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Introduction: 

Our wastewater’ has become a source of nutrients and energy towards closing the loop for a 
circular economy. Amongst all the nutrients present in wastewater, nitrogen plays a vital role 
in plant growth. (FAO, 2019) Nitrogen (N2) amounts 78% of all gasses present in the 
atmosphere and it can be artificially fixated by the Haber-Bosch process into reactive nitrogen 
forms to be used as fertilizer (Figure 1). (Maurer et al., 2003) Two percent of the energy 
consumed worldwide is used uniquely to produced fertilizers by the Haber-Bosch process.  

After consumption, significant amounts of nitrogen end up in our wastewater. It is important 
to remove this from our wastewater, otherwise an excess of nitrogen will end up in our 
surface and ground water. This can cause environmental effects, like eutrophication.  

In order to decrease its environmental effect, nitrogen is removed via nitrification-
denitrification or Anammox at wastewater treatment plants (WWTP). (Maurer et al., 2003; 
Sengupta et al., 2015) These aforementioned nitrogen removal processes have high energy 
consumption and contribute to N2O emissions to the atmosphere.  

 

Figure 1. Short circuiting the Nitrogen Cycle using ES 

In order to optimize the nitrogen removal process, so less energy is consumed and less N2O 
is emitted, we research at Wetsus an Electrochemicical System (ES) for the removal. This 
could be an option to concentrate the nitrogen in solution (ammonium/ammonia), allowing 
an efficiently extraction and recovery (Figure 2). (Kuntke et al., 2018; Rodrigues et al., 2020) 

In the ES, Cation Exchange Membranes (CEM) and Anion Exchange Membranes (AEM) are 
stacked. These membranes, as the names say, only let certain ions pass through the 
membrane. In this way, specific ions can be removed electrochemically from one solution and 
concentrated in the other. 
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How it works 

In this toolkit the system in figure 2 is at work. 

 

Figure 2. Schematic view of the mechanism of the ES 

The supply of current drives ammonium and other positive ions (H+, Na+, K+, Ca2+, Mg2+) 
through a cation exchange membrane towards the cathode (Figure 2). The ammonium 
concentrates in the demiwater stream, together with OH-. The pH increases and so the 
ammonium is converted to ammonia NH3.  

In an ES, all the reactions are uniquely electro-chemical, meaning an easily operation of the 
system. Additionally, ESs can support higher current densities then bio-electrochemical 
systems and work with streams at an extreme pH. An ESs including compartments (anode, 
feed, concentrate and cathode) can be used for ammonia recovery. At the anode and cathode 
occur water splitting forming protons and hydroxide, respectively. The electrons are moving 
from the anode through an external circuit towards the cathode, where the reduction of 
water occurs. The reduction reaction produces hydroxide ions and hydrogen. Since the feed 
is acidified by the protons formed at the anode, the oxidized NH4

+ moves through the CEM to 
the concentrate. Ammonium and other cations in solution are therefore separated from 
undesired species in solution such as anions (Cl-) or micropollutants. If a pure ammonium is 
fertilizer is required, the catholyte stream can be supplied to a gas permeable membrane 
(TMCS, stripping unit), where the ammonia can be recovered. This is possible since ammonia 
is an amphoteric specie, unlike sodium or potassium. It can be found in solution as soluble 
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gas (NH3) or protonated (NH4

+), depending on the pH. (Kuntke et al., 2017; Rodríguez 
Arredondo et al., 2017) 

 

Figure 3. Relative abundance of NH3 and NH4
+ in solution 

Objectives 

The main objective of the proposed project is to recover/concentrate the nitrogen in solution 
electrochemically from different wastewaters. 

 

Lab procedure:  

See Student Card Model 1 for how to build the electrochemical cell and prepare solutions 

See Student Card Model 2 for performing the experiment and analysing the results via titration. 

Calculations 

a. Load Ratio (LN) is the ratio of applied current density to the nitrogen loading. The Load 
Ratio determines to a large extent the performance of the ES system (removal and energy 
consumption). (Rodríguez Arredondo et al., 2017) A Load Ratio of one means the amount 
of current applied to the system is equal to the total charge supplied as TAN. When LN<1 
more TAN is present than the electrons supplied to the cell, conversely when LN>1 the 
system is supplied with an excess of current. Load Ratio can be determined using the 
following formula: 

𝐿ே =
𝑗 × 𝐴௠

𝐶்஺ே,௜௡௙௟௨௘௡௧ × 𝑄௜௡௙௟௨௘௡௧ × 𝐹
 

 
Where, 𝑗 is the current density (A m-2), 𝐶 ௜௡௙௟௨௘௡௧ is the nitrogen concentration (mol L-

1) in the influent, 𝑉 is the volume (L), 𝐹 is the Faraday constant (C mol-1) and 𝐴௠ is the 
surface area of CEM (m2). 
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b. The students can further calculate the operation time. What happens with time (t0, t1 and 
t2 – observe if the system operates at different rates and why) 
 

Safety: 

1. General lab safety rules 
2. Gloves for the wastewater and acid 
3. Make changes in the system when the current is off 

Measurements: 

1. pH of all solutions 
2. NH3 in solution by titration (indicate the relation between ammonia and ammonium to 

determine the total nitrogen in solution) 
3. Cell voltage and Cell current 
4. Volumes of all solutions at t0 and tf (ideally constant) 

Questions: 

1. What are the consequences of discharging wastewater with high nitrogen content in the 
environment? 

2. How much nitrogen (NH4
+ and NH3) was removed from the solution (g)? Use the results from 

the titration method combined with the Table in Supplementary information. 
3. How much energy was consumed to recover that nitrogen (kwh/gN)? Use the equation 

below. 
 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 =  
 ா೎೐೗೗ ூ೎೐೗೗௧

൫஼೔೙೑ ି ஼೐೑೑ ൯௏
      

Where 𝐸௖௘௟௟ is cell voltage (V), 𝐼௖௘௟௟ is applied current (A), 𝑡 is the number of hours of the experiment 
(h), 𝐶௜௡௙ is the influent ammonium concentration (gN L-1), 𝑄௜௡௙ is the influent flow rate (L d-1), 𝐶௘௙௙  is 
the effluent ammonium concentration (gN L-1) and 𝑄௘௙௙ is the effluent flow rate (L d-1). 

4. Give 3 benefits of recovering the nutrients from wastewater instead of applying directly in 
the soil as fertilizer? 

5. Conclude about the use of wastewater with different salinity, and/or ammonium 
concentration. Discuss the effect of operating at higher or lower current. 
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