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CHAPTER 1

General introduction
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This thesis describes the use of (bio)electrochemical systems to recover ammonia  from 
nitrogen-rich wastewaters, with a focus on urine. The aim of this thesis is to improve the 
understanding on the transport of total ammonia nitrogen (TAN; the sum of NH3 and NH4

+), 
as well as to optimize the TAN removal and recovery in (bio)electrochemical systems. 

In this introduction, we first show the impact that the industrial production of ammonia 
has had on the nitrogen cycle, and briefly discuss how nitrogen is removed in wastewater 
treatment plants (WWTPs). Later, we explain the need for technologies that focus on 
recovering (instead of removing) ammonia from wastewaters, in order to close the 
nitrogen cycle in a sustainable way. Next, we propose the use of (bio)electrochemical 
systems for TAN recovery from nitrogen-rich wastewaters and explain the basic concepts 
to describe their performance. Afterwards, we focus on the recovery of TAN from urine by 
means of (bio)electrochemical systems and its challenges. Finally, we describe the thesis 
outline.

Context
The threats of water scarcity, climate change and depletion of non-renewable resources 
(such as fossil fuels) are linked to the impact of anthropogenic activities brought about 
by the rapid growth in human population over the last century. The rapid growth in 
human population has resulted in an increased demand for resources such as water 
and food. The widespread application of synthetically produced fertilizers has allowed 
to sustain the growing demand for food. However, the production and use of synthetic 
nitrogen fertilizers results in not only a significant use of energy in the form of fossil 
fuels, but also in soil degradation and the pollution of air, groundwater and surface 
water. 

1.1 	 Ammonia production: drawbacks and environmental impact

Nitrogen, an essential element for all living organisms, is made available to plants by 
converting inert atmospheric nitrogen (N2) to more reactive forms, such as ammonia (NH3) 
or nitrate (NO3

-). This process is called nitrogen fixation and can be carried out naturally or 
artificially. Natural, biological nitrogen fixation takes place when atmospheric N2 is reduced 
to NH3 by certain prokaryotes (i.e. diazotrophs) via nitrogenase, an enzyme complex [1, 2]. 
Artificial nitrogen fixation, on the other hand, occurs mostly via the Haber-Bosch process.
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1The invention of the Haber-Bosch process was a collaboration between Fritz Haber and 
Carl Bosch. Fritz Haber successfully synthesized ammonia from N2 and hydrogen (H2) in 
1908, and only four years later, his laboratory setup had been upscaled to an industrial 
level by Carl Bosch [3, 4]. 

Around 80% of the ammonia produced globally by the Haber-Bosch process is used for 
the production of synthetic nitrogen fertilizers [4–6]. The role of the Haber-Bosch process 
in our modern agriculture is so crucial that, by 2008, almost half of the world’s population 
was sustained by food produced with synthetic nitrogen fertilizers [3].

The production of ammonia via the Haber-Bosch process is energetically very demanding: 
it consumes 1-2% of the global energy supply [3, 6–9] and accounts for 3-5% of the global 
natural gas consumption [10]. N2 is widely available in the atmosphere, where it accounts 
for 78% of all gases, but it is inert and very stable due to the strong triple bond shared 
by the two nitrogen atoms [9, 11, 12]. The nitrogen bond needs to be split up in order to 
reduce N2 to bioavailable NH3, which requires a catalyst, high temperatures and pressures 
(α-iron or ruthenium catalyst, 350–550 °C, 150–350 atm [13]). Furthermore, the H2 used 
in the Haber-Bosch process is mostly obtained from fossil fuels (mainly natural gas (72%) 
and coal (22%) [6]), which makes the process energy-intensive and results in emissions of 
large amounts of CO2. In the Netherlands, for example, the CO2 emissions from ammonia 
production account for 2% of all greenhouse gas emissions [14].

Even though the Haber-Bosch process has been optimized by using novel catalysts [11] or 
hydrogen produced by more sustainable processes (such as by water electrolysis [7]), its 
use of fossil fuels is currently the most economical and mature option [6, 15]. 

Consequences of our intervention on the nitrogen cycle
The introduction of the Haber-Bosch process significantly increased the amount of 
biologically available nitrogen on Earth, causing an imbalance in the nitrogen cycle 
(Figure 1.1). Nowadays, over half of the nitrogen received by the world’s crops comes from 
synthetic nitrogen fertilizers, so the amount of global nitrogen fixation has doubled [4]. 
This has led to an accumulation of reactive nitrogen in natural ecosystems, resulting in 
severe environmental consequences. 
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Figure 1.1. Representation of the global nitrogen cycle. Green arrows depict natural fl uxes and 
yellow arrows the anthropogenic disturbances. The major processes in which inert N2 is transformed 
to reactive nitrogen forms (NO3

-, NH4
+, N2O), and vice versa, are shown. Values are presented in 

Mt N per year and are based on estimations with data from the 1990s; many of the values have 
uncertainties of ±50% and larger.  Adapted from [16].

A big proportion of the nitrogen  applied globally on the fi eld (50- 70%) is lost to the 
environment via volatilization, denitrifi cation, leaching, and runoff  [4, 17, 18]. These losses 
result in  soil acidifi cation and the pollution of air (via ammonia volatilization and nitrous 
oxide (N2O) gas emissions) groundwater and surface water [4, 17, 19]. 

Runoff  from the agricultural fi eld can cause eutrophication in surface water bodies. 
Eutrophication is caused by an excessive growth of aquatic plants and algae due to a high 
concentration of nutrients (mainly nitrogen and phosphorous) in the water. The excessive 
growth of aquatic plants and algae can result in oxygen depletion, triggering the loss of 
biodiversity (such as the extinction of fi sh species and the death of coral reefs) and the 
emergence of harmful algal blooms which pose risks to human health [20, 21]. 
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11.2 	 Ammonia removal from wastewater

1.2.1 	 Why do we need to remove it?
Apart from volatilization, denitrification, leaching, and runoff from agriculture, nitrogen 
also ends up in the environment via the discharge of wastewater. As plants are consumed 
by animals and humans, some of the nitrogen used to fertilize them ends up in animal and 
human excreta, which can be partly found in sewage. Estimations show that, on average, 
15-30% of the nitrogen from fertilizers applied in agriculture ends up in wastewater [22, 
23]. Nitrogen from wastewater can enter surface waters by means of sewer overflows, 
discharge of untreated sewage, or effluent from wastewater treatment plants (WWTPs). 
In order to decrease the risk of eutrophication of receiving water bodies, it is of crucial 
importance to remove nitrogen from wastewater. 

1.2.2 	 The drawbacks of current technologies for the removal of ammonia from 
wastewater 
From the total nitrogen entering surface waters in the Netherlands in 2004, around 13% 
(14 401 tonnes N) came from the effluent of wastewater treatment plants  [24, 25]. In the 
European Union, nitrogen in wastewater needs to be removed down to a concentration 
of 10-15 mg N L-1 (depending on the capacity of the WWTP) before discharge into 
water bodies sensitive to eutrophication [26]. There are several ways to remove N from 
wastewater (see Chapter 2 of this thesis), but most conventional WWTPs remove it by 
subsequent biological nitrification and denitrification [27].   

The nitrification/denitrification process can remove nitrogen to low concentrations, but 
it has four disadvantages: 1) ammonia is converted back to N2, so it cannot be directly 
reused; 2) it is energy-intensive; 3) produces large amounts of sludge; and 4) it results in 
N2O emissions.

The nitrification/denitrification process is one of the most energy-intensive processes 
for wastewater treatment plants because it requires aeration for the nitrification step (to 
oxidize ammonia to nitrate by Nitrosomonas and Nitrobacter) and a carbon source for the 
denitrification step (to reduce nitrate to N2 by a variety of denitrifiers) [28–30]. Most of 
the energy consumed in wastewater treatment plants is used for aeration, accounting 
for 45 to 75% of the total energy demand [28–33]. Furthermore, the aerobic treatment of 
wastewater results in the production of large amounts of sludge [34], and its handling and 
disposal is another costly aspect for WWTPs [35].

Another drawback of the nitrification/denitrification process is that nitrous oxide can 
be formed in both the nitrification and denitrification steps. The N2O emissions from 
wastewater treatment plants are not considered as high compared to the total emissions 
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(they represent about 3% of the anthropogenic N2O emissions [36]). However, the 
greenhouse gas potential of N2O is 300 times that of CO2 [37], which is why its contribution 
to the total greenhouse gas  footprint of WWTPs (expressed on CO2 equivalents) can be 
as high as 78% [31].

Alternative N removal technologies have been developed to reduce the energy use 
and operational costs of the conventional nitrification/denitrification process, such as 
SHARON/Anammox (see Chapter 2). These technologies, however, still rely on converting 
usable, reactive forms of nitrogen back to nitrogen gas. Therefore, to reuse the ammonia 
in wastewater, two steps would be needed: 1) the removal of ammonia as N2, and 2) the 
reduction of N2 back to NH3 via the Haber-Bosch process. 

To summarize, both the conventional processes to produce NH3 and remove TAN from 
wastewaters result in:
	 a) Heavy use of non-renewable energy in the form of fossil fuels
	 b) Significant operational costs to WWTPs
	 c) Pollution in the form of greenhouse gas emissions (CO2 and N2O)
	 d) �Low resource efficiency, as much of the produced reactive nitrogen is re-

processed to N2 instead of recovered and recycled 

1.3 	 We need to look for alternatives: Recovery instead of removal

1.3.1 	 Why to recover ammonia instead of removing it?
Recovering TAN directly from wastewater would create a shortcut in the nitrogen cycle, 
while energy and resources would be saved by circumventing the conversion of NH3 to N2 
and then back to NH3. Therefore, this would result in reduced energy consumption and 
greenhouse gas emissions associated with both its production and removal processes. In 
the Netherlands, for example, around 16% of the synthetic nitrogen fertilizer production 
could be replaced if all the nitrogen entering WWTPs would be recovered [38].

The recovery of TAN is energetically more efficient when treating nitrogen-rich wastewater 
streams with concentrations higher than 1 g TAN L-1 [15, 38], as in the case of urine [39], 
municipal digestate [40], reject water from the anaerobic digestion of sludge [41–43], 
dairy manure [44], pig slurry [45–49] and landfill leachate [50].

1.3.2 	 Current technologies for ammonia recovery
Several techniques have been developed to recover ammonia from nitrogen-rich 
wastewaters (Figure 1.2). While they can be separated in physico-chemical and 
electrochemical, some of them overlap, such as electrodialysis and capacitive deionization. 
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Figure 1.2. Diff erent techniques for the recovery of TAN from nitrogen-rich wastewater streams 
(based on [38, 51]). The recovery by nitrogen incorporation into biomass (such as microalgae 
cultivation) has been excluded in this overview. This thesis involves the use of electrochemical and 
bioelectrochemical systems.

Currently, many of these techniques require high inputs of energy and chemicals to 
achieve high TAN recovery effi  ciencies, and some of them produce a low-purity product 
[39, 52]. Membrane processes such as reverse osmosis, nanofi ltration, electrodialysis, or 
capacitive deionization, for example, mainly concentrate or reduce the volume of the 
wastewater stream, so that another process such as air stripping is needed to obtain a 
purer product [49, 53–55]. Furthermore, they require a solution with a low pH to keep 
the TAN as ammonium (NH4

+) and prevent volatilization of NH3. Ion-exchange processes 
such as the use of zeolites to recover NH4

+ also require a pH between 6 and 7 to perform 
optimally [56], as well as brine or caustics for the regeneration of the zeolite, and an 
additional step to recover TAN from them. Zeolites could also be used directly as soil 
conditioner after NH4

+ adsorption, but their adsorption is not selective for NH4
+ [57].

From the techniques in Figure 1.2, stripping and struvite precipitation are the most 
established and applied on larger scales [38]. Recovering nitrogen by stripping or struvite 
precipitation results in a liquid solution of ammonium salts (e.g. (NH4)2SO4, NH4NO3) or a 
phosphate mineral (magnesium ammonium phosphate, or MAP), respectively. Both can 
be used as fertilizers [58]. Due to the high solubility of ammonia, stripping requires the 
application of heat, aeration or vacuum, and caustics to raise the pH of the wastewater to 
> 9.3 [58, 59], which results in a relatively high energy consumption (Table 1.1). To recover 
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TAN from wastewater by struvite precipitation, addition of caustics (for pH adjustment), 
magnesium salts and  phosphate (to achieve an equimolar ratio of Mg2+:NH4

+:PO4
3-), might 

be needed [60]. Urine, for example, contains much more nitrogen than phosphorous and 
magnesium: by adding magnesium all the phosphate can be recovered, but this would 
only result in a TAN recovery of around 3%  [39]. Therefore, a considerable addition of 
phosphate, a finite resource, would be needed to fully recover the nitrogen from urine by 
MAP precipitation. For this reason, struvite precipitation is better suited for the recovery 
of phosphorous than for recovery of nitrogen. 

TAN chemistry
Ammonium (NH4

+) and ammonia (NH3) are a weak acid and weak base, respectively. 
Their equilibrium is defined by the following equation:

NH+
4 ⇋NH3 (g)+H+        Equation 1.1

The equilibrium is dependent on pH and temperature. In dilute aqueous solutions 
and at standard temperature (298.15 K), the acid dissociation constant of NH4

+ is 5.6 
E-10, so its pKa is 9.25. This means that both nitrogen species will have the same molar 
concentration at pH 9.25. A pH lower than 9.25 results in a higher concentration of NH4

+, 
while a pH higher than 9.25 will result in a higher concentration of NH3. At the same 
time, higher temperatures shift the equilibrium towards NH3, while lower temperatures 
shift the equilibrium towards NH4

+. When trying to recover TAN as a gas, in the form of 
NH3, higher pH and temperatures are favorable. 
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1
Table 1.1. Energy requirements* of conventional processes for the production, removal or recovery 
of TAN (based on [58])

  MJ kgN -1 kWh kgN -1

Ammonia production    

Haber-Bosch1 37-45 10-13

Ammonia removal    

Nitrification/denitrification2 14-87 4-24

SHARON/Anammox 5-6 1-2

Ammonia recovery    

Nitrification/denitrification + Haber-Bosch 51-132 14-37

SHARON/Anammox + Haber-Bosch 42-51 12-14

Stripping (air) 32 9

Struvite precipitation3 81 23

* �Energy demand for the production of necessary chemicals (such as H2SO4, NaOH, CaO, etc.) is taken into 
account. 

1   Values based on best available technologies from natural gas (lower value) and coal (higher value)
2   Lower value is calculated without additional carbon source, higher value with methanol as carbon source
3   �Struvite precipitation taking into account addition of magnesium salts and phosphate to recover all nitrogen 

from urine (no pH adjustment).

Both stripping and struvite precipitation values from Table 1.1 are based on the recovery 
of ammonia from urine [58]. However, other nitrogen-rich streams, such as reject water 
from a municipal WWTP, have similar requirements [38]. 

The use of electrochemical systems (ES) and bioelectrochemical systems (BES) for the 
recovery of TAN from wastewaters has been investigated over the past few years [40, 43, 
61, 62]. These systems have been proposed as a sustainable alternative to conventional 
processes because they have the potential to recover energy from wastewaters while 
recovering TAN. 

In this thesis, we explore the use of (B)ES for the recovery of ammonia from nitrogen-rich 
wastewaters, with a focus on urine. 

1.4 	 (Bio)electrochemical systems: A novel alternative for the recovery of 
ammonia

(Bio)electrochemical systems ((B)ESs) are technologies that make use of electrodes 
where oxidation and reduction reactions take place. In BESs, reactions at one or both 
electrodes are catalyzed by electrochemically active microorganisms, while in ESs purely 
electrochemical reactions take place, usually catalyzed by noble metal electrodes. During 
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the last decades BESs have gained attention for their potential to recover energy and/
or valuable products from wastewaters: energy in the form of electricity [63],  fuels and 
chemicals such as hydrogen, acetic acid, and methane [35, 64, 65], and resources that 
would otherwise be regarded as pollutants, such as heavy metals and nutrients [66, 67]. 
ESs have also gained increased attention due to their ability to degrade a wide range of 
contaminants at ambient temperature and pressure, their modular design and their small 
footprint [68].

Depending on their configuration, these systems can remove or recover nitrogen (an 
overview of the nitrogen removal and recovery mechanisms in BES can be found in 
Chapter 2). The focus of this thesis is the recovery and not the removal of TAN using (B)ESs.  
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Figure 1.3. Schematic view of (bio)electrochemical systems for TAN recovery. In a bioelectrochemical 
system, the anode oxidation is catalyzed by microorganisms (red arrow). In an electrochemical 
system (orange arrow) the oxidation is usually catalyzed by noble metal electrodes. The electric 
current induces NH4

+ (and other positively charged ions, such as Na+ and K+) migration from the 
anode to the cathode compartment through a cation exchange membrane, to maintain charge 
neutrality. (B)ESs for TAN recovery can generate electricity (light bulb) or require energy input to 
drive the reactions (external power source).

Figure 1.3 shows a typical (B)ES for TAN recovery, with the anode and cathode compartments 
separated by a cation exchange membrane (CEM). In (B)ESs two half-reactions take place: 
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1an oxidation reaction (at the anode) and a reduction reaction (at the cathode). During 
oxidation, an electron donor is oxidized and electrons are transferred to the anode, which 
is connected to the cathode via an external circuit. While electrons flow from anode to 
cathode, positively charged ions (such as NH4

+, Na+, and K+) migrate from the anode to the 
cathode compartment through a membrane, to maintain charge neutrality. Once at the 
cathode, the electrons reduce an electron acceptor.

The advantage of TAN recovery by (B)ESs compared to the conventional methods for TAN 
recovery is that the electrical current allows for 1) the concentration of TAN at the cathode 
and 2) the production of caustics at the cathode, which means that TAN is converted to 
NH3 in situ. (B)ESs can then be coupled with conventional recovery methods, such as 
stripping, without the need for caustics addition [54, 69]. 

Classification of (B)ESs for the recovery of TAN
(B)ESs for TAN recovery can be classified based on their catalyst type (biotic/abiotic) and 
energy balance (power input/output), as shown in Figure 1.4. Electrolysis cells (ECs) and 
microbial electrolysis cells (MECs) require power input (energy needs to be invested to 
drive a non-spontaneous reaction), whereas fuel cells (FCs) and microbial fuel cells (MFCs) 
generate electricity (energy is harvested).

Bioelectrochemical systems (i.e. MFCs and MECs) are seen as a sustainable, attractive 
technology because the microorganisms involved are self-regenerating, and using them 
as catalysts allows for the use of non-noble, inexpensive electrodes and the operation of 
the system at mild conditions (neutral pH, mesophilic temperatures and ambient pressure) 
[67, 70]. One of the advantages of BESs is that they can produce renewable energy or 
chemicals from organic waste materials. At the anode, microorganisms usually catalyze 
the oxidation of an organic substrate (the electron donor, often represented as acetate) 
to bicarbonate, protons, and electrons (Table 1.2, reaction 1). Therefore, these systems 
depend on organic matter for current production.

Electrochemical systems (i.e. ECs and FCs) commonly make use of noble metal electrodes 
to catalyze both reactions at the electrodes, although the use of non-noble metal 
electrodes for wastewater treatment has been increasingly reported over the recent years 
[68, 71]. At the anode, usually inorganic substrates, such as water or hydrogen (Table 1.2, 
reactions 2 and 3), are oxidized. These systems are seen as more stable and predictable 
than BESs because they do not rely on microorganisms, which are more sensitive to 
changes in pH and loading rates. Electrochemical systems for the recovery of TAN usually 
require a higher energy input compared to BESs, because they oxidize water instead of 
organic matter (Table 1.2).
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Figure 1.4. Classifi cation of (bio)electrochemical systems used for the recovery of TAN (based on 
[62]). 

Table 1.2. Standard (E0) and conditional (E) electrode potentials for the typical oxidation and 
reduction reactions occurring in (B)ESs for the recovery of TAN, as well as the thermodynamic cell 
voltage (Ecell) for the complete reaction in each system. All potentials are reported versus normal 
hydrogen electrode (NHE). The conditional potentials were calculated using the Nernst equation 
assuming a temperature of 298.15 K, a partial pressure of 1 atm for H2 and O2, pH of 7 and acetate 
and bicarbonate concentrations of 0.005 M (based on [62, 63])

Anode oxidation reaction E0 (V) Eanode (V)

(1) Acetate oxidation CH3COO- + 4H2O → 2CHO-
3 + 9H+ + 8e- 0.187 -0.296

(2) Oxygen evolution 2H2O → O2 + 4H+ + 4e- 1.229 0.815

(3) Hydrogen oxidation H2 → 2H+ + 2e- 0.000 -0.414

Cathode reduction reaction E0 (V) Ecathode (V)

(4) Oxygen reduction O2 + 4e- + 2H2O → 4OH- 0.401 0.815

(5) Hydrogen evolution 2H2O + 2e- → H2 + 2OH- -0.828 -0.414

System Reactions involved Ecell (Ecathode-Eanode)     (V)

MFC (1) + (4) 1.111

MEC (1) + (5) -0.118

EC (2) + (5) -1.229

EC (3) + (5) 0.000
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1Whether a (B)ES will generate electricity (MFC) or require energy input (MEC and EC) 
depends on the combination of the oxidation and reduction reactions occurring in it, 
which are shown in Table 1.2. 

Thermodynamic aspects of the (B)ES for ammonia recovery
The theoretical energy input or output of a (B)ES is determined by the difference between 
the electrode potentials. In Table 1.2 typical oxidation and reduction reactions used in (B)
ESs for the recovery of TAN are shown together with their standard (E0) and conditional (E) 
electrode potentials. 

The electrode potentials can be calculated from the Gibbs free energy of the reaction. The 
Gibbs free energy of a reaction (represented by Eq. 1.2) in a dilute system, such as in (B)ESs, 
can be calculated according to Eq. 1.3

vA A + vB B → vC C + vD D                                                                                	               Equation 1.2

∆G = ∆G0 + RTln   
[C]vC [D]vD 
[A]vA [B]vB 

                                                                                                    Equation 1.3

where ∆G (J) is the Gibbs free energy of the reaction at specified conditions, ∆G0 (J) is the 
Gibbs free energy of the reaction at standard conditions (298 K, 1 atm of 1 M for all species 
in the reaction), R is the universal gas constant (8.314 J mol-1 K-1), T is the temperature 
(K), [i] is the concentration in mol L-1 of species i and vi is the stoichiometric coefficient of 
species i. In the case of electrochemical half reactions, the reaction needs to be written 
as a reduction reaction. A negative Gibbs free energy means that the reaction occurs 
spontaneously, while a positive Gibbs free energy means that energy needs to be applied 
for the reaction to occur. 

The electrode potential for the anodic and cathodic reactions in a (B)ES is related to the 
Gibbs free energy according to 

E = - ∆G
nF  

                                                                                                                                       Equation 1.4

Where n is the number of mole electrons (mol e-) transferred in the reaction, F is the Faraday 
constant (96485 C mole e--1) and E (V) the electrode potential at which the reaction occurs. 
Combining equations 1.3 and 1.4 leads to the Nernst equation (Eq. 1.5), which is used to 
calculate the electrode potentials of the reactions occurring in a (B)ES.  
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E = E0 - RT
nF

 ln   
[C]vC [D]vD 
[A]vA [B]vB 

                                                                                                  Equation 1.5

The conditional electrode potential for the oxidation of acetate, for example (Table 1.2, 
reaction 1), is calculated as follows: 

Eanode = E0
anode - 

RT
nF  ln [CH3 COO - ]1

[HCO -
3]2 [H+]9

 

Eanode =0.187 - 
8.314*298.15

8*96485
 ln 

[0.005]1

[0.005]2 [10-7]9   = -0.296 V 

The difference between the cathode and anode electrode potentials is known as the 
thermodynamic cell voltage or electromotive force (Ecell, V). In an MFC, Ecell shows us 
the theoretical maximum output voltage, whereas in an MEC or an EC it shows us the 
minimum voltage that is required to drive the reactions. Ecell can be calculated from the 
potential of the reduction reaction at the cathode (Ecathode, V) and the potential of the 
oxidation reaction at the anode (Eanode, V) according to

Ecell = Ecathode - Eanode                                                                                                                 Equation 1.6

A positive cell voltage indicates that the reaction occurs spontaneously (energy can be 
harvested), and a negative cell voltage indicates that energy needs to be invested for the 
reaction to proceed. For acetate oxidation combined with hydrogen evolution (an MEC), 
for example, the difference is -0.118 V (Table 1.2, MEC). The minus sign means that energy 
needs to be invested, and this is because the energy content of acetate is lower than 
that of hydrogen. For acetate oxidation combined with oxygen reduction (an MFC), for 
example, the difference is 1.1 V. This is the maximum theoretical cell voltage that can be 
delivered by the system. 

In practice, due to different losses occurring in the system, the output voltage of an 
MFC is considerably lower, and the voltage that needs to be applied to an MEC or EC is 
considerably higher, than these theoretical values [72]. 
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Losses affecting the (B)ES performance
There are several losses occurring in (B)ESs that affect how much the actual voltage 
deviates from the thermodynamic cell voltage. The voltage losses can be classified into 
reversible and irreversible, and together affect the voltage efficiency of the system [72–
75]. 

The reversible voltage loss is the part of the energy input that can be partly recovered. For 
example, the applied voltage used to drive the non-spontaneous production of hydrogen 
gas can be partly recovered in the form of  hydrogen, which can be used later as a fuel [72, 
75]. Irreversible energy losses are related to resistances in different parts of the cell, such as 
anode and cathode overpotentials (which include activation losses, catalyst deactivation, 
energy needed by the microorganisms to maintain their metabolism in the case of BES, 
resistance to the flow of electrons through the electrodes, concentration losses, etc.), ionic 
losses (resistance to the flow of ions through the electrolytes), transport losses (resistance 
to the flow of ions through the membrane) and the potential loss due to the development 
of a pH gradient between anode and cathode [63, 72]. Knowing what these losses are in 
order to minimize them is crucial to improve the energy efficiency of the system. Some of 
these losses will be reviewed in Chapters 3 and 4 of this thesis. 

Important parameters to evaluate the performance of (B)ES studies for the 
recovery of TAN
	 •  �TAN removal efficiency (%): a measure of how much TAN was removed from 

the wastewater influent
	 •  �TAN recovery efficiency (%): a measure of how much TAN from the 

wastewater influent was recovered as a final product (absorbed in an acid, 
for example). 

	 •  �TAN transport efficiency (%) (also called charge transfer efficiency or current 
efficiency): the contribution of NH4

+ to the total charge transport across 
the membrane. In other words, which part of the current is used for NH4

+ 
transport compared to the transport of all other cations. 

	 •  �TAN flux over the membrane (gTAN m-2 d-1) (also called TAN removal rate or 
TAN transport rate): the rate at which TAN was transported from the anode 
to the cathode compartment through the membrane with respect to the 
membrane area.

	 •  �Specific energy input (MJ kgN
-1 or kWh kgN

-1) (also called specific 
energy demand): the amount of energy required to remove or recover TAN,  
per unit TAN.
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The coulombic efficiency (CE) is another important parameter to take into account for 
the energy efficiency of the system. The CE describes the percentage of the electrons 
present in the substrate that actually end up in the desired product. In BESs, for example, 
the coulombic efficiency is lower when there are other microbial processes that compete 
for the organic substrate to produce biomass and other undesired products (such as 
methane) instead of electricity. Especially problematic are other electron acceptors that 
are energetically more favourable to use than the anode, such as oxygen. In ESs, for 
example, reactions other than the desired one can occur, such as chloride oxidation at the 
anode instead of oxygen evolution. This can lead to the production of toxic compounds 
such as chlorine gas, chlorination byproducts and adsorbable organic halides (AOX) [71, 
76]. 

The performance of (B)ESs can be negatively affected when treating real wastewaters due 
to their typically low conductivities and buffering capacity. Many real wastewaters have 
conductivities in the order of 1-2 mS cm-1, which lead to considerable ionic losses [70, 77]. 
Furthermore, the low buffering capacity of most wastewaters (5-10 mM) is not enough 
to prevent the acidification of the anolyte due to the proton production in the anode 
compartment, which can affect and eventually inactivate the microorganisms in a BES 
[77]. 

1.4.1 	 Ammonia recovery from urine: From waste to resource by using (B)ES
As mentioned previously, a high proportion of the nitrogen input from fertilizers ends up in 
wastewater via animal and human excreta. Currently, wastewater is collected and treated 
in centralized systems, where nutrients contained in human excreta are diluted more 
than 100 times before reaching wastewater treatment plants [27]. In these centralized 
systems, domestic wastewater streams of very different nature (such as the wastewater 
from the shower and the one from the toilet) are mixed. A way to promote recovery 
instead of removal from wastewater is to collect and treat the household wastewater 
streams separately. The concept of separation at source, or new sanitation, is based on the 
separate collection of domestic wastewater streams to enable a more efficient recovery of 
resources such as nutrients and water. It also promotes decentralized treatment to reuse 
resources locally, aiming towards a circular economy [15, 20, 78]. 

Within the separation at source scheme, domestic wastewater streams can be separated 
into grey water (wastewater from the shower or bath, sinks, and laundry), black water 
(toilet water, containing faeces and urine) and rainwater. Solid kitchen waste is sometimes 
included in the separated streams [15]. Black water can be further separated into brown 
water (faeces and flush water) and yellow water (urine). 

⁰
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1From all the domestic wastewater streams, urine contains most of the nitrogen (around 
80%) (Figure 1.5) and around 50% of the phosphorous, and represents only 1% of the 
volume [15, 27]. Urine can be collected by the use of urine-diverting toilets or waterless 
urinals, preventing the dilution of the nutrients with high volumes of potable water [27, 
79]. It is estimated that 60% of the total nitrogen load to a wastewater treatment plant 
could be reduced by collecting and treating urine separately [51], which could lead to 
considerable energy and environmental savings.

Figure 1.5. Percentage of nitrogen in diff erent domestic wastewater streams. Urine contains most 
of the nitrogen, while it only represents 1% of the total volume (calculated from [15] by excluding 
solid kitchen waste). Brown water is comprised of faeces and fl ush water, while grey water contains 
wastewater from the shower or bath, sinks and laundry. 

Urine characteristics
Human urine is a liquid produced by the kidneys and excreted from the body through 
the urethra [80]. It consists mostly of water, urea, inorganic salts, organic compounds and 
organic ammonium salts [81]. Its concentration of nutrients vary widely depending mainly 
on people’s diet: a high consumption of meat and dairy, for example, results in a higher 
nitrogen concentration compared to plant-based diets. The total nitrogen concentration 
of undiluted urine can therefore vary widely, from as low as 2.3 to as high as 12.0 g L-1, with 
an average of around 9 g L-1 [39, 80, 82]. This high nitrogen concentration makes urine a 
very suitable candidate for nitrogen recovery techniques. 

Urea ((NH2)2CO) is the predominant constituent in the nitrogen excretion from the body, 
representing over 50% of the total solutes in urine [80]. The pH of fresh urine is around 
6-7, but once out of the system, urea is hydrolysed by the bacterial enzyme urease 
(produced by many microorganisms present in wastewater) to ammonia and carbamate. 
Subsequently, carbamate is hydrolysed further to ammonia and bicarbonate (Equation 
1.7 shows the overall reaction). This leads to a high buff ering capacity and a pH increase. 
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(NH2)2 CO + 2H2 O → NH3 + NH +
4 + HCO -

3                                                                                  Equation 1.7

Stored urine, therefore, has a pH of around 9 (the pKa of NH4
+/NH3 is 9.25 at 25oC) [83]. 

The pH increase due to urea hydrolysis causes the spontaneous precipitation of minerals 
such as struvite, hydroxyapatite (HAP, Ca10(PO4)6(OH)2) and calcite (CaCO3) [84], which is 
considered as favourable for the purpose of phosphorous recovery, and unfavourable in 
urine-collection systems because it can cause scaling and blockages. 

Due to its high nutrient content, urine has the potential to be used as a fertilizer, and has 
been found to be efficient for many crops [85]. However, using urine as a fertilizer can 
be costly because it involves storage, transport (from urban areas to agricultural areas) 
and spreading of high volumes of liquid [86]. The transport of urine instead of urea in 
solid form, for example, would cost around 50 times more [77]. The loss of ammonia by 
evaporation during storage and spreading of urine is seen as another problematic aspect, 
along with its possible faecal cross-contamination [15, 57]. For this reason, using urine 
directly as fertilizer (after proper storage) would be more feasible for local, small-scale 
systems, such as for the household’s own consumption. For larger-scale systems, other 
technologies for nitrogen recovery from urine are preferred [15, 38], such as the ones 
shown in Figure 1.2. 

Urine, apart from being  nitrogen-rich, has a high ionic conductivity (around 20 mS 
cm-1) and a high buffering capacity (around 660 mM) [77], which makes it an attractive 
wastewater for the recovery of TAN by (B)ESs. 

Recovery of TAN from urine by means of (B)ESs and its challenges 
The proof of principle of TAN recovery from nitrogen-rich wastewaters by a (B)ES was first 
reported by Kuntke et al. (2011) [61] using an MFC. As shown in Section 1.4, TAN recovery 
by means of a (B)ES is based on the production of a stream concentrated in TAN and its in 
situ conversion to NH3, using electrical current as the driving force. Subsequently, the NH3 
in this stream (the catholyte) can be recovered as a pure product by conventional recovery 
methods, such as stripping-absorption [40, 54]. 

Experimentally, however, the coupling of (B)ESs with conventional recovery methods 
for the recovery of TAN from the catholyte was not properly established, and low TAN 
recoveries were obtained [87]. 

In order to effectively recover TAN, it is crucial to successfully couple an efficient extraction 
method with the (B)ES. After the proof of principle of TAN recovery by a BES (which used a 
sacrificial potassium ferricyanide cathode system), subsequent studies involved a) an MFC 
treating urine where the NH3 was stripped from the catholyte by aeration provided to the 
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1cathode, and absorbed in boric acid [69] and b) an MEC treating urine where the NH3 was 
passively stripped from the catholyte by the hydrogen produced at the cathode, and later 
absorbed in boric acid [87]. The latter study stressed the importance of coupling  a proper 
NH3 stripping process with the BES. The high NH3 concentration in the catholyte due to 
insufficient TAN extraction caused the transport of NH3 from the cathode compartment 
back into the anode compartment, which resulted in unstable removal rates and low TAN 
recoveries of around 30% [87].

Moreover, the operation of (B)ESs needed to be further optimized to allow for higher 
TAN recoveries, which depends on the effective transport of TAN from anode to cathode. 
Apart from continous extraction of NH3 from the catholyte, this transport is dependent on 
several factors, such as current density, TAN loading rate, TAN concentration, and pH [40]. 
Many of these factors are interrelated, and their interdependence is not well understood. 
More insight into the factors affecting TAN recovery is crucial for further development of 
the technology.  

Finally, achieving maximum TAN recovery at minimal energy input is essential for the 
application of this technology. Operating at high removal efficiencies usually comes 
with the trade-off of a high energy input. ESs, for example, can usually operate at higher 
removal rates than BESs, but require higher energy inputs [40, 88]. At the same time, MFCs 
can generate electricity, but operate at lower removal rates than MECs, which require an 
energy input (Rodriguez Arredondo et al 2015)[89]. It is therefore important to define 
the conditions in which (B)ESs can be operated optimally, which would allow for a better 
comparison between them. 

1.5 	 Aim and thesis outline

The aim of this thesis is to improve the understanding on the transport of TAN, as well as 
to optimize the ammonia removal and recovery in (bio)electrochemical systems treating 
nitrogen-rich wastewaters, with a focus on urine. 

In chapter 2, we present an overview of the nitrogen removal and recovery mechanisms 
in bioelectrochemical systems treating wastewaters, and review state-of-the-art research. 
In that same chapter, we provide an economic and energy analysis of the costs and 
revenues of treating urine with both an MFC and an MEC. In the analysis we discuss the 
limitations and main challenges of the technology and show that BES can be considered 
economically feasible when revenues of TAN recovery are taken into account. 
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Two of our objectives were to improve the ammonia extraction from the catholyte and to 
better understand the TAN transport in (B)ESs, and these are addressed in chapter 3. In 
this chapter, we coupled an electrochemical system with a gas-permeable hydrophobic 
membrane unit to study the influence of the interplay between the current density and 
the TAN loading rate on the TAN transport. We defined the load ratio (the ratio between 
the applied current density and the TAN loading rate) and developed a simple model to 
predict the nitrogen recovery in similar systems based on this load ratio. 

Treating wastewaters electrochemically can be energy-intensive, so in chapter 4 a more 
energy efficient electrochemical system for the recovery of TAN was developed. In this 
technology, the hydrogen gas produced at the cathode is reused as the electron donor in 
the anode, allowing for TAN recovery at high rates and low energy input. 

The optimization of TAN recovery in a bioelectrochemical system was addressed in 
chapter 5. In this chapter, we tested the applicability of the load ratio concept developed 
in chapter 2 in a bioelectrochemical system treating real and synthetic urine. We evaluated 
the challenges of a system which depends on the biodegradation of organics for the 
recovery of TAN. 

In chapter 6, a general discussion is presented about the recovery of TAN by the use of 
(bio)electrochemical systems, including the most recent studies in the field. We discuss 
why (bio)electrochemical systems for TAN recovery from urine have not been applied on 
a larger scale yet, based on the work performed in this thesis and on literature. Finally, we 
discuss the future perspectives and propose recommendations to bring this technology 
closer to application.
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CHAPTER 2

Bioelectrochemical systems for 
nitrogen removal and recovery from 
wastewater

ABSTRACT
Removal of nitrogen compounds from wastewater is essential to prevent pollution of 
receiving water bodies (i.e. eutrophication). Conventional nitrogen removal technologies 
are energy intensive, representing one of the major costs in wastewater treatment plants. 
For that reason, innovations in nitrogen removal from wastewater focus on the reduction 
of energy use. Bioelectrochemical Systems (BESs) have gained attention as an alternative 
to treat wastewater while recovering energy and/or chemicals. The combination of 
electrodes and microorganisms has led to several methods to remove or recover nitrogen 
from wastewater via oxidation reactions, reduction reactions and/or transport across an 
ion exchange membrane. In this study, we give an overview of nitrogen removal and 
recovery mechanisms in BESs based on state-of-the-art research. Moreover, we show an 
economic and energy analysis of ammonium recovery in BESs and compare it with existing 
nitrogen removal technologies. We present an estimation of the conditions needed to 
achieve maximum nitrogen recovery in both a microbial fuel cell (MFC) and a microbial 
electrolysis cell (MEC). This analysis allows for a better understanding of the limitations and 
key factors to take into account for the design and operation of MFCs and MECs. Finally, 
we address the main challenges to overcome in order to scale up and put the technology 
in practice. Overall, the revenues from removal and recovery of nitrogen, together with 
the production of electricity in an MFC or hydrogen in an MEC, make ammonium recovery 
in BESs a promising concept. 

This chapter has been published as:  Rodríguez Arredondo M, Kuntke P, Jeremiasse AW, 
Sleutels THJA, Buisman CJN, ter Heijne A. Bioelectrochemical systems for nitrogen removal 
and recovery from wastewater. Environ. Sci. Water Res. Technol. 2015, 1 (1), 22-33.
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Water impact
Nitrogen is an essential element for life. It is applied in reactive form (NH3 or NO3

-) 
as fertilizer on soils for growth of agricultural crops. The accumulation of reactive 
nitrogen in the environment causes environmental problems such as eutrophication 
and acidification. To decrease the accumulation of nitrogen in the environment, it 
needs to be removed from wastewaters before discharge on receiving water bodies. 
Classically, this is done using a combined aerobic and anaerobic treatment process 
in wastewater treatment plants (WWTPs). This process requires energy for aeration, 
which can constitute up to 60% of the total energy consumption of a WWTP, while 
nitrogen is lost. This review gives an overview on innovative nitrogen removal and 
recovery technologies based on bioelectrochemical systems (BESs). We show that 
BESs enable energy-efficient nitrogen removal and even recovery of useful nitrogen 
(ammonia) from wastewaters.

2.1	 Introduction

Population growth has dramatically accelerated [90], fueled by developments during and 
following the industrial revolution. As of 2012, over 7 billion people live on earth [91]. As 
a result, the impact of human activities on the environment has reached a critical point, 
not just for humanity [92]. Three out of nine planetary boundaries - proposed thresholds 
for a ‘safe operation space of humanity’ - have been breached, namely climate change, 
biodiversity loss and nitrogen cycle [92].

Nitrogen is one of the elements essential for life. Most of the nitrogen is present in 
the atmosphere as inert N2 gas, where it represents approximately 78% of the present 
gases. In its inert form, nitrogen is not available to most living organisms and needs to 
be converted to more reactive forms like nitrate (NO3

-), nitrite (NO2
-), ammonium (NH4

+), 
and ammonia (NH3). Natural nitrogen-fixation of inert N2 to reactive NH3 is carried out 
by some prokaryotes (e.g. Azotobacter, Clostridium, cyanobacteria, Rhizobium) using the 
nitrogenase enzyme [93]. This conversion is essential to provide the more reactive forms 
of nitrogen, as a nutrient for other living organisms.

Nowadays, humanity severely interferes with the natural nitrogen-cycle to provide 
fertilizers for agriculture. Large amounts (120-160 Mt yr-1) of inert N2 are transformed into 
NH3 via the Haber-Bosch process [8, 92]; a value exceeding the total amount of N2 fixed 
annually via natural terrestrial processes [92]. While this conversion of N2 into reactive NH3 is 
essential for fertilizer production and to increase food production, large part of this ‘newly 
produced’ nitrogen eventually ends up in the environment [94], where it accumulates and 
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leads to pollution of waterways, soils and atmosphere (acidification). One of the strategies 
to mitigate the effects of nitrogen on the environment is, amongst others, removal of 
nitrogen from domestic wastewater. In the current practice of wastewater treatment, 
alternating aerobic and anaerobic treatments are required to remove the dissolved 
nitrogen and to convert it to inert N2 gas. The disadvantage of aerobic treatment is the 
considerable amount of energy required for aeration. Innovations in nitrogen removal 
from wastewater therefore focus on the reduction of energy use.

Bioelectrochemical Systems (BESs) offer clean and CO2 neutral recovery of energy from 
wastewaters. The core of BESs are electrochemically active microorganisms, which can 
exchange electrons between electrodes and organic substances, to convert chemical 
energy into electrical energy, or the other way around [35, 63, 95–98]. This variety of 
conversions has led to research in many areas: from wastewater treatment for electricity 
production, and the production of chemicals, to conversion of electricity into methane 
or organic compounds. Alternatively, BESs have been proposed as a new treatment 
technology to remove nitrogen from wastewaters while producing electricity [61, 69]. 
Different types of nitrogen-based reactions have been reported at both anode and 
cathode. Recently, some of these reactions were addressed in a study about nutrient 
removal and recovery in BESs by Kelly and He (2014) [99]. 

The objective of our study is to give an overview of the state-of-the-art of research on 
nitrogen removal or recovery in BESs, and to compare these new processes to existing 
nitrogen removal technologies. Our economic analysis, that builds on previous work by 
Sleutels et al. (2012) [73], shows that ammonium recovery from urine is a promising concept 
for economical application of BESs, mainly because of the high revenues generated from 
removal and recovery of nitrogen.

2.2	 The influence of humans on the nitrogen cycle: Biological, chemical, 
and physical processes 

The Haber-Bosch process is the primary human-driven industrial conversion process of 
inert N2 to NH3. In this conversion, nitrogen gas reacts with hydrogen gas (H2) according 
to (reaction 1, Figure 2.1):

N2 + 3 H2 à 2 NH3				    			   (1)

The H2 required for the Haber-Bosch process is produced via steam reforming of natural 
gas. Most of the industrially produced ammonia (~80 Mt N year-1) is used as fertilizer in 
agriculture to enhance food production [8, 92]. Part of the ammonium is taken up by 
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the crops, but another part ends up in the environment, where they increase the risk of 
eutrophication of receiving water bodies, and adds to the pollution of the atmosphere.

Because of these adverse eff ects on the environment, reactive nitrogen compounds in 
wastewater were considered as pollutants, and the importance of removing or recovering 
nitrogen compounds from wastewater was recognized [100]. In wastewater, nitrogen 
is mostly present in the form of ammonium, and removal of ammonium in wastewater 
treatment plants mainly occurs via a two-step process [101]. During the fi rst step, nitrifi cation 
under aerobic conditions, ammonia is oxidized to nitrite by Nitrosomonas and subsequently 
nitrite is oxidized to nitrate by Nitrobacter according to (reaction 2, Figure 2.1):

I: NH4
+ + 1.5 O2à NO2

- + H2O + 2 H+

II: NO2
- + ½ O2 à NO3

-

Overall: NH4
+ + 2 O2 à NO3

- + H2O + 2 H+      (2)

Figure 2.1. The nitrogen cycle in fertilizer production and wastewater treatment processes.

So for each mole of ammonium, 2 moles of oxygen are required for full oxidation to NO3
-. 

During the second step, denitrifi cation under anoxic conditions, nitrate is reduced to N2

gas, for example by Paracoccus denitrifi cans, according to (reaction 3, Figure 2.1):

2 NO3
- + COD à N2 + CO2 + 2OH - + H2 O      (3)
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The produced N2 gas is released (or recycled) to the atmosphere. 

The disadvantage of the conventional nitrification/denitrification reaction is that it 
requires considerable amounts of energy, because the wastewater needs to be aerated 
to supply oxygen for the conversion of ammonium to nitrate, and supply of electrons for 
denitrification in the form of COD (e.g. methanol) is required. The advantage of nitrification/
denitrification is that nitrogen can be removed to low concentrations.

Anammox (anaerobic ammonium oxidation) has been proposed as a more energy efficient 
alternative to the conventional nitrification and denitrification process. Anammox relies 
on the biological conversion of ammonium and nitrite to N2 gas by specialized bacteria 
(Planctomycete-like) [102]. First, part of the ammonium needs to be partially oxidized to 
nitrite in a pretreatment step. Therefore, Anammox is combined with, for example, the 
SHARON (Single reactor system for High-rate Ammonium Removal Over Nitrite) [103, 
104] process. SHARON is a biological process in which ammonium is oxidized to nitrite 
(instead of a complete oxidation to nitrate). The oxidation to nitrite is possible due to the 
specific growth rates of nitrite oxidizing bacteria, ammonium oxidizing bacteria and the 
applied loading rate of the reactor. Another approach is the so-called CANON (Completely 
Autotrophic Nitrogen removal Over Nitrite) process, where the aerobic and anaerobic 
ammonium oxidizers symbiotically coexist. In the CANON process it is possible to perform 
aerobic and anaerobic ammonium oxidation simultaneously. Therefore, ammonium-
oxidizing and Anammox bacteria cooperate [105]. The overall Anammox process can be 
described by (reaction 4, Figure 2.1):

I: NH4
+ + 1.5 O2 à NO2

- + H2O + 2 H+

II: NH4
+ + NO2

- à N2 + 2 H2O				     		  (4)

Because only half of the ammonium needs to be oxidized to nitrite and no addition of 
COD is required, the energy input for the Sharon/Anammox process is considerably lower 
than the energy input for conventional nitrification/denitrification [102, 103].

A recent study [106] reports a new process for the removal of nitrogen from wastewater: 
Coupled Aerobic-anoxic Nitrous Decomposition Operation (CANDO). CANDO consists of 
three steps: (1) partial nitrification of NH4

+ to NO2
- (by the SHARON process), (2) partial 

anoxic reduction of NO2
- to N2O and (3) decomposition or combustion of N2O to nitrogen, 

oxygen and energy [106]. Even though pilot scale studies are needed, this process has the 
potential to lower oxygen demand and sludge production, as well as recover energy from 
nitrogen. 
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Recently, bioelectrochemical systems (BESs) have been investigated as an alternative to 
the conventional wastewater treatment processes, such as organic matter and nitrogen 
removal. A BES is an electrochemical cell which uses microorganisms to catalyse one or 
more reactions taking place on the electrodes. At the anode, anaerobic microorganisms 
can oxidize biodegradable organic matter to carbon dioxide, protons and electrons, which 
is often represented by the oxidation of acetate:

CH3COO - + 4 H2O à 2 HCO3
- + 9 H+ + 8 e-					     (5)

As the electrode can act as an electron acceptor, the produced electrons are transferred 
by the microorganisms to the anode, which is connected over an external circuit to the 
cathode where a reduction reaction takes place.

Depending on the cathode reaction, BESs can be divided in two types: galvanic and 
electrolytic cells. In galvanic cells, electricity is produced by coupling the anodic oxidation 
to the reduction of a suitable electron acceptor (i.e. O2, Fe3+, Cu2+) [107–109]. These 
systems are called microbial fuel cells (MFCs). In electrolytic cells, electricity is needed to 
drive the reduction reaction at the cathode. In a so called microbial electrolysis cell (MEC) 
the anodic oxidation is coupled to reduction of protons to hydrogen gas [35, 63, 110, 111].

The cathodic reactions of an MFC (Oxygen Reduction Reaction, ORR) and an MEC 
(Hydrogen Evolution Reaction, HER) under neutral to alkaline pH conditions are given in 
reaction 6 and 7, respectively.

2 H2O + O2 + 4 e- à 4 OH- 							       (6)

2 H2O + 2 e- à H2 + 2 OH-							       (7)

BESs are seen as a potential sustainable solution to treat wastewaters while at the same time 
producing energy and/or chemicals. Anode and cathode chambers are often separated 
by an ion exchange membrane to prevent mixing of the oxidation and reduction products 
[35, 63]. The ion exchange membrane allows for anions and/or cations to be transported 
to maintain electron neutrality of the electrochemical system. 

BESs allow for energetically and chemically efficient ammonium recovery from wastewater. 
The organic matter in wastewater is oxidized at the anode by bacteria, while ammonium 
(present in the wastewater) is transported over a cation ion exchange membrane (CEM) 
to the cathode chamber, where the high catholyte pH allows for recovery in the form 
of ammonia. Therefore, no addition of caustics is required compared to other ammonia 
recovery technologies. This way, BESs can create a shortcut in the nitrogen cycle by 
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removing NH3 from the wastewater, not by reduction to N2 but by direct recovery in the 
form of NH3 (Figure 2.1).

Ammonium recovery using an electrochemical cell (EC) was investigated by Desloover 
et al. (2012) [40]. Ammonium recovery from anaerobic digestate was investigated using 
an electrolysis cell, in which ammonium transported over a CEM was stripped from 
the catholyte by the produced hydrogen. The current, and thus the rate of ammonium 
transport, in such an abiotic system is not limited by the biological catalyzed anode 
reaction. Furthermore, the common limitation of high internal resistance in MFCs by the 
cathodic reaction (ORR), which is the result of the prevalent conditions found in MFCs 
(temperature, pH and oxygen concentration), is not found in such an EC. As a result, the 
reported ammonium transport rates (120 gN m-2 d-1) are significantly higher than reported 
in MFCs, whereas the ammonium transport accounted for approximately 40% of the overall 
charge transport over the membrane, similar to results found in BESs [61, 69]. Desloover et 
al. (2012) reported an energy demand of 5 kWh kgN

-1 (or 18 kJ gN
-1) for ammonium recovery 

by an EC, which is lower than the reported energy demand of 9 kWh kgN
-1 (or 32.4 kJ gN

-1) 
for conventional ammonia stripping [58]. However, they did not take into account the 
energy used for stripping and absorption. Finally, similar to the BES approach, no caustic 
is necessary to increase the pH at the cathode.

2.3	 Bioelectrochemical systems for ammonium removal and recovery

As an alternative to conventional nitrogen removal processes, bioelectrochemical 
systems offer new advantages. Several nitrogen-based reactions in BESs, both at the 
anode and at the cathode, have been reported so far. In this section, we will give an 
overview of the reported ammonia removal and recovery mechanisms in BESs (Figure 
2.2). The first mechanism of ammonium removal/recovery is based on active and passive 
transport through the ion exchange membrane, combined with acid/base equilibrium 
(1). NH4

+ concentrations in wastewater are considerable: in urine > 4 g L-1 [39, 54, 112], and 
domestic waste water 0.04 g L-1 [101, 113]. Consequently, especially in highly concentrated 
wastewaters, NH4

+ is the main ion transported through the membrane, either passively in 
its non-charged NH3 form (1a), or actively in its charged NH4

+ form (1b). In the catholyte, 
it can leave the system in the form of ammonia as the chemical equilibrium shifts from 
ammonium to ammonia because of the elevated pH in the cathode (1c). The second 
mechanism is reduction (denitrification) of nitrate to inert N2 gas by microorganisms at 
the cathode (2a). In this case, nitrate needs to be formed first, for example via biological 
oxidation of ammonium by aeration (2b). Alternatively, ammonium can be converted into 
N2 via Anammox, which is in principle independent of the cathode. The third mechanism 
that has been suggested occurs at the anode, where ammonium is directly converted 
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into nitrogen gas by microorganisms (3), but clear evidence is still lacking. The fourth 
mechanism is incorporation of ammonium in biomass during microbial growth in the 
anode (4) or in the cathode compartment. 

Concerning the direct oxidation of ammonium to nitrogen gas at the anode (3), a study 
reports that ammonium is involved in electricity generation either directly as the anodic 
fuel or indirectly as substrates for nitrifi ers to produce organic compounds for heterotrophs 
[114]. On the contrary, it was reported in the study of Kim et al. (2008) that ammonia 
removal, instead of being biologically oxidized at the anode to nitrogen gas, was mainly due 
to physicochemical factors, such as diff usion through the membrane and volatilization of 
ammonia due to pH increase at the cathode [115]. Zang et al. (2012) also reported that direct 
ammonia oxidation in the anode was not a source for electricity [116]. Cyclic voltammetry 
tests did not detect redox couples, nitrite and nitrate were not found and nitrifying or 
Anammox bacteria were not identifi ed in the anode compartment [116]. In conclusion, the 
occurrence of direct oxidation of ammonium to nitrogen gas so far lacks solid proof.

Figure 2.2 Overview of the ammonia removal mechanisms in an MFC. This fi gure is representative 
for BES in general. Ammonium can be transported through the membrane (1) either passively 
via diff usion of ammonia (1a) or actively via migration in the form of ammonium (1b). Ammonia 
can leave the system by evaporating into its gaseous form as a result of the elevated pH in the 
cathode (1c). At the cathode chamber, it can be (biologically) oxidized by oxygen and denitrifi ed 
by microorganisms at the cathode (2a) or in solution (2b) – the dashed lines show processes that 
are independent of the electrodes. At the anode, it has been suggested that ammonia can directly 
be nitrifi ed/denitrifi ed to nitrogen gas by microorganisms, however, solid proof is still lacking (3). 
Finally, ammonium can be incorporated in biomass for growth (4), either in the anode or in the 
cathode chamber.

Table 2.1 gives an overview of the reported mechanisms for the removal and recovery of 
ammonium via routes 1 and 2, and their performance. 
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2.3.1	 Diffusion and migration of NH3 and NH4
+

In a BES equipped with a CEM, ammonium (and other cations) can be transported from the 
anode to the cathode chamber by two processes: migration and diffusion. Transport by 
migration is induced by the electric field across the ion exchange membrane. Diffusional 
transport is induced by a concentration gradient across the ion exchange membrane. As 
a result of the production of hydroxyl ions in the ORR and HER, and the insufficient H+ 
and OH- transport over the CEM, the pH increases in the cathode chamber [72, 123, 124]. 
Therefore, ionic ammonium is transformed into volatile ammonia, which can be removed 
from the cathode compartment by NH3 stripping with a suitable gas stream. Hence, one 
of the advantages of using BES for nitrogen recovery is that no additional caustics need to 
be added to increase the pH of the solution [69]. 

Kim et al. (2008) studied ammonia loss from swine wastewater in both single- and two-
chambered MFCs [115]. An air-cathode was used in the single-chamber MFC, while both 
aerated phosphate buffer and ferricyanide were tested as catholyte in the two-chambered 
MFC. An ammonia removal of 60% was reached in 5 days in the single-chamber MFC 
(cathode exposed to air), while 68% was accomplished in 13 days when using ferricyanide 
as a catholyte in the two-chambered MFC. The authors concluded that main mechanism 
for this ammonia removal was ammonium transport (migration and diffusion) to the 
cathode with subsequent ammonia volatilization. 

Exploiting this ammonia loss mechanism, future work of research groups focused on 
ammonia as a suitable proton shuttle for pH control in BESs and ammonium recovery 
by NH3 stripping from the cathode [61, 69, 125]. Cord-Ruwisch et al. (2011) investigated 
the feasibility of more sustainable pH control in MFCs by proton shuttling from anode to 
cathode via ammonia addition to the anode chamber [125]. Their results showed that 
ammonium accounts for 90% of the ionic flux in the BES and that ammonia recovered 
from the cathode could be recycled to the anode. Further investigation by Cheng et al. 
(2013) demonstrated the feasibility of such ammonium recycle for anolyte pH control in 
an MEC also demonstrating a possible pathway for ammonia recovery from wastewater 
[126]. 

In domestic wastewater, most of the nitrogen (75%) originates from urine [127]. This 
nitrogen is excreted by humans in the form of urea ((NH2)2CO) [112], which is hydrolyzed 
to ammonia and carbamate by the enzyme urease [84, 128].

(NH2)2CO + H2O 
urease

 NH2COOH + NH3 	 				    (8)
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Subsequently, carbamate decomposition leads to the formation of ammonia and carbon 
dioxide:

NH2COOH + H2O à NH3 + H2CO3						      (9)

Ammonium recovery from urine in an MFC was first reported by Kuntke et al. (2011), where 
the authors investigated the feasibility of ammonium recovery in a two chamber MFC 
with a CEM using a sacrificial potassium ferricyanide cathode system [61]. The authors 
showed that ammonium concentrations up to 4 gN L-1 did not affect the performance 
of the MFC and that total ammonium transport from anode to cathode accounted for 
up to 50% of the charge transport. Following up on this proof of principle, Kuntke et al. 
(2012) demonstrated and evaluated the feasibility of using a two chamber MFC with a 
gas diffusion cathode [69]. Here, the volatile ammonia was removed from the cathode 
chamber by the gas stream used for aeration and subsequently collected in a gas wash 
bottle containing an acid (boric acid). They reported an ammonium recovery rate of 3.3 
gN m-2 d-1 from urine with an energy yield of -3.46 kJ gN

-1 at a current density of 0.5 A m-2. 
Later results presented by Kuntke et al. (2013) showed an ammonium recovery rate of 9.7 
gN m-2 d-1 from urine with an energy yield of -10 kJ gN

-1 at a current density of 2.6 A m-2 [54]. 
Following the work of Cheng et al., (2013) [126] and Desloover et al., (2012) [40], Kuntke et 
al. (2014) investigated simultaneous ammonium recovery and hydrogen production from 
urine in an MEC [87]. They achieved a stable ammonium removal rate of 162.2 gN m-2 d-1 
at a current density of 14.7 A m-2, while a maximum removal rate of 173.3 gN m-2 d-1 at a 
current density of 23.1 A m-2 was reported [87]. 

The consumed COD also represents a certain amount of energy. In this respect, it is 
interesting to compare the COD consumption for different nitrogen removal and recovery 
processes. Using an MFC or MEC, for each kg of N recovered, 0.57 kg of COD is required, 
assuming that each mole of COD corresponds to 4 moles of electrons, that the COD is 
converted into electricity at 100% Coulombic efficiency, that all cation transport occurs 
through NH4

+, and that all NH4
+ is recovered at the cathode. For nitrification/denitrification, 

theoretically, 2.86 kg COD is required for removal of 1 kg of N [129]. On the other hand, 
nitrification and Anammox require no COD at all. 

2.3.2	 Nitrification/denitrification at the cathode
The second part of Table 2.1 summarizes performances of systems that studied 
denitrification at the biocathode. Clauwaert et al. (2007) showed that complete 
denitrification could be performed by microorganisms in the cathode of an MFC [117]. 
Acetate was used as the electron donor in the biological anode, while nitrate as the 
electron acceptor in the biological cathode. Electricity production was thus coupled 
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to the reduction of nitrate to nitrogen gas by denitrifying microorganisms. Nitrate was 
removed at a rate of 146 gN m-3 d-1.

Virdis et al. (2008) coupled the anodic oxidation of organic matter and cathodic nitrate 
reduction in an MFC to an external nitrification reactor enabling the removal of ammonium 
from wastewater by nitrification and denitrification, while producing electricity. During 
their experiments, organics present in the anode influent containing ammonium were 
oxidized to produce electricity. The anode effluent containing ammonia was fed to an 
external biofilm reactor for nitrification followed by denitrification at the cathode [118]. 
The authors reported a removal rate of 0.41 kgN m-3 Net Cathode Compartment d-1 and a 
removal efficiency of 67.4%. 

Virdis et al. (2010) also used nitrate as an electron acceptor at the cathode of an MFC [119]. 
The system accomplished simultaneous nitrification and denitrification by optimising the 
oxygen supply in the aerated cathode chamber. The anode effluent was directed to the 
cathode through a loop connection to mitigate the pH increase in the cathode. Low levels 
of nitrate and ammonium in the effluent were accomplished (1 and 2 mgN L-1, respectively). 
The highest nitrogen removal efficiency obtained in this system was 94%.

Zhang and He (2012) also achieved high ammonia and total nitrogen removal efficiencies 
(96 and between 67 and 90%, respectively) by testing a tubular-dual cathode MFC, in 
which both anion and cation exchange membranes were used [120]. The design allowed 
for an anoxic inner cathode in which bioelectrochemical denitrification could take place 
and an aerobic outer cathode for the nitrification process, which shared the same anode. 
A final nitrate concentration of 3 mgN L-1 was achieved in this system.

Finally, higher ammonia removal efficiencies compared to previous system were reached 
without the extra energy input of aeration by Yan et al. (2012) [121]. The MFC consisted of a 
single-chamber with an air cathode which was pre-enriched with a nitrifying biofilm. The 
cathode was especially prepared with partial positive charges to promote the nitrifying 
biofilm formation by using a diethylamine-functionalized polymer (DEA) as a catalyst 
binder instead of the conventional Nafion-type binder, and went through an enrichment 
period of 75 days. The MFC with the DEA binder had an ammonia removal efficiency of 
up to 97%, while with a Nafion binder (which also went through the pre-enrichment) it 
was 91%. The maximum total nitrogen efficiencies were between 75 and 95%, but nitrate 
concentrations of up to 30 mg L-1 were detected in the MFCs effluent. Furthermore, the 
enrichment process improved the maximum power densities of the MFCs regardless of 
the catalyst binder, while without the enrichment, power production was about 25% 
lower.
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2.4 	 Ammonia recovery from urine in an MFC and MEC

Kuntke et al. (2013) proposed a full treatment concept for urine, in which ammonium is 
recovered using a BES [54] (Figure 2.3).

Struvite
precipitation

Urine
BES Treated

urine

NH3

P NaOH,
KOH

Figure 2.3. Proposed full treatment concept for urine, in which ammonium is recovered using a BES

The treatment concept includes phosphate recovery via struvite (also known as MAP, 
MgNH4PO4.6H2O) precipitation as a pre-treatment step followed by a BES to recover energy 
and ammonia simultaneously. Notably, the recovered ammonia can be used either as a 
fertilizer or as an energy source, for example in a fuel cell [130]. In the proposed scheme, 
caustics can be obtained as by-product. The BES could be either an MFC for electricity 
production, or an MEC, in which case hydrogen would be produced instead of electricity. 
The advantage of using an MEC is that a voltage is applied that helps overcoming the 
internal resistances of the system and higher current densities can be achieved compared 
to an MFC. On the other hand, the advantage of an MFC is its electricity production, as 
applying a voltage in an MEC means an additional energy input.

In this section, we present an analysis of the potential energy recovery from urine, in the 
form of electricity or hydrogen, and ammonia, using a BES under different conditions. 
Urine, collected by separation toilets and water free urinals, has a COD and an ammonia 
concentration of 10 - 1.6 gCOD L-1 and 8.1 - 0.4 gN L-1, respectively [39]. In this case, to resemble 
the treatment concept shown in Figure 2.3, a urine supernatant after struvite precipitation 
with COD and NH4-N concentrations of 4 g L-1 was used as a model, corresponding to 
earlier reported concentrations [69]. The typical pH difference observed in previous 
experiments performed in two-chambered BESs with urine is 6 (pH 7 in the anode and 13 
in the cathode). This pH gradient means that a higher applied voltage would be required 
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in an MEC and a higher energy loss would be experienced in an MFC [73]. The eff ect of 
this gradient, which can be considered as an additional internal resistance, was included 
in the calculations. Furthermore, in this calculation, it was assumed that there is no 
energy input for the MFC, and the energy outputs come from electricity production and 
ammonia recovery. For MECs, the energy input consists of electricity or external power 
supply, and the energy outputs are hydrogen production and ammonia recovery. To 
calculate the theoretical energy output, the lower heating values (LHV) for both hydrogen 
and ammonia were used: -10817 J L-1 for hydrogen [131] and -18577 J g-1 for ammonia 
(adapted from Hacker et al. 2003 [132]) . For comparison, the values for both MFC and MEC 
are presented in units of kJ per gram of nitrogen recovered. The potential NH4-N removal 
depends on both the coulombic effi  ciency of the system and the ammonium transport 
effi  ciency across the membrane. Therefore, the amount of removed ammonium from the 
anode compartment can be calculated based on assumptions for coulombic effi  ciency, 
loading rate and transport effi  ciency as will be described below.
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Figure 2.4.   (A) Current density (A m-2) as a function of the coulombic effi  ciency (%) and the loading 
rate (g d-1) and (B) ammonium fl ux from anode to cathode (g d-1) as a function of transport effi  ciency 
(%) and current density (A m-2).

Figure 2.4A shows the theoretical current density (contour lines) as a function of the 
coulombic effi  ciency and the COD loading rate. The coulombic effi  ciency represents the 
amount of degraded COD that ends up in electricity, where one mole of COD corresponds 
with 4 moles of electrons, while the loading rate is the amount of COD that is added to 
the system per time unit. This fi gure shows that current density increases with increasing 
loading rate and increasing coulombic effi  ciency. In addition, the same current density can 
be achieved by combining a high loading rate and a low coulombic effi  ciency or vice versa. 
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In BESs, the produced charge (related to current) is equal to the amount of ions that 
are transported through the membrane. The transport efficiency (η N) represents the 
percentage of ammonium that is transported through the membrane compared to the 
total amount of ions transported. Thus, at a transport efficiency of 100%, all the transported 
charge through the system is in the form of ammonium. The overall ammonium flux 
increases with increasing current density and increasing ammonium transport efficiency. 
From the combination of Figures 2.4A and B, the total amount of ammonium that is 
transported from the anode compartment to the cathode compartment can be related 
to ammonium transport efficiency, coulombic efficiency, and COD loading rate. Here, 
it is assumed that 100% of the ammonia which is removed is also recovered. Clearly, to 
maximize the ammonium recovery, the BES needs to be operated at high coulombic 
efficiency and high loading rate (to achieve a high current density), in combination with 
high ammonium transport efficiency. These aspects will be further discussed in Section 
2.6. 

Reported values (Table 2.2) for MFCs and MECs for urine treatment are well in line with 
Figure 2.4A. In MFC mode, the COD loading rate was 286 gCOD m-2 d-1, but not all COD was 
removed, while in the calculation for Figure 2.4, it is assumed that all COD is removed. 
Therefore, we compare the performance of the BES treating urine (Table 2.2) with Figure 
2.4 based on COD removal rate. At 181 gCOD m-2 d-1, and 10% coulombic efficiency, indeed 
the expected current from Figure 2.4A is below 5 A m-2  (measured value 2.6 A m-2). In 
MEC mode, at a COD removal rate of 171 gCOD m-2 d-1, and 96% coulombic efficiency, the 
expected current is between 20 and 25 A m-2, matching well with the measured value. 
Now, the current can be linked with the N removal rate (Table 2.2) to determine the N 
transport efficiency. For the MFC, the N transport efficiency derived from Figure 2.4 is 30%, 
a value also reported in this study; for the MEC, it is 60%. 

Table 2.2. Examples of current densities, coulombic efficiencies, COD loading and removal rates, 
internal resistances, and power outputs achieved in BES treating urine

Microbial Fuel Cell Microbial Electrolysis Cell

Current density (A m-2) 2.6 ± 0.1 23.1 ±1.15

COD loading rate (gCOD m-2 d-1) 285.7 ± 7.1 466.6 ± 14.0

COD removal rate (gCOD m-2 d-1) 180.9 ± 5.8 171.0 ±16.9

Coulombic efficiency (%) 10.4 ± 0.5 95.6 ±3.1

N removal rate (gN m-2 d-1) 10 173.34 ± 18.07

Internal resistance (mΩ m2) 95 43 ± 2.2

Reference [33] [39]
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Figure 2.5A shows the energy yield for a scaled-up MEC treating urine for ammonia 
recovery, using the concept proposed by Kuntke et al. (2013) [54]. All calculations were 
performed for current densities from 0.5 to 25 A m-2 (normalized to the membrane surface 
area) and for high (200 mΩ m2) and low (25 mΩ m2) internal resistance. Negative values 
for energy recovery represent actual energy recovery. Figure 2.5A shows that systems 
with low internal resistance (25 mΩ m2) can be used in the full current range to recover 
energy from urine. At high internal resistance though (200 mΩ m2), operating in the low 
current density range (up to 13 A m-2) is required to recover energy from the system. The 
reason for this is that at high internal resistance, the power input required to overcome 
the internal resistance to achieve a certain current density increases much faster than the 
recovery of energy in the form of hydrogen and ammonium. This can be seen in more 
detail in Figure 2.5B. Here, the eff ect of the diff erent contributions to the total energy 
balance for a system with 200 mΩ m2 internal resistance is shown. The input of electrical 
energy increases linearly with increasing internal resistance, as more energy is required 
to overcome the internal resistance at higher current density. The output energy (kJ gN

-1

recovered) in the form of H2 and NH3 in Figure 2.5B is independent of current density 
because it is normalized by the nitrogen recovered. The nitrogen recovered is directly 
related to the current density through the transport effi  ciency of ammonium. Overall, 
energy can only be recovered at high internal resistance when the electrical energy 
input is limited, and thus current density is lower than 13 A m-2. These results show that 
achieving a low internal resistance in these systems is crucial to actually recover energy 
from urine, because low internal resistance leads to both high current density and low 
power consumption.
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Figure 2.5 (A) Energy recovery in an MEC as a function of current density for high (200 mΩ 
m2) and low (25 mΩ m2) internal resistance. The energy recovery for an MFC is not shown since 
it is comparable to the MEC. Figure 2.5 (B) shows a more detailed overview of the energy input 
(electrical) and output (hydrogen and ammonia) for the MEC with an internal resistance of 200 mΩ 
m2 as a function of current density.
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The results of the analysis for an MFC are not shown here, but are comparable. The main 
difference is that the current range that can be achieved in the MFC is much smaller (3.5 A 
m-2) compared to the MEC. In an MFC, the cell voltage is limited by the internal resistance. 
This internal resistance causes the cell voltage to decrease to short circuit conditions 
(0 V, reached at 3.5 A m-2 in our analysis). Currents higher than short circuit cannot be 
achieved in MFC mode, meaning that to achieve higher current densities, the MFC would 
operate as an MEC. Here, the applied voltage acts as a driving force for the reactions to 
proceed at high rate and thus, current densities higher than 3.5 A m-2 can be achieved. 
Although MFCs do not rely on the input of electrical energy to drive the reactions (applied 
voltage), this additional applied energy in MECs is recovered in the form of hydrogen. 
The recovered energy in the form of nitrogen is the same for both systems as it is directly 
correlated to the produced current. As a result, the energy balance for both MFC and MEC, 
at low current densities (< 3.5 A m-2), is similar.

In the comparison shown above the energy required for pumping and stripping is not 
taken into account, because at this early stage of development no realistic estimations can 
be made in terms of flow rates required in scaled-up systems. Of course, these processes 
will negatively affect the energy recovery from urine.

2.5	 Economic analysis for ammonia recovery from urine in an MFC and MEC

Sleutels et al. (2012) have shown an approach to determine the maximum internal 
resistance at which point it is still economically feasible to apply MFCs and MECs for 
the removal of COD from wastewater [73]. In this analysis, the costs (both operational 
and capital) and benefits of both systems for the treatment of COD in wastewaters were 
estimated. Here, we extend the analysis for the case that ammonium is recovered in an 
MFC or MEC. The economic value of the treatment of urine, products and by-products 
are presented in Table 2.3. Similar to the example of COD removal, the value for ammonia 
removal mainly originates from the fact that no additional treatment is required.

As an indication for feasibility of simultaneous ammonium recovery and wastewater 
treatment in MFCs and MECs, costs and benefits have been calculated for current densities 
in a range of 0 to 50 A m-2. The results for the economic comparison for the removal of 
ammonia are shown in Figure 2.6A for MFCs and in Figure 2.6B for MECs. To study the 
effect of internal resistance, the analysis was done at both 25 and 200 mΩ m2.



Chapter 248   |

Table 2.3. Overview of the parameters used in the economic evaluation of MECs and MFCs as a 
treatment concept for wastewater

Parameter Unit Reference

Electricity 0.06 € kWh-1 [133]

Hydrogen 0.35 € m-3 [134]

Capital and 
operational costs

0.05 € kg COD removed-1 Calculated from [135]

COD removal 0.35 € kg COD removed-1 [136]

Ammonia removal efficiency 30 % Based on [69]

Ammonia removal 1.63 € kg of N removed-1 [137]

pH difference between anode and cathode 6 - Estimated from [138]

Applied voltage 1 V -

Interest rate 6 % -

The solid lines in Figure 2.6 represent the costs for the MFC and MEC consisting of both 
capital and operational costs. The dotted lines represent the revenues at high and low 
internal resistance and with and without N recovery. When revenues are higher than costs, 
the system becomes profitable. Clearly, when ammonium recovery is included in the 
economic analysis in addition to COD removal, the revenues increase for both MFC and 
MEC at both internal resistances (Figure 2.6A and B) compared to the situation without 
ammonium recovery. Both systems become profitable at almost all current densities, even 
at higher internal resistance. 

The capital costs for both MFCs and MECs are similar since these systems have the same 
configuration and are constructed from the same materials. However, the capital costs 
decrease with increasing current density when expressed in € kgCODr

-1, because the rate 
of COD removal increases at higher current densities. In contrast with the capital costs, 
the operational costs are different for MECs and MFCs. For MFCs, the operational costs are 
independent of current densities, while for MECs, the electrical energy input and thus the 
operational costs need to be increased to achieve a higher rate of hydrogen production. 
Therefore, the total costs for MECs have a minimum, determined by the current density 
and the internal resistance, and the total costs for MFCs decrease with increasing current 
density. For the MFC, low internal resistances are required to make production of electricity 
from wastewater economically attractive. Only at 25 mΩ m2, the revenues become higher 
than the costs at current densities that have been achieved in MFCs so far (5-10 A m-2). 
Like Sleutels et al (2012) reported before, hardly any MFCs so far have reached such a low 
internal resistance [73]. 
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Figure 2.6. Comparison of the costs and revenues of ammonia recovery in an MFC (A) and in an 
MEC (B). The costs and revenues are shown at diff erent internal resistances of the system and with 
and without the recovery of ammonia
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When the recovery of ammonia is taken into account, much higher internal resistances 
can be allowed for both systems at which the process is still economic; mainly because 
the savings for wastewater treatment that are reflected in the value of ammonia per kg 
of N removed. This means that for example, distances between electrodes can be allowed 
to be higher to still achieve higher revenue than cost, making scale-up of the systems 
easier. When ammonium recovery is taken into account the costs become relatively low 
compared to the revenue for both the MFC and the MEC. It should be noted however that, 
when locally produced, the production of electricity compared to hydrogen is probably 
more attractive. 

These calculations show that the removal of ammonia in BESs gives a significant economic 
value in addition to the production of electricity in an MFC or hydrogen in an MEC, which 
leads to less stringent design criteria (e.g. in terms of internal resistance), and an easier 
road towards practical application. Kuntke et al. (2014) reported an internal resistance of 
43 mΩ m2 (Table 2.2) for urine treatment using an MEC with platinum coated titanium 
electrodes. The challenge now is to reach similar internal resistances with less expensive 
materials.

2.6	 Challenges in bioelectrochemical systems for nitrogen recovery

In the previous sections, we have shown and compared the different processes for 
nitrogen removal and recovery in BESs. Although our analysis shows a promising prospect 
for application of ammonium recovery via membrane transport in an MFC or MEC, there 
are still several challenges to overcome before the technology can be applied in practice.

Most importantly, we need to optimize the ammonium recovery, and therefore the 
ammonium transport across the membrane. At present, the reported values for the 
ammonium removal efficiency from urine, e.g. the fraction of ammonium that is removed 
from urine, are around 30%. The removal of ammonium from the anode waste stream is 
dependent on several factors; most importantly (i) the concentration of ammonium in 
the wastewater, (ii) the removal of ammonium from the catholyte/cathode head space by 
stripping, (iii) the current density, (iv) the catholyte pH, (v) the type of membrane, and (vi) 
the equilibria of other ions at anode and cathode. Many of these factors are interrelated, 
e.g. the current density determines the catholyte pH [138] and is in turn dependent on 
the type of membrane and the ions present in solution [72]. These interactions should 
be studied in more detail to clarify how the removal efficiency and ammonium recovery 
can be improved. It has been shown that removing the ammonium/ammonia batch-wise 
from the catholyte by replenishing the catholyte results in higher ammonium removal 
rates [87]. In a continuous setup, removal of ammonium can be achieved by stripping, 
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where the soluble ammonia evaporates to gaseous ammonia by contact with a N2 or 
H2 gas stream, and subsequently absorbed in sulphuric acid, as has been done in the 
electrochemical ammonium recovery process [40]. Up until now such a system has not 
been tested and the performance of a BES connected to a stripper, and the maximum 
achievable ammonia recovery, needs to be determined. Another approach to understand 
the processes that determine ammonium transport is modelling. Dykstra et al. (2014) 
derived a one-dimensional steady state model of the urine MEC used by Kuntke et al. 
(2014) [139]. The model includes the transport of ions through the membrane and allowed 
to identify one of the main limiting factors of the system, which is the inert gas flow along 
the cathode. It was concluded that a higher N2 flow or decreasing the pressure in the 
cathode chamber were needed to increase ammonia recovery. Modelling the system gave 
valuable insight and understanding of its performance. In urine, COD concentrations are 
approximately 10 g L-1, and ammonium concentrations are approximately 9 g L-1. Because 
ideally 0.57 kg of COD is required for the removal of 1 kg N, urine contains sufficient COD 
to recover all the ammonium, and no additional carbon source is required. In this ideal 
case, we assume that all the COD is converted into electrons and that ammonium is the 
single transported cation. Further experiments are needed to study which COD removal 
efficiency, coulombic efficiency, and nitrogen recovery can be achieved in a BES.

While all current nitrogen removal technologies require energy for the removal of nitrogen 
gas mainly through aeration, BESs, though not applied in practice yet, are a promising 
technology for energy efficient ammonia recovery. The main reason for the low energy 
requirement for MFCs and MECs, or even energy recovery, is the fact that no oxygen is 
required to oxidize the ammonium nitrate or nitrite. Instead, the movement of electrons 
from anode to cathode drives the transport and recovery of ammonium at the cathode.

The next step is to bring BESs in general, and also specifically for the application of 
nitrogen recovery, to a larger scale. A recent review article summarizes all the work 
performed until now on scaling-up of MFCs [140]. Their major observations are that in 
terms of design, both tubular and flat-plate systems still suffer from too high internal 
resistance. The main causes for these high internal resistances are that the electrode 
spacing is too high, electrode materials have limited conductivity, and contact between 
electrodes and current collectors is often not optimal. They point out that separators, 
like membranes, are crucial to obtain high treatment efficiency, although separators also 
increase the total internal resistance. Janicek et al. (2014) stress that waste streams with 
high organic concentrations are likely to generate higher performance [65], although the 
drawback is that COD removals are generally lower and as a result, treatment efficiencies 
are limited, when a single system is used. They conclude that pilot studies are essential to 
demonstrate the practical feasibility of BESs. 
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In 2013, Wetsus has set up a pilot BES at the water board of Fryslân located in Leeuwarden, 
the Netherlands in cooperation with partners from industry. The objective of this pilot 
experiment is to purify urine by removing the COD and ammonium, and recover energy in 
the form of hydrogen, in addition to ammonia gas. This installation consists of 4 flat-plate 
cells that are stacked in parallel with a total surface area of 0.16 m2. With this pilot, we will 
demonstrate the feasibility of on-site treatment of urine and conversion into ammonium 
and hydrogen gas.
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CHAPTER 3

Load ratio determines the ammonia 
recovery and energy input of an 
electrochemical system 

ABSTRACT
Complete removal and recovery of total ammonia nitrogen (TAN) from wastewaters in (bio)
electrochemical systems has proven to be a challenge. The system performance depends 
on several factors, such as current density, TAN loading rate and pH. The interdependence 
among these factors is not well understood yet: insight is needed to achieve maximum 
ammonium recovery at minimal energy input. The aim of this study was to investigate the 
influence of current density and TAN loading rate on the recovery efficiency and energy 
input of an electrochemical cell (EC). We therefore defined the load ratio, which is the 
ratio between the applied current and the TAN loading rate. The system consisted of an 
EC coupled to a membrane unit for the recovery of ammonia. Synthetic wastewater, with 
TAN concentration similar to urine, was used to develop a simple model to predict the 
system performance based on the load ratio, and urine was later used to evaluate TAN 
transport in a more complex wastewater. High fluxes (up to 433 gN m-2 d-1) and recovery 
efficiencies (up to 100%) were obtained. The simple model presented here is also suited to 
predict the performance of similar systems for TAN recovery, and can be used to optimize 
their operation. 

This chapter has been published as: Rodríguez Arredondo M, Kuntke P, ter Heijne A, 
Hamelers HVM, Buisman CJN. Load ratio determines the ammonia recovery and energy input 
of an electrochemical system. Water Res. 2017, 111, 330-337
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3.1	 Introduction

Nitrogen removal from wastewaters is necessary to prevent the pollution of receiving 
water bodies. Nitrogen, on the other hand, is an essential nutrient for plants, so it is used 
in the production of fertilizers to increase food production. Both the removal of nitrogen 
compounds from wastewater and their production are energy intensive [23, 58]. Energy 
use for the removal and production of nitrogen compounds can be reduced by recovering 
these from wastewater. In domestic wastewater, most of the nitrogen can be found in 
the form of ammonium (NH4

+) or ammonia (NH3), depending on the temperature and pH 
[141]. The combination of both NH4

+ and NH3 is referred to as total ammonia nitrogen 
(TAN). Direct recovery of TAN from wastewater can save resources by creating a shortcut 
in the nitrogen cycle: it accomplishes removal and eliminates the need of an artificial 
nitrogen fixation process [89]. 

(Bio)electrochemical systems ((B)ESs) have been proposed as an energy-efficient 
alternative to recover TAN from wastewater [40, 69, 77, 89]. These systems consist of two 
electrodes: an anode, where an oxidation reaction takes place, and a cathode, where 
reduction occurs. Energy from the wastewater can be recovered in the form of electricity 
or chemicals (such as H2) depending on the cathodic reaction [35]. In bioelectrochemical 
systems (BESs), at least one of the reactions taking place at the electrodes is catalysed 
by microorganisms; while in electrochemical systems (ESs) all reactions are purely 
electrochemical and no microorganisms are involved. In the case of TAN recovery in ES, 
water electrolysis usually takes place, where oxygen is produced at the anode and H2 is 
produced at the cathode. 

The anode and cathode chambers of (B)ESs are often separated by an ion exchange 
membrane [35, 63]. When the electrons produced in the oxidation reaction flow through an 
external circuit from anode to cathode, ions in solution migrate through this ion exchange 
membrane to maintain electroneutrality [142]. In (B)ESs for the recovery of TAN, a cation 
exchange membrane (CEM) is used to allow the transport of NH4

+ in the wastewater from 
anode to cathode. In the cathode chamber, the NH4

+ removed from the wastewater is 
converted to volatile NH3 due to the high pH of the catholyte (cathode electrolyte) [115]. 
To strip the NH3 out of the catholyte effectively, an additional gas flow or stripping process 
is needed [87, 139]. The NH3 is then recovered as gas or absorbed into an acid. 

TAN has successfully been recovered from nitrogen-rich wastewaters (like anaerobic 
digestate or urine) by the combination of (bio)electrochemical systems with 
either stripping-absorption [40, 88] or gas-permeable hydrophobic membranes 
(TransMembraneChemiSorption, or TMCS) [143].  Complete TAN removal (how much TAN 
is removed from the wastewater) and recovery (how much TAN is recovered in the acid or 
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as gas) in these integrated systems, however, has proven to be a challenge. As examples, an 
ES coupled to a stripping-absorption unit treating urine obtained an average TAN removal 
efficiency of 75% and an average recovery efficiency of 57% [88]; while a BES coupled to 
a gas-permeable membrane unit obtained an average of 42% removal efficiency and a 
maximum recovery of 49% [143]. 

In order to be effectively recovered, TAN needs to be transported from anode to cathode. 
It has been shown that TAN transport across the CEM is determined by several factors, 
such as current density, TAN loading rate, pH and continuous removal of NH3 from the 
cathode by the stripping or membrane unit [40, 61, 69]. The interdependence among 
these factors, however, is currently not well understood: insight is needed to achieve 
maximum TAN recovery at minimal energy input. In steady-state, NH4

+ is the main charge 
carrier, since it is the only ion effectively removed from the catholyte (by stripping or any 
other means); however, at a certain point (limiting current density), the NH4

+ gets depleted 
at the membrane surface (anode side), causing other ions to transport the charge. This 
phenomenon can cause the membrane potential, and therefore, the total energy input, 
to increase steeply. The limiting current density itself depends on, among others, the bulk 
concentration and the electrolyte flow rate [144]. Thus, both current density and loading 
rate can affect the system performance. We therefore defined the load ratio (LN) as the 
ratio between the current density and TAN loading rate, in order to study its relation to 
TAN transport.  

The aim of this study was to investigate the influence of current density and TAN loading 
rate on the TAN recovery efficiency and energy input of an electrochemical system. The 
system consisted of an electrochemical cell (EC) coupled to a TMCS unit for the recovery 
of ammonia. An EC was chosen instead of an MEC [143] to be able to work at high and 
constant currents, which is needed to study the effects of current in combination with 
TAN loading on TAN transport. Whereas the main difference between both systems is the 
anodic oxidation reaction (organic carbon source vs. water oxidation), other aspects are 
similar: hydrogen evolution reaction at the cathode [89, 99] and high pH at the cathode 
[145]. Synthetic wastewater, with TAN concentration similar to urine, was used to develop 
a simple model to predict the performance of the system based on the load ratio, and 
urine was later used to evaluate TAN transport in a more complex wastewater.
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3.2 Materials and methods

3.2.1 Experimental setup
The experiments were performed in an EC coupled to a membrane module (TMCS unit) 
(Figure 3.1). 

Figure 3.1.  Schematic representation of experimental setup. EC= Electrochemical Cell; TMCS= 
TransMembrane ChemiSorption. There were two membranes in the system: a cation exchange 
membrane in the EC and a gas-permeable hydrophobic membrane in the TMCS unit.

The catholyte was recirculated via the TMCS unit for recovery of NH3. The TMCS unit 
contains a tubular hydrophobic membrane through which ammonia (gas) can pass and 
then be absorbed by an acid. This confi guration was chosen since it has been proven to 
eff ectively remove ammonia from the catholyte, facilitating the overall TAN removal and 
recovery [143]. 

The electrochemical cell consisted of two poly (methyl methacrylate) (PMMA) panels 
(21 cm x 21 cm) which encased the anode and the cathode. Titanium mesh electrodes 
with a 50 g m-2 platinum coating (Magneto Special Anodes, The Netherlands) were used 
as anode and cathode. The dimensions of the anode and cathode chambers are 10 cm 
x 10 cm x 0.2 cm. Anode and cathode chambers were separated by a cation exchange 
membrane (Nafi on® 117, Ion Power GmbH, Germany) with a projected surface area of 0.01 
m2 (same as anode and cathode). The hydraulic volume of the anode chamber, including 
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the recirculation vessel, was 200 mL. The hydraulic volume of the cathode chamber, 
including the recirculation vessel and the volume encased in the TMCS unit, was 240 mL. 

The TMCS unit used in this study consisted of a tubular polyproplylene membrane (pore 
size 200 nm, type Accurel PP V8/HF, CUT Membrane Technology GmbH, Germany) encased 
in a custom-made membrane module (Kuntke et al. 2016). The TMCS-membrane has an 
outer surface area of 0.04 m2. It was operated in crossflow mode, with the catholyte on the 
inner and the acid on the outer side of the TMCS membrane. 

Anode and cathode potential were measured versus reference electrodes (Ag/AgCl 3 
M KCl, +0.2 V vs. NHE, QM711X, ProSense BV-QiS, Oosterhout, The Netherlands), which 
were placed in the respective electrolytes near the inlet of anode and cathode chambers. 
The reference electrodes were connected to a high impedance preamplifier (Ext-Ins 
technologies, Leeuwarden, The Netherlands). Electrical current was controlled by an 
external power supply (ES 030-5, Delta Elektronika BV, Zierikzee, The Netherlands). 

Temperature and pH of both anolyte (anode electrolyte) and catholyte were measured by 
pH meters (Orbisint CPS11D sensor with Liquisys M COM 253 transmitter, Endress+Hauser 
BV, Naarden, The Netherlands) placed in each recirculation vessel. A data logger 
(Memograph M RSG40, Endress + Hauser BV, Naarden, The Netherlands) recorded each 
minute the anode and cathode potentials, cell voltage and anode and cathode pH. 

Two peristaltic pumps (Masterflex L/S, Metrohm Applikon BV, Schiedam, The Netherlands) 
were used in the system: one to provide fresh anode medium continuously and the other 
to recirculate both anolyte and catholyte. A diaphragm pump (SIMDOS 10, KNF Flodos AG, 
Sursee, Switzerland) was used to recycle the acid through the TMCS unit. 

3.2.2	 System operation
The system was operated at room temperature (23.4 ± 1.1 oC). The anode chamber of the 
electrochemical cell had a continuous inflow of fresh medium (anolyte inflow rate), while 
both the cathode chamber and TMCS unit were operated in batch mode. All three liquids 
(anolyte, catholyte and acid) were recirculated over their respective chambers at 70 mL 
min-1. Two anolyte inflow rates were used: 1.1 mL min-1 and 0.2 mL min-1, resulting in an 
HRT of 3.0 and 16.7 h.

The effluent from the anode chamber was collected in a closed container sealed with a 
water lock. Both anode and cathode recirculation vessels had a vent to let the produced 
gasses escape. 
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Steady-state was defined as the situation in which anode and cathode pH, as well as 
anode and cathode potentials were stable. After taking two samples in steady-state, the 
experiment was finished. 

3.2.3	 Media composition
Two types of wastewater were used as anolyte during the experiments: a simplified 
synthetic wastewater and pre-treated human urine. The synthetic wastewater consisted 
of 13.7 g L-1 (NH4)2CO3 and 4.6 g L-1 Na2CO3 (0.14 and 0.04 M, respectively). This composition 
was chosen to have similar concentrations of TAN and Na+ compared to urine [69], but 
with only one competing cation (Na+) to simplify the study of  ammonium transport. 
Sodium was chosen as the competing cation due to its high predominance in urine. 
The pH of the synthetic wastewater was 9.3 ± 0.1. Urine was collected from the water-
free urinals (Urimat®, Biocompact, Rotterdam, The Netherlands) installed in the male 
bathrooms of Wetsus (Leeuwarden, The Netherlands). The collected urine was stored in a 
tank for approximately 7 days, and later pre-treated by struvite precipitation and filtration 
to remove phosphate [87]. Struvite precipitation was performed at a molar ratio of 1.3:1 
(Mg:P) using MgCl2.6H2O as the magnesium source. After precipitation, the urine was 
filtered through a 10 µm cartridge filter (Van Borselen Filters, Zoetermeer, The Netherlands) 
to remove the struvite crystals. The urine was used in the experiments immediately after 
filtration (pH 9.2 ± 0.1). The composition of the pre-treated urine can be found in Table 
S3.1 (Supporting information). 

The catholyte was a 0.09 M NaOH solution, in order to have the same sodium concentration 
in both anolyte and catholyte. One litre of 1M H2SO4 was used as the acid for absorption in 
the TMCS unit. The anode chamber, cathode chamber, and the TMCS unit were emptied 
completely and filled with fresh media before starting a new experiment. 

3.2.4	 Experimental plan
Eight experiments were performed with synthetic wastewater, as shown in Table 3.1. Two 
of these experiments were performed with no applied current (open circuit) to investigate 
TAN transport by diffusion. The other six experiments were performed to study TAN 
transport in dependence of applied current density. These six experiments resulted in 
three sets of conditions with respect to the applied current density: balanced TAN loading 
(“sufficient”), excess TAN loading (“excess”) and insufficient TAN loading (“deficit”). These 
conditions are defined by the parameter load ratio (LN), which is a relation between the 
applied current and the TAN loading rate (both expressed in A m-2) (Equation 3.1):
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LN= 
Canolyte inflow,TAN * Qanode * F

Am

japplied
                          		                             Equation 3.1

Where japplied is the applied current (A m-2), Canolyte inflow, TAN is the molar concentration of TAN 
in the anolyte inflow (mol m-3), Qanode the anolyte inflow rate (m3 s-1), F the Faraday constant 
(96485 C mol-1) and Am the surface area of the cation exchange membrane (0.01 m2).

Therefore, a LN lower than 1 means that there is more TAN than the current can transport 
(“excess”), whereas a LN higher than 1 means that the TAN is limiting (“deficit”). A load 
ratio equal to zero describes open circuit experiments (japplied 0 A m-2). A LN of 1 describes 
a situation in which the TAN loading and the applied current are equal (“sufficient”). Due 
to variations in the TAN concentration, however, it is challenging to achieve a load ratio of 
exactly 1.0. Therefore, the load ratios close to 1 are also considered as “sufficient”. 

The synthetic wastewater experiments were used to study and model the TAN transport 
processes in the system.  Afterwards, three experiments were performed with urine (Table 
3.1) to evaluate TAN transport in a more complex mixture of ions and to observe how these 
results fit to the model obtained with synthetic wastewater.  These three experiments 
were chosen based on the fact that the application of (B)ESs for the treatment of urine 
has the objective of achieving high TAN removal efficiencies and transport rates, which 
implies “sufficient” or “deficit” load ratios. 

Table 3.1. Experiments performed in the study and their load ratio (LN). Sufficient, deficit and excess 
refer to the TAN loading with respect to the applied current. Synthetic wastewater and urine were 
used as anolyte

  Qanode = 0.2 mL min-1 Qanode = 1.1 mL min-1

japplied LN Condition LN Condition

A m-2 -   -  

0 0.00 Diffusion 0.00 Diffusion

10 1.20 Sufficient 0.22 Excess

20 2.54 Deficit 0.45 Excess

50 6.16 Deficit 1.33 Sufficient

20 2.72 Deficit (urine) - -

50 6.48 Deficit (urine) 1.18 Sufficient (urine)
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3.2.5	 Sampling and chemical analysis
Before starting each experiment, samples were taken from the influent container and 
recirculation vessel of both anode and cathode. At the completion of one hydraulic 
retention time (HRT), a sample was taken from the anolyte recirculation vessel and from 
the acid. Two samples were taken from the recirculation vessel of both anode and cathode 
at steady state (determined by a constant anode and cathode pH, as well as anode and 
cathode potentials) within a period of 15 to 20 minutes. Steady state was reached within 
20-40 hours, depending on the experiment. A final sample was taken from the acid and 
the anolyte effluent container, and the experiment was finished immediately afterwards. 

The samples were filtered through 0.45 µm filters (PTFE syringe filters, VWR International 
B.V., Amsterdam, The Netherlands) prior to analysis. TAN and sodium concentrations 
for the synthetic wastewater experiments, as well as chloride, nitrite, nitrate, sulphate, 
potassium, magnesium and calcium concentrations from the urine experiments were 
measured by ion chromatography in duplicate. The ion chromatographs used were the 
Metrohm Compact IC Flex 930 with a cation column (Metrosep C 4- 150/4.0) and the 
Metrohm Compact IC 761 with an anion column (Metrosep A Supp 5- 150/4.0), both 
equipped with conductivity detectors. The acid samples from the TMCS were analysed 
by a cuvette test kit for ammonium (LCK 303, spectrophotometer XION 500, Dr. Lange 
Nederland B.V., The Netherlands). 

3.2.6	 Calculations
The equations for the calculations of removal efficiency of TAN (RETAN, how much was 
removed from the TAN that entered the system), recovery efficiency of TAN (how much 
of the TAN supplied via the anolyte inflow was recovered in the acid), flux of TAN over the 
CEM (JTAN), flux of NH3 over the TMCS membrane (JNH3,TMCS), transport efficiency of NH4

+ 
(tENH4+) and transport energy input can be found in the Supporting information. 

3.2.7	 Model development
A simple removal efficiency model was derived (Equation 3.2; derivation shown in 
Supporting information) based on the anode and cathode mass balance equations, the 
transport equations for the NH3 and NH4

+ fluxes, and initial assumptions of: i) steady state 
and ii) completely mixed anode and cathode chambers. Assumption i) implies 100% 
transport efficiency for NH4

+, since it is the only ion effectively removed from the catholyte, 
by the TMCS unit, at steady state.  

RETAN,model = ((1 - β) * LN  + β * γ) * 100                                                                    Equation 3.2
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Where RETAN, model (%) is the predicted removal efficiency of TAN, LN (-) is the load ratio 
(Equation 3.1), and β (-) and γ (-) are parameters described by Equation 3.3 and Equation 
3.4, respectively.

β =  
km

km + Kg

							                     Equation 3.3

Where km (m s-1) is the mass transfer coefficient of ammonia through the CEM and Kg  
(m s-1) is a term which includes the gas transfer coefficient of ammonia through the TMCS 
(Equation S3.15). 

γ = 
Kg * Am

Qanode 
 *  f NH3,anode  		  				                  Equation 3.4

Where Am (0.01 m2) is the surface area of the CEM, Qanode (m
3 s-1) the anolyte inflow rate and 

fNH3,anode (-) the fraction of NH3 in the anolyte. 

The experimental data of synthetic wastewater were used to estimate the model 
parameters ß and ɣ (Equations 3.3 and 3.4, respectively). Kg was determined by plotting 
the TMCS flux (JNH3,TMCS, in mol N m-2 s-1) against the  NH3 concentration in the catholyte 
(mol m-3). Kg is the slope of the linear regression curve. 

After obtaining Kg, γ was calculated for each experimental point. Only the current-induced 
experiments were included in the model. Then, an optimum β was obtained by minimizing 
the sum of the squares of the differences between the experimental removal efficiencies 
and Equation 3.2. Once the optimal β was obtained, we calculated km. Equation 3.2 was 
then used to predict the removal efficiency of the system depending on the load ratio.

3.3	 Results and discussion

3.3.1	 TAN flux over the CEM equals TAN flux over the TMCS
There are two fluxes of nitrogen in the system: TAN over the cation exchange membrane 
(JTAN) and NH3 over the TMCS membrane (JNH3, TMCS). When both fluxes are the same, steady 
state is reached. Figure 3.2 shows that there is a direct linear relationship with a slope of 
1.06 and a R2 of 0.98 for the synthetic wastewater data points. The slope shows that the flux 
over the cation exchange membrane was around 6% higher than the one over the TMCS, 
which indicates near steady state. The system thus effectively transported ammonia from 
the influent to the acid. This was also the case for urine as influent, as both fluxes across 
CEM and TMCS membrane were similar, too. 
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Figure 3.2. TAN flux over the cation exchange membrane (JTAN) against NH3 flux over the TMCS 
membrane (JNH3, TMCS). The regression line was fitted only for the synthetic wastewater points for 
modelling purposes. Long-dashed and short-dashed curves represent the 95% confidence interval 
and 95% prediction interval for the linear regression, respectively. This figure shows that the system 
was near steady state. 

3.3.2	 Load ratio is an essential parameter to assess TAN removal efficiency and 
transport energy input 
To study TAN removal efficiency and energy input under different experimental conditions, 
we defined the load ratio, which is the ratio between the applied current (in A m-2) and the 
TAN loading rate (in A m-2) (Equation 3.1). The main trends and figures are shown in this 
section, while all results are summarized in Table S3.2.

Figure 3.3 shows the experimental data for TAN removal efficiency (RETAN) as a function 
of the load ratio. At LN much higher than 1, there is limited TAN compared to the applied 
current, and for synthetic wastewater this resulted in TAN removal efficiencies between 
99% and 100%. For LN lower than 1, there is excess TAN compared to the applied current, 
and therefore, TAN removal efficiencies were much lower. In a situation where current 
is applied, TAN is transported through the membrane by a combination of migration 
(current-induced) and diffusion (concentration gradient-induced). At LN 0, no current is 
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applied, so RETAN is determined by diffusion alone. The model, as seen in Figure 3.3, is well 
suited to describe the relation between load ratio and TAN removal efficiency. 
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Figure 3.3. TAN removal efficiency (RETAN) with respect to load ratio (LN). LN is the ratio between the 
applied current and the TAN loading rate, both in units of A m-2. The synthetic wastewater data set 
was used for modelling purposes. The dotted line depicts the model results. Data points at 0 load 
ratio belong to the open circuit experiments and are not fitted in the model. The model based on 
the load ratio can accurately describe the system performance in terms of removal efficiency.

A RETAN of 100% would be expected at a LN of 1 in steady state, since at this load ratio the 
applied current equals the TAN supplied. Our experiments show, however, that the system 
needs to be operated at a load ratio higher than 1 to achieve complete TAN removal, 
because ammonia diffusion from cathode to anode also contributes to TAN transport. 
When NH3 diffuses through the CEM from cathode to anode, it is protonated to NH4

+ when 
close to the anode [146], so energy is spent in transporting NH4

+ back to the cathode. 

In addition to TAN removal, the load ratio is also a useful parameter to assess energy 
efficiency. The transport energy input is defined here as the electrical energy input to the 
EC that was used for transport processes, independent of the reactions occurring at the 
electrodes. Therefore, it only takes into account the potential loss due to the transport of 
ions through the membrane (Etransport, measured as the potential difference between the 
reference electrodes) and the potential loss due to the pH gradient over the membrane 
(E∆pH) [72]. Values for Etransport, EpH (along with final anolyte and catholyte pH) and the total 
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electrical energy input can be found on Table S3.3. Figure 3.4 shows the relation between 
the load ratio (LN) and transport energy input for the recovery of TAN.
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Figure 3.4. Energy input used to transport TAN (in kJ per g N removed) with respect to load ratio 
(LN). LN is the ratio between the applied current and the TAN loading rate, both in units of A m-2. 
The transport energy input takes into account only the potential losses due to transport and pH 
gradient over the membrane. This figure shows that working at load ratios much higher than the 
‘limiting’ one (1.2) costs considerably more energy, even though no considerable increase in removal 
efficiency can be achieved. 

In our experiments with synthetic wastewater, at LN <1.2, the energy input for transport 
of TAN was minimal (see insert in Figure 3.4), but the TAN removal efficiency was low 
(Figure 3.3). At LN > 1.2, the applied current was higher than the current that can be carried 
by NH4

+. This resulted in depletion of NH4
+ at the membrane surface (anode side), and 

therefore higher energy input for TAN transport. In these experiments, where energy 
input for transport increases steeply, the RETAN reached values close to 100%. At LN around 
1, however, 92- 94% TAN removal efficiencies were already achieved, even though the 
energy input for transport was considerably lower than that for LN > 1.2. Thus, working at 
higher load ratios than the ‘limiting’ one does not provide an advantage anymore: it costs 
more energy, and no considerable increase in removal efficiency can be achieved. 
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3.3.3	 System performance using urine
For the experiments with urine, a similar trend in transport energy input was observed 
(Figure 3.4), although at LN > 1.2 it was considerably lower than for synthetic wastewater. 
In the two urine cases with LN > 1.2, the potential loss due to transport was 10 to 30 times 
lower than the corresponding synthetic wastewater cases (Table S3.3). The reason for a 
lower Etransport in the urine experiments may be related to the difference in composition 
between synthetic wastewater and urine. Urine contains a more complex mixture of ions 
than the synthetic wastewater (K+, Mg2

+, Ca2
+, Cl-, SO4

2-, etc.), so its conductivity is higher, 
which affects transport losses. In the urine case at LN 1.18, the transport energy input was 
higher than its synthetic counterpart because the TAN removal efficiency was relatively 
low (63% vs. 92% for synthetic), resulting in higher transport energy input per kg TAN 
removed. 

The experiments with urine and synthetic wastewater also showed a similar trend regarding 
TAN removal efficiency (Figure 3.3). Higher load ratios resulted in higher RETAN, even though 
removal efficiencies with urine were lower than those with synthetic wastewater. The 
reason for this lower removal efficiency could be explained by the presence of chloride 
(Cl-). Urine contains Cl-, which can potentially be oxidized electrochemically to produce 
chlorine (Cl2). Chloride oxidation can result in hypochlorite production, which can react 
with the ammonium in the anolyte to form chloramines [68, 81, 147–149]. The chloramine 
formation decreases the amount of NH4

+ available for transport, which would result in 
lower TAN removal efficiency. Hypochlorite can also oxidise the ammonium to nitrogen 
[148, 150, 151], in which case the TAN would be removed as N2 gas, but not recovered in 
the acid. Chloride concentration was measured in the three urine experiments, and only 
in the case of the highest LN (6.48) a decrease in chloride concentration was found (see 
Table S3.4). The experiment at LN 6.48 is also the one in which the difference between 
TAN removal and recovery efficiencies was the highest from the data set (Table S3.2), 
and where the highest anode potential (1.874 V vs. Ag/AgCl) was measured.  The above 
suggests that chloride oxidation might have occurred and, since the TAN was removed 
but not found back in the acid, it was probably removed as N2 gas. The presence of Cl- in 
urine might therefore have affected the performance of the system, resulting in lower 
removal efficiencies and also deviations from the model based on chloride-free synthetic 
wastewater. 

3.3.4	 TAN flux and transport efficiency performance 
The TAN flux (JTAN) is the total flux of ammonium and ammonia that was transported 
from the anode to the cathode chamber through the CEM.  Figure 3.5A shows JTAN for all 
experiments, plotted as function of the load ratio. When no current is applied (LN 0), only 
diffusion determines the overall membrane transport process. For this reason, JTAN for both 
diffusion experiments was the same (27 gN m-2 d-1). The effect of applied current on JTAN was 
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clearly seen at the high inflow rate experiments (1.1 mL min-1) with synthetic wastewater. 
At this inflow rate there was sufficient (or excess) TAN in the system, so the flux increased 
with increasing applied current, as expected. On the other hand, for the low inflow rate 
experiments (0.2 mL min-1), the effect of applied current density was not apparent due to 
the TAN limitation in the system, meaning that already at the lowest current, TAN flux was 
highest. The highest flux obtained was 433 gN m-2 d-1, corresponding with the experiment 
at the highest inflow rate and applied current (LN = 1.33). 
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Figure 3.5 (A) TAN flux over the cation exchange membrane (JTAN) against load ratio (LN). (B) TAN 
removal efficiency (RETAN) in relation to NH4

+ transport efficiency (tENH4+). LN is the ratio between the 
applied current and the TAN loading rate, both in A m-2. In the legend, 0.2 and 1.1 represent the 
anolyte inflow rate (mL min-1). The effect of applied current density is not apparent in A) for the low 
inflow rate due to TAN limitation in the system. In B), it can be seen that high removal efficiencies can 
be obtained at both high and low transport efficiencies. 

The transport efficiency refers to the contribution of an ion to the total charge transport 
across the CEM. In one experiment with TAN in excess (synthetic wastewater, 1.1 mL 
min-1 and 10 A m-2, LN 0.22) the transport efficiency of NH4

+ was higher than 100%; likely 
due to the effect of diffusion. This study shows that the highest TAN removal efficiencies 
were obtained at the lowest NH4

+ transport efficiencies (tENH4+) (Figure 3.5B), which is in 
agreement with other studies [40, 88]. High TAN removal efficiencies, however, were also 
obtained at high NH4

+ transport efficiencies (Figure 3.5B). This fact indicates that transport 
efficiency alone is not well suited to predict how much TAN the system can remove. 

The three experiments at LN around 1 showed very different TAN fluxes (Figure 3.5A). On 
one hand, the experiment with synthetic wastewater at 0.2 mL min-1 (LN 1.20) had a lower 
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TAN flux compared to the two experiments at 1.1 mL min-1 (LN 1.33 and 1.18 for synthetic 
wastewater and urine, respectively), which is explained by the fact that there was less TAN 
entering the system (low inflow rate). On the other hand, JTAN for the urine experiment 
at 1.1 mL min-1 (LN 1.18) was lower than the corresponding synthetic (LN 1.33). The TAN 
flux for the urine experiment at LN 1.18 might be lower than its synthetic one because its 
NH4

+ transport efficiency was lower (Figure 3.5B). In the case of the lowest inflow rate the 
transport efficiency of NH4

+ for urine and synthetic are similar, which relates to their similar 
TAN fluxes. 

Transport efficiency is dependent on both current density and TAN loading rate. In TAN 
limited systems, the current carries more charge than can be supplied via TAN, and the 
result is that other ions are transported across the CEM. This can be seen in Figure 3.5B, 
where the lowest transport efficiencies coincide with the cases in which TAN was limiting: 
all TAN was removed, so other ions contributed to the charge transport. Transport efficiency 
calculations show that 53-100% of the total charge (in the cases of load ratios lower than 
1.3) was carried by NH4

+. The transport efficiency of other ions (i.e. K+, Na+ and H+/OH-) is 
shown in Figure S.3.1. Thus, the combination between TAN loading rate and current, as 
reflected in the load ratio, is essential to draw conclusions on the system’s performance.

3.3.5	 High removal and recovery efficiencies are achieved in the EC-TMCS system
Overall, high removal and recovery efficiencies were achieved except for the situations 
with TAN in excess. Even though from Figure 3.5B it is clear that in these situations most 
of the current was used to transport ammonium (highest tENH4+), the applied current was 
not enough to remove all TAN. 

As seen in the open circuit experiments, the system was able to remove part of the TAN 
without applying any current (Figure 3.3). Diffusion showed to account for a substantial 
part of the TAN removal in the system, especially in the case of the low inflow rate. A RETAN 

of 32% was obtained in the 0.2 mL min-1 open circuit experiment, while for the 1.1 mL 
min-1 it resulted in 6%. This difference might be due to the longer hydraulic retention time 
of the lower inflow rate (16.7 vs. 3 h).  Previous studies using MECs or ECs using recovery 
methods other than the TMCS obtained similar removal efficiencies even under influence 
of combined diffusion and migration [40, 87]. 

Most of the TAN removed from the system (84% or more) was recovered in the acid in all 
cases, with the urine experiment at 0.2 mL min-1 and 50 A m-2 showing the lowest recovery. 
This was probably due to chloride oxidation, as mentioned in Section 3.3.3. In two cases, 
recoveries were slightly higher than removals (Table S3.2). Whereas the removal efficiency 
is calculated based on steady state measurements, the recovery efficiency is determined 
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from the increase in TAN concentration in the sulphuric acid solution over the whole 
experimental period, which may result in small imbalances. 

3.3.6	 Load ratio as a parameter of comparison to other studies
Usually, it is difficult to find a good measure of comparison between different (bio)
electrochemical systems for TAN removal and recovery, since different hydraulic retention 
times, current densities and inflow TAN concentrations are used.  We propose here the use 
of the load ratio as a fair parameter of comparison. It is important to take into account, 
however, that steady-state situations are essential for these comparisons to be valid.  

Figure 3.6 compares the model developed here to the results obtained in four recent 
studies for the recovery of ammonia: one of an EC attached to a stripping-absorption unit 
in which synthetic urine and real urine were used [88], another one in which an MEC was 
coupled to a TMCS unit (such as the one used in this study) [143], one in which an MEC 
and an EC attached to a stripping-absorption unit treated synthetic wastewater [145] 
and one in which an EC coupled to the same stripping-absorption units used in the other 
two studies treated digestate [40]. These studies were chosen because they are similar to 
this work in terms of the use of an integrated system in the cathode for the recovery of 
NH3. The data points are calculated based on the inflow TAN concentrations, inflow rates, 
current densities and removal efficiencies provided by the different studies. As in the case 
of urine shown in Figure 3.3, the data points do not match completely, because the model 
is fitted to our synthetic wastewater data. It is expected then, that with varying systems 
and wastewater composition, the optimum load ratio will change. The RETAN determined 
in the first two  studies [88, 143], however, is similar to what would be expected by using 
the model. The other two studies differ significantly from the model, due to, among other 
reasons, some complications during the experiments (such as a low stripping-absorption 
efficiency) and varying wastewater composition [40, 145]. The simple model presented 
here is therefore also suited to predict the performance of other optimally functional and 
similar systems for TAN recovery.

This model based on the load ratio provides a reasonable description of the expected 
outcomes in terms of removal efficiency and the threshold in which the system can be 
optimally operated.  Since the focus of this study was to design a simple steady-state 
model to describe a complex system, the model may be further optimized by taking into 
account other processes occurring in the system, such as ionic speciation. 
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Figure 3.6. TAN removal efficiency (RETAN) with respect to load ratio (LN). LN is the ratio between 
the applied current and the TAN loading rate, both in units of A m-2. The dotted line is the model 
developed in this study, while the other data points are based on four other studies.

3.4.	 Conclusions

	 •   �The load ratio (ratio between applied current and TAN loading rate) is an 
essential parameter to assess TAN removal efficiency and energy input of 
current-driven processes. 

	 •   �Working at higher load ratios than the ‘limiting’ one does not provide an 
advantage anymore: it costs more energy, and no considerable increase in 
removal efficiency can be achieved. 

	 •   �A RETAN of 100% would be expected at a LN of 1 in steady state, since at this 
load ratio the applied current equals the TAN supplied. Our experiments show, 
however, that the system needs to be operated at a load ratio higher than 1 to 
achieve complete TAN removal, because ammonia diffusion from cathode to 
anode also contributes to TAN transport.

	 •   �A similar trend in system performance was observed for both synthetic 
wastewater (with TAN and sodium concentrations similar to urine) and urine. 

	 •   �The model based on the load ratio described well the experimental data, is also 
suited to predict the performance of similar systems for TAN recovery, and can 
be used to optimize their operation. 
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3.5 Supporting information

Table S3.1. Concentration of anions and cations measured in urine used in experiments (after 
struvite precipitation)

Ion Concentration (g L-1)

Cl- 3.59 ± 0.22

NO2
- <0.01

NO3
- <0.02

PO4
3- <0.01

SO4
2- 0.54 ± 0.04

Na+ 1.73 ± 0.10

NH4
+ 4.25 ± 0.12

K+ 1.61 ± 0.06

Mg2+ <0.02

Ca2+ <0.02

Table S3.2. TAN removal efficiency (RETAN), recovery efficiency, flux (JTAN), transport efficiency (tENH4+), 
and energy input due to transport obtained in the set of experiments at different load ratios (LN). 
Synthetic wastewater and urine were used as anolyte

Qanode japplied Experiment LN RETAN

Recovery 
efficiency TAN

JTAN tENH4+

Transport 
energy input

mL min-1 A m-2
-

% % gN m-2 d-1 % kJ g N-1

0.2

0 Open circuit 0.0 32 32 27 0 0.0

10 Sufficient 1.2 94 83 98 78 2.3

20 Deficit 2.5 99 93 98 39 49.2

50 Deficit 6.2 100 101 101 16 164.7

1.1

0 Open circuit 0.0 6 10 27 0 0.0

10 Excess 0.2 27 27 152 122 0.3

20 Excess 0.4 43 37 240 96 1.1

50 Sufficient 1.3 92 84 433 69 7.1

0.2 20 Deficit (urine) 2.7 89 83 82 33 14.5

1.1 50 Sufficient (urine) 1.2 63 56 335 53 14.2

0.2 50 Deficit (urine) 6.5 92 77 89 14 47.6
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Table S3.3. Potential loss due to transport (Etransport), final anolyte and catholyte pH, potential loss 
due to the pH gradient over the membrane (EpH) and total electrical energy input. Urine experiments 
are marked as (*)

Qanode japplied Etransport Final anolyte pH Final catholyte pH EpH

Total electrical energy 
input

mL min-1 A m-2 V - - V kJ g N-1

0.2

0 - 8.8 8.1 - 0.0

10 0.08 6.9 9.9 0.18 21.5

20 2.33 5.0 12.8 0.46 81.2

50 3.30 3.2 13.0 0.57 249.6

1.1

0 - 9.0 8.5 - 0.0

10 0.01 8.9 9.6 0.04 13.2

20 0.06 8.4 10.0 0.10 18.2

50 0.36 6.5 12.4 0.35 30.6

0.2* 20 0.09 2.1 12.3 0.60 64.8

1.1* 50 0.69 5.9 13.0 0.42 48.9

0.2* 50 0.33 1.6 12.7 0.65 166.7

Table S3.4. Chloride concentration in the beginning and end of urine experiments

Cl- concentration (g L-1)

Qanode japplied Anode Cathode

mL min-1 A m-2 Initial Final Initial Final

0.2 20 3.40 3.43 0.00 0.10

1.1 50 3.55 3.60 0.00 0.07

0.2 50 3.83 2.70 0.00 0.12
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Figure S3.1. Transport efficiency of NH4
+, Na+, K+ and H+/OH- over the membrane. Negative numbers 

mean transport from cathode to anode, and efficiencies higher than 100% indicate diffusion. Mg2+ 
and Ca2+ were not detected and therefore did not contribute the charge transport.
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Calculations

	 •  Removal efficiency of TAN (%)
The removal efficiency is a measure of how much was removed from the TAN that entered 
the system. 

RETAN =  1-
Canolyte end,TAN

Canolyte inflow,TAN

 
 
 * 100                       			                Equation S3.1

Where Canolyte end, TAN (g m-3) and Canolyte inflow, TAN (g m-3) represent the TAN concentration in the 
anolyte at steady state and in the inflow, respectively.

	 •  Recovery efficiency of TAN (%)
Part (or all) of the TAN supplied via the inflow is recovered in the acid in the TMCS unit; this 
number is called recovery efficiency.

Recovery efficiencyTAN  =  
Cacid end,NH4+*Vacid

Qanode* t * Canolyte inflow,TAN)  
 
 * 100          	             Equation S3.2

Where Cacid end,NH4+ (g m-3) is the NH4
+ concentration measured in the acid at the end of the 

experiment, Vacid (m3) the volume of acid,  Qanode (m
3 s-1) is the anolyte flow rate, while t (s) 

is the duration of the experiment.   

	 •  Flux of TAN over the cation exchange membrane (mol N m-2 s-1) 

JTAN = 

Canolyte inflow,TAN - Canolyte end,TAN

MNH4+
* Qanode

Am

                    			             Equation S3.3

Where Am (0.01 m2) is the surface area of the cation exchange membrane and MNH4+ (18 g 
mol-1) the molar mass of ammonium. 

	 •  Flux of NH3 over the TMCS membrane (mol N m-2 s-1) 

JNH3,TMCS = 

Cacid end,NH4+- Cacid HRT1,NH4+

MNH4+

tstable * Am

                               			             Equation S3.4

Where Cacid HRT1,NH4+ (g m-3) is the NH4
+ concentration measured in the acid at the first HRT, 

while tstable (s) is the time between the first HRT and the end of the experiment, which is the 
time considered as steady state.   
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	 •  Transport efficiency of NH4
+ (%)

The transport efficiency is the contribution of an ion to the total charge transport over the 
cation exchange membrane.  

tENH4+ =  
JTAN * zNH4+* F

japplied  
 * 100				                                 Equation S3.5

Where zNH4+ (-) represents the charge of NH4
+, F (96485 C mol-1) the Faraday constant and 

japplied (A m-2) the applied current density.

	 •  Transport energy input (kJ g N removed-1)
The transport energy input reflects only the electrical input to the EC that was used for 
transport. This term takes into account only the potential losses due to transport and pH 
gradient over the membrane, independent of the reactions occurring at the electrodes.

Transport energy input = XTAN * (Etransport + E ∆pH ) * F
1000J/kJ * 14 gN/mol

 			              Equation S3.6

Where XTAN (-) is the charge input (Equation S3.7), Etransport (V) is the potential loss due to 
transport (Equation S3.8) and E∆pH (V) is the potential loss due to the pH gradient over the 
membrane (Equation S3.9).

	 •  Charge input (-)

XTAN = 
japplied

JTAN * F
 	 						                 Equation S3.7

	 •  Transport potential loss (V)
The potential loss due to the transport of ions across the membrane was defined as the 
potential difference between the cathode and anode reference electrodes.

Etransport = (Ecathode,measured - Eanode,measured ) - Ecell,measured      		                              Equation S3.8
 

	 •  pH gradient potential loss (V)

E∆pH  =  RT
F

 * ln(10(pHcathode - pHanode ) )				               Equation S3.9
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	 •  Total electrical energy input (kJ g N removed-1)
In Table S3.3, the total electrical energy input was calculated similar to the transport 
energy input (Equation S3.6), by substituting the sum of Etransport and EpH for the cell voltage 
(Ecell).

Model derivation (Equation 3.2)

For the model derivation, concentrations are expressed in mol m-3.

•  Balance equations for anode and cathode

Qanode * Canode media,TAN - (JNH4+ + JNH3) * Am - Qanode * Canode end,TAN = 0  		          Equation S3.10

(JNH4+ + JNH3) * Am - kg * ATMCS * Ccathode,NH3 = 0  				             Equation S3.11

Where JNH4+ (mol m-2 s-1) is the ammonium flux, JNH3 (mol m-2 s-1) the ammonia flux, kg (m s-1) 
is the gas transfer coefficient of ammonia through the TMCS, ATMCS (0.04 m2) is the surface 
area of the TMCS membrane, and Ccathode,NH3 (mol m-3) the concentration of ammonia in the 
catholyte. 

	 •  Transport equations

JNH4+  = α * I       					           	                           Equation S3.12

JNH3= km* (Canode,NH3  - Ccathode,NH3)   					              Equation S3.13

Where α (-) is the fraction of current transported by ammonium, I (mol m-2 s-1) is the 
applied current, km (m s-1) is the mass transfer coefficient of ammonia through the CEM, 
and Canode,NH3 (mol m-3) the concentration of ammonia in the anolyte.

We derived the model shown in Materials and Methods (Equation 3.2) by rewriting 
Equation S3.10 in terms of both Equation S3.14 and Equation S.3.1, Equation S3.11 in 
terms of S3.15, taking into account the assumptions mentioned (thus α= 1), substituting 
and rearranging. 

Nload = 
Qanode * Canode media,TAN

Am

					              Equation S3.14

The N load is the TAN loading rate expressed in mol m-2 s-1 (instead of A m-2).



Chapter 378   |

Kg = kg * 
ATMCS

Am  
							                Equation S3.15

Kg is a term which includes the gas transfer coefficient of ammonia through the TMCS (kg).
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CHAPTER 4

Hydrogen gas recycling for energy 
efficient ammonia recovery in 
electrochemical systems

ABSTRACT
Recycling of hydrogen gas (H2) produced at the cathode to the anode in an electrochemical 
system allows for energy efficient TAN (Total Ammonia Nitrogen) recovery. Using a H2 

recycling electrochemical system (HRES) we achieved high TAN transport rates at low 
energy input. At a current density of 20 A m-2, TAN removal rate from the influent was 
151 gN m-2 d-1 at an energy demand of 26.1 kJ gN

-1. The maximum TAN transport rate of 
335 gN m-2 d-1 was achieved at a current density of 50 A m-2 and an energy demand of 
56.3 kJ gN

-1. High TAN removal efficiency (73-82%) and recovery (60-73%) were reached 
in all experiments. Therefore, our HRES is a promising alternative for electrochemical 
and bioelectrochemical TAN recovery. Advantages are the lower energy input and lower 
risk of chloride oxidation compared to electrochemical technologies, and high rates and 
independence of organic matter compared to bioelectrochemical systems.

This chapter has been published as: Kuntke P, Rodríguez Arredondo M, Widyakristi L,  
Ter Heijne A, Sleutels THJA, Hamelers HVM, Buisman CJN. Hydrogen gas recycling for energy 
efficient ammonia recovery in electrochemical systems. Environ. Sci. Technol. 2017, 51 (5), 3110-
3116. 



Chapter 482   |

4.1	 Introduction

Our modern society relies on fertilizers to ensure sufficient crop yield for food production. 
The Food and Agriculture Organization of the United Nations (FAO) estimated that in 2016 
approximately 117 million tonnes of nitrogen (N) and 45 million tonnes phosphorus (P) 
fertilizer will be applied in agriculture [152]. Whereas P is a scarce and non-replaceable 
resource [153, 154], N is vastly available as nitrogen gas (N2) in our atmosphere. However 
converting inert N2 into reactive nitrogen (i.e., NH3/NH4

+, NO3
-, NO2

-) is energy demanding 
[58]. About 1 to 2% of the worldwide energy demand is allocated to the production 
of ammonia (i.e. for fertilizer usage) [8, 155]. Ammonia production is responsible for 
approximately 20% of the energy consumption in the chemical industry in the US [156].

After food consumption, a large amount of this reactive nitrogen ends up in domestic 
wastewater. This reactive nitrogen in wastewater needs to be removed to protect sensitive 
water bodies and comply with current discharge regulations. Nowadays, common 
practise for the removal of nitrogen from wastewater is the nitrification/denitrification 
process, which requires aeration and organic matter to convert reactive nitrogen to inert 
N2, thereby destroying a potential resource. Newer technologies, like Anammox, which 
are more energy efficient, also lead to the destruction of reactive nitrogen [58, 103]. 
Collecting nutrient rich streams separately is a strategy to improve the energy efficiency of 
wastewater treatment system and allow for nutrient recovery. Source separated urine as a 
suitable nutrient rich stream for nutrient recovery was already recognized in the 1990’s, as 
urine contains about 80% of the nitrogen found in wastewater in a small volume fraction 
(approximately 1 vol%) [83, 157].

In recent years, current driven TAN (Total Ammonia Nitrogen) recovery using 
electrochemical or bioelectrochemical systems have been proposed as an alternative 
to conventional TAN removal/recovery strategies [89, 99]. Both types of systems use the 
electric current derived from redox reactions at electrodes to transport TAN through 
a cation exchange membrane (CEM) and thereby separate it from the wastewater 
and concentrate it in the catholyte prior to extraction. TAN recovery from the cathode 
compartment is possible due to the high pH of the catholyte which deprotonates the 
ammonium into volatile ammonia. The pH of the catholyte increases as a result of the 
reduction of water or oxygen and transport of cations other than protons through 
the CEM. The volatile ammonia is then extracted from the catholyte by gas permeable 
hydrophobic membranes or by conventional ammonia stripping process [40, 48, 69, 143, 
145]. Bioelectrochemical systems (i.e. Microbial Electrolysis Cells (MECs) and Microbial 
Fuel Cells (MFCs)) for TAN recovery rely on bacteria to catalyze the oxidation reaction of 
organic matter, whereas in electrochemical systems (ESs) the electrochemical oxidation 
reaction is water splitting, which produces oxygen and protons [89].
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Bioelectrochemical TAN recovery from wastewater has been shown to be more energy 
efficient compared to electrochemical recovery, as bacteria at the anode can convert 
chemical energy stored in organic matter into electrical energy [89, 99]. In this context, 
urine seems to be an interesting wastewater, as it is rich in TAN and COD which can be 
utilized in BES [81, 158, 159]. The conversion of organic matter, at the same time, is a 
challenge, as BESs rely on readily available organic matter. Competition with other bacteria 
for the substrate can reduce the maximum current available for the TAN transport, which 
can limit the recovery of TAN [89, 160, 161]. Additional challenges are related to other 
parameters in the anode chamber (i.e., pH, conductivity, temperature), that can limit the 
performance of the anodic biofilm and thus TAN recovery.

Electrochemical TAN recovery has been demonstrated at higher current densities than 
bioelectrochemical TAN recovery, but requires a higher energy input for TAN recovery due 
to the oxidation of water instead of organic substrate oxidation [40, 88]. An additional 
challenge is that chloride oxidation can occur, due to high overpotentials at the anode 
for oxygen evolution reaction. Chloride oxidation can lead to the production of chlorine 
gas, chlorinated by-products and adsorbable organohalogens (AOX) [76, 162]. Chlorine 
gas, chlorinated compounds and AOX are toxic and therefore pose a serious concern for 
widespread application of electrochemical TAN recovery. Here we propose a hydrogen 
recycling electrochemical system (HRES) to overcome these two challenges of high energy 
input and chloride oxidation. Our aim was to recycle the hydrogen gas (H2) produced at the 
cathode, thereby changing the oxidation reaction from water oxidation to H2 oxidation. 
Recycling H2 from the cathode to be oxidized at the anode will reduce the energy input 
for TAN transport, as the anode potential for H2 oxidation is -0.414 V vs normal hydrogen 
electrode (NHE) which is identical to the cathode potential for water reduction to H2, while 
the anode potential for oxygen evolution is 0.815 V vs NHE (all evaluated at pH=7 using 
equations S4.1-S4.4, Supporting Information). An additional advantage of this low anode 
potential is a low risk of chloride oxidation, which occurs at much higher anode potentials 
(1.3 V vs NHE). Therefore, the HRES is an attractive alternative method for electrochemical 
TAN recovery that has previously not been explored.

In this work, we investigated the performance of a HRES to generate electric current and 
drive TAN transport over the CEM. The HRES was operated at different current densities 
and was supported by an extra electrochemical system in case insufficient H2 could be 
recycled. We analyzed TAN transport rates, removal efficiencies, recovery efficiencies, and 
the energy input required for the HRES, and show that the HRES is an attractive alternative 
method for TAN recovery. 
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4.2 	 Materials and methods

4.2.1	 Hydrogen Recycling Electrochemical System for TAN recovery 
The HRES for TAN recovery consisted of a three compartment electrochemical system 
(Figure 4.1), in which water is reduced to H2 at the cathode and the produced H2was 
recycled to and oxidized at the anode. 

Anode
compartment

Feed
recycle

Catholyte
recycle

Cathode
compartment

Recovery
compartment

+H +NH4 NH3 NH3 +NH4

H2 -OH  + H2

H O2+H
+H

H2
recycle

Acid
recycle

Feed
compartment

Catholyte
compartment

Additional H2
& N  carrier gas2

Influent
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Power supply

TMCS module

MEA CEM TMCS
membrane

-OH

Water lock

Figure 4.1. Schematic of the HRES for TAN recovery. H2 produced at the cathode is transported to the 
anode, where it is oxidized, using N2 as carrier gas enriched with additional H2 from the electrolyser. 
The electric current produced by the HRES is used to transport ammonium (NH4

+) and other cation 

over the CEM to the cathode. Ionic ammonium is deprotonated by the alkaline conditions in the 
catholyte forming volatile ammonia (NH3). Ammonia is extracted from the catholyte using a gas-
permeable hydrophobic membrane module (TMCS module).

The three compartments were (i) anode chamber in which the H2 is fed, (ii) feed 
compartment for the wastewater, and (iii) cathode chamber in which H2 is produced. The 
anode was a membrane electrode assembly (MEA) consisting of a 15 cm x 15 cm Nafion 
N117 cation exchange membrane (CEM) coated with a 10 cm x 10 cm of Platinum - Vulcan 
(carbon) catalyst (0.5 mg Pt cm-2) with an integrated gas diffusion layer (GDL) purchased 
from Fuelcellsetc (Texas, USA). The reactive side of the MEA (catalyst with GDL) was facing 
the anode chamber, while the side without catalyst coating and without GDL was facing 
the feed compartment. The urine feed compartment, which was situated in between the 
anode and cathode chamber, consisted of a custom made polypropylene (PP) plate (21 
cm x 21 cm x 1.2 cm) and included a serpentine shaped flow field (10 cm x 10 cm x 1.2 cm, 
60% open). The feed compartment was separated from the anode by the MEA and from 
the cathode compartment by a Nafion N117 CEM (15 cm x 15 cm Fuelcellsetc, Texas, USA). 
The cathode was a platinum (Pt) coated titanium mesh electrode (9.8 cm x 9.8 cm, 5 mg Pt 
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cm-2 Magneto Special Anodes BV, The Netherlands). An identical Pt coated titanium mesh 
electrode was used as a current collector in the anode chamber (Figure S4.1). The housing 
of the anode and cathode was made from poly (methyl methacrylate) (PMMA (21 cm x 
21 cm x 2.5 cm)), which housed a machined flow field (10 cm x 10 cm x 0.2 cm) with the 
feed channel situated at the bottom and an exhaust/effluent channel situated at the top 
of the flow field. The carrier gas (N2) enriched with H2 was not dried and injected in close 
proximity to the MEA. Custom made silicone rubber gaskets were used to create a water/
gas-tight seal in the electrochemical system. Nitril spacers (50% open) were used between 
the CEM and the cathode as well as the serpentine flow field and the adjunct CEMs. All ion 
exchange membranes and electrodes had a projected surface area of 100 cm2, identical to 
flow field dimensions of the different compartments. 

A custom made electrolyser (operated at constant current with 10 mM H2SO4 as electrolyte) 
was used to supply H2 during start-up of the ammonia recovery system and supplied 
approximately 10% additional H2 during ammonia recovery experiments, to compensate 
for H2 losses. Nitrogen was used as a carrier gas to transport the H2 produced at the 
cathode to the anode. Anode and recovery compartment had a water lock (approximately 
5 mbar pressure) to ensure oxygen free conditions. 

A transmembrane chemisorption (TMCS) module was used to recover the TAN from 
the catholyte solution in an acid solution as previously described [143]. The TMCS unit 
was a custom made membrane module housing a tubular gas permeable hydrophobic 
membrane (pore size 200 nm, type Accurel PP V8/HF, CUT Membrane technology GmbH, 
Germany) [143]. Volatile ammonia in the catholyte is transported over this gas permeable 
hydrophobic membrane from the catholyte side to the acid side, due to the concentration 
gradient across the membrane and is protonated in the acid. Oxygen was removed from 
the acid compartment using nitrogen gas (0.2 mL min-1).

Four Masterflex peristaltic pumps (Masterflex L/S, Metrohm Applikon BV, Schiedam, The 
Netherlands) were used to supply new influent (0.2, 0.4 and 1 mL min-1), and to recycle 
feed media, catholyte and 1M sulphuric acid for the TMCS (80 mL min-1). The total liquid 
volume of the feed compartment was 0.83 L including the recirculation vessel (500 mL), 
tubing (258 mL) and feed chamber (72 mL) inside the HRES. The cathode compartment 
had a total liquid volume of 1 L including the recirculation vessel (500 mL), tubing (430 
mL), cathode chamber (20 mL) inside the HRES and the volume inside the TMCS module 
(50 mL). 

Ag/AgCl reference electrodes (+0.2 V vs NHE, QM711X, QiS-Prosence BV, Oosterhout, The 
Netherlands) were placed in the catholyte and feed compartment to measure anode 
(MEA) potential, cathode potential and membrane potential. The reference electrodes 
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were connected to a high impedance preamplifier (Ext-Ins Technologies, Leeuwarden, The 
Netherlands). Temperature and pH were measured in the feed stream and catholyte using 
Orbisint CPS11D sensors connected to a Liquiline CM444 transmitter (Endress+Hauser 
BV, Naarden, The Netherlands). The conductivity of the feed stream and catholyte 
were measured using QC205X EC electrodes and P915-85 – Controller (QiS-Prosence 
BV, Oosterhout, The Netherlands). Constant current (CC) or constant voltage (CV) was 
supplied to the ES by a Delta power supply (ES 030-5, Delta Elektronika BV, Zierikzee, 
The Netherlands). A Memograph M RSG40 datalogger (Endress+Hauser BV) was used to 
record pH, temperature, conductivity, current density, cell voltage, anode potential, and 
cathode potential. 

4.2.2	 Experimental strategy
Two sets of experiments were performed using synthetic urine and male urine collected 
in the Wetsus building (The Netherlands). Synthetic urine was used for a proof-of-concept 
of the HRES for TAN recovery. Urine was used to investigate the performance of the HRES 
on real wastewater. Synthetic urine contained 13.7 g L-1 (NH4)2CO3 and 4.6 g L-1 Na2CO3. The 
HRES was fed with synthetic urine at a rate of 0.4 mL min-1 corresponding to a hydraulic 
retention time (HRT) of 34.6 h and operated at a constant voltage of 1.6 V to achieve a high 
current density. The system was operated for a period of 7 days.

The collected urine was pre-treated by a combination of struvite precipitation and 
softening to recover P and remove excess Mg2+ and Ca2+ to prevent scaling inside the 
system as described by Zamora et al., 2017 [163] The composition of the pre-treated 
urine was 3.4 g L-1 TAN, 3.5 g L-1 chloride, 0.02 g L-1 phosphate, 1.4 g L-1 potassium, 1.6 g 
L-1 sodium, 0.5 g L-1 sulphate, 3.6 g L-1 COD and 1.2 g L-1 total organic carbon, at pH 9 and 
conductivity of 16 mS cm-1. No calcium, magnesium, nitrate and nitrite were detected 
in the pre-treated urine. The pre-treated urine was supplied continuously to study TAN 
recovery from urine. Experiments were performed at three different current densities (i.e. 
10, 20 and 50 A m-2). The inflow rate for a current density of 10 A m-2 was 0.2 mL min-1 
corresponding to an HRT of 69.2 hours. The inflow rate for a current density of 20 A m-2 was 
0.4 mL min-1 corresponding to an HRT of 34.6 hours. The inflow rate for a current density 
of 50 A m-2 was 1 mL min-1 corresponding to an HRT of 13.8 hours. These chosen flowrates 
and current densities correspond to a load ratio (electrical current to TAN loading) of 
approximately 1.3, which should lead to high recoveries. The load ratio describes the ratio 
between applied current density (A m-2) and TAN load expressed as current density (A m-2) 
according to equation S8. TAN recovery from urine was investigated over a period of 7 
days for each applied current density.

In all experiments, the cathode compartment and recovery compartment were operated 
as batch systems. The acid for TAN recovery was replaced once the concentration exceeded 
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20 g/L of ammonium-nitrogen, while the catholyte was never replaced. In the beginning, 
800 mL of a 0.1 M NaOH solution was used as the catholyte. The system was operated at 
room temperature (24.5±1°C). 

4.2.3	 Chemical analysis
Samples from the influent, effluent, catholyte and acid were analysed for relevant 
parameters. All samples were filtered through a 0.45µm filter (PTFE syringe filter, VWR 
international BV, The Netherlands) prior to analysis, and were analyzed in duplicate. 
Cations (Ca2+, Mg2+, Na+, K+, NH4

+) and anions (PO4
3-, SO4

2-, Cl-, NO3
-, NO2

-) were analyzed 
with a Metrohm Compact IC Flex 930 with a cation column (Metrosep C 4-150/4.0) 
and a Metrohm Compact IC 761 with an anion column (Metrosep A Supp 5- 150/4.0) 
each equipped with an conductivity detector (Metrohm Nederland BV, Schiedam, The 
Netherlands). Ammonium-nitrogen in the acid was determined by cuvette test kit LCK303 
and a spectrophotometer DR3900 (HACH NEDERLAND, Tiel, The Netherlands). Organic 
carbon, inorganic carbon and total carbon were analysed using a TOC analyser (TOC-L CPH, 
Shimadzu BENELUX, ‘s-Hertogenbosch, The Netherlands). Adsorbable organohalogens 
(AOX) were analysed in a specialized laboratory (WLN, Glimmen, The Netherlands).

4.2.4	 Calculations
All calculations are explained in the Supporting information (Equations S4.1-S4.23). 

4.3	 Results and discussion

4.3.1	 TAN recovery from synthetic urine – a proof-of-concept.
Synthetic urine was fed to the system as a first proof-of-principle of the HRES. The 
supporting electrochemical cell was used to supply additional H2 and was operating at 
a current density which was 12% of the current density of the HRES. Over a course of 
7 days the current density and electrode potential were recorded and TAN removal was 
measured, while the system was operated at a constant applied cell voltage of 1.6 V. The 
current density was stable at 16.7 ± 0.48 A m-2 throughout the experimental period of 7 
days. An average anode potential of +0.017 ± 0.029 V vs Ag/AgCl and average cathode 
potential of -1.229 ± 0.061 V vs Ag/AgCl were measured during this period. These results 
show that H2 produced at the cathode can be recycled to the anode and used as electron 
donor, as the anode potential of +0.017 V vs Ag/AgCl is suited for hydrogen oxidation, 
but not sufficiently positive for the oxygen evolution reaction (OER). TAN removal and 
recovery efficiency over the 7 days measurement period was 90% at a TAN transport rate 
of 190 gN m-2 d-1. This TAN transport was achieved at a load ratio of 1, meaning that the 
current exactly matched the TAN loading. Overall, these results show that TAN can be 
recovered using the H2 recycling system with minor H2 supply from the electrolyser.
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4.3.2	 Successful TAN recovery from real urine 
After determining that TAN can be recovered using H2 recycling, HRES performance was 
investigated with real urine. The system was operated at controlled current of 10, 20 and 
50 A m-2 , and the TAN inflow was chosen at such a rate that the load ratio was 1.2 to 
1.3. Table 4.1 shows a summary of the results for these conditions. The average anode 
potential was between 0.27 and 0.73 V vs Ag/AgCl, well below the anode potential for OER 
in acidic conditions (>0.97 V vs. Ag/AgCl at pH 1, calculated using the Nernst equation). 
The cathode potential remained relatively stable throughout the experiment between 
-0.93 to -1.07 V vs. Ag/AgCl, a value typical for hydrogen evolution. The lowest cell voltage 
(2.11 ± 0.16V) was measured during experiments at 20 A m-2, while the highest cell voltage 
(4.35 ± 0.28V) was measured at 50 A m–2. With increasing current density, the removal 
rate increased. This is in agreement with earlier studies, where similar TAN transport rates 
over the CEM between feed and cathode compartment were reached [88]. TAN removal 
efficiency was higher than 73% in all experiments. The highest TAN removal efficiency 
(82%) was reached at the lowest current density (10 A m-2). The TAN recovery efficiency 
was in general slightly lower than the TAN removal efficiency, indicating that not all the 
removed ammonia was recovered in the acid, except for the experiment at 20 A m-2. 
Overall these results show high TAN removal and recovery efficiency, outperforming other 
studies at similar conditions (i.e. current density and TAN loading) [40, 88]. 

Table 4.1. HRES performance during experiments with urine

i  LN Eanode  Ecathode ECell Transport rateTAN  RemovalTAN RecoveryTAN 

(A m-2) (-) (V vs Ag/AgCl) (V vs Ag/AgCl) (V) (gN m-2 d-1) (%) (%)

10 1.3 0.36 ± 0.18 -0.93 ± 0.01 2.51 ± 0.22 78.3 82 64

20 1.2 0.27 ± 0.15 -1.07 ± 0.04 2.11 ± 0.16 151.0 73 73

50 1.3 0.73 ± 0.21 -1.03 ± 0.02 4.35 ± 0.28 342.1 73 60

4.3.3	 H2 recycling prevents the risk of Cl2 and AOX formation
The application of an electrochemical system (ES) in combination with wastewater 
containing chloride ions poses the risks of chlorine gas formation and production of 
AOX at a certain anode overpotential (Eanode> 1.1 V vs Ag/AgCl) [76]. Table 4.2 shows the 
concentration of AOX, chloride ions, and total organic carbon (TOC) in samples taken from 
influent and effluent of the feed compartment of the HRES. While the chloride analysis 
showed stable Cl- concentrations in influent and effluent, the AOX analysis showed only 
small quantities of AOX (< 1.5 mg L-1) that were produced during the experiments. These 
findings are further supported by the observation that the measured anode potentials 
were below the standard electrode potential for chloride oxidation (+1.1 V vs Ag/AgCl). In 
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comparison, a recent study on electrochemical urine treatment by Zöllig et al. (2015) [76] 
showed a production of more than 6 mg L-1 of AOX at comparable transferred charge (6 
Ah) at anode potential higher than +3.25 V vs mercury-mercurous sulfate electrode (MSE) 
(about +2.8 V vs Ag/AgCl). Therefore, AOX production seems limited in the HRES, but 
future research should investigate the risk of AOX formation in the HRES in more detail. 

Only marginal changes in the total organic carbon concentration between influent and 
effluent of the HRES were detected (< 10%). As the effluent of our HRES is to a large extent 
depleted of the TAN (>73%), and the effluent still contains considerable concentrations of 
organic carbon, the effluent could be an interesting feed stream for anaerobic biological 
systems such as BES to recover energy.

Table 4.2.  Results of the AOX, chloride ions and total organic carbon (TOC)

i AOX analyses Cl- analyses TOC analyses

 
(A m-2)

Influent

(mg L-1)

Effluent

(mg L-1)

Influent

(g L-1)

Effluent

(g L-1)

Influent

(g L-1)

Effluent

(g L-1)

10 0.25 1.77 3.3 ± 0.02 3.6 ± 0.02 1.2 ±0.01 1.1 ± 0.02

20 0.28 0.35 3.6 ± 0.08 3.6 ± 0.03 1.2 ± 0.03 1.1 ± 0.02

50 0.32 0.71 3.6 ± 0.01 3.6 ± 0.0 1.1 ± 0.04 1.1 ± 0.00

4.3.4	 The energy demand is lower than competing processes and losses origina-
te from anode overpotential and membrane transport
Important for the success of the HRES is the specific energy demand required for TAN 
recovery (in kJ gN

-1). This energy demand allows us to compare the HRES with other 
technologies used to remove and recover TAN from wastewater. The energy demand for 
any current driven TAN recovery is determined by three main factors; (i) the required cell 
voltage needed as driving force for the redox reactions, (ii) the ion transport number and 
(iii) the recovered TAN (Equations S4.5-S4.7, Supporting information). The cell voltage of 
any (B)ES is determined by the equilibrium voltage (Eeq) and the internal potential losses. 
In general, all electrochemical systems (including BES) suffer from similar potential losses 
(i.e. anode and cathode overpotentials, ionic losses, and ion transport losses over the CEM). 
Table 4.3 evaluates the Eeq for the three different current driven TAN recovery systems with 
HER at the cathode, (i) a BES with acetate oxidation reaction (AOR) at the anode, (ii) an ES 
with the OER at the anode and (iii) the HRES with hydrogen oxidation reaction (HOR).
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Table 4.3. Overview of standard potential (E0), conditional potential (EpH7), the equilibrium voltage 
(Eeq) of selected (bio)electrochemical systems and their theoretical energy demand for TAN 
recovery (Ptheory). Conditional potentials were determined using the Nernst equation and assumes 
a temperature of 25°C, a partial pressure of 1 atm of the respective gasses in the headspace, a pH 
of 7 at the anode and cathode, and an acetate (Ac-) and bicarbonate (HCO3

-) concentration of 5 
mM. All potentials are reported versus normal hydrogen electrode (NHE). The energy demand was 
calculated assuming a TAN load of 1 kg m-2 d-1, a CEM surface area of 1 m2, an internal resistance of 
0.025 Ω m-2 and a recovery efficiency of 100%. For further details see Supporting Information.
Type of 
ES

Electrode Reaction E0 (V) EpH7 (V) Eeq (V) Ptheory

vs NHE vs NHE (MJ kgN
-1)

all Cathode HER: 2H2O + 2e- → H2 + 2OH- 0.828 -0.414 - -

BES Anode AOR: 2HCO3
- + 9H+ + 8e- → CH3COO- + 4H2O

Eeq = EHER- EAOR

0.187 -0.296 -

-0.118

-

14.5

ES Anode OER: 4H+ + 4e- + O2 → 2H2O

Eeq= EHER- EOER

1.229 0.815 -

-1.229

-

22.2

HRES Anode HOR: 2H++ 2e- → H2

Eeq = EHER- EHOR

0 -0.414 -

0

-

13.7

The energy demand (Equation S4.12) for TAN recovery in the HRES was 30.5 kJ gN
-1 at 10 A 

m-2, 26.1 kJ gN
-1 at 20 A m-2 and 56.3 kJ gN

-1 at 50 A m-2. This indicates that the most energy 
efficient performance of the HRES occurred at 20 A m-2 under the specific conditions of 
the experiments (see Table S4.1 in the Supporting Information). Although this energy 
demand is higher than the theoretical energy demand reported in Table 4.3, our system 
outperforms the best performing ES systems reported by Luther et al., 2015 (31 kJ gN

-1), 
which includes theoretical savings from the recovery of H2, at current densities of 20 A 
m-2 [88]. Furthermore, the energy demand of other infrastructure (i.e. pumping, possible 
measurement and control) will contribute to the energy demand of the technology and 
should be assessed in future research. In comparison, energy demand of other competing 
technologies is also higher: the combination of Anammox with the Haber-Bosch (HB) 
process requires 37 kJ gN

-1, conventional nitrification/denitrification with HB process 
requires 51 kJ gN

-1, and ammonia stripping requires 32 kJ gN
-1 [58]. 

To investigate the causes for the difference between the theoretical and practical 
energy demand, we analyzed the voltage losses and the ion transport numbers in the 
HRES at different current densities. As the equilibrium voltage for our system is 0 V at 
pH 7, the cell voltage should be determined by the internal voltage losses. An in-depth 
analysis of the internal potential losses (i.e., ionic, membrane transport, anode and 
cathode overpotentials) and the Eeq allows us to investigate bottlenecks of the HRES 
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during operational conditions. Figure 4.2 shows the voltage losses and the energy input 
distributed over the different parts of the HRES.
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Figure 4.2. (A) Analysis of the internal voltage losses and (B) energy demand determined during 
the experiments at different current densities. Equilibrium voltage (Eeq), anode overpotential and 
transport losses over the CEM (between feed and cathode compartments) are the main source of 
potential in all experiments. The additional H2 (about 10%) supplied by the electrolyser account for 
only 4 to 9 % of the energy demand.
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The equilibrium voltage (Eeq), anode overpotential (hanode) and transport potential 
losses (Etransport) over the CEM between feed and cathode compartment were the main 
contributors to the overall potential losses, while the ionic potential losses and cathode 
overpotential were considerably lower. The transport potential losses originated from the 
concentration gradient across the membrane that develops when multiple cations are 
transported [164]. The anode overpotentials are usually dominated by activation losses 
and diffusion losses at the catalyst. Additionally, the low H2 partial pressure (see Table S4.1, 
Supporting Information) can further increase the overpotential of the anode. The CEM of 
the MEA (at the anode) further affected the anode overpotential, as the potential loss at 
this membrane is measured as part of overpotential. The equilibrium voltage originated 
from the pH difference between anode and cathode. Therefore, further reductions in 
energy demand can be achieved by optimizing the operation conditions, especially related 
to the decrease of concentration gradients and lower pH at the cathode. Furthermore, 
catalyst deactivation by for instance chloride ions can also play an important role on the 
overpotentials and future research should focus on this [165]. Energy wise, it has to be 
noted that the additional hydrogen (10%) supplied by the supporting electrolyser only 
accounts for approximately 7% of the overall energy demand at 10 A m-2, 9% at 20 A m-2 
and 4% at 50 A m-2.

The ion transport number shows the contribution of the specific ion to the ionic current 
(equations S4.22 and S4.23). The ammonium transport number is an important parameter 
for current driven TAN recovery systems, as it is one of the factors that determine the 
current required for TAN recovery and therefore the energy demand. Figure 4.3 shows the 
ion transport numbers for NH4

+, Na+, K+ and H+/OH- during the experiments on urine. At 
all current densities, NH4

+was the main charge carrier (0.56), while remaining charge was 
transported by protons (hydronium )/hydroxyl ions (0.26), sodium (0.11) and potassium 
(0.06). The transport numbers for these ions were similar at the different current densities. 
Therefore, on average only 56% of the current invested in the HRES is used for the recovery, 
which also leads to a higher energy demand for TAN recovery. Other studies showed 
similar ion transport numbers ranging from 0.3 to 0.7 under comparable conditions [40, 
87, 88]. 

4.4	 Implication

The results obtained with the HRES for TAN recovery are very promising. The HRES can 
compete with current ES and BES technology for TAN recovery, while outcompeting either 
in critical points such as achieving high rates (BES) and requiring a low energy input (ES). 
Furthermore, hydrogen recycling in a BES could be an interesting option for TAN recovery 
from wastewater streams, which have insufficient biodegradable organic matter for 
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current production. Additionally, lowering the risk of chloride oxidation and not being 
dependent on available organic matter as substrate are of an advantage to other (B)ESs 
based TAN recovery technologies. Future research should focus on further lowering the 
energy demand (i.e. optimization of H2 flow through better cell design, optimization of 
the HOR/HER catalyst, optimization of the pH profile), use of less expensive materials (i.e. 
Pt-free catalysts, membranes) and upscaling of this technology.
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Figure 4.3. Contribution of ionic species to the total charge transport through the CEM. Ammonium 
ions were the main charge carrier in all experiments independent of the current density.
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4.5	 Supporting information

4.5.1	 HRES in detail
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Figure S4.1. Schematic representation of the HRES cell design and its components.

4.5.2	 Calculations
All potentials in the theoretical calculation are expressed in Volts versus normal hydrogen 
electrode (NHE), all other potentials are expressed in Volts versus Ag/AgCl (0.2V vs NHE).

(M)EC Cathode
The cathode potential for an MEC and EC was determined using:

EpH7,HER  = E0
cathode,HER  - R×T

2×F
 × ln (pH2 × [OH-]2 )			               Equation S4.1

Where EpH7,HER is the calculated cathode potential (V), E0
cathode,HER  is the standard cathode 

potential for water reduction in neutral/alkaline conditions (-0.828 V vs NHE), R is the ideal 
gas constant (8.3144 J mol−1 K−1), T is the absolute temperature (298.15 K), 2 is the amount 
of electrons transferred, F is the Faraday constant (96485 C mol-1), pH2 is hydrogen partial 
pressure (1 atm), and [OH-] is the hydroxyl ion concentration at the cathode (calculated 
according from the pOH=pKW – pH = 14-7 = 7).
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MEC Anode
The anode potential of an MEC for acetate oxidation was determined using:

EpH7,AOR = E0
anode,AOR - R×T

8×F  × ln 
[CH3COO-]

[HCO-
3]2 [H+]2

 			               Equation S4.2

Where EpH7,AOR is the calculated anode potential for the AOR (V), E0
anode,AOR is the standard 

anode potential for acetate oxidation (0.187 V vs NHE), R is the ideal gas constant, T is the 
absolute temperature in Kelvin (298.15 K), 8 is the amount of electrons transferred, F is 
the Faraday constant (96485 C mol-1), [CH3COO-] is the concentration of acetate (5mM), 
[HCO3

-] is the concentration of bicarbonate (5mM) and [H+] is the proton (hydronium) 
concentration at the anode (calculated from a pH of 7).

EC Anode
The anode potential of an EC for Oxygen Evolution Reaction (OER) was determined as:

EpH7,OE R = E0
anode,OER - R×T

4×F
 × ln (

pO2

[H+]2  )	 			              Equation S4.3

Where EpH7,OER is the calculated anode potential for the OER (V), E0
anode,OER is the standard 

anode potential for OER (1.229 V vs NHE), R is the ideal gas constant, T is the absolute 
temperature in Kelvin (298.15 K), 4 is the amount of electrons transferred, F is the Faraday 
constant (96485 C mol-1), pO2 is the oxygen partial pressure (0.2 atm) , and [H+] is the 
proton (hydronium) concentration at the anode (calculated from a pH of 7).

HRES Anode
The anode potential of an HRES for hydrogen oxidation reaction (HOR) was determined 
by:

EpH7,HOR = E0
anode,HOR - R×T

2×F
 × ln (

pH2

[H+]2  )				                Equation S4.4

Where EpH7,HOR is the calculated anode potential for the HOR (V), E0
anode,HOR is the standard 

anode potential for hydrogen oxidation (0 V vs NHE), R is the ideal gas constant (8.3144 J 
mol−1 K−1), T is the absolute temperature (298.15 K), 2 is the amount of electrons transferred, 
F is the Faraday constant (96485 C mol-1), pH2 is hydrogen partial pressure (1 atm), and [H+] 
is the proton (hydronium) concentration at the anode (calculated from a pH of 7).

Ptheory

The required current density (itheory) for TAN recovery was determined by using a TAN 
loading (Nload) of 1 kgN m2 d-1 (expressed in gN m-2 s-1) and the molar mass of nitrogen (MN 
= 0.014 Kg mol-1) according to:
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itheory (Am-2) = 
Nload (gN  m-2  s-1)  * F (C mol-1)

MN (g mol-1)
			              Equation S4.5

The theoretical cell voltage (Etheory) of the different systems was determined using the 
equilibrium voltage (Eeq), an internal resistance (Rint) of 0.025 W m2 and the required current 
density (itheory) according to:

Etheory (V) = Eeq (V) + Rint (Ω m2 )× i(A m-2)			   	            Equation S4.6

The theoretical energy demand (Ptheory) for the TAN recovery was then calculated based 
on the theoretical cell voltage (Etheory), the required current density (itheory), the amount of 
seconds per day(t = 86,400 s) and the Nload according to:

Ptheory (MJ kgN )= 
Etheory (V)  × itheory  (A m-2 )× t (s d-1)
Nload (kgN  m-2  d-1)* 106 (MJ J-1) 		  	            Equation S4.7

Additionally, the dependence of the theoretical energy demand (Ptheory) on the internal 
resistance (Rint) is evaluated in the Figure S4.2. 
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Figure S4.2. Theoretical power demand evaluated as a function of the internal resistances.

Load ratio
The load ratio, which describes the relation between the current density and the TAN 
loading of the system, was calculated according to:

LN = 
i 

C
TAN

 / MN

× Qinfluent × F × 1/AM 					                 Equation S4.8

Where LN is the load ratio (-), i is the current density (A m-2), CTAN is the TAN concentration 
in the influent (kgN m-3), MN is the molar mass of nitrogen (0.014 kg mol-1), Qinfluent is the 
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influent flowrate (m3 s-1), F is the Faraday constant (C mol-1) and AM is the CEM surface area 
(0.01 m2). 

TAN transport rate, removal efficiency and recovery efficiency
Total Ammonia Nitrogen (TAN) transport rate, removal efficiency and recovery efficiency 
were determined according to equations S4.9, S4.10 and S4.11, respectively.

Transport rateTAN (gN m
-2 d-1)= 

(CTAN,influent - CTAN,effluent) × Qinfluent × t
AM

        	            Equation S4.9

Where CTAN,influent is the measured TAN concentration in the influent (g L-1), CTAN,effluent is the 
measured TAN concentration in the effluent (g L-1), Qinfluent is the influent flow speed (L s-1), 
t is the amount of seconds per day (86,400 s d-1), and AM is the CEM surface area (0.01 m2).

RemovalTAN(%)= ( 1- CTAN,effluent

CTAN,influent

 ) x100	 			            Equation S4.10

Where CTAN,influent is the measured TAN concentration in the influent (g L-1) and CTAN,effluent is 
the measured TAN concentration in the effluent (g L-1).

RecoveryTAN(%)= ( 
∆CTAN,acid × Vacid

Qinfluent × HRT × CTAN,influent 
) x100			            Equation S4.11

Where DCTAN,acid is the change of TAN concentration during one HRT (g L-1), Vacid is the volume 
of the acid (L), Qinfluent is the influent flow speed (L s-1), HRT is the hydraulic retention time 
expressed in seconds (s), and CTAN,influent is the measured TAN concentration in the influent 
(g L-1).

Energy input TAN recovery
The energy requirement for the ammonia recovery was determined from the TAN 
transport rate and the electrical energy input of the HRES and electrical energy input of 
the electrolyser according to: 

Energy input (kJ g-1
N )= 

i × ECell × t + i2 × ECell2 × t
transport rateTAN × 1000 	 		           Equation S4.12

Where i is the current density (A m-2) of the HRES, Ecell is the average cell voltage (V) of the 
HRES, t is the amount of seconds per day (86,400 s d-1), i2 is the applied current density (A 
m-2) of the electrolyser, ECell2 is the average cell voltage (V) of the electrolyser, transport 
rateTAN is the TAN transport rate (gN m-2 d-1), and 1000 is the amount of J per kJ .
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Determination of the potential losses in the HRES
As explained earlier, the applied voltage (ECell) of the HRES is required as the driving force 
for the redox reaction at the electrodes and can be calculated using equilibrium potential 
(Eeq) and the internal potential losses (Eint)

ECell = Eeq + Eint  							                Equation S4.13

The internal potential losses are composed of anode overpotential (hanode), cathode 
overpotential (hcathode), ionic losses (Eionic), and the transport losses (Etransport) across the CEM 
separating feed and cathode compartment as shown in equation S4.14. 

ECell = Eeq+ Eint=Eeq + ηanode + ηcathode + Eionic + Etransport  			            Equation S4.14

The equilibrium voltage was calculated from the pH difference between anode and 
cathode according to equation S4.15 using a potential loss of 59.2 mV per pH unit 
difference of the cathode and anode.

Eeq= 0.0592V × (pHcathode - pHanode) 					              Equation S4.15

Where Eeq is the equilibrium voltage, pHcathode is the measured catholyte pH, and pHanode is 
the pH at anode assuming a pH of 0.26, corresponding to a proton concentration of 0.54M 
in a fully saturated Nafion membrane [166].

The anode overpotential (hanode) was determined from the measured anode potential and 
the calculated anode potential based on actual conditions using the Nernst equation as 
shown in equation S4.16 and S4.17.

ηanode = Eanode - Eanode,measured 					                              Equation S4.16

Eanode= E0
anode - 

R×T
z×F  × ln ( 

pH2

[H+]2 )				                             Equation S4.17

Where Eanode is the calculated anode potential (V), Eanode,measured is the measured anode 
potential (V), E0

anode is the standard anode potential (-0.2 V vs Ag/AgCl), pH2 is the 
calculated hydrogen partial pressure (atm), and [H+] is the calculated proton (hydronium) 
concentration assuming a pH of 0.26, corresponding to a proton concentration of 0.54M 
in a fully saturated Nafion membrane [166].

The cathode overpotential (hcathode) was determined from the measured cathode potential 
and the calculated cathode potential based on actual conditions using the Nernst 
equation as shown in equation S4.18 and S4.19.
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ηcathode = Ecathode,measured - Ecathode					              Equation S4.18

Ecathode = E0
cathode - 

R×T
z×F  × ln (pH2 × [OH-]2 )				             Equation S4.19

Where Ecathode is the calculated cathode potential (V), Ecathode,measured is the measured cathode 
potential (V), E0

cathode is the standard cathode potential (-1.028V vs Ag/AgCl), pH2 is the 
calculated hydrogen partial pressure (atm), and [OH-] is the concentration of the hydroxyls 
ions in the catholyte based on the measured pH (pOH=pKW - pH).

The ionic potential losses were calculated based on the measured conductivity in feed 
and cathode compartment according to:

Eionic = i × AM × ( 
dfeed

AM × σfeed 
 + 

dcathode

AM × σcathode

 )	 			            Equation S4.20

Where dfeed is the thickness of the feed compartment (1.2 cm), sfeed is the conductivity of 
feed media (mS cm-1), dcathode is the distance of the cathode to the membrane (0.05cm), 
scathode is the conductivity of feed media (mS cm-1).

The transport potential losses across the CEM between feed and cathode compartment 
were calculated based on the applied cell voltage (ECell), the measured electrode potentials 
(i.e. Eanode, Ecathode), the ionic potential losses (Eionic) and the equilibrium voltage (Eeq) 
according equation S4.21.

Etransport = ECell + (Ecathode - Eanode- Eion - Eeq) 				             Equation S4.21

Determination of ion transport number
The ion transport numbers (ti) over the CEM, which separates feed from cathode 
compartment, were determined based on the change in the ion concentration between 
influent and effluent of the feed compartment over one HRT in dependence of the current 
according to: 

ti  (-) = 
∆Ci × zi × F × Qinfluent × HRT

Mi  × (i × HRT
AM 

)
					              Equation S4.22

Where DCi is the change in concentration of the ion (i.e., Na+, K+, NH4
+, Mg2+, Ca2+) during 

one HRT (g L-1), zi is the net charge of the ion (-), F is the Faraday constant (96,485 C mol-1), 
Qinfluent is the influent flow speed (L s-1), HRT is the hydraulic retention time (s), Mi is the molar 
mass of the ion (g mol-1), i is the applied current density (A m-2), and AM is the CEM surface 
area (0.01 m2). The transport number for the sum of the hydroxyl and hydronium ions 
was calculated as the difference between the total charge transport over the membrane 
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(equal to the total current during the same time period) and the sum of the transport 
numbers of the cations based on equation S4.22 according to

tH+/OH-
  (-) = 1-∑ ti 						               Equation S4.23

Additional data from the TAN recovery experiment using urine

Table S4.1. Measured pH and conductivity in the feed and cathode compartments, as well as the 
calculated H2 partial pressure

Current density Feed compartment Cathode compartment pH2*

i

A m-2

pH

(-)

Conductivity

(mS cm-1)

pH

(-)

Conductivity 

(mS cm-1)

10 2.57 ± 0.36 15.4 ± 0.2 12.17 ± 0.14 72.5 ± 2.1 0.05

20 4.87 ± 0.38 16.4 ± 0.7 11.77 ± 0.53 67.7 ± 5.3 0.09

50 2.52 ± 0.06 15.2 ± 0.5 12.79 ± 0.08 136.0 ± 25.2 0.20

* calculated for the applied current densities and the supplied N2 carrier gas
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CHAPTER 5

The concept of load ratio applied 
to bioelectrochemical systems for 
ammonia recovery

ABSTRACT
Background: The load ratio is a crucial parameter to optimize the current driven recovery 
of total ammonia nitrogen (TAN) from urine. The load ratio is the ratio between the current 
density and the TAN loading rate. It is currently not known if the load ratio concept applies 
to a bioelectrochemical system (BES) because the current density and TAN loading rate 
cannot be controlled independently. 

Results: We found a clear increasing trend in TAN removal efficiency with respect to load 
ratio in the BES for both human and synthetic urine. The maximum TAN removal efficiency 
was 60.9% at a load ratio of 0.7, corresponding to a TAN transport rate of 119 gN m-2 d-1 
at an electrical energy input of 1.9 kWh kgN-1 (synthetic urine). Low load ratios (<1) were 
obtained, indicating that the current was not enough to transport all the TAN across the 
membrane. 

Conclusions: BES and ES show the same general relation between TAN removal efficiency 
and load ratio. Therefore, given a stable current density, the concept of load ratio can 
also predict the TAN removal efficiency in BES. Higher current densities, and insights in 
the factors limiting current, are needed to increase the load ratio and therefore the TAN 
removal efficiency.

This chapter has been published as: Rodríguez Arredondo M, Kuntke P, ter Heijne A, 
Buisman CJN. The concept of load ratio applied to bioelectrochemical systems for ammonia 
recovery. J. Chem. Technol. Biotechnol. 2019, 94 (6), 2055-2061. 
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5.1	 Introduction

Around 1- 2% of the total world energy consumption is used to produce ammonia 
(NH3) from atmospheric nitrogen gas (N2) [23].  A large part of this produced reactive 
nitrogen ends up in the environment, mainly in agricultural waste streams and domestic 
wastewater [77, 94]. At the same time, removing nitrogen compounds from wastewater is 
one of the most energy-intensive processes for conventional wastewater treatment plants 
[58]. The widely used nitrogen-removal processes (i.e. nitrification/denitrification and 
Anammox) in conventional wastewater treatment plants convert usable reactive nitrogen 
compounds back to inert N2. In order to reduce the cost and environmental impact of 
these processes, the focus of technological development has shifted from the removal of 
nitrogen to the recovery of nitrogen [27]. Direct recovery of nitrogen (i.e. NH3 stripping, 
struvite precipitation or ion exchange [39]) from waste streams avoids its conversion first 
to N2 and then back to a reactive form [89]. 

Two of the newest technologies aiming for the recovery of total ammonia nitrogen (TAN; 
the sum of NH3 and NH4

+ nitrogen) from wastewaters are electrochemical systems (ES) 
and bioelectrochemical systems (BES) [62, 77, 89, 99]. In order to recover a cleaner, purer 
product, these systems are usually coupled to stripping-absorption units [40, 48, 88, 145, 
167] or gas-permeable hydrophobic membrane units (TransMembrane ChemiSorption 
or TMCS) [75, 143, 168–170]. The main advantage of these integrated systems is their 
sustainability: there is no need for the addition of chemicals such as caustics, and useful 
by-products are obtained (such as electricity or hydrogen).

In general, (bio) electrochemical systems ((B)ESs) consist of an anode connected over 
an external circuit to a cathode. At the anode, an oxidation reaction occurs, whereas 
at the cathode a reduction reaction occurs. These reactions are catalysed by different 
materials, and in the case of bio-electrochemical systems, by electrochemically-active 
microorganisms. The anode pH decreases due to the oxidation reaction leading to proton 
production, while the cathode pH increases due to the hydrogen evolution reaction that 
leads to hydroxide production [89]. An ion exchange membrane is usually placed between 
anode and cathode chambers. An insufficient transport of protons and/or hydroxyl ions 
over these membranes results in pH differences between anode and cathode [124]. 
In (B)ESs for the recovery of TAN, a cation-exchange membrane (CEM) is used to allow 
for the transport of NH4

+ from the feed to the cathode chamber, where it is converted 
to NH3 due to the high catholyte pH. The catholyte is then hydraulically connected to 
a stripping-absorption or TMCS unit for the recovery of NH3 in an acid. TAN in (B)ESs 
can be transported over the CEM via diffusion (concentration-gradient induced) and 
electromigration (current-induced) [146]. 
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The complexity of reactions occurring in (B)ESs and the interdependence of the parameters 
involved make the complete, large-scale recovery of TAN a challenge [168, 170]. The load 
ratio was recently identified as a crucial parameter to optimize the recovery of TAN in an 
ES treating urine [170]. The load ratio is the ratio between the current density and the 
TAN loading rate of the system. In theory, one mole of electrons is needed to remove one 
mole of TAN, given that under acidic conditions (commonly found in the anode) all TAN 
is present as ammonium. Accordingly, three conditions can be defined: a load ratio <1 
describes a situation in which the current density is not enough to transport all the TAN 
in the system; a load ratio of 1 describes a situation in which the current density and the 
TAN loading rate are equal; and a load ratio >1 describes a situation in which the current 
density is higher than the TAN loading rate, so that ideally all TAN could be transported. 
The higher the load ratio, the higher the removal efficiency of the system, but also the 
higher the energy input. Therefore, working at an optimum load ratio allows maximum 
TAN removal efficiency at minimal energy input [170].

The load ratio can be manipulated either by changing the current density (such as in 
an electrochemical system) or the TAN loading rate. In an electrochemical system, the 
load ratio can be easily manipulated, since both the applied current density and the TAN 
loading rate can be controlled independently. In a bioelectrochemical system, however, 
the current density and the TAN loading rate cannot be controlled independently. We 
recently investigated the influence of the load ratio in a ES [170], but the application 
of the load ratio concept in a BES has not been studied. In a BES, the current density 
depends on the oxidation of organic matter (COD) by microorganisms. The oxidation of 
organic matter by microorganisms, in turn, depends on the amount and nature of organic 
compounds, anode potential, and other factors also affecting the microorganisms, such 
as pH [161, 171, 172]. At the same time, the COD/TAN ratio of a certain wastewater is fixed, 
so manipulating the TAN loading rate would also affect the COD loading and therefore 
the current density. The load ratio, thus, might be a difficult parameter to control in a BES. 

The goal of this study was to investigate the validity and applicability of the concept of 
load ratio in a BES treating urine. BES  with  integrated TMCS units were run on human 
urine and synthetic urine at different dilutions, flowrates, and modifications (such as 
reduced TAN concentration, lower pH, feeding the effluent of the cell, etc.) in order to 
obtain a variety of load ratios.   
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5.2	 Materials and methods

5.2.1	 Experimental setup
The experiments were performed in microbial electrolysis cells (MECs) coupled 
to hydrophobic, gas-permeable membrane modules, also called TransMembrane 
ChemiSorption (TMCS) units. The cathode chamber of each cell was hydraulically 
connected to an individual TMCS unit as described previously [170]. The catholyte (cathode 
electrolyte) was recirculated over the TMCS unit for the recovery of NH3 in sulphuric acid 
[143, 170]. The setup scheme and reactions occurring at the anode and the cathode can 
be found on the Supporting Information (Figure S5.1). 

Three MECs were used in total, one for each experimental run. Each cell consisted 
of two titanium plates (16 cm x 16 cm) which a machined flow field (10 cm x 10 cm x 
0.2 cm) coated with a thin Pt layer (50 g m-2) (Magneto Special Anodes, Schiedam, The 
Netherlands). The platinized flow field served as an anodic current collector or as a cathode 
(acting as a catalyst for a hydrogen evolution reaction). Graphite felt (FMI Composites 
Ltd., Galashiels, Scotland) was used as the anode, whereas the cathode was either the 
platinized flow field itself or a 100 µm titanium mesh (10 x 10 cm) with a ruthenium mixed 
metal oxide (RuMMO) coating (Magneto Special Anodes B.V., Schiedam, The Netherlands). 
Both cathode materials are known as excellent catalysts for hydrogen evolution [173]. 
The hydraulic volume of the anode chamber, including the recirculation vessel, was 200 
mL. The hydraulic volume of the cathode chamber, including the recirculation vessel and 
the volume encased in the TMCS unit, was 300 mL. Anode and cathode chambers were 
separated by a cation exchange membrane (Nafion®117, Ion Power GmbH, Germany) with 
a projected surface area of 0.01 m2 (same as anode and cathode). Spacer material (PETEX 
07-4000/64, Sefar BV, Goor, The Netherlands) was placed on both anode and cathode 
sides of the membrane. 

Each TMCS unit consisted of a tubular polyproplylene membrane (pore size 200 nm, type 
Accurel PP V8/HF, CUT Membrane Technology GmbH, Germany) encased in a custom 
made membrane module. The TMCS membrane has an outer surface area of 0.04 m2. It 
was operated in crossflow mode, with the catholyte on the inner and the acid on the outer 
side of the TMCS membrane. The acid recirculation vessel was placed on top of a magnetic 
stirring plate in order to provide better mixing. 

Anode and cathode potentials were measured versus reference electrodes (Ag/AgCl 3M 
KCl, +0.2 V vs. NHE, QM711X, ProSense BV, Oosterhout, The Netherlands), which were 
placed in the respective electrolytes near the inlet of anode and cathode chambers. The 
anode potential was controlled by a potentiostat (KP 07, Bank 116 Elektronik - Intelligent 
Controls GmbH, Pohlheim, Germany). Temperature and pH of both anolyte (anode 
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electrolyte) and catholyte were measured by pH meters (Orbisint CPS11D sensor with 
Liquisys M COM 253 transmitter, Endress + Hauser BV, Naarden, The Netherlands) placed 
in each recirculation vessel. A data logger (Memograph M RSG40, Endress + Hauser BV, 
Naarden, The Netherlands) recorded each minute the anode and cathode potentials, 
anode and cathode pH and temperature, cell voltage and current density. 

Two peristaltic pumps (Masterflex L/S, Metrohm Applikon BV, Schiedam, The Netherlands) 
were used in each system: one to provide fresh anolyte continuously and the other to 
recirculate anolyte, catholyte and acid through the TMCS unit. 

Both anode and cathode recirculation vessels had a gas vent connected to a water lock to 
let CO2, CH4 and H2 to escape and to prevent oxygen from coming into the system. 

5.2.2	 Media composition and inoculation

Media composition
Pre-treated human urine and synthetic urine were used as stock solutions to prepare 
varied  anolyte inflows. Human urine was collected from the water-free urinals (Urimat®, 
Biocompact, Rotterdam, The Netherlands) installed in the male bathrooms of the Wetsus 
building (Leeuwarden, The Netherlands). The collected urine was stored in a tank for 
approximately 7 days, and later pre-treated by struvite precipitation and filtration to 
remove phosphate as described previously [170]. The composition of the pre-treated 
human urine can be found in Table S5.1 (Supporting Information). The synthetic urine stock 
was adapted from Ledezma et al. (2017) [174] by reducing the amounts of acetate and 
TAN. This was done to match the chemical oxygen demand (COD) and TAN concentration 
of the pre-treated human urine used in this study. The carbon source was ammonium 
acetate, while the TAN came from three sources: the ammonium acetate, ammonium 
hydroxide and ammonium bicarbonate. The complete recipe can be found in Table S5.2 
(Supporting Information).  

Modifications were made to the stocks of human urine and synthetic urine before feeding 
them to the BES (Table 5.1). Depending on the experiment, these modifications included 
dilution, pH adjustment, and reduction of the TAN concentration. The reduction of the TAN 
concentration was achieved, in the case of human urine, by performing a pre-treatment 
with the TMCS. In the case of synthetic urine, the TAN concentration in one experiment 
was reduced by 33% by adding half of the ammonium bicarbonate. For some human 
urine experiments, the effluent from the BES was collected and later fed back to the cell.
The catholyte consisted of a 0.01M NaCl solution. One liter of 1M H2SO4 was used as the 
acid for absorption in the TMCS unit. 
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Inoculation and start-up
The cell from the first run was inoculated with effluent from an active, acetate oxidizing 
bioanode. The two other cells (second and third run) were inoculated with a mixture of 
two effluents: 20 ml from an active, acetate oxidizing bioanode and 10 ml effluent from a 
bioanode previously running on urine (cell from first run). For the start-up period, synthetic 
wastewater (composition in Table S5.3 (Supporting Information)) with 10 mM sodium 
acetate as the carbon source was used. All cells were started up with cell potential control 
at -0.5V. After stable current densities were established, the configuration was changed 
to anode potential control. The bioanode from the first run was constantly poised at a 
potential of -0.35 V vs Ag/AgCl and later changed to -0.3 V vs Ag/AgCl. For the second 
and third runs, the bioanodes were initially poised at a potential of -0.4 V vs Ag/AgCl and 
gradually increased to -0.3 V vs Ag/AgCl. After a start-up period of around 1 month in all 
cases, pre-treated urine was introduced. 

5.2.3	 System operation
Each experimental run lasted 5 months. The second and third runs were performed at 
the same time. After the start-up phase of each run, the anode potential was constantly 
controlled at -0.3 V vs Ag/AgCl. There was an exception in which, due to deterioration in 
performance, the bioanode of cell 3 was controlled at -0.4V vs Ag/AgCl for 34 days.  

The temperature of the cells was controlled (30.3 ± 0.3oC). The anode chambers had a 
continuous inflow of anolyte (inflow rate), while both the cathode chamber and TMCS 
unit were operated in batch mode. All three liquids (anolyte, catholyte and acid) were 
recirculated over their respective chambers at either 70 mL min-1 (first run, and first 67 
days of the second and third runs) or 140 mL min-1 (after 67 days of the second and third 
runs). The anolyte inflow rates were varied throughout the experiments (ranging from 
0.2 to 6.3 ml min-1), which resulted in varied current densities and load ratios as shown 
in Table 5.1. In most of the experiments, water transport over the TMCS membrane was 
observed. Catholyte was added once the volume was lower than 100 ml, and the acid 
volume was lowered if it was more than 1.1L or renewed if it contained more than 14 
gTAN L-1. Both the catholyte and acid solutions were continuously sparged with a very low 
amount of N2 gas (≤ 2 ml/min) to maintain anaerobic conditions. 

After the start-up phase of the first run, the synthetic wastewater was switched to 5x 
diluted urine and gradually changed to undiluted urine, while trying to maintain TAN 
loading rates constant, as shown in Table 5.1. 

After the start-up phase of the second and third runs, the synthetic wastewater was first 
switched to 5x diluted urine containing 70% less TAN, followed by other experiments with 
5x diluted urine containing 34% less TAN, and later urine in different dilutions and other 
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amendments, as explained in the “Media composition” section. Part of the TAN in urine 
was removed to manipulate the TAN loading rate in order to test different load ratios. 
Afterwards, experiments with synthetic urine at different dilutions were performed (Table 
5.1). All experiments performed with pre-treated human urine, with the exception of the 
one with 70% less TAN, are referred to as ‘urine’ experiments. The experiments performed 
without TMCS or in which the TMCS was not working are not taken into account in Table 
5.1 or the results. 

The three BESs were operated on a large variety of operational condition (i.e. synthetic urine, 
pre-treated urine, different dilutions, adjustments in pH, TAN and COD concentration). 
Those conditions were categorized as seen in Table 5.1.

Table 5.1. Overview of experiments performed in each run. The experiments were separated in 
three categories: urine, urine 70% less TAN, and synthetic urine.  In each category, different dilutions, 
flowrates, and modifications (such as different pH or using collected effluent, etc.) were tested. The 
urine from which 34% of the TAN was removed is included in the category “urine”. The range of TAN 
loading rate tested, as well as the range of current density (J) and load ratio (LN) obtained are shown. 

Run Influent Dilution or conditions 
tested

Duration TAN loading 
rate

J LN

(days)  (g m-2 d-1)  (A m-2) (-)

1 Urine

5x 16 61- 78 3.3-4.5 0.6- 0.8

2.5x 21 76-82 2.6- 3.5 0.4- 0.6

2.5x, lower flowrate 14 59-63 2.3- 2.7 0.5

- 13 73-81 0.5-0.8 0.1

Lower pH (7.6) 42 74-83 0.5-0.6 0.1

+60 mM acetate 15 75-80 0.4- 0.5 0.1

2 

Urine 70% less TAN 5x 7 49-80 5.9- 9.2 1.5

Urine
34% TAN removed 
(5x), 6x, 7.5x, effluents, 
different flowrates

51 109-565 0.9-5.0 0.0- 0.6

Synthetic urine 33% TAN removed (9x), 
9x, 4x, 2x 21 139-226 5.1 -10.6 0.4- 0.7

3

Urine 70% less TAN 5x 7 49- 80 5.9- 9.5 1.5

Urine*
34% TAN removed 
(5x), 6x, 7.5x, effluents, 
different flowrates

62 109- 449 1.1- 6.3 0.0- 0.7

Synthetic urine 33% TAN removed (9x), 
9x, 4x, 2x 30 137-226 1.4- 3.1 0.1- 0.3

* Anode potential was -0.4 V during 34 days, instead of -0.3 V as for the rest of the experiments
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5.2.4	 Sampling and chemical analysis
Samples were taken after a minimum of 4 hydraulic retention times (HRTs) after a 
parameter was changed. For each condition, two to seven samples were taken from the 
inflow and each recirculation vessel (anolyte, catholyte and acid), with a sampling interval 
of at least 24 h.

The samples were filtered through 0.45 µm filters (PTFE syringe filters, VWR International 
B.V., Amsterdam, The Netherlands) prior to analysis. COD concentration (inflow, anolyte 
and catholyte), as well as TAN concentration from the acid samples were measured 
using photometric test kits (LCK 514 and LCK 303, spectrophotometer XION 500, Dr. 
Lange Nederland B.V., The Netherlands). TAN concentration from the inflow, anolyte and 
catholyte samples in the first run were also measured as described previously. In the 
second run, TAN, cations and anions were measured by ion chromatography as described 
earlier [170]. 

5.2.5	 Calculations
The load ratio was calculated as described previously by Rodriguez Arredondo et al. (2017) 
[170]. The load ratio is the relation between the current density and the TAN loading rate, 
both expressed in A m-2 (Equation 5.1). 

LN = 
japplied 

Canolyte inflow,TAN* Qanode * 
F

Am
 
					                   Equation 5.1

where japplied is the applied current (A m-2), Canolyte inflow, TAN is the molar concentration of TAN 
in the anolyte inflow (mol m-3), Qanode the anolyte inflow rate (m3 s-1), F the Faraday constant 
(96,485 C mol-1) and Am the surface area of the cation exchange membrane (0.01 m2).

The equations for TAN removal efficiency (RETAN), TAN transport rate over the CEM (JTAN), 
TAN transport efficiency (tETAN) and total energy input can be found in the Supporting 
Information.

5.3	 Results and discussion

5.3.1	 There was a clear increasing trend in TAN removal efficiency with load ratio 
The current density from the BESs ranged, in average, from 0.4 to 10.6 A m-2, and resulted 
in varying load ratios (Table 5.1). The load ratio is the ratio between the current and the 
TAN loading rate, both expressed in A m-2. As seen in Figure 5.1, there is a clear increasing 
trend in TAN removal efficiency with respect to load ratio for both human and synthetic 
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urine. The maximum removal efficiency was 60.9% for a load ratio of 0.68. In some cases, 
TAN removal efficiency was lower than expected. This occurred in two specific situations: 
(1) when ammonia was not effectively removed from the catholyte by the TMCS, and (2) 
for urine with the lowest TAN concentration (urine 70% less TAN). 

Negative TAN removals were observed for the situation without a TMCS, or when the 
TMCS was not operational (data not shown). This was caused by diffusion of TAN from the 
cathode chamber back into the anode chamber when TAN was not effectively removed 
from the catholyte [87, 139, 146]. 
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Figure 5.1. TAN removal efficiency with respect to load ratio from a bioelectrochemical system 
treating real and synthetic urine at different dilutions, and urine with 70% less TAN (pre-treated with 
a TMCS).

The experiments with urine with 70% less TAN in Figure 5.1 show the highest load ratio. 
The general expected trend is for the TAN removal efficiency to increase with the load 
ratio, reaching a maximum and then stabilizing. For that reason, these experiments were 
expected to result in the highest TAN removal efficiencies, yet this was not the case. In 
these experiments, the initial TAN concentration was the lowest: 199.6± 7.3 mg/L. This low 
TAN concentration was the result of a pre-treatment step, in which around 70% of the TAN 
in urine was removed with a TMCS, the pH was adjusted with NaOH and then the urine 
was diluted 5 times. For this reason, the proportion of NH4

+ compared to other ions was 
much lower than in other experiments, which lead to the relatively high transport of other 
ions. Therefore, even though the current density was sufficient to transport all the TAN 
(load ratio higher than 1), the lower TAN transport efficiency resulted in an overall lower 
TAN removal efficiency.
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5.3.2	 Effect of TAN transport efficiency on TAN removal efficiency
The transport efficiency shows the contribution of an ion to the total charge transport 
across the membrane. According to our previous study [170], the load ratio is better 
suited as a single parameter to predict TAN removal efficiency than the TAN transport 
efficiency. Our current results on BESs (Figure 5.2) support this finding. In Figure 5.2, no 
defined relationship can be observed between the transport efficiency and TAN removal 
efficiency. Even though most of the charge was transported by ammonium in the majority 
of the experiments (TAN transport efficiencies between 50 and 100%), the TAN removal 
efficiencies varied widely.  
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Figure 5.2. TAN removal efficiency with respect to transport efficiency from a bioelectrochemical 
system treating real and synthetic urine at different dilutions and urine with 70% less TAN (pre-
treated with a TMCS). 

Transport efficiencies higher than 100%: Diffusion and charge exchange
The data points in Figure 5.2 with TAN transport efficiencies >200% correspond to the 
data points in Figure 5.1 with load ratios <0.2 and higher TAN removal efficiencies than 
others. One of the reasons for transport efficiencies >100% is diffusion. The contribution 
of diffusion compared to migration increases at low current densities [69, 146, 167]. Some 
of the data points in Figure 5.2 with transport efficiencies >200% were the ones with the 
lowest current densities overall: 0.5- 0.7 A m-2. Therefore, even though the load ratio was 
very low because of the low current, the TAN removal efficiency was high because of the 
contribution of diffusion. 
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Another reason for transport efficiencies >100% is the charge exchange process 
[61, 125]. When cations other than NH4

+ (such as Na+ and K+) diffuse from cathode to 
anode, an equivalent amount of NH4

+ is transferred from anode to cathode to maintain 
electroneutrality. This was the case of another experiment: the concentration of competing 
cations (Na+ and K+) in the catholyte was much higher than in the anolyte, promoting their 
diffusion from cathode to anode (Figure S5.2B (Supporting Information) experiment 4). 
To maintain electroneutrality, an equivalent amount of NH4

+ can diffuse from anode to 
cathode, which resulted in transport efficiencies higher than 100%. 

Transport efficiencies lower than 30%: Ionic composition
The transport efficiency is influenced, among other factors, by the ionic composition 
(in this case, the proportion of NH4

+ compared to other competing ions, such as Na+ 
and K+). The experiments in which the urine was pre-treated to remove 70% of the TAN 
resulted in the lowest transport efficiencies. As mentioned previously, even though the 
current density was sufficient to transport all the TAN (load ratio higher than 1), mostly 
other cations were transported across the CEM, resulting in an overall lower TAN removal 
efficiency. 

This can be explained by the ionic composition of the feed. The mole fraction of TAN to the 
total cations (nTAN/ntotal cations) in the experiments with 70% less TAN was around three times 
lower than for the rest of the experiments (mole fractions were 0.23 and 0.69, respectively). 
Other studies have shown that high TAN removal efficiencies (> 60%) can be achieved 
at low transport efficiencies (15- 30%), but in those cases the mole fraction of TAN was 
higher (from 0.38 to 0.70) [40, 88, 170]. Therefore, a much higher load ratio (higher current 
density) is required to reach high TAN removal efficiencies in this situation (low TAN mole 
fractions), which will increase the energy demand. These results show that even though 
the load ratio is a crucial parameter to optimize the operation of the nitrogen-recovery 
system, there are limitations to this simple model. As shown in this and earlier studies 
[170], the wastewater composition (i.e. TAN concentration relative to other cations) does 
affect the current density required to reach high recoveries. Therefore, the model needs to 
be adapted to the specifics of the wastewater.  

5.3.3	 The relationship between the load ratio and the total energy input
There is a linear increase in TAN transport rate (or flux) with current density, as expected 
(Figure 5.3A). Again, the urine experiments with the lowest TAN concentration (urine 
70% less TAN) were the exception to this trend. These experiments showed lower TAN 
fluxes than other urine experiments, even at higher current densities. Therefore, a higher 
current density is needed to remove the same amount of TAN from a stream with a low 
TAN concentration compared to a stream with a high TAN concentration. As a result, the 
energy input for TAN recovery is higher (Figure 5.3B). For some experiments the urine was 
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pre-treated with the TMCS to remove about 34% of the initial TAN, resulting in a TAN mole 
fraction of 0.46 (1.5 times lower than the other urine experiments). However, this did not 
seem to have an effect as radical on the overall performance as the experiments with 70% 
less TAN (mole fraction of 0.23).
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Figure 5.3 A) TAN transport rate with respect to current density and B) total energy input with 
respect to load ratio from a bioelectrochemical system treating real and synthetic urine at different 
dilutions and urine with 70% less TAN (urine was pre-treated with a TMCS). 

In our previous study with an electrochemical system [170], a “limiting” load ratio (1.2) was 
found. This meant that working at a load ratio higher than the limiting one costed more 
energy without providing a considerable increase in removal efficiency. In this study, 
except for the urine with 70% less TAN, there was no steep increase of energy input with 
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load ratio at any point (Figure 5.3B). Since we did not obtain load ratios higher than 0.8, an 
optimal or “limiting” load ratio was never reached. 

5.3.4	 TAN removal efficiency was limited in a BES: high load ratios cannot be 
achieved
Figure 5.4 compares the results from this study with similar BES studies for TAN recovery 
and with the results in our previous ES study. The selected studies also use an integrated 
system in the cathode for the effective recovery of NH3 (such as stripping-absorption or 
a TMCS unit). The load ratio was calculated with the data provided by these studies. The 
results from these studies were similar to ours (except from the 70% less TAN cases), and 
follow the general trend of increasing TAN recovery with increasing load ratio. This trend 
is the same for both BES and ES. Higher TAN removal efficiencies were achieved with an ES 
compared to the BESs, due to the higher load ratios obtained.

As observed in Figure 5.4A, a load ratio below 1.5 was obtained in all our bioelectrochemical 
experiments. Except for the experiments at the lowest TAN concentration, the load ratio 
in all experiments was below 0.8. This was also the case in other studies of BESs for TAN 
recovery [143, 145, 168]. At these load ratios, the current was not high enough to transport 
all the TAN across the membrane. 

Figure 5.4B shows the correlation between the predicted TAN removal efficiencies (using 
the load ratio model based on ES experiments [170]) and the measured TAN removal 
efficiencies in this study. Overall, a good correlation (R2= 0.81) was found. The slope of the 
linear regression was lower than one (0.96), which means that, in general, the prediction 
slightly overestimates the actual TAN removal efficiency. Therefore, the concept of load 
ratio is a useful tool to predict the TAN removal efficiency in BESs too; however, it was 
not possible in this study to achieve high TAN recovery efficiencies (maximum of 47% 
for human diluted urine and 60% for synthetic urine). The reason for this is the lack of 
control of the current density due to microbial processes involved in a BES, compared to 
an electrochemical system.

For the load ratio (and therefore the TAN removal efficiency) to increase, higher current 
densities are needed. In electrochemical systems, higher load ratios can be achieved 
by applying higher current densities without the dependence on COD removal. As 
mentioned earlier, the current density in a BESs depends on the oxidation of organic 
matter by microorganisms, which in turn depends on the amount and nature of organic 
compounds, anode potential, and other factors also affecting the microorganisms, such 
as pH (Table S5.4). Compared to an ES, a BES offers a lower energy input [143] and an 
effluent with a lower COD load. In these BES experiments, the COD removal efficiencies 
were usually lower than 40% (data not shown). High coulombic efficiencies (>60%, data 
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Figure 5.4 A) TAN removal efficiency with respect to load ratio in bioelectrochemical systems (BES) 
and electrochemical systems (ES) based on this study and four other different studies. This study (*) 
used a BES to treat real and synthetic urine at different dilutions, and urine with 70% less TAN (pre-
treated). B) Correlation between the predicted and the measured TAN removal efficiency in this BES 
study. The predicted TAN removal efficiency was calculated using the load ratio model based on ES 
experiments [170]). Long-dashed and short-dashed curves represent the 95% confidence interval 
and 95% prediction interval for the linear regression, respectively. 
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not shown) were obtained in most cases, meaning that most of the COD consumed 
was converted to electric current. For this reason, more insights are needed into what is 
limiting the removal of COD and its relation with TAN removal. 
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5.4 Supporting information

Figure S5.1. Schematic representation of experimental setup. MEC= Microbial Electrolysis Cell; 
TMCS=TransMembrane ChemiSorption. There were two membranes in the system: a cation 
exchange membrane in the MEC and a gas-permeable hydrophobic membrane in the TMCS unit. 

At the anode of the MEC, anaerobic microorganisms can oxidize biodegradable organic 
matter to bicarbonate, protons and electrons, which is often represented by the oxidation 
of acetate:

CH3 COO - + 4H2 O → 2HCO -
3 + 8e- + 9H+

At the cathode of the MEC protons are reduced to hydrogen gas (hydrogen evolution 
reaction (HER)):

2H2 O + 2e - → H2 + 2OH -
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Figure S5.2. Membrane transport efficiency of the main cations and TAN removal efficiency for each 
experiment performed in A) Run 2, and B) Run 3
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Pre-treated human urine stock composition 

Table S5.1. Pre-treated human urine stock composition

Parameter Value Unit

pH 9.27 ± 0.5

Conductivity 30.6 ± 1.9 mS cm-1

COD 3.09 ± 0.41 g L-1

TAN 4.02 ± 0.51 g L-1

Na+ 1.54 ± 0.08 g L-1

K+ 1.36 ± 0.09 g L-1

Mg2+ 0.06 ± 0.01 g L-1

Ca2+ 0.01 ± 0.00 g L-1

Cl- 3.31 ± 0.14 g L-1

PO4
3- 0.03 ± 0.03 g L-1

This pre-treated human urine stock was later modified depending on the experiment 
carried out, as explained in the “Media composition” section of the study.

There were 2 experiments performed with 70% less TAN and 2 experiments performed 
with 34% less TAN. For these experiments, the stock was pre-treated with the TMCS until 
70 or 34% of the TAN was removed. This treatment would result in urine with a lower 
pH, so in 3 of those experiments (2 with 70% less and 1 with 34% less TAN), the pH was 
increased with 1M NaOH. Afterwards, all of them were diluted 5x with ultrapure water.

Synthetic urine stock recipe 
The synthetic urine stock recipe was adapted from Ledezma et al. (2017) [174]. The amounts 
of acetate, TAN and sulphate were significantly reduced to match the concentration found 
in the pre-treated human urine used in this study. 

The stock had a chemical oxygen demand (COD) concentration of 3.94 ± 0.30 g L-1 and a 
TAN concentration of 4.9 ± 0.3 g L-1, a pH of 9.12 ± 0.03 and a conductivity of 40.5 ± 1.0. 

The stock was filtered and diluted 9, 4 and 2 times with ultrapure water. During one 
experiment with 9x diluted synthetic urine, the TAN concentration was reduced by 33% 
by adding half of the ammonium bicarbonate (11.07 instead of 22.1 g L-1). Furthermore, 
during the last experiment with synthetic urine (2x diluted), ammonium carbonate (13.4 
g L-1) was used instead of ammonium bicarbonate, which resulted in a slightly higher pH 
(9.62 ± 0.05) and lower conductivity 29.0 ± 0.3.
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Table S5.2. Synthetic urine stock recipe (adapted from Ledezma et al. (2017) [174]).

Compound Concentration Unit

NH4CH3COOH 5.4 g L-1

NH4OH 1.4 g L-1

NH4HCO3 22.1 g L-1

Na2SO4 1.2 g L-1

NaOH 3.4 g L-1

KCl 0.3 g L-1

K2HPO4 4.2 g L-1

MgCl2.6H2O 0.8 g L-1

Ca2Cl.2H2O 0.4 g L-1

Trace elements solution (Zehnder et al. (1980) [175]) 1 mL/L

Synthetic wastewater composition (used during the start-up period)

Table S5.3. Synthetic wastewater composition used during start-up

Compound Concentration Unit

NH4CH3COO.3H2O 1.36 g L-1

NH4Cl 0.28 g L-1

NaCl 0.58 g L-1

NaOH 3.4 g L-1

KCl 0.74 g L-1

KH2PO4 0.87 g L-1

K2HPO4 0.68 g L-1

MgSO4.7H2O 0.01 g L-1

Ca2Cl.2H2O 0.1 g L-1

Trace elements solution (Zehnder et al. (1980) [175]) 0.1 mL/L
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Table S5.4. Overview of experiments performed in each run. The experiments were separated in 
three categories: urine, urine 70% less TAN, and synthetic urine. In each category, different dilutions, 
flowrates, and modifications (such as different pH or using collected effluent, etc.) were tested. The 
urine from which 34% of the TAN was removed is included in the category “urine”. The anode pH, 
cathode pH and TAN removal (%) are shown. 

Run Influent Dilution or conditions tested
pH pH TAN

anode cathode removal (%)

1 Urine

5x 7-8 9-13 47-63

2.5x 8 9 35-45

2.5x, lower flowrate 8 8-9 36-44

- 9 8 28-32

Lower pH (7.6) 8 8 18-27

+60 mM acetate 9 8-9 24-27

2

Urine 70% less TAN 5x 8 14 32-38

Urine 34% TAN removed (5x), 6x, 7.5x, effluents, 
different flowrates

7-9 8-14 2-41

Synthetic urine 33% TAN removed (9x), 9x, 4x, 2x 7-8 9 34-61

3

Urine 70% less TAN 5x 8 14 38-40

Urine* 34% TAN removed (5x), 6x, 7.5x, effluents, 
different flowrates

7-9 8-14 3-47

Synthetic urine 33% TAN removed (9x), 9x, 4x, 2x 9 8-9 9-24



The concept of load ratio applied to bioelectrochemical systems for ammonia recovery |   123   

5

Calculations

Removal efficiency of TAN (%)
The removal efficiency is a measure of how much was removed from the TAN that entered 
the system.

RETAN = 
Canolyte inflow,TAN - Canolyte effluent,TAN

Canolyte inflow,TAN 

 * 100				                 Equation S5.1

TAN transport rate (over the cation exchange membrane, gN m-2 d-1)

JTAN = 
(Canolyte inflow,TAN - Canolyte effluent,TAN) * Qanode

Am  
			  	             Equation S5.2

Where Qanode (L d-1) is the anolyte inflow rate and Am (0.01 m2) is the surface area of the 
cation exchange membrane.

TAN transport efficiency (%)
The transport efficiency is the contribution of an ion to the total charge transport over the 
cation exchange membrane.

tETAN= 

JTAN

MTAN
* zNH4+ * F

japplied  * 100 
 * 100					                  Equation S5.3

Where MTAN (14 g mol-1) is the molar mass of nitrogen, zNH4+ (-) represents the charge of 
NH4

+, F the Faraday constant (96485 C mol-1) and japplied (A m-2) the current density. 

Total electrical energy input per kg N removed (kWh kgN-1)

Total energy input = 
japplied * E cell * 

1 kJ
1000 J

1 kWh
3600 kJ

JTAN * 
1 kg

1000 g
 * 

1 d
24 h

 * 1 h
60 min

 * 1 min
c60 se

 
                Equation S5.4

Where Ecell (V) is the cell voltage.





General discussion and  
future perspectives



Chapter 6126   |

In this thesis, we evaluated the use of (bio)electrochemical systems for the recovery of total 
ammonia nitrogen (TAN) from urine. Our focus was on improving the understanding and 
performance of the system in terms of TAN recovery. This is crucial to get the technology 
closer to application as, at the start of this research, the proof-of-principle had just been 
demonstrated, and the highest TAN recoveries were around 30% [87].

During the course of this research, understanding of TAN recovery in (B)ESs and their 
performance was improved, while further research questions emerged. We demonstrated 
that an ES coupled to a gas-permeable hydrophobic membrane can effectively remove and 
recover TAN from urine (Chapter 3). Furthermore, we studied the effect of the relationship 
between current density and TAN loading rate (here defined as the load ratio) on TAN 
removal efficiency and energy input (Chapters 3 and 5). The load ratio is useful to find 
the conditions in which a (B)ES for the recovery of TAN can be operated optimally, but it 
does not take into account other parameters essential to assess the performance of (B)ESs. 
Moreover, a hydrogen-recycling electrochemical system (HRES) was developed, which 
allows for ammonia recovery at high rates and relatively low energy input compared to 
conventional electrochemical systems (Chapter 4). Lower energy demand can be achieved 
by reducing the anode overpotentials and transport losses, so the system design needs 
to be further optimized. Finally, we studied the concept of load ratio in a BES. Load ratios 
higher than 0.8 were not achieved because the current was not enough to transport all 
the TAN, which resulted in low TAN removal efficiencies. We concluded that further insight 
is needed into what is limiting the removal of COD.

In this chapter, we will focus on why (bio)electrochemical systems for TAN recovery from 
urine have not been applied on a larger scale yet, based on the work performed in this thesis 
and on literature. First, we give an overview of the status of this technology, including the 
most recent studies in the field. Later, we address the main limitations of TAN recovery by 
(B)ESs. Finally, we discuss the future perspectives and propose recommendations to bring 
this technology closer to application.

6.1	 TAN recovery in (B)ES: State-of-the-art and limitations of the load 
ratio concept

At the early stages of development of (B)ESs for the recovery of TAN from nitrogen-rich 
wastewaters, around the time  the proof-of-principle was reported [61], TAN removal 
rates from nitrogen-rich wastewaters ranged from 3-162 g m-2 d-1 (Table 2.1, Chapter 2) 
and TAN removal efficiencies were low, up to 30%. Most importantly, a proper concept 
to recover TAN from the catholyte was not developed, so TAN was only removed and not 
recovered. Since then, many researchers have aimed to increase TAN recovery, resulting 
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in TAN removal rates up to 3 to 6 times higher (with BESs and ESs, respectively) and TAN 
removal efficiencies up to around 90% (Tables 6.1 and 6.2). These advances were mainly 
due to improvements on the system design and the development of new configurations 
for the recovery of TAN from the catholyte. 

The TAN recovery configurations are based on a combination of the (B)ES and more 
conventional technologies to recover NH3 from the catholyte, such as stripping, 
membrane stripping (or transmembrane chemisorption, TMCS) and forward osmosis (FO). 
Most studies shown in Tables 6.1 and 6.2 can be classified as (B)ES-Stripping, (B)ES-TMCS 
and BES-FO. Within the BES-FO category there is also an “OsMFC”, which is an MFC using a 
forward osmosis membrane to separate anode and cathode, instead of a cation exchange 
membrane [176]. Similarly, within the BES-Stripping category there are “submersible 
microbial desalination cells”, which can be submerged into anaerobic reactors to recover 
TAN in situ. In this concept, the anode and cathode compartments are not separated by 
a membrane from each other, but rather separated by a membrane from the exterior, 
where the wastewater is (the anode compartment by an anion exchange membrane and 
the cathode compartment by a cation exchange membrane) [177, 178]. In this category 
there is also a “bipolar bioelectrodialysis” cell, which has two additional compartments 
and contains a bipolar membrane, a cation exchange membrane and an anion exchange 
membrane for the recovery of both ammonia and sulphate [179].

Other configurations include a TMCS unit within the same cell (an additional compartment 
separated from the cathode compartment by a flat-sheet gas-permeable membrane) 
[180]; an additional (third) compartment between the anode and cathode compartments 
for the improved concentration of NH3 [174, 181]; TMCS integrated with the cathode as a 
membrane-electrode assembly (MEA) [182] and urine fed to the cathode compartment 
[167, 183]. The final product range has also extended from liquid solutions of ammonium 
salts to NH4HCO3 crystals [174] and NH3 in growth medium for the production of microbial 
protein [167, 183].

The great variety of configurations complicates both the assessment of these technologies’ 
performance and the objective comparison among them. In Chapter 3, we proposed the 
load ratio as a parameter of comparison between different (B)ESs for TAN removal and 
recovery. In the following section, we focus on the limitations of the load ratio concept as 
a parameter of comparison based on the studies reported in Tables 6.1 and 6.2. 
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Limitations of the load ratio concept 
The load ratio (LN) is the ratio between the applied current density and the TAN loading 
rate in a (B)ES. As mentioned previously, the TAN removal efficiency is expected to follow 
an increasing trend with respect to LN, up until a certain LN. Assuming all current is used 
to transport TAN (TAN transport efficiency of 100%), complete TAN removal would be 
reached with a LN of 1. As that is not the case in practical situations, this maximum LN will 
be different depending on the wastewater composition, system design and operational 
conditions. 

Figure 6.1A shows the TAN removal efficiency with respect to load ratio from the studies 
reported in Tables 6.1 and 6.2. Clearly, the simple model developed in Chapter 3 fits 
our synthetic wastewater data, and does not accurately reflect the results from other 
systems. Therefore, the first limitation of the load ratio parameter is that the wastewater 
composition is not taken into account. Our synthetic wastewater was based on Na+ as the 
only competing cation, which is far from what is found in real wastewaters. This effect can 
also be observed in the study with the lowest ratio of TAN to total cations (CTAN/Ccations), 
where a removal efficiency around 60% was obtained even at a load ratio of 2.4 (Figure 
6.1A). 

The TAN removal efficiencies of different (B)ES were, in general, lower than 61% for load 
ratios lower than 1. The exceptions were 3 cases in which TAN removal efficiencies were 
between 68% and 88% [167, 177]. In these cases, the TAN removal was performed in batch 
[177] and the urine was first fed to the cathode compartment (for pH increase and NH3 
stripping) and then redirected to the anode compartment [167]. The performance of (B)
ESs that rely on complimentary means to drive the TAN removal cannot be accurately 
assessed by the load ratio parameter. These systems can have TAN removals higher 
than what would be expected by the load ratio (such as [167]), which is based solely on 
current-driven removal. This can also be observed in Figure 6.1B, where the BES including 
stripping, forward osmosis and struvite precipitation (BES-Stripp-FO-MAP) shows very low 
energy input at a considerably high load ratio (1.5). Comparisons by means of the load 
ratio are thus also limited when system designs are not solely based on current-driven 
TAN removal or in non-steady state situations (batch systems).  

On the other hand, for (B)ESs treating wastewaters with high CTAN/Ccations ratios, the load 
ratio can indicate how efficiently the (B)ESs are working. A load ratio much higher than 1 
and low TAN removal efficiency indicates that either much higher currents than needed 
are being applied to the system (our study, load ratio 6.5) or that the system is not working 
optimally (Figure 6.1A, load ratio of 3.8 [88]). In the latter study, for example, vacuum pump 
failures and the decrease of TAN influent concentration due to the stripping of the influent 
headspace were reported [88]. This is also reflected on the relationship between the load 
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ratio and the electrical energy input of the systems, with the highest electrical energy 
inputs observed at the highest load ratios (Figure 6.1A).  Therefore, the load ratio can be 
useful to assess under which conditions a system can be optimally operated in terms of 
TAN removal efficiency and energy input of a particular system, but it can only be useful 
to compare different (B)ES for the recovery of TAN to a limited extent. 

The new configurations and improvements to the design of (B)ESs, including the ones in 
this thesis, have resulted in increased TAN removal efficiencies compared to earlier studies 
[61, 69, 87]. While these advances are promising, most (B)ESs are still at the lab-scale stage 
and operating with synthetic wastewaters. From Tables 6.1 and 6.2, only one ES has been 
tested on a relatively larger scale (0.04 m2 membrane area) [181] and one BES on the 
pilot scale (0.5 m2 membrane area) [168]. Furthermore, there is still a lack of systematic 
studies with real wastewaters in BES in particular: from 17 studies, only 7 dealt with real 
wastewaters (41%), compared to 8 out of 9 in ES (88%). The operation of the systems with 
real wastewaters and their successful operation at larger scale is essential to demonstrate 
the feasibility of (B)ESs as alternatives to conventional TAN recovery technologies. 
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Figure 6.1. (A) TAN removal efficiency versus load ratio and (B) electrical energy input versus load 
ratio from different (bio)electrochemical studies for the recovery of TAN reported in Tables 6.1 and 
6.2. Dashed line depicts the simple model fitted to our synthetic wastewater data in Chapter 3. The 
different abbreviations belong to different recovery systems such as stripping, forward osmosis (FO), 
gas-permeable hydrophobic membrane or TransMembrane ChemiSorption (TMCS), and struvite 
precipitation (MAP). Legends between brackets depict specific situations described in Tables 6.1 
and 6.2.
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6.2	 Urine in (B)ES: opportunities and obstacles

In Chapter 2 we showed, based on an energy and economic analysis, that BESs are a 
promising technology for the recovery of TAN from urine. In the analysis, we addressed 
the main challenges to overcome in order to scale up the technology. Some of those 
challenges, such as improving ammonia extraction from the catholyte, were tackled in 
this research. To date, however, there is no (B)ES applied in practice to recover nitrogen 
from urine or other wastewaters.

In the following section, we will discuss why (bio)electrochemical systems for TAN recovery 
from urine have not been applied on larger scale yet, based on literature and the work 
performed in this thesis. The discussion will focus in two critical aspects: first, the low 
TAN recovery efficiencies we obtained with a bioelectrochemical system, and second, the 
general upscaling challenges for (B)ESs for TAN recovery from urine.

6.2.1	 Low TAN removal efficiencies in BES
The TAN removal efficiencies in our BES study (Chapter 5) were low even though the 
BES was coupled with an effective stripping concept (a gas-permeable hydrophobic 
membrane). The highest TAN removal efficiencies were around 40% with diluted urine at 
lower TAN concentration, 54% with diluted urine, 61% with diluted synthetic urine and 
30% with (undiluted) urine. Apart from the system design and technical aspects such as 
the effective extraction of TAN from the catholyte, TAN recovery in (B)ES depends on the 
current density compared to the TAN loading (this ratio being the load ratio) (Chapter 3). 
All our experiments, except the ones with 70% lower TAN concentration, had load ratios 
lower than 1, meaning that the current was not enough to transport all the TAN. Therefore, 
the reasons for these low TAN removal efficiencies were a) low TAN transport efficiencies 
for diluted urine with 70% lower TAN concentration and b) low current densities compared 
to TAN loadings for urine and diluted urine. 

The low TAN transport efficiencies for diluted urine with 70% lower TAN concentration 
were caused by the lower concentration of ammonium compared to other cations, 
as discussed in Chapter 5. This resulted in transport of other cations over ammonium, 
resulting in a lower TAN transport number. In this section, we discuss the probable reasons 
for low current densities in our BES study. 

In BESs, the current density is directly related to the oxidation of organic matter by the 
electrochemically active microorganisms present in the system. Therefore, the TAN 
recovery efficiency in BES depends, among others, on three main aspects: the ratio of 
biodegradable organic matter to TAN (here referred to as the COD/TAN ratio), the removal 
efficiency of the biodegradable organic matter (here referred to as the COD removal 
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efficiency) and the Coulombic efficiency. As most studies report the chemical oxygen 
demand (COD) as an indication of the biodegradable organic matter in wastewaters, we 
will use this parameter for the calculations in this section. 

The relevance of these aspects can be summarized as follows:
1.- �COD/TAN ratio: How much organic matter (hence, potential for current generation) is 

available compared to the TAN in the wastewater? Is it enough to transport all the TAN?
2.-� COD removal efficiency: How much of the organic matter is consumed? This aspect 

is also affected by the biodegradability of organic matter and potential toxicity of the 
wastewater to microorganisms. 

	 a) �Biodegradability of organic matter: How much of the organic matter in the 
wastewater is readily biodegradable? Does the system need a high hydraulic 
retention time for the complete biodegradation of organic matter? 

	 b)  �Toxicity: Does the wastewater contain toxic compounds that might inhibit 
the microorganisms in the BES?

3.- �Coulombic efficiency (CE): How much of the organic matter consumed is actually 
used for current generation?

We will elaborate on these three aspects to determine how they can affect the TAN 
recovery from urine in BES.

1.- COD/TAN ratio
Theoretically, to remove TAN by means of current generation in BESs, 0.57 kg COD per 
kg TAN are needed (Chapter 2). Considering that the COD/TAN ratio of human urine after 
urea hydrolysis is 0.8-1 (Table 6.3), all TAN could be theoretically removed with the COD 
available. The theoretical requirement of COD, however, is higher in practice, because 
usually not all the COD available is consumed (COD removal efficiency <100%), not all the 
COD removed is used for current generation (Coulombic efficiency <100%), and not all 
the current is used for TAN transport (TAN transport efficiency <100%). Both COD removal 
and Coulombic efficiencies in BESs aiming to recover TAN from urine can be quite low 
(Table 6.3), which directly affects how much COD is needed to recover TAN. Assuming 
100% TAN transport efficiency and the actual COD removal and Coulombic efficiencies, 
the COD/TAN ratio needed to remove all TAN is at least 2 times higher than what is found in 
human urine after urea hydrolysis (COD/TAN required, Table 6.3). This implies that the COD 
present in urine is not enough to remove all the TAN unless COD removal and Coulombic 
efficiencies are improved. Combined, these two efficiencies should be higher than 70% 
to remove all TAN present in urine, which is far from what has been accomplished so far. 
In our BES study (Chapter 5), we obtained both low coulombic efficiencies and low COD 
removal efficiencies with undiluted urine, and low COD removal efficiencies with diluted 
and synthetic urine (Table 6.3).
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2.- COD removal efficiency

Biodegradability of organic compounds in urine
The COD removal efficiency depends on several factors, from which the biodegradability 
of the organic compounds is key. The major carbon-containing compounds in urine are 
urea and creatinine [81], although urea is not used for current production because it is 
hydrolyzed to bicarbonate. It has been found that 67-85% of the organic compounds 
in urine are biodegradable [54], but this value is not an indication of their complexity. 
Complex organic compounds might need more time (longer HRTs) to be biologically 
degraded than simple compounds, such as acetate. This effect can be seen in Figure 
6.2, which summarizes the coulombic efficiencies and COD removals from Table 6.3. In 
this Figure, it is clear that the highest COD removal efficiencies were obtained in batch 
experiments that lasted from 40 to 60 days. Observing these results, the question arises 
whether low COD removal efficiencies are the result of non-readily biodegradable organic 
matter.
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Figure 6.2. Coulombic efficiency versus COD removal from different BES studies for the recovery of 
TAN from urine (data from Table 6.3, taking the average of our data with undiluted urine)

Recent studies have shown that the concentration of easily degradable volatile fatty acids 
(VFAs) in urine can be increased after a pre-fermentation step, to a limited extent [188, 
189]. Barbosa et al (2019) reported that after fermentation of raw urine, its composition 
changed from mainly urea and creatinine to mainly methylamine (a result of creatinine 
hydrolysis), acetate and propionate. Acetate concentration was higher in the fermented 
urine compared to the raw urine (4.7 and 2.8 g COD L-1, respectively), demonstrating that 
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other complex organic compounds had been converted to acetate. When both raw urine 
and fermented urine were used in MECs, the peaks in current density observed when a 
new batch of urine was introduced (0.8 A m-2 for raw urine and 1.3 A m-2 for fermented 
urine) were related to the consumption of VFAs such as acetate. Both the COD removal rate  
and the average current density were significantly higher in the MEC treating fermented 
urine (0.14 g L-1 d-1 and 0.22 A m-2 compared to 0.08 g L-1 d-1 and 0.11 A m-2 with raw urine). 
The COD removal efficiency, however, was limited to 65% (raw urine) and 54% (fermented 
urine) even after 42 days of operation.

In another urine fermentation study, a maximum of 17 ± 9 % of the initial COD was 
converted to VFAs in anaerobic sequencing batch reactors (SBRs) at an HRT of 0.45 days. A 
higher conversion of up to 32 ± 2 % was accomplished in batch experiments, but it took 
3.7 days in average [189]. 

This limited conversion of complex organic compounds into simpler compounds could 
be a result of the harsh physicochemical conditions of urine. Hydrolysis of the urea in 
urine [84] results in high pH, salinity and NH3 concentrations, conditions known to inhibit 
anaerobic digestion [190, 191]. It has been demonstrated that anaerobic digestion in 
particular is inhibited at TAN concentrations ranging from 1.5- 2.5 g L-1 when the microbial 
consortia are not adapted to high TAN concentrations, whereas gradual adaptation to high 
TAN concentrations has resulted in tolerance levels exceeding 4 g L-1 [190]. Barbosa et al 
(2019) reported that methane production was inhibited during the fermentation of urine, 
and that this inhibition was more pronounced with increasing ammonium concentrations 
(the experiments were done with different urine dilutions). At a TAN concentration of 4.3 g 
L-1 and a pH of 8.45, methane production was completely inhibited. The question remains 
whether the conditions affecting anaerobic digestion also affect the microbial consortia 
found in bioelectrochemical systems, and if the COD removal efficiency is affected by the 
biodegradability of organic matter, inhibition to microorganisms, or both. 

Probable toxicity of urine to microorganisms in BES
COD removal efficiencies in BES are limited even with fermented urine and synthetic urine 
based on acetate (Table 6.3), which implies that another factor other than biodegradability 
of organic compounds might be affecting the BES performance. 

To date, it is unclear whether high concentrations of TAN or NH3 inhibit COD biodegradation 
(and therefore, current production) in BES. Several studies have reported inhibition, or 
the lack thereof, of current generation, with no consensus. Inhibition in these studies is 
explained by one or more of these parameters: a) TAN concentration (independent of pH), 
b) NH3 concentration (pH related), and c) ionic or osmotic stress.
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Inhibition of electricity generation was reported at TAN concentrations as low as 0.5 g L-1 and 
neutral pH [190]. Other studies report different results, with current generation inhibited 
at TAN concentrations higher than 2.2 g L-1 at a pH of 7.35 [192], TAN concentrations 
higher than 4 g L-1 or at 4 g L-1 at pH higher than 8.5 [193]]. By contrast, other studies 
have found no negative effects on the bioanode performance at neutral anolyte pH and 
concentrations of up to 5 g L-1 [194], at anolyte pH around 8 with a TAN concentration of 
3.9 g L-1 [195] and even at anolyte pH of 8.85 and a TAN concentration of 4 g L-1 [69]. Several 
studies report that the inhibition effects can be overcome by acclimatizing the system to 
increasingly high TAN concentrations, and it has been found that higher current densities 
are reached in acclimatized BES compared to controls without acclimatization [171, 196]. 
Other studies, however, report inhibition even after acclimatization periods [190, 192]. 

The decrease of acetate consumption or COD removal efficiencies with increasing TAN 
concentration, and its direct effect on current or power generation, was reported in 
three studies [190, 192, 197]. In one study, COD removal was higher than 90% up to TAN 
concentrations of 1 g L-1 at both high and low substrate concentrations (2 and 0.62 g L-1 
sodium acetate, respectively). Afterwards, COD removal efficiency gradually decreased 
with increasing TAN concentration. At 4 gTAN L-1, the COD removal decreased to 72% 
and 49% at high and low substrate concentrations, respectively [197]. Therefore, these 
studies suggest that both the COD consumption and the respiration rate to the anode 
might be affected by high concentrations of TAN. Ammonia toxicity due to high TAN or 
NH3 concentrations, however, is not expected in a well operating BES for the recovery of 
TAN. In a well operating BES, TAN removal would result in low ammonia concentration and 
neutral pH in the anolyte.

Stress due to high conductivity of the medium has also been suggested as a cause of 
inhibition at high TAN concentrations. This effect was studied on Corynebacterium 
glutamicum (which has been found in the microbial community of urine MFCs [171]), 
Escherichia coli, and Bacillus subtilis [198]. All three bacteria were resistant to ammonium 
up until a concentration of around 1 M (NH4)2SO4 (28 gTAN L-1), where growth inhibition 
was observed. However, substituting ammonium sulphate with sodium sulphate at the 
same concentration generated the same inhibition response, which led to the conclusion 
that the cause of the inhibition was not ammonium, but the increased ionic strength of 
the medium. Other studies also reported inhibition due to osmotic stress, however they 
suggest that the type of ion does affect the inhibition response. Nam et al (2010) reported 
lower power densities when using NH4

+ than when using K+ at the same conductivity 
levels [190], whereas Kim et al (2011) indicated a stronger inhibitory effect by K+ than by 
ammonium [196]. In the latter study, MFCs sustained the same power density up to a TAN 
concentration of 3.5 g L-1 and a conductivity of 35 mS cm-1, whereas lower power densities 
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were obtained with KCl at the same conductivities. Thus, salinity in combination with TAN 
may be inhibiting current production.

Apart from TAN, NH3 and salinity, urine might contain other compounds affecting the 
microorganisms in BES. Surfactants used to clean the urinals or separation toilets from 
where the urine is collected might inhibit electrochemically active bacteria [199], and the 
effect of antibiotics found in urine to the microorganisms in BES has also not been studied 
and is thus unclear. Due to the interactions between fermentative and electrochemically 
active bacteria in BES for TAN recovery from urine [171], the BES performance can be 
compromised even if one species is more sensitive than others to TAN concentration, NH3, 
salinity or other factors. Therefore, further research to study which factors cause inhibition 
with urine is crucial to improve the performance of TAN recovery from urine by BES. 

3.- Coulombic efficiencies
Current densities achieved by our BES were considerably lower with urine than with 
diluted or synthetic urine, even though we followed a step-wise approach to acclimatize 
it to urine (Table 6.3). These low current densities were related to both low COD removal 
efficiencies (described previously) and low coulombic efficiencies. In BESs, the coulombic 
efficiency is defined as the ratio of the electrons recovered at the anode (as current) to the 
total electrons obtained from the oxidation of substrate. In other words, the coulombic 
efficiency compares how much substrate was removed to how much current was 
generated. Coulombic efficiencies can be reduced when electrons from the substrate are 
lost to electron acceptors other than the anode (such as oxygen, sulphate or nitrate), to 
biomass growth or to other competitive processes, such as methanogenesis. 

The low coulombic efficiencies for undiluted urine obtained in our study are in agreement 
with other studies treating urine by means of BES (Table 6.3). One reason for these 
low coulombic efficiencies can be the complexity of the organic compounds in urine 
mentioned earlier. The presence of complex, non-readily biodegradable compounds in 
real wastewaters increases the chances of fermentative processes to occur, which can 
lead to lower coulombic efficiencies compared to synthetic wastewaters based on simpler 
organic compounds [200]. Pre-fermentation of complex wastewaters, as mentioned 
previously, can be beneficial when the fermentation products are directly oxidized 
at the bioanode by electrochemically active bacteria [188]. In practice, however, the 
fermentation products can also be used by other microorganisms, which results in lower 
Coulombic efficiencies. For example, methylamine, which is found in fermented urine as a 
product of the hydrolysis of creatinine, can be used for methane production [201].

The coulombic efficiency also depends on other factors, such as the substrate 
concentration, anode potential, and pH. It has previously been proposed that low 
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substrate concentration in combination with sufficiently high anode overpotentials (>100 
mV) favors high coulombic efficiencies in BES [161]. These conditions favor the growth 
of electrogens over methanogens, which are among the main competitors in bioanodes. 
All studies summarized in Table 6.3, with the exception of one, worked with anode 
potentials varying from -0.3 to -0.4 V vs Ag/AgCl. There was only one study which worked 
at an anode potential of -0.2 V vs Ag/AgCl, which coincided with the highest Coulombic 
efficiency for undiluted (synthetic) urine [174]. As all our experiments were conducted at 
the same anode potential (-0.3 V vs Ag/AgCl), the higher COD concentration in undiluted 
urine might have been the cause for the lower Coulombic efficiencies compared to 
the diluted urine experiments. This is also observed in the other studies in Table 6.3, in 
which experiments with diluted urine show higher Coulombic efficiencies compared to 
undiluted.  

Concluding remarks of urine in BESs
The low current densities in our BES in relation to the TAN supplied were the main cause 
of low TAN removal efficiencies. So far, high current densities with undiluted urine in BES 
have not been achieved. The nature of urine after urea hydrolysis, with complex organic 
compounds and harsh physicochemical conditions, makes treating urine by means of 
BES very challenging. The complexity of organic compounds can make the scale-up of 
the technology more difficult, as the need of longer retention times translates into larger 
reactor volumes. Reaching the optimum between COD removal efficiency and COD 
removal rate will be crucial to improve the general applicability of BESs. 

Studies conducted with diluted urine have shown more promising results, but diluting 
urine undermines the purpose of urine separation. Moreover, one of the advantages of 
urine is its high conductivity, because high conductivities decrease the resistance of the 
electrolyte to the transport of ions, making a (B)ES more energy efficient. 

To determine the true capabilities of BES as a technology for the recovery of TAN from 
urine, further research into the factors limiting the biodegradation of organic compounds 
in urine, (probable) toxicity, and strategies to improve Coulombic efficiencies (e.g. different 
anode overpotentials and substrate concentrations/urine dilutions) is of key importance. 
Knowledge into these aspects will determine the applicability of BES to nitrogen-rich 
wastewaters in general. 

6.2.2	 TAN recovery from urine in (B)ESs: General upscaling challenges 
In the previous section we focused on the challenges for the recovery of TAN from 
urine in bioelectrochemical systems. In this section, we will address general challenges 
experienced in both electrochemical and bioelectrochemical systems for the recovery of 
TAN from urine. 
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Struvite precipitation and scaling issues
The recovery of ammonia by a BES has already been studied at a pilot scale [168]. In this 
study they tested a complete treatment concept for urine, in which phosphorous (P) is 
recovered via struvite precipitation and the TAN by a bioelectrochemical system coupled 
to a gas-permeable hydrophobic membrane unit [168]. Recovering P from urine prior to 
introducing it to a (B)ES has the advantage of not only recovering a fertilizer product, but 
also removing phosphates, which might result in scaling and unwanted precipitation in 
the (B)ES [202]. For that reason, in all the studies presented in this thesis the urine used 
was pre-treated via struvite precipitation. 

Part of the precipitation (including minerals such as hydroxyapatite (Ca10(PO4)6OH2) 
or calcite (CaCO3)) occurs spontaneously after the pH increases due to urea hydrolysis, 
therefore some studies only filter the hydrolyzed urine (after a storage period) or trigger 
urea hydrolysis by adding urease [88]. As magnesium is limiting, however, spontaneous 
precipitation can only remove around 50% of the phosphate [84, 88]. To prevent scaling 
in the equipment, it would be ideal to remove the remaining phosphates, which can be 
done by adding a suitable magnesium salt. 

More than 90% of the phosphate from urine can be recovered by struvite precipitation 
[163, 203]. This pre-treatment step makes the (B)ES treatment of urine more energy 
demanding, but also adds potential benefits, such as reduction of the P load to WWTPs 
and the production of a P-rich fertilizer, as shown in the LCA analysis of the complete 
treatment concept [204]. A specific remark for BES about the struvite precipitation process 
is that COD can be lost: in the pilot-scale study, around 25% of the COD in the urine was 
biologically degraded within the struvite reactor [168]. This reduces the amount of organic 
matter available for current generation.

Apart from the removal of phosphates, a softening method might be needed to prevent 
the scaling of the cell due to calcium and magnesium ions in urine. This was done in the 
pilot-plant mentioned previously by an ion-exchange column [168]. In our studies, the 
urine was not softened, which resulted in precipitation of calcium carbonates on the 
cathode side of the membrane after long term operation (around 6 months) (data not 
shown). Luther et al (2015) also reported white precipitates on both the cathode and the 
cathode side of the membrane, and hypothesized it might have been calcium carbonate 
[88]. The extent of this issue has not been reported in any of the previous studies 
concerning electrochemical or bioelectrochemical treatment of urine, so further studies 
are needed to assess the extent of scaling and the need of a softening pre-treatment step. 

The phosphorous removal and softening pre-treatment steps will be crucial to prevent 
precipitation, scaling or blockages throughout the treatment system, and should be 
considered when upscaling the technology. 
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Final product recovery
The recovery of TAN as a final product still remains a challenging issue in general. Some of 
the studies in Tables 6.1 and 6.2 show substantially lower recovery efficiencies compared 
to removal efficiencies. That means that the nitrogen is removed from the wastewater, 
yet not recovered from the catholyte, as intended. This is mainly due to inefficiencies of 
the recovery method (e.g. low stripping efficiency, low absorption capacity, small TMCS 
membrane surface area, etc.) or NH3 losses. In our study from Chapter 3, we hypothesize 
that NH3 might have been lost due to its reaction with chlorine due to chloride oxidation 
(an unwanted reaction in our system). This was based on the measurement of chloride and 
the anode potential. Recently, the formation of chloramines from urine was confirmed in 
a very similar system for the recovery of TAN from urine [180]. The formation of these 
by-products needs further assessment, but the use of an HRES can circumvent this issue 
[169]. 

Pharmaceuticals and pathogens
From all domestic wastewater streams, urine is the main source of pharmaceuticals [15, 
205]. The fate of these pharmaceuticals and their metabolites is important, because many 
of them are persistent and can have negative effects on the environment and human 
health [206]. Furthermore, urine also contains pathogens, mainly due to fecal cross-
contamination [207]. 

Two recent studies evaluated the presence of pharmaceuticals and pathogens in the 
liquid ammonium salt solutions obtained from the electrochemical treatment of urine, 
coupled to membrane stripping or conventional stripping-absorption [180, 183]. 
Although the solution from the conventional stripping contained pathogens spiked in 
the urine influent [183], the solution from the membrane stripping did not contain either 
pathogens or pharmaceuticals [180, 183]. 

The urine effluent, however, might need further post-treatment if the intention of the up-
scaled system is to discharge directly to the environment.

6.3	 Future perspectives and recommendations

Even though MFCs would be the most attractive option in the context of decentralized 
systems due to their electricity generation, their implementation is far from application 
compared to MECs. So far, MECs have shown to produce much higher current densities 
than MFCs (maximum of 23 compared to 0.5 A m−2 [62]). As current density is the driving 
force for the recovery of TAN, high current densities are needed for the adequate recovery 
of TAN. The use of MECs for the recovery of TAN from urine, however, also needs further 
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investigation in order to bring the technology closer to application, as mentioned in the 
previous section. 

Until further investigation into the cause for low current densities in BESs is addressed, 
ESs are considered as better candidates for upscaling of this technology. The advantages 
of ESs over BESs are the higher applied current densities, the stability and robustness to 
changes in influent and the controlled current density. Given that the COD/TAN ratio is 
irrelevant to ES, the current density and TAN loading rate can be controlled independently, 
so the system can be set to work at the optimum load ratio. As the current density is 
not dependent on the consumption of COD by microorganisms, the system is easier to 
control. This is advantageous to a certain extent, as very high current densities (anode 
potentials) can result in the production of chlorinated compounds in wastewaters with 
high chloride concentrations, such as urine (Chapters 3 and 4). 

From the options explored in this thesis, the HRES (Chapter 4) seems the most promising 
technology for future implementation. The reason for this is its lower energy input 
compared to an EC, the high removal efficiencies and the lower risk for the formation of 
chlorine, chlorinated byproducts and adsorbable organic halides (AOX).

At the time the research on the HRES was performed, it was concluded that in order to 
bring the technology closer to application, the energy demand of the system needed to 
be lowered by optimizing the cell design, the hydrogen oxidation and evolution catalysts 
and the pH profile. These aspects were taken into account in a following publication from 
Kuntke et al (2018) [181]. In their study, the design of the HRES prototype was improved 
by adding a third compartment, called the ‘concentrate’ compartment. This compartment 
was placed in between the anode and the cathode compartments and separated from 
them by a cation-exchange membrane (anode side) and an anion-exchange membrane 
(cathode side). The improved system design increased the energy efficiency and 
treatment capacity of the HRES considerably (Table 6.2). The better compression of the 
gas diffusion electrode allowed for its better contact with the H2 gas, reducing the anode 
overpotential. Furthermore, the transport losses were reduced by the introduction of the 
third compartment with an anion exchange membrane [181, 208]. 

The post-treatment of the effluent from the HRES remains open for future investigation. 
The high concentration of organic compounds remaining in the effluent (≈ 4 g L-1) would 
make the stream a good candidate for removal by BES. In the case of an MEC, the hydrogen 
produced in the cathode could be used as part of the inflow to the HRES. However, post-
treatment by a BES will also depend on the effluent pH and TAN concentration. The effluent 
pH in the HRES prototype was too low (2.5 – 5) to be considered a good candidate for 
BES treatment, but the effluent from the up-scaled HRES had a pH closer to neutral (6.4-
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7.3 [181]). This pH, however, might still be problematic for BES post-treatment without 
the addition of buffer or pH control. The biofilm might get inhibited as the anolyte gets 
acidified during operation. Future research in this aspect might be necessary.

Based on the research conducted for this thesis and the previous discussion, the following 
recommendations are proposed in order to bring the (B)ESs for TAN recovery closer to 
application:

Operation:
	  �The operation on the optimum range in regards to TAN removal efficiency and 

energy input (load ratio)
	  �The use of wastewater with a TAN fraction compared to the total cations (CTAN/

Ccations) higher than 0.4
	  �The integration of a pre-treatment step to remove solid particles and compounds 

that might precipitate in the (B)ES, such as phosphates, calcium and magnesium. 

Materials:
	  �The use of less expensive materials (for example different membranes or Pt-free 

catalysts)

Subjects for further investigation:
	  �Factors limiting the biodegradation of organic compounds in urine (possible 

toxicity of compounds found in urine)
	  �The adequate design parameters to improve coulombic efficiencies in BES 

(e.g. HRT or substrate concentration, anode overpotentials) and the study of 
alternative electron donors, such as H2 [209]

	  �The fate of micropollutants and pathogens in urine and probable effluent post-
treatment
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Summary

Nitrogen removal from wastewaters is necessary to prevent the pollution of receiving 
water bodies. At the same time, nitrogen is an essential nutrient for plants, so it is used 
in the production of fertilizers. Both the conventional removal of nitrogen compounds 
from wastewater and their production are energy intensive. For this reason, recovering 
nitrogen directly from wastewater, instead of removing it, can result in reduced energy 
consumption associated with both its production and removal processes.

The use of electrochemical systems (ES) and bioelectrochemical systems (BES) for the 
recovery of ammonia from wastewaters has been investigated over the past few years. 
These systems have been proposed as a sustainable alternative to conventional processes 
because they have the potential to recover energy (in the form of electricity or H2) from 
wastewaters while recovering ammonia. 

From all the domestic wastewater streams, urine contains most of the nitrogen (around 
80%), and represents only 1% of the volume. Urine can be collected by the use of urine-
diverting toilets or waterless urinals, preventing the dilution of the nutrients with high 
volumes of potable water. 

In this thesis, we evaluated the use of (bio)electrochemical systems for the recovery of 
total ammonia nitrogen (TAN) from urine. Our focus was on improving the understanding 
and performance of the system in terms of TAN recovery. This was needed to get the 
technology closer to application as, at the start of this research, the proof-of-principle had 
just been demonstrated, and the highest TAN recoveries were around 30%. 

The feasibility of BES as a technology for energy-efficient TAN recovery was evaluated in 
Chapter 2. It was shown that BESs can become economically feasible if, on top of electricity 
or hydrogen production, the benefits of TAN removal are taken into account. According to 
our analysis, when TAN removal is taken into account, BESs can still be economic at high 
internal resistances (200 mΩ.m2), which makes it easier for the application of the system 
at a bigger scale. 

The need to develop and test a method to effectively extract NH3 from the catholyte 
solution was identified as one of the main limiting factors of the system. One of the main 
conclusions from Chapter 2 was that it was crucial to couple an effective TAN stripping 
system to the BES to increase TAN recovery. This was addressed in Chapter 3, and followed 
up in Chapters 4 and 5. Finally, it was determined that to improve TAN recovery in BES, 
the interactions between the factors affecting the recovery of TAN in BES (such as current 
density, catholyte pH, TAN concentration, etc.) should be studied in more detail. 
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In Chapter 3, we demonstrated that an ES with an integrated gas-permeable hydrophobic 
membrane unit can effectively recover TAN from urine. Furthermore, the relationship 
between current density and TAN loading rate was studied in more detail. It was shown 
that the relationship between the applied current density and the TAN loading, here called 
the load ratio, is essential to assess the TAN removal efficiency and energy input of (B)ESs. 
The load ratio is useful to find the conditions in which a (B)ES for the recovery of TAN can 
be operated optimally, but it does not take into account other parameters essential to 
assess the performance of (B)ESs. These limitations are discussed throughout the thesis 
and in Chapter 6. 

In Chapter 4, a hydrogen-recycling electrochemical system (HRES) was developed to 
minimize the energy input of electrochemical systems for the recovery of TAN. In this 
technology, the hydrogen gas produced at the cathode is reused as the electron donor in 
the anode, allowing for ammonia recovery at high rates and relatively low energy input. 
This technology can be applied to recover TAN from wastewaters that do not contain 
enough organic matter to be treated in a BES. Furthermore, it lowers the risk of chloride 
oxidation, which typically occurs in electrochemical systems treating wastewaters with 
high concentrations of chloride, such as urine. Chloride oxidation can result in the 
formation of harmful compounds such as chlorine gas, chlorination byproducts and 
adsorbable organic halides (AOX).  At a load ratio of 1.2-1.3, the system accomplished TAN 
removal efficiencies of 73-82% and recoveries of 60-73%. Additional hydrogen needed to 
be supplied by a supporting electrolyzer, which accounted for 4-9% of the total energy 
demand of the system.

Finally, in Chapter 5, we tested the concept of load ratio in a BES. The load ratio can be 
manipulated either by changing the current density or the TAN loading rate. In a BES the 
current density cannot be controlled as easily as in an electrochemical system, because 
it depends on the oxidation of organic matter by microorganisms. At the same time, 
manipulating the TAN loading rate would directly affect the organic loading rate, and 
therefore the current density. We ran the BES coupled to a gas-permeable hydrophobic 
membrane on synthetic urine and urine. Both influents were fed at different dilutions, 
flow rates and certain modifications (such as removing TAN from urine prior to feeding 
it to the cell) in order to obtain a variety of load ratios.  We found out that there was a 
clear increasing trend in TAN removal efficiency with respect to load ratio for both human 
and synthetic urine. We did not obtain load ratios higher than 0.8, which means that the 
current was not enough to transport all the TAN across the membrane. This resulted in 
overall low removal efficiencies (2 to 47%, with 3 exceptions from 52- 61%). 

In Chapter 6, we discuss what may cause these low current densities. In this last chapter, 
we also focus on the reasons why (B)ESs have not been applied at larger scales yet, and 
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give future perspectives and recommendations to bring this promising technology closer 
to application. 
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