, and how this depends on the type of membrane, is of key importance. We develop a the- 

ory for ion mass transport and conversion in these types of microbial electrochemical cells. The theory 

includes ion transport, acid-base reactions, as well as electrochemical reactions at the electrodes. We first 

analyze a cell configuration including three compartments, in which the acetate recovery compartment 

in the middle is separated from the outer compartments by one cation exchange membrane and one an- 

ion exchange membrane, and we compare with experimental data from literature. Analysis of ion trans- 

port across the ion exchange membranes revealed that acetic acid/acetate and carbonic acid/bicarbonate 

species were used as proton shuttles between the catholyte compartment and the recovery compartment. 

We also analyzed a system including a bipolar membrane (BPM). Our results showed that a commonly 

made assumption that in BPMs the charge is solely carried by protons and hydroxyl ions, produced in- 

side the BPM, is not generally correct. In our calculation charge is mainly carried by protons in the cation 

exchange layer of the BPM, while bisulphate and sulphate ions carry the charge in the anion exchange 

layer. In conclusion, we show that the ions which participate in acid-base reactions have to be considered 

in detail to describe and explain ion transport in MES cells and in the elements thereof such as BPMs. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Microbial electrosynthesis (MES) provides a sustainable route 

or the conversion of electricity and CO 2 into acetate or other or- 

anic molecules [1,2] . In acetate-producing MES systems, electroac- 

ive microorganisms (acetogens) that are in the vicinity of an elec- 

rode take up hydrogen or electricity, and produce acetate from 

O 2 . At the anode, electrons are usually derived from water oxi- 

ation (see Fig. 1 ). 

MES is a relatively new topic in the field of Microbial Electro- 

hemical Technologies. Several studies on MES have shown an im- 

rovement in acetate production rates and have led to increased 

nderstanding of the factors that influence acetate production, 
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uch as the type of membrane [3,4] , the cathode material [5,6] , 

nd operational conditions such as pH and cathode potential [7–

] . Most MES reactors consist of two compartments that are sep- 

rated by a cation exchange membrane (CEM). Other membranes, 

uch as anion exchange membranes (AEM) and bipolar membranes 

BPM), have also been studied. Furthermore, a three-compartment 

onfiguration, with an extraction compartment between anode and 

athode, has been demonstrated [3] . Ion transport through these 

ifferent membranes, and its effect on MES performance, is still a 

opic under active investigation. 

Both charged and uncharged ions play a role in the conversions 

t the electrodes, and we must understand their transport through 

ifferent membranes. Im proved theoretical understanding of trans- 

ort of ions in MES systems helps to understand, improve and con- 

rol MES performance. 
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Fig. 1. Schematic view of ion transport and electrochemical reactions in one example configuration of a microbial electrosynthesis cell. 
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To date, there are only few modeling studies on MES. A compre- 

ensive overview of the different parts of the system, and model- 

ng strategies, is given by Korth and Harnisch [10] . Matemadombo 

t al. [11] combine an experimental approach with a modeling 

tudy to analyze and describe the acetate production rates and 

ransport across the anion exchange membrane as a function of 

ime. However, the transport of ions other than acetate, across dif- 

erent types of ion exchange membranes, and the effect of pH on 

he dissociation of amphoteric species such as acetate and carbon- 

te, was not yet addressed. 

We present a system-level theory for microbial electrosynthe- 

is that includes electrochemical reactions at the electrodes and 

on transport across the membranes to study the transport of the 

ost prominent anions and cations in combination with acid- 

ase reactions, see Fig. 1 . This theory builds on previous work in 

hich one dimensional steady-state theory was used to describe 

on transport as a function of concentration and potential gra- 

ients in (bio)electrochemical systems and bioanodes [12–14] . In 

his approach infinitely fast acid-base reactions are assumed, which 

akes numerical analysis much easier compared to other models 

hat include finite rates of the acid-base reactions. 

In the present work, we further develop this approach to en- 

ble dynamic analysis of the processes in microbial electrosynthe- 

is, including the theoretical analysis of production, extraction, and 

oncentration of acetic acid [3,4] . 

We consider several cell configurations to illustrate our theory. 

n one specific configuration the extraction compartment is situ- 

ted in the middle of the electrochemical cell, separated from the 

nolyte compartment by a cation exchange membrane (CEM), and 

eparated from the catholyte compartment by an anion exchange 

embrane (AEM), see Fig. 1 . Acetate produced at the cathode was 

ransported (mainly driven by a potential gradient) from catholyte 

o extraction compartment, where it is concentrated in the form of 

cetic acid. 

In the other example we describe a two compartment cell with 

ither a cation exchange membrane or a bipolar membrane [4] . 

he three compartment system resulted in higher acetate concen- 

rations compared to the two compartment systems, and it was 

ound that HCO 

−
3 contributed considerably to charge balancing. 

To show the relevance of our theoretical framework, we com- 

are the experimental results [3,4] with our system-level theory 

or microbial electrosynthesis. In addition, we demonstrate the ef- 

ect of different experimental conditions and membranes on ion 

ransport and acetate production rates. Lastly, we present theory 
2 
o describe the dynamic transport of amphoteric ions across bipo- 

ar membranes (BPMs). We include the formation of H 

+ and OH 

−

s a means to ‘carry the current’ [15–18] , which we combine with 

imultaneous flow of other ions that contribute to charge transport 

n the BPM, such as HSO 

−
4 and SO 

2 −
4 [19] . 

Our theoretical model and its description of data serves as an 

xample of how suitable models for ion transport and acid-base 

eactions, both in solution and for the electrochemical reactions at 

lectrodes, leads to more understanding of bioelectrochemical sys- 

ems, for instance microbial electrosynthesis of acetate from CO 2 . 

. Theory 

In this section, we present a theoretical framework of an elec- 

rochemical cell for microbial electrosynthesis. The first example 

s a three-compartment cell that combines acetate extraction and 

oncentration. The system consists of the anolyte chamber, an ex- 

raction chamber (EC), and the catholyte chamber, with a cation- 

xchange membrane (CEM) between anolyte and EC, and an anion- 

xchange membrane (AEM) between EC and catholyte, in line with 

he configuration presented by Gildemyn et al. [3] and shown in 

ig. 1 . At the anode, water is converted to oxygen gas and pro- 

ons; at the cathode dissolved CO 2 is converted to acetate. Acetate 

s expected to transport to the middle, extraction, chamber and 

ollected there. The theory self-consistently predicts the fluxes of 

ll ions and the pH-profiles that develop over time (dynamically) 

n the system, by combing electrode reactions, mass balances, and 

quations for ion transport through the membranes (including the 

ffect of membrane charge). One relevant element in the theory is 

hat to describe all acid-base reactions between all ions, we use 

 methodology used before in Dykstra et al. [12] , Paz-Garcia et al. 

13] , de Lichtervelde et al. [14] , Hwang and Helfferich [20] , Hall

t al. [21] , Oren and Biesheuvel [22] , Ronen et al. [23] , Saville and

alusinski [24] , Biesheuvel et al. [25] . 

This method, that assumes local chemical equilibrium for all 

cid-base reactions, simplifies the mathematics to a large degree, 

nd needs much less kinetic information (information that often 

s not available). In the theoretical calculations that we present, of 

ach species all possible protonation degrees are considered (such 

s both HAc and Ac −) and their acid-base equilibria. 

In any electrochemical cell, the applied (or, generated) current 

s directly connected to the reaction rates both on the anode and 

n the cathode, and these relate to the ionic current in the system. 

he stoichiometry of the electrode reactions, together with the 
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Fig. 2. Data and theory of acetate concentration as function of time in the extraction, anolyte and catholyte chamber for a 43 day experiment in the 3-compartment 

electrosynthesis cell depicted in Fig. 1 . Data from Gildemyn et al. [3] . 
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electivities imposed by the membranes, determine the ionic 

uxes, protonation degrees of all acid-base species, and changes in 

H. 

We make an example calculation based on Gildemyn et al. 

3] and we simplify this system by considering of all ions only: 

• the carbonic acid ions ( H 2 CO 3 , HCO 

−
3 , and CO 

2 −
3 ); 

• the sulphate ions ( SO 

2 −
4 and HSO 

−
4 ); 

• the acetic acid (HAc) and acetate ion ( Ac −); 
• the Na + ion (representing a summation of all monovalent 

cations); 
• the Cl 

−
ion; 

• the hydronium and hydroxyl ions ( H 3 O 

+ and OH 

−). 

We will use the assumption of local chemical equilibrium for 

ll groups of ions, thus for HAc ⇐⇒ Ac −, for H 2 O ⇐⇒ OH 

− + H 

+ ,
or H 2 CO 3 ⇐⇒ HCO 

−
3 ⇐⇒ CO 

2 −
3 , and for SO 

2 −
4 ⇐⇒ HSO 

−
4 . We ne- 

lect all divalent cations, and we also neglect phosphate, and am- 

onium and ammonia, to reduce the number of equations. Nev- 

rtheless, the correspondence between our theoretical calculations 

nd experimental results shown in Fig. 2 , supports that our the- 

ry is adequate. However, for a precise comparison of theory with 

xperimental data, these ions, in particular the phosphate species, 

ust be included in the evaluation. 1 

A key element of the theory is the description of transport in 

he two ion-exchange membranes (IEMs) in the system. Here we 

ocus on modeling a membrane of a single charge sign (AEM or 

EM). As we will explain later on, a bipolar membrane (BPM) can 

e theoretically described as an AEM and CEM in direct contact, 

ith a layer of vanishingly small thickness in between. IEMs are 

haracterized by their fixed membrane charge density which leads 

o selective transport, where counterion transport is enhanced, and 

ransport of co-ions hindered. Counterions are ions with a charge 

ign opposite to that of the membrane fixed charge groups, while 

o-ions have the same charge sign as the membrane. We can dis- 

inguish between an anion-exchange membrane (AEM), where an- 

ons are the counterions, and a cation-exchange membrane (CEM), 

here cations are the counterions. The transport of uncharged 

pecies is not directly influenced by the charge of the membrane, 

nd they are transported through the membrane by diffusional 

orces only, neither accelerated nor retarded by the electrical field. 

The theory that we use based on a full description of all 

on fluxes and infinitely fast acid-base reactions in solution, has, 
1 We use the terminology of protons ( H 

+ ) and hydronium ions ( H 3 O 
+ ) inter- 

hangeably. 

w

(  

o

3 
mongst others, the following consequences that we discuss in de- 

ail later. In the theory we use, there is no need to 

• set up balances in the ions H 

+ or OH 

−
, 

• describe the fluxes of H 

+ or OH 

− through the membranes, 
• explicitly describe the participation of H 

+ and OH 

− at the two 

electrodes. 

Indeed, at the electrodes, we do not need to define whether H 

+ 

r OH 

− takes part in a certain electrode reaction (which often is 

nknown and undefined). Instead, the theory will predict what are 

he fluxes of H 

+ and OH 

− into/out of each electrode. 

In the present work, we do not describe the electroactive 

iofilm on the electrodes. Such a model, as reported in [14] , helps 

o identify the reaction overpotential (relevant for a calculation 

f the total cell voltage) and to investigate properties inside the 

iofilm. But for a given current efficiency (how much of the cur- 

ent is used to make acetate) and for an imposed current, it is not 

ecessary to set up a model for the biofilm. 

.1. Ion transport in ion-exchange membranes 

Diffusion and electromigration of ions through an IEM are de- 

cribed by the Nernst-Planck equation 

 i = −D m , i ·
(

∂c m , i 

∂x 
+ z i c m , i 

∂φ

∂x 

)
(1) 

here subscript i refers to ion type i, J i is the ionic flux (mol/m 

2 /s),

 m ,i the diffusion coefficient in the membrane ( m 

2 / s ), c m , i is the

on concentration per volume aqueous phase in the membrane 

 mol / m 

3 ), x is the position coordinate in the membrane, z i is the

on valency (e.g., +1 for Na + ), and φ is the dimensionless elec- 

rical potential, which can be multiplied by the thermal voltage, 

 T = RT /F , with R the gas constant (J/mol/K), T temperature (K), 

nd F Faraday’s constant (C/mol), to obtain the voltage with di- 

ension V. The diffusion coefficient in the membrane is a certain 

raction d f of the value in free (dilute) solution, D aq ,i , and the value

s the same for all ions. We neglect in Eq. (1) a possible advection

f ions due to volumetric (water) flow through the IEMs [26] . 

At each position in the membrane, mass conversation of every 

pecies is given by 

∂c m , i 

∂t 
= −∂ J i 

∂x 
+ �i (2) 

ith t time (s) and �i the chemical formation rate of species i 

 mol / m 

3 / s ) because of acid-base reactions. Note that in our the-

retical framework � does not need to be evaluated as we will 
i 
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iscuss below. Making the assumption of local steady-state in the 

embrane, the accumulation term, ∂c m ,i / ∂t , can be set to zero. 

The reaction-terms, �i , are dealt with as follows. For the inert 

nions Cl 
−

and cations Na + , Eq. (2) is used with �i set to zero. 

or all ions that undergo acid-base reactions, Eq. (2) is analysed 

er group of ions, in such a way that �i disappears. (Note that this 

art of the analysis is valid irrespective of the kinetic rate of the 

eaction, fast or slow.) In our system, three groups are considered: 

, c, and s. Group a consists of HAc and Ac −, which are in equi-

ibrium according to HAc � Ac − + H 

+ . Group c consists of H 2 CO 3 , 

CO 

−
3 and CO 

2 −
3 , which are in equilibrium according to H 2 CO 3 �

CO 

−
3 + H 

+ and HCO 

−
3 � CO 

2 −
3 + H 

+ . Group s consists of HSO 

−
4 and 

O 

2 −
4 , which are in equilibrium according to HSO 

−
4 � SO 

2 −
4 + H 

+ . 
s we will discuss below, for the “water ions”, H 

+ and OH 

−
, a bal-

nce such as Eq. (2) does not need to be set up but instead the

ore intuitive charge balance is used, which is Eq. (4) below. 

How does �i cancel out for each group of ions? Let us illustrate 

his by deriving a mass balance for group a. Independent of kinet- 

cs, at every moment and every position, the formation of HAc is 

qual to the consumption of Ac −, i.e., �HAc + �Ac − = 0 , and we can

um Eq. (2) over HAc and Ac −, to derive a mass balance for group

 where the production terms, �i , cancel out. The combined mass 

alance becomes 

∂ 
(
[ HAc ] m 

+ 

[
Ac −

]
m 

)
∂t 

= −∂ J HAc 

∂x 
− ∂ J Ac −

∂x 
, (3) 

nd in steady-state each side of this equation is zero. Note that 

n this work we use both the notation [..] and the symbol c i to

escribe concentrations. 

For group c, we use a similar approach, but with three ionic 

pecies, and we consider two chemical equilibria. In this case, the 

et formation of CO 

2 −
3 , HCO 

−
3 and H 2 CO 3 is zero, thus �H 2 CO 3 

+ 

HCO −
3 

+ �
CO 2 −

3 
= 0 . To derive a mass balance for group c where 

he production terms, �i , cancel out, we sum Eq. (2) over H 2 CO 3 , 

CO 

−
3 , and CO 

2 −
3 . 

A similar balance describes how the local ionic charge density 

oes not change in time, 

∂ 

∂t 

∑ 

i 

z i c m , i = − ∂ 

∂x 

∑ 

i 

z i J i (4) 

here the summation runs over all ions, including H 

+ and OH 

−. 

q. (4) follows from Eq. (2) when we sum over all ions and multi-

ly by their valency z i . The reaction term 

∑ 

i z i �i is zero because no

ionic) charge is produced in the acid-base reactions. Please note 

hat, for modeling of porous electrodes, or membranes of which 

he fixed membrane charge, ωX, is not fixed but depends on local 

on concentrations, Eq. (4) does not follow automatically [27] . Be- 

ause charge cannot accumulate, each side in this equation is zero. 

his is correct in a dynamic calculation, as well as for steady-state. 

Related, at each position in the membrane, local electroneutral- 

ty holds [20] , 

 

i 

z i c m , i + ωX = 0 (5) 

here ω is the sign of the membrane charge ( +1 for an AEM 

nd −1 for a CEM) and X is the membrane charge expressed in 

oles of fixed charges (a strictly positive quantity) per unit aque- 

us phase in the membrane [28] . Again, the summation over i in- 

ludes all ions present in the system. 

Next we set up expressions for the ion fluxes and ionic cur- 

ent across a membrane. As the membrane is described in steady 

tate, ion transport is constant across the membrane for the unre- 

ctive species, Na + and Cl 
−

. For these species, to calculate the ion 

uxes across the membrane, we combine Eqs. (1) and (2) , integrate 
4 
cross the membrane, and arrive at 

 i = −D m ,i 

L m 

·
(

c m , 1 ,i − c m , 0 ,i + z i 

∫ φ1 

φ0 

c m ,i d φ

)
(6) 

here subscripts “0” and “1” refer to the very left and very right 

ides, just in the membrane, and where L m 

is the membrane thick- 

ess. A detailed derivation of Eq. (6) can be found in Appendix A 

f Dykstra et al. [27] and in Biesheuvel and Dykstra [29] . 

For the ion fluxes of the three acid-base groups we have on the 

asis of Eq. (3) , taking the group of HAc + Ac − as an example, 

 HAc + Ac − = 

∑ 

HAc , Ac −
rhs ( Eq. ( 6 ) ) . (7) 

For the ionic current density, similarly, 

 charge , ionic = 

∑ 

i 

z i · rhs ( Eq. ( 6 ) ) (8) 

here the summation runs over all ions, including H 

+ and OH 

−. 

he ionic current density in each of the membranes, and also 

cross each solution phase relates to the externally imposed cur- 

ent to the cell I (in A / m 

2 ) by 

 = F · J charge , ionic . (9) 

To calculate the transport number, T i , which is the contribution 

f the flux of an ion to the local current, for each ion, we use the

on fluxes as given by Eq. (6) [29] 

 i = z i · J i · F /I. (10) 

The above equations are solved jointly with the acid-base equi- 

ibria that are established in our system within each group of 

pecies (such as the group that consists of HAc and Ac −), 

 a = 

[
Ac −

]
[ H 

+ ] 

[ HAc ] 
, K c1 = 

[
HCO 

−
3 

]
[ H 

+ ] 

[ H 2 CO 3 ] 
, K c2 = 

[
CO 

2 −
3 

]
[ H 

+ ] [
HCO 

−
3 

] , 

K s = 

[
SO 

2 −
4 

]
[ H 

+ ] [
HSO 

−
4 

] , K w 

= 

[
OH 

−][
H 

+ ] (11) 

hich are all evaluated at each position in the membrane. The nu- 

erical values of the equilibrium constants are given in Table 1 . 

For all ions (charged or not) we have at the two membrane 

uter surfaces (positions “0” and “1” of each membrane) 

 m ,i = c ∞ ,i · exp ( −z i · �φD ) (12) 

here subscript ∞ refers to the concentration in solution, i.e., out- 

ide the membrane, and where �φD is the Donnan potential, i.e. 

he potential just inside the membrane, minus that in solution 

28,30] . 

.2. Mass balances in solution 

Considering the example cell configuration of Fig. 1 , in each 

f the three bulk solutions (anolyte, extraction compartment, 

atholyte; k = a,e,c), we have the following balances for each ion 

 k ·
∂c k,i 

∂t 
= A ·

∑ 

j 

J k, j,i + V k · �k,i (13) 

here 
∑ 

j refers to the fluxes through the membranes and fluxes 

ue to electrode reactions, to be discussed below. Here, A is the 

rea of one membrane (i.e., the cross-area of the compartment, 

r cell) and V k the volume of each compartment. The volume of 

ach compartment can be larger than the space between mem- 

ranes, when the solution is pumped into/out of the cell from a 

torage vessel [3] . Eq. (13) assumes these volumes do not change 

n time; thus we neglect fluid transport through the membranes, 

ven though this electro-osmotic flow can be significant [26,29] . 
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Table 1 

System and electrode dimensions, operational parameters, parameters used for theoretical calcu- 

lations. Parameters obtained from 

∗1) Gildemyn et al. [3] ; ∗2) Dykstra et al. [12] ; ∗3) Stumm and 

Morgan [31] . Initial concentrations of ionic species are reported in S.I. Table 1. 

Experimental and general model parameters 

A cell Electrode geometric surface area 100 cm 

2 

T Temperature 298 K 

V k Volume anolyte, catholyte and extraction compartment ∗1 350 cm 

3 

p CO 2 Partial pressure of CO 2 in gas purged through catholyte ∗1 0.1 bar 

K H , CO 2 Henry coefficient of CO 2 
∗2 33.46 mM/bar 

I Current density ∗1 5.0 A/m 

2 

CE Coulombic efficiency ∗1 0.61 

Membrane parameters 

L m , AEM AEM thickness 100 μm 

L m , CEM CEM thickness 100 μm 

L m , BPM BPM thickness 200 μm 

d r , m , AEM Diffusion coefficient in AEM relative to value in solution 0.050 

d r , m , CEM Diffusion coefficient in CEM relative to value in solution 

in a 3-compartment cell (Figs. 2 and 3) 0.035 

in a 2-compartment cell (Figs. 4 and 5) 0.1 

d r , m , BPM Diffusion coefficient in BPM relative to value in solution 0.1 

ω AEM Sign of the fixed charge AEM +1 

ω CEM Sign of the fixed charge CEM −1 

X AEM Fixed charge density AEM 4 M 

X CEM Fixed charge density CEM 4 M 

Diffusion coefficients in solution 

i D i ( · 10 -9 m 

2 / s) ∗2 

Na + Sodium ion 1.33 

Cl 
−

Chloride ion 2.02 

HAc Acetic acid ion 1.21 

Ac − Acetate ion 1.10 

H 

+ Protons 9.13 

OH 

− Hydroxyl ion 5.16 

H 2 CO 3 Carbonic acid ion 1.92 

HCO −3 Bicarbonate ion 1.18 

CO 2 −3 Carbonate ion 0.98 

HSO −4 Bisulphate ion 1.385 

SO 2 −4 Sulphate ion 1.065 

Listed inflow concentrations are calculated considering conditions given by 

Eqs. (11) and (15) and pH inflow = 3 − log 10 (c inflow , H + ) . Furthermore, we relate c inflow , H 2 CO 3 

to the partial gas pressure of CO 2 , p CO 2 , according to Henry’s law, 

c inflow , H 2 CO 3 = K H , CO 2 · p CO 2 , where K H is Henry’s coefficient. 

Equilibrium constants of the acid-base reactions in solution ∗3 

pK a , AC CH 3 COOH � CH 3 COO − + H 

+ , K a , AC = 

[ CH 3 COO − ][H + ] 
[ CH 3 COOH ] 

4.76 

pK a , CA1 H 2 CO 3 ↔ HCO −3 + H 

+ , K a , CA 1 = 

[ HCO −3 ][H 
+ ] 

[H 2 CO 3 ] 
6.35 

pK a , CA2 HCO 3 − � CO 2 −3 + H 

+ , K a , CA 2 = 

[ CO 2 −3 ][H + ] 
[ HCO −3 ] 

10.33 

pK a , S HSO −4 ↔ SO 2 −4 + H 

+ , K a , S = 

[ SO 2 −4 ][H + ] 
[ HSO −4 ] 

1.92 

pK w H 2 O ↔ H 

+ + OH 

−
, K w = [H 

+ ][ OH 

−] 14.00 

The pK a and pK w relate to K a and K w using log 10 ( K a ) = 3 − pK a and log 10 (K w ) = 6 − pK w . 
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Eq. (13) is evaluated in this form for Na + and Cl 
−

(with �k,i = 

 ), while for the ions in the “a”, “c”, and “s”-groups the modified

orm (taking HAc + Ac − as example) becomes 

 k ·
∂ 
(
[ HAc ] k + 

[
Ac −

]
k 

)
∂t 

= A ·
∑ 

j 

∑ 

i 

J k, j,i (14) 

here subscript i indicates a summation over the ions within a 

ertain group (e.g., for the “a”-group, these are HAc and Ac −), 

nd j is a summation over the fluxes through the membranes or 

lectrodes (to be discussed below for each compartment), while k 

efers to the compartment. Eq. (14) is implemented for each group 

f species, and for each solution phase ( k = a,e,c). Exceptions are 

or the carbonic acid ions (the “c”-group), for which Eq. (14) is only 

olved in the anolyte, and not in the other compartments because 

here the concentration of H 2 CO 3 is fixed because CO 2 -gas is bub- 

led through these compartments. 

In each of the three compartments, Eqs. (13) and (14) are sup- 

lemented by the condition of electroneutrality, which we consid- 
5 
red in the membranes as well ( Eq. (5) ), 
 

i 

z i c k,i = 0 . (15) 

As a next step, in each compartment mass balance, Eq. (13) , two 

oundary fluxes J j,i must be implemented. First of all there are the 

uxes through the membranes, as described by Eqs. (6) and (7) . 

ote that each membrane flux will show up in two compartment 

alances, once as a positive contribution, once negative. Making 

se of the coordinate system as in Fig. 1 , where the coordinate 

 -axis runs from left to right (and thus fluxes J i defined positive 

owards the right), then a (membrane) flux entering the compart- 

ent on the lhs is taken as a positive contribution (“with a plus- 

ign”) and a flux leaving on the rhs is implemented as a negative 

ontribution (“with minus sign”). Secondly, there are contributions 

ue to the electrode reactions, as explained in the next section. 

For the extraction and catholyte compartments, the partial 

ressure of the gas CO 2 that is bubbled through the catholyte, 

p CO 2 
, relates to the concentration in solution of carbonic acid, 
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Fig. 3. Theory of pH in anolyte, extraction compartment and catholyte in a 3- 

compartment electrosynthesis cell as depicted in Fig. 1 (a). Transport of Ac − from 

the catholyte (cat) to the extraction compartment (ec) and of HAc from the ec to cat 

(b), and transport of HCO −3 and CO 2 −3 from cat to ec , and of H 2 CO 3 from ec to cat 

(c). Fluxes are evaluated in the membrane at the point where it faces the catholyte 

compartment. Inputs for the theoretical calculations are the same as in Fig. 2 and 

are summarized in Table 1 . 

3

3

M  

e

t

c

s

 2 CO 3 , according to Henry’s law 

H 2 CO 3 ] = K H ,c · p CO 2 (16) 

ith K H ,c Henry’s coefficient for CO 2 -adsorption ( K H ,c = 

3 . 46 mM/bar). For H 2 CO 3 , we assume that the chemical re- 

ction between unhydrated CO 2 and hydrated H 2 CO 3 in water is 

nfinitely fast. 

.3. Electrode reactions 

In the next section we explain the two remaining fluxes for the 

ons, due to the electrode reactions on the two electrodes. For the 

nert species Na + and Cl 
−

we simply have a zero reaction flux at 

he electrode, and the same goes for the group SO 

2 −
4 + HSO 

−
4 , as 

here is no formation of these species at the electrode. Thus in the 

ass balances for the anolyte and catholyte compartment for Na + , 
l 
−
, and for the “s”-group, only the membrane flux is required. 

This only leaves us to discuss how the reactions impact the bal- 

nces for the “c”- and “a”-groups. Note first of all, we do not need

o consider which ion is involved in an electrode reaction, e.g., 

hether it is HAc or Ac − that is formed, is of no concern. Instead, 

he theory self-consistently calculates in which form the species is 

resent in each compartment. Note also, again, that OH 

− and H 

+ 

o not need to be explicitly considered in relating electrode reac- 

ion rates to the current, as illustrated next. 

First, let us consider the anode. Here, water reacts to protons 

nd oxygen (gas). Or, equivalently, OH 

−-ions react to O 2 and wa- 

er. From the point of reaction stoichiometry, both reactions are 

quivalent. In any case, with this reaction on the anode, there is 

o involvement of either the “c”- or “a”-groups. So for these two 

roups, the reaction flux J i is zero in the anolyte, and thus the re-

ction of oxygen formation does not show up explicitly in any of 

he mass balances. 

Second, we consider the cathode. Let us discuss how the var- 

ous fluxes are linked to one another, and linked to the electrical 

urrent. Assuming the reaction of acetate from carbonate to be the 

nly electrode reaction taking place, we can relate the consump- 

ion/production flux of ions in each group to the electronic cur- 

ent, I (in A / m 

2 ), because we know that for each carbonate ion that

eacts away (irrespective of whether it is H 2 CO 3 , HCO 

−
3 or CO 

2 −
3 ), 

our electrons enter into solution (from the electrode), while for 

ach two carbonate ions that disappear one acetate ion is formed 

again, irrespective of which ion from a group). This is quantified 

s 

/F · CE = 4 · J e 
H 2 CO 3 + HCO −3 + CO 2 −3 

= −8 · J e 
HAc + Ac − (17) 

here superscripts e are implemented to distinguish this electrode 

ux from the membrane fluxes that are described by Eqs. (6) and 

7) . In the ideal case just discussed, all electronic current is used 

o convert carbonate into acetate, and thus the Coulombic effi- 

iency, CE , is unity ( CE = 1 ). However, often also other reactions 

ake place, involving water and the H 

+ and OH 

− ions (or other 

ons), which implies the Coulombic efficiency is less than unity. 

his is also the case in the calculations in this paper. If no other 

lectrode reactions are considered but the carbonate to acetate re- 

ction discussed above, and if CE is some number less than unity, 

his implies that the remainder of the electronic current is involved 

n a reaction with water, H 

+ and/or OH 

−. This reaction involving 

ater, H 

+ , and OH 

−
, similar to the reactions on the anode, does 

ot need to be explicitly considered in the numerical calculations, 

ut nevertheless they affect the calculation outcome, such as pH in 

he catholyte compartment, i.e., this reaction is most certainly part 

f the physical description of this problem. 
6 
. Results and discussion 

.1. Acetate production and recovery 

In the first calculation, we consider the three-compartment 

ES cell discussed by Gildemyn et al. [3] , and we use the param-

ter values listed in Table 1 . The measured and calculated produc- 

ion rates of acetate in the extraction compartment, anolyte, and 

atholyte, are shown in Fig. 2 . ‘Acetate’ in this context refers the 

um of HAc and Ac −. 
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Fig. 4. Theory of acetate concentration (a,d) and pH (b,e) in the anolyte and catholyte in a two-compartment cell with only a cation exchange membrane (a,b) or only an 

anion exchange membrane (d,e). Transport numbers with only an anion exchange membrane are evaluated in the membrane at the anode side (c) and at the cathode side 

(f). For cations, a positive transport number implies the ion flows from anode to cathode, while for anions a positive transport number implies the reverse. In a cation 

exchange membrane, the transport number of H 

+ is equal to 1, and of all other ions close to 0 (not shown). 
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Gildemyn et al. [3] shows that the highest acetate concentra- 

ion is obtained in the extraction compartment. In the catholyte, 

he acetate concentration increases and reaches a stable value, 

hile in the anolyte the acetate concentration continuously in- 

reases with time. The theory ( Fig. 2 B) shows similar trends, such 

s that the highest acetate concentration is obtained in the extrac- 

ion compartment. The anolyte concentration of acetate is close to 

hat in the extraction compartment, while the concentration in the 

atholyte increases at a much lower rate. 

.2. Acetate transport across the membranes 

The theory allows for detailed analysis of transport of acetate 

nd other ions across the membranes. As shown in Fig. 3 , pH as

unction of time is quite stable in all three compartments, with the 

atholyte pH stabilizing around pH 7.5, while in the anolyte pH = 

.6, and in the recovery compartment pH = 1.7. Gildemyn et al. 

3] reported a pH of 1.7 in the extraction compartment, in agree- 

ent with the calculated pH, though catholyte pH was reported as 

H 8.4, somewhat higher than the value we calculate. 

Ac − transport from the catholyte to the extraction compartment 

ncreases slightly over time ( Fig. 3 ). This Ac − transport to the ex- 

raction compartment is considerably higher than the transport of 

Ac from the extraction compartment back to the catholyte. This 

o-called backtransport is undesired, as it results in a lower ex- 

raction efficiency. It is a combined effect of the increasing acetate 

oncentration and decrease in pH in the extraction compartment, 

esulting in a larger driving force for HAc diffusion from the extrac- 

ion compartment to the catholyte. The transport number for Ac −

as around 7% which corresponds well to the reported transport 

umber of 8.1% [3] . 

In addition to Ac − transport, also transport of other ions can be 

nalyzed with the theory. Transport of HCO 

−
3 from the catholyte 

o the extraction compartment was roughly 10 times higher than 

c − transport, implying that large part of the fed CO 2 is trans- 

orted away from the catholyte. At the same time, HCO 

− is proto- 
3 

7 
ated in the extraction compartment where pH is low, and there is 

ransport of H 2 CO 3 from extraction compartment back to catholyte. 

hus, part of the transported HCO 

−
3 is recycled to the catholyte as 

 2 CO 3 . Transport numbers of HCO 

−
3 and other anions across the 

EM were not analyzed in the experimental work, but the authors 

uggested that HCO 

−
3 , Cl 

−
and OH 

− were the main other charge 

arriers. Our calculations show that HCO 

−
3 accounted for 78-81% 

f the transported charge, which implies that compared to Ac −, 11 

imes more charge was carried by HCO 

−
3 . The remainder of the cur- 

ent was carried by CO 

2 −
3 (up to 8%), while Cl 

−
accounted for ~1%. 

ransport of OH 

− was negligible. In addition, the calculated results 

how that SO 

2 −
4 is transported from the extraction compartment to 

he catholyte (transport number of -3%). 

We make additional calculations for a simplified electrochem- 

cal cell design. Fig. 4 illustrates a simplified process when only 

 cation exchange membrane (CEM) or only an anion exchange 

embrane (AEM) is used. If only an AEM is used, the acetate 

oncentrations in the anolyte and catholyte have similar trends 

 Fig. 4 D) compared to the original situation ( Fig. 2 ) in the three-

ompartment cell. Instead, if only a CEM is used, the theory pre- 

icts a very strong decrease of the pH in the catholyte, and the pH 

s much lower than in the three-compartment cell. Interestingly, 

lso [4] observed a lower value of the catholyte pH during the ex- 

eriments when only a CEM was used, and they had to maintain 

he pH around 6.6 by regularly dosing a 1 M NaOH solution. 

Fig. 4 also shows the transport numbers of various ionic species 

cross the AEM, evaluated in the membrane at the anode side 

 Fig. 4 C) and at the cathode side ( Fig. 4 F). In case an AEM is used,

any amphoteric ions contribute to charge transport, and the con- 

ribution is different at both sides of the membrane. What can be 

bserved is that, at the anode side, charge is mainly carried by 

SO 

−
4 and SO 

2 −
4 ions, and the contribution of these ions is more 

r less constant over time, with HSO 

−
4 on this side entering the 

embrane and SO 

2 −
4 leaving the membrane. At the cathode side, 

CO 

−
3 plays a role at the start of the experiment, but after ∼ 25 

ays the contribution of HCO 

− is completely taken over by Ac −. 
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Fig. 5. Transport numbers in a two-compartment cell with an anion exchange membrane as function of position in the membrane, a) after 1 day of operation and b) after 

40 days of operation. Transport numbers of ionic species with values close to zero are not shown. Concentrations of ionic species in both compartments are reported in S.I. 

Table 2. 
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e furthermore find that in case a CEM is used, the current is 

ompletely transported by protons (not shown). Also H 2 CO 3 and 

Ac are transported across the membrane, see Fig. 4 , but because 

hey are uncharged, their transport number is zero. 

As we discussed in de Lichtervelde et al. [14] the ionic cur- 

ent is mainly carried by the group of ionic species with a pK 

alue closest to the pH at that position. Thus, where pH is close 

o pK a , CA1 = 6 . 4 , current is mainly carried by the H 2 CO 3 and HCO 

−
3 

ons, and where pH is close to pK a , AC = 4 . 8 , it is the HAc and Ac −

ons. Finally, when pH is close to pK a , S = 1 . 9 , current is transported

y the HSO 

−
4 and SO 

2 −
4 ions. Thus we observe that at the anode 

ide where pH ∼ 2 , the group of sulphate ions carries the current. 

t the cathode side, during the first 20 days of the experiment, the 

H is much higher ( > 6), and therefore the group of bicarbonate 

ons carries the current. When the current decreases (after approx. 

0 days), the group of acetate ions takes over. 

Fig. 5 shows transport numbers in a two-compartment cell with 

n AEM after 1 day and 45 days of operation as function of posi-

ion. At the membrane-anolyte interface current is carried by the 

SO 

−
4 and SO 

2 −
4 ions. However, at the membrane-catholyte inter- 

ace, it is transported by HCO 

−
3 at the start of the experiment, 

hen the pH in the catholyte is still above pH 6, while after 40 

ays of operation, when the pH decreased to values close to pH 4, 

his role is taken over by Ac −. 

.3. Bipolar membrane 

A bipolar membrane (BPM) can be theoretically described as an 

EM and CEM in direct contact, with a vanishingly thin aqueous 

ayer in between. Thus we have an AEL and CEL (with L for ‘layer’)

hat together form a BPM. The cell configuration is the same as the 

hree-compartment cell illustrated in Fig. 1 , but with a vanishingly 

mall aqueous region between the two membrane layers. In the 

resent case, with a BPM, another modification is made to Fig. 1 : 

he AEL is positioned towards the anode, and the CEL towards the 

athode. All membrane parameter values are reported in Table 1 . 

Fig. 6 shows the predicted development of concentrations of 

ons as function of time in the anolyte and catholyte. Acetate is 

roduced at the cathode, and because of the low pH (close to 

r below pH 5 after 10 days of operation), part of the acetate 

s converted to its uncharged form, which is transported through 

he BPM to the anolyte by diffusional forces. Furthermore, Fig. 6 D 

hows a distinct decrease of pH in the catholyte, which is in line 

ith experimental findings by [4] , who found a pH decrease in the 
8 
atholyte when a BPM was used in the same way as in our theo- 

etical model. 

Moreover, we analyzed the transport numbers across the AEL 

nd CEL (results not shown). These transport numbers are evalu- 

ted on the outside interfaces of the membrane (just inside the 

embrane). We find that the current is completely carried by pro- 

ons in the CEL. In the AEL, the current is mainly carried by the 

SO 

−
4 and SO 

2 −
4 ions, with pK a , S = 1 . 92 , and this and this is due to

he low pH in the anolyte. We find a negative value for the trans- 

ort number of HSO 

−
4 ( T i = −0 . 94) , while the transport number of 

O 

2 −
4 is higher than 1 ( T i = 1 . 88 ) . These numbers imply SO 

2 −
4 flows 

rom the anode through the AEL to the interface with the CEL, 

hile HSO 

−
4 flows in reverse direction. We note that the summa- 

ion of the transport numbers of all ions in the membranes is al- 

ays equal to 
∑ 

i T i = 1 . Based on these findings, we conclude that 

 frequently made assumption about BPMs, namely that current is 

redominantly carried by H 

+ and OH 

−
, that are produced at the 

nterface between AEL and CEL, is not correct if amphoteric ions 

re present. According to our calculation, it is correct that H 

+ is 

roduced in acid-base reactions at the interface, but OH 

− is not 

roduced as a species that then flows through the AEL. Instead, 

ther anions carry the current in the AEL. Thus, in order to de- 

cribe and explain ion transport in BPMs, all ionic species have to 

e considered, especially the amphoteric ions. 

. Conclusions 

In this work we have set up a dynamic one-dimensional theo- 

etical framework to describe the transport of the amphoteric ions 

hich participate in acid-base reactions and across (bipolar) ion 

xchange membranes (BPMs). The theory is applied to the case of 

 microbial electrosynthesis cell, which converts CO 2 into acetate. 

he theory includes reactions at the electrodes. 

In this theoretical approach all fluxes are self-consistently cal- 

ulated without prescribing any of the fluxes. The theory does not 

equire that one defines the fluxes of H 

+ or OH 

− at the electrodes, 

nd neither do we have to define whether acetate ( Ac −) or acetic 

cid (HAc) is produced at the electrode, or which carbonate ions 

 H 2 CO 3 , HCO 

−
3 or CO 

2 −
3 ) is consumed. Lastly, to theoretically de- 

cribe a bipolar membrane, we do not have to make the common 

ssumption that ionic charge is only carried by H 

+ and OH 

−. 

As an example calculation, we considered the three- 

ompartment MES cell of Gildemyn et al. [3] . The theory describes 

he general trends observed experimentally. Furthermore, our 
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Fig. 6. Theory of transport of amphoteric ions across a bipolar membrane, with the anion exchange layer positioned towards the anode, and the cation exchange layer 

towards the cathode. (a) Ion concentrations in anolyte, and (b) catholyte, and (c) at the interface between the cation and anion exchange layers. (d) pH in anolyte and 

catholyte, and at the interface. 
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esults show that a commonly made assumption that in BPMs 

he current is carried by H 

+ and OH 

−
, and that these species 

re produced at the interface between the anion-exhange layer 

nd cation-exchange layer, is not correct. We find that, in order 

o describe and explain ion transport in BPMs, amphoteric ionic 

pecies have to be considered. These amphoteric ions, for example 

SO 

−
4 , can carry a proton across the anion exchange layer of the 

PM to the interface with the cation exchange layer, and this 

isulphate ion is thereafter transported in the reverse direction in 

nprotonated form, as SO 

2 −
4 . 
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