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1. Summary 

Basic research on a new potential desalination process was conducted at University of Copen-
hagen. The research was based on the observation that introduction of 𝐶𝐶𝐶𝐶2 to an aqueous so-
lution of diamine and NaCl resulted in a rapid decrease in conductivity in the solution. Exten-
sive experimental work was conducted, and a hypothesis was established resulting in a pro-
posed mechanism comprising a series of complex reactions where the end products are proto-
nated diamine, stabilized by chloride and sodium bicarbonate. The fundamental research at 
University of Copenhagen had primarily been focused on the capture-molecule structure-per-
formance optimization and experimental proof-of-concept. The work comprised investigations 
on different chain-length diamines to assess the aggregation and decrease in conductivity. 
Based on these basic observations the process was patented and the patent fully assigned to 
the start-up company CowaTech ApS which was setup in 2018 with the purpose of developing 
an affordable, scalable, and green water desalination technology. Together with Ultraaqua 
A/S, CowaTech ApS received funding for the present MUDP project with the objective of un-
dertaking a comprehensive technical feasibility study for clarifying the possibilities of transfer-
ring the research results into a viable future large-scale technology concept. 

The MUDP project initially comprised a thorough scrutinization of the experimental results from 
the fundamental research investigations conducted at University of Copenhagen resulting in 
the identification of several intrinsic process parameters and knowledge necessary for the fur-
ther technology development and upscaling. These comprised knowledge on salt and diamine 
concentration stoichiometry, of diamine and CO2 concentration stoichiometry, on the effect of 
stoichiometry on process kinetics and finally, on the verification of salinity drop representing 
desalination by aggregate separation and specific ion analysis. Based on the identified 
knowledge gaps, a dedicated experimental reactor was developed, and a matrix of experi-
mental investigations performed resulting in a large dataset enabling a deep analysis of the 
hypothesis of the process mechanism and performance. 

The conclusions on the investigations on the hypothesis of the original idea was that the po-
tentially new disruptive desalination technology process was in fact not a desalination process 
removing both cations and anions, rather it was shown to be an anion exchange process 
where the CO2 activated diamine was able to exchange the formed bicarbonate with chloride 
anions in solution. 

During the initial experimental work, the problem of separating the treated water from the poly-
mers/diamine for evaluation of the process efficiency had shown to be a major issue. Thus, it 
was decided to continue the experimental work based on a system with immobilized diamines. 
With the system based on immobilized diamines the separation issue was solved through the 
design of the technology concept. 

It was decided to investigate the possibility of immobilizing the diamine on an available epox-
ide functionalized resin to produce an anion exchange resin that could be commercialized in 
the drinking water treatment market as well as the industrial water market. The first CowaTech 
resin was produced by coupling 3-dimethylamino-1-propylamine to an available commercial 
resin and the performance of the CowaTech resin was tested with a column of 1000 mL bed 
volume. The test program encompassed screening of the sorption capability and capacity for 
ion exchange of chloride, fluoride, and nitrate. 

Based on the experimental work on ion exchange on resin in a test column it was found that 
the CO2 activated immobilized diamine was able to exchange bicarbonate with chloride, fluo-



 

 6   The Danish Environmental Protection Agency / Investigations of a possible novel desalination technology  

ride, and nitrate. The capacity for ion exchange of the three anions tested turned out to ap-
proximately match the expected capacity as calculated based on the estimated concentration 
of epoxide for the applied resin. 

Thus, the experimental work with the immobilized diamines confirmed the hypothesis regard-
ing the ion exchange mechanism, where target anions were removed from the feed solution 
through exchange with bicarbonate ions. All three tested anions are problematic anions for 
which a considerable global market exist.  

Based on the experimental data obtained for chloride and fluoride ion-exchange of the 
CowaTech resin, a 1D Advection-dispersion reactive pellet bed model was successfully setup 
in COMSOL Multiphysics to simulate the ion-exchange process and elution of the two ions. 
The model description enables the virtual scaling up of the column from laboratory scale to in-
dustrial scale. By using the forward and reverse ion-exchange rate constants as fitting param-
eters the model was able to simulate the removal and elution of the two ions according to the 
observed data. As such, the model results indicated a higher affinity of the CowaTech resin to-
wards chloride than fluoride resulting also in a lower capacity of the CowaTech resin for fluo-
ride removal compared to the chloride removal. 

However, these conclusions are made based on only one dataset for each ion, why one 
should be very cautious to generalize based on these limited data. In fact, the future develop-
ment of the CowaTech resin concept will need considerable future experimental work regard-
ing. optimization of the resin capacity, testing of selectivity of the ion exchange capability in 
complex water matrices, and investigation into regeneration of the resin. 

These future investigations are fundamental in fully elucidating and determining the potential 
commercial viability and environmental sustainability of a technology based on the CowaTech 
resin concept. Due to the limited resources of CowaTech ApS, further development of the 
technology will be discontinued under the auspices of CowaTech ApS. 
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2. Background and objective 

The following report presents results of an MUDP project that was 
undertaken to provide a comprehensive technical feasibility study 
of a possible new disruptive desalination technology of which 
fundamental proof-of-concept research results were previously 
obtained at Department of Chemistry at Copenhagen University. 

2.1 Technology hypothesis and concept 
Recent fundamental research results obtained by the Lee Group at Department of Chemistry 
at Copenhagen University (https://www.leegroup.dk/) has revealed possibilities for develop-
ment of a new disruptive desalination technology which could potentially reduce the energy 
consumption and thereby the CO2 footprint from sea water desalination considerably. The 
basic principle and hypothesis behind the proposed technology, is based on a novel physico-
chemical mechanism whereby mixing specific recyclable organic capture molecules and car-
bon dioxide (CO2) into saline water (such as sea water) initiates a complex chemical reaction 
that results in the complexation and aggregation of salts that can subsequently be separated 
from the desalinated water – e.g. by filtration.  

Results from lab-scale investigations with model test water have indicated that the addition of 
CO2 activates the complexation and aggregation of salts with the organic capture molecules in 
high salinity water resulting in a fast decrease in the conductivity of the water. After separation 
a desalinated liquid phase and suspended aggregate phase expectedly would be the result 
where subsequently, the aggregates could be separated into a salt brine (for discharge) and a 
stream with regenerated capture molecules. 
 
2.2 Project objective 
The objective of the MUDP project has been to undertake a comprehensive technical feasibil-
ity study for clarification of the possibilities for transfer of the research results into a viable fu-
ture technology concept. The intention was therefore to create a solid knowledge-based plat-
form for decisions regarding the direction of future RDI (Research, Development, and Innova-
tion) activities. The project goal was to move the technology from TRL1-2 to TRL4 - thereby 
creating a bridge to future technology development and commercialization. 
 
2.3 Project execution 
The project was completed in the period of October 2019 to November 2021 as a collaboration 
between CowaTech ApS and Ultraaqua A/S with IN-Water ApS as subcontractor. Project 
leader was CowaTech ApS with Camilla de Thiersant as project manager. 

Based on a deep analysis of the recent research findings a dedicated lab-scale experimental 
program was designed and executed to ensure a solid data base for design and preparation of 
a virtual prototype of the new desalination technology. Based on laboratory and model results 
a technical, economic and sustainability assessment was conducted as part of the feasibility 
analysis. Further, a preliminary toxicity assessment and a preliminary technology viability ana-
lysis in the global water treatment market were part of the project. 
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3. Review of existing 
knowledge 

This chapter summarizes the result of the review of existing 
knowledge presented in more detail in Appendix 1. The proposed 
mechanism behind the observations done through the compre-
hensive laboratory investigations at KU is outlined and identified 
knowledge gaps and missing information are summarized.  

3.1 Proposed mechanism of desalination 
The fundamental research of the desalination process conducted at University of Copenha-
gen, was based on the proposed mechanism that is shown in the below four reactions.  
 

𝐶𝐶𝐶𝐶2 + 𝑅𝑅1𝑁𝑁𝑁𝑁𝑅𝑅2𝑁𝑁𝑁𝑁2 ⇌ 𝑅𝑅1𝑁𝑁𝑁𝑁𝑅𝑅2𝑁𝑁+𝑁𝑁2𝐶𝐶𝐶𝐶2− ⇌ 𝑅𝑅1𝑁𝑁−𝑅𝑅2𝑁𝑁+𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁 (1) 
𝑅𝑅1𝑁𝑁𝑁𝑁𝑅𝑅2𝑁𝑁+𝑁𝑁2𝐶𝐶𝐶𝐶2− + 𝑁𝑁2𝐶𝐶 ⇌ 𝑅𝑅1𝑁𝑁𝑁𝑁𝑅𝑅2𝑁𝑁𝑁𝑁2 + 𝑁𝑁2𝐶𝐶𝐶𝐶3 (2) 
𝑅𝑅1𝑁𝑁𝑁𝑁𝑅𝑅2𝑁𝑁𝑁𝑁2 + 𝑁𝑁2𝐶𝐶𝐶𝐶3 ⇌  𝑅𝑅1𝑁𝑁𝑁𝑁𝑅𝑅2𝑁𝑁+𝑁𝑁3 ∥ 𝑁𝑁𝐶𝐶𝐶𝐶3−  (3) 
𝑅𝑅1𝑁𝑁𝑁𝑁𝑅𝑅2𝑁𝑁+𝑁𝑁3 ∥ 𝑁𝑁𝐶𝐶𝐶𝐶3− + 𝑁𝑁𝑁𝑁𝐶𝐶𝑁𝑁 ⇌ 𝑅𝑅1𝑁𝑁𝑁𝑁𝑅𝑅2𝑁𝑁+𝑁𝑁3 ∥ 𝐶𝐶𝑁𝑁− + 𝑁𝑁𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶3 (4) 

 
From the equations, the proposed mechanism states that by introducing 𝐶𝐶𝐶𝐶2 to an aqueous 
solution of diamine, the tertiary amine is protonated, forming a carbamate salt. This can further 
react, via a proton transfer reaction, resulting in the formation of carbamic acid and protonation 
of the secondary amine, equation 1. Due to the reaction taking place in an aqueous solution, 
carbamic acid will react with water, resulting in diamine and carbonic acid, equation 2. From 
this, the diamine can react with the carbonic acid, forming protonated diamine and bicar-
bonate, equation 3. If salts are present, in this example NaCl, the protonated diamine will ex-
change the bicarbonate ion with chloride, as chloride has higher affinity for electrostatic stabili-
zation by the nitrogen. The end products are therefore protonated diamine, stabilized by chlo-
ride and sodium bicarbonate.  

The fundamental research at University of Copenhagen had primarily been focused on the 
capture-molecule structure-performance optimization and experimental proof-of-concept. This 
work comprised investigations on different chain-lengths of R1 to assess the aggregation and 
decrease in conductivity as shown in the below example, Figure 1.  

Based on extensive experimental work conducted in beakers, where the exact 𝐶𝐶𝐶𝐶2-flow was 
unknown it was preliminary concluded that an alkyl chain modified diamine with a chain length 
of 12 carbon atoms was the most promising candidate to facilitate the CO2-responsive autono-
mous aggregation (or precipitation) process that would lead to desalination – see more details 
in Appendix 1. 
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FIGURE 1. Lab-scale demonstration of the novel desalination process. Salinity measured as 
conductivity. 

3.2 Identified knowledge gaps and needed information 
Based on a thorough scrutinization of the experimental results from the fundamental research 
investigations conducted at University of Copenhagen (Appendix 1), it was clear that several 
intrinsic process parameters and knowledge necessary for the further technology development 
and upscaling were missing. These comprised the following: 

• Effect of salt and diamine concentration stoichiometry on extent of desalination 
• Effect of diamine and CO2 concentration stoichiometry on extent of desalination 
• The effect of the above on process kinetics 
• Verification of salinity drop representing desalination by aggregate separation and 

specific ion analysis 

From the identified knowledge gaps, a matrix of experimental investigations needed to be per-
formed to acquire these fundamental data was developed, along with specifications for design 
of an experimental reactor suitable for obtaining credible data. 
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4. Experimental investigations 
on suspended diamine 
polymers 

A dedicated reactor was constructed to investigate details in the 
observed mechanism as well as determine process kinetics and 
stoichiometry data. To this end a comprehensive investigation 
matrix for selected combinations of salt and diamine concentra-
tions was defined and experimental work carried out. The conclu-
sion on the comprehensive data analyses of the experimental re-
sults was that the observed conductivity reduction reflected mi-
celle formation and therefore that the process was in fact not a 
desalination process. Rather, it was shown to be an anion ex-
change process where the CO2 activated diamine was able to ex-
change the formed bicarbonate with chloride anions in solution. 

4.1 Design of dedicated experimental reactor  
A specialized reactor (Figure 2) was designed and constructed to study the process in detail to 
establish data on process kinetics and stoichiometry. 

The reactor consisted of a transparent plastic reactor with a gas-tight lid and with sensors for 
monitoring pH, conductivity and temperature mounted on the side of the reactor house. Four 
baffles for securing adequate mixing were placed symmetrically on the inside wall of the cylin-
drical reactor. A specialized stainless-steel diffusor with 2 µm pores was mounted in the center 
of the bottom of the reactor to ensure adequate mass-transfer of the injected CO2 gas into the 
liquid. In the lid, a paddle stirrer was mounted with the shaft placed in a gas tight ball bearing 
to ensure that CO2-gas exiting the water phase could only escape the reactor through the ded-
icated sampling hole mounted in the lid. The CO2 gas entering and exiting the reactor was 
measured externally by low-flow CO2-flow sensors with a measuring range 0-1 L/min. The inlet 
gas flow was regulated by an ultrafine manual needle valve mounted on the pressure reduc-
tion valve on the CO2 gas cylinder.  

Data acquisition was established to collect all sensor data with a time resolution of eight sec-
onds to monitor the process in near real-time.  
 
4.1.1 Experimental procedure and investigation matrix 
Experiments were performed by adding 1 L of sodium chloride solution to the reactor followed 
by addition of C-12 diamine in a predefined molar ratio to the sodium chloride molar concen-
tration. Subsequently the lid was closed, and the stirring of the solution was started. The ex-
periment was then started by initiating the injection of CO2 gas and the immediate start of the 
data acquisition.  

All experiments except the experiment with a salt concentration of 0.6M were run until conduc-
tivity increased again because of the de-aggregation, after passing the low conductivity phase 
corresponding to the self-aggregation of the diamine polymer. Examples of process curves for 
initial salt concentrations of 0.3, 0.4 and 0.5 M are shown in Figure 3. 
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FIGURE 2. Specialized reactor for systematic studies on diamine aggregation desalination 
process. 
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FIGURE 3. Example of results of process monitoring during diamine aggregation experiments.  
 
To obtain data for a solid understanding of the process stoichiometry and kinetics, the follow-
ing comprehensive investigations matrix for the combination of salt and diamine concentration 
was defined – Table 1. 
  

TABLE 1. Experimental matrix for the investigation of process stoichiometry and kinetics 

Salt concentration [g/L] Salt concentration [M] Diamine conc. [M] 

4 0.068 0.007; 0.021; 0.034 

8 0.137 0.014; 0.041; 0.068 

12 0.205 0.021; 0.062; 0.103 

18 0.308 0.154 

24 0.411 0.205 

30 0.513 0.257 

35 0.599 0.299 

The molar ratio of diamine to salt concentration for the lower concentrations (4-12 g/L) was in-
vestigated at 0.1, 0.3 and 0.5 while for all other salt concentrations it was fixed at 0.5. A molar 
ratio of 0.5 corresponded to an equivalent number of active sites and chloride entities, as each 
diamine molecule has two active amine groups for exchanging chloride. A molar ratio of 0.5 
would therefore correspond to a theoretical complete removal of chloride. 
 
4.2 Results of conducted experiments 
For all the combinations of salt and diamine concentration, the process monitoring results 
showed the same trend with an initial decrease in conductivity during the CO2-dosing, corre-
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sponding to the self-aggregation of the diamines. This was followed by a phase with an in-
crease in conductivity due to the stabilization and de-aggregation of the aggregates as the 
CO2 dose continued. The conductivity measurements during the experiments showed between 
3-90% conductivity reduction - depending on initial conductivity - with the lowest conductivity 
reductions obtained with the lowest initial salt concentration. Based on the obtained data, plots 
of diamine concentration versus conductivity reduction as well as of amount of dosed CO2 at 
the point of minimum conductivity versus diamine concentration were made as shown in     
Figure 4 and Figure 5. 

From Figure 4 can be seen that the observed conductivity reduction was directly related to the 
diamine concentration across all initial salinities up to around 0.2 M diamine after which the 
conductivity reduction became independent of the diamine concentration. 

From Figure 5 can be seen that the dosed amount of CO2 at the point of minimum conductivity 
corresponded to a fixed molar ratio of around 0.33 mole CO2/mole diamine. This stoichiometry 
was much lower than expected based on the molar concentration of amine groups and neces-
sary amount of activated diamine groups to achieve complete desalination. To come to an un-
derstanding of the reasons behind these contradictory data, a short review of literature on mi-
celle formation and its impact on conductivity was conducted to assist in understanding the ob-
served results. 

 
  

 
 

 

FIGURE 4. Observed conductivity reduction versus initial diamine concentration across all ini-
tial salinities. 
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FIGURE 5. Dosed CO2 amount at minimum conductivity versus diamine concentration across 
all initial salinities. 

From the micelle literature review it was found that during micelle formation, the drag forces of 
micellar aggregates slow down ionic mobility and at the point of maximum micelle aggregation, 
conductivity would decrease dramatically. This could therefore indicate that the observed de-
salination from the conductivity measurements was merely a result of the impact of the micelle 
formation on measured conductivity and not a result of ion removal. This could also support 
the observed linear relationship between conductivity reduction and diamine concentration as 
a higher diamine concentration would increase the micelle aggregate concentration and lead 
to a higher impact on the measured conductivity. 

To further understand the mechanism of the process based on the observed data, the experi-
ment with 12 g/L NaCl was selected for studies on separation of the micelle aggregates by 
membrane filtration. The conductivity measurements from the aggregation experiment showed 
around 75% reduction while conductivity measurements on the permeate from the membrane 
filtration of the micelle aggregates showed only 20% conductivity reduction as can be seen in 
Table 2. 

TABLE 2. Measured conductivities of 12 g/L NaCl solution prior to aggregate experiment, after 
reaching micelle aggregation and of the permeate after micelle separation. 

Salinity [g/L] Initial conductivity 
[mS/cm] 

Conductivity after micelle 
aggregation [mS/cm] 

Conductivity of permeate after 
micelle separation [mS/cm] 

12 22.1 5.54 18.1 

 
To understand this discrepancy, a deeper data analysis was conducted on the data based on 
a hypothesis that the change in conductivity between the original solution and the permeate 
after aggregate separation was alone governed by exchange of chloride ions with bicarbonate 
ions formed from the added amount of CO2. Based on this hypothesis, molar conductivities of 
involved ionic species and their temperature dependence was found in literature and together 
with physical-chemical models for ionic strength and activity coefficients, theoretical calcula-
tions of the expected conductivity change from ion exchange of chloride with the formed bicar-
bonate were made. Results are shown in Table 3. 
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TABLE 3. Theoretically calculated conductivity of a 12 g/L NaCl solution and after ion ex-
change with added amount of bicarbonate 

Calculated initial conductivity [mS/cm] Calculated conductivity after ion exchange 
[mS/cm] 

22.5 17.3 

As seen, the calculated conductivities of the original solution and in the permeate fitted well 
with the actual measured conductivities assuming ion exchange as the governing mechanism 
of the process. This was subsequently further supported by measurements of bicarbonate in 
the permeate. From this data analysis and the micelle literature support, it could be concluded 
that the measured conductivity reduction observed was misinterpreted as desalination and in-
stead reflected micelle formation. 

The conclusions on the investigations on the hypothesis of the original idea was therefore that 
the potentially new disruptive desalination technology process was in fact not a desalination 
process, rather it was shown to be an anion exchange process where the CO2 activated dia-
mine was able to exchange the formed bicarbonate with chloride anions in solution. 
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5. Experimental and transport 
modelling investigations on 
immobilized diamine 
polymers 

The technology set-up for testing of the CO2 activated ion ex-
change with immobilized diamines was developed and a first gen-
eration of CowaTech resin was prepared. The resin was packed in 
a one liter column and a test-rig was established. Tracer experi-
ments were applied to investigate the hydraulic flow through the 
column and a model was established to simulate flow pattern and 
species transport. Experimental testing of ion exchange of the an-
ions: chloride, fluoride, and nitrate, confirmed the ion exchange 
mechanism and documented efficient sorption of the tested ani-
ons in exchange for release of bicarbonate. Further, column re-
generation with KOH was demonstrated.  

5.1 Immobilized ion exchange 
Based on the conclusions that the process mechanism was an anion exchange of bicarbonate 
with chloride anions, it was decided to investigate the possibility of immobilizing the diamine on 
an available epoxide functionalized resin to produce an anion exchange resin that could be 
commercialized in e.g. the drinking water treatment market. 

Traditionally, applications of ion exchange (IX) resins in the drinking water treatment market 
are for the removal of inorganic anions such as sulfate, uranium, arsenic, fluoride, nitrate, re-
moval of natural organic matter (NOM) and most recently polyfluorinated compounds (PFAS). 
Application of IX has received considerable attention because of its effectiveness, ease of op-
eration, large available exchange capacities, small foot-print and regenerative capabilities. Ani-
onic IX resins are often categorized based on intrinsic properties such as functional group 
(quaternary ammonium or tertiary ammonium), polymeric matrix (acrylic vs styrenic) and ex-
tent of cross-linking (gel-base or macro-porous). 

Fundamental characteristics include exchange capacity (expressed in equivalent (eq) per L of 
resin), particle size and water content. IX resins adopted for drinking water treatment can also 
be broadly classified in two categories, strong- and weak-base IX resins, respectively. 

Briefly, an IX resin with quaternary ammonium functional group is termed as strong-base IX 
resin. These resins are typically categorized in terms of chemical structure as Type I (trimethyl 
ammonium group) and Type II (dimethylethanol ammonium group). These resins show an ex-
cellent physical and chemical stability, and they can exchange different anions under a broad 
range of pH-values. Weak-base IX resins with primary, secondary, tertiary or mixed amine as 
functional groups offer excellent regenerative and reuse capabilities (>90% regeneration effi-
cacy over multiple cycles) and are highly resistant to organic fouling. However, these are 
mostly operated only in low pH ranges (below neutral pH). 
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By comparison to the characteristics of traditional anion exchange resins, a future CowaTech 
resin would differ in the type of functional group (diamine vs quaternary ammonium or tertiary 
ammonium), capacity as it would be possible to obtain larger capacity due to the double 
amount of functional groups per linking site on the basic epoxide resin (potential for double ca-
pacity compared to current commercially available anion exchange resins) and exchange of 
anions with bicarbonate rather than hydroxide (OH-) or chloride (Cl-) which would be beneficial 
for the pH stability of the produced water. Further, the CowaTech resin would be best charac-
terized as a weak-base IX resin with regenerative and reuse capabilities. 
 

5.1.1 Preparation of a first generation CowaTech resin 
The following procedure was applied for preparation of a first generation CowaTech resin. The 
first generation of the resin was produced by the assistance of MipSalus ApS. The principle 
behind the diamine immobilization was as follows. 

We selected an epoxide-based resin to prepare the CowaTech resin with reactive epoxide 
functional groups. A primary amine, as in 3-dimethylamino-1-propylamine, will under suitable 
conditions react with the epoxide with the following reaction giving a secondary alcohol and a 
secondary amine. The number of epoxide groups is approx. 50 µmol/g wet resin.  

 
First step in the resin preparation was preparation of the coupling solution:  
Diamine was mixed with DI water and epoxide-based resin was filled into a column. The resin 
was wetted with DI water, and the column was filled and packed. The resin was then washed 
on a 2 CV (column volume) DI water with 20 mL/min. Then 1 CV of the diamine coupling solu-
tion was fed to the column – downflow at 20 mL/min. Then both ends of the column were 
blocked and after coupling under soaking conditions and the resin was washed for testing. 
 
5.2 Characterization of column flow and species transport 

with CowaTech resin  
Initially, a series of tracer experiments with impulse dosing of a fixed amount of chloride on a 
non-CO2-activated column was planned and conducted to enable characterization of the 
transport properties of the column in terms of establishing a numeric value for the mechanical 
dispersion coefficient. Chloride concentrations were monitored in the column effluent by use of 
a HACH Chloride probe, See Appendix 2 for further information and results from an experi-
ment designed to evaluate the quality of the probe signal.  

The mechanical dispersion coefficient was estimated through modelling in COMSOL Mul-
tiphysics based on a setup of the column as a reactive pellet bed in which the transport of di-
luted species is modelled in two domains comprising the transport of species in the interstices 
between the resin particles and inside the porous pellets as an extra dimension where the 
transport is modelled in the radial microscale dimension inside each pellet. This model setup 
of the column would allow for later adding the ion exchange chemical process to occur on the 
inside of each pellet for the description of the column performance. 

However, it turned out to be difficult to keep the column non-activated and thus the first tracer 
experiments revealed significant removal of chloride through ion exchange as exemplified in 
Figure 6.  
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FIGURE 6 Expected and observed breakthrough curves of chloride from initial tracer experi-
ments at a flow of 20 mL/min. 

It was concluded that CO2 from the wash water between experiments with pulse dosing of 
chloride contributed to activation of the diamine. It was observed that continued repetition of 
chloride tracer experiments at different flows on the column with only limited flushing between 
experiments resulted in smaller and smaller removals of chloride as shown in Figure 7-9. 
 
  

 
 

 

FIGURE 7. Expected and observed breakthrough curves of chloride from initial tracer experi-
ments at a flow of 40 mL/min. 
 



 

 The Danish Environmental Protection Agency / Investigations of a possible novel desalination technology  19 

  

 
 

 

FIGURE 8. Expected and observed breakthrough curves of chloride from initial tracer experi-
ments at a flow of 60 mL/min. 
 
  

 
 

 

FIGURE 9. Expected and observed breakthrough curves of chloride from initial tracer experi-
ments at a flow of 10 mL/min. 
 
Based on these results, a procedure for completely saturating the column with chloride prior to 
performing the tracer experiments was established, with the purpose of establishing numerical 
values for the mechanical dispersion coefficient. The procedure consisted of soaking the col-
umn for 1 hour in a concentrated salt solution of 10 g/L chloride. Subsequently, several tracer 
experiments were run consecutively, and the obtained data used for modelling the mechanical 
dispersion coefficient in COMSOL Multiphysics. The experimental and model results of the 
tracer experiments are shown in Figure 10. 
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FIGURE 10. Observed (green) and modelled (blue) breakthrough curves of chloride from final 
tracer experiments at a flow of 43 mL/min. 
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Tortuosity of the flow paths in a porous media (e.g., differences in pore size and path lengths), 
as well as friction with pore walls, makes water molecules and the ions that they carry move 
differently within the porous medium. This process, known as mechanical dispersion, causes 
mechanical mixing and dilution effects along the direction of the flow. Based on the modelling 
of the chloride transport the mechanical dispersion coefficient for the CowaTech resin was fit-
ted to the experimental data with a numerical value of 6x10-7 m²/s. With the determination of 
the mechanical dispersion coefficient the fundamental transport properties of dilute ionic spe-
cies in the CowaTech resin column can be described and this forms the basis for the subse-
quent description of the ion exchange process when coupling the ion exchange reactions with 
the transport model. 
 
5.3 Experimental test of chloride, fluoride, and nitrate ion 

exchange 
To design an ion exchange column based on the CowaTech resin it is necessary to be able to 
describe the ion exchange reactions on the surface of the resins. The ion exchange process in 
the column is a reversible reaction and is as such described by a forward and reverse rate 
constant. For design purposes it is necessary to establish values for these rate constants for 
the different anionic species in water. Three experiments with chloride, fluoride, and nitrate 
ions, three anions for which a commercial potential was identified, were designed, and con-
ducted to generate data for the modelling and determination of the forward and reverse ion ex-
change rate constants for the three ions respectively. The experiments and results are de-
scribed in the following.  
 
5.3.1 Experimental set-up 
Figure 11 shows a schematic drawing of the set-up used for testing the chloride, fluoride, and 
nitrate ion exchange process of the CowaTech resin. The column was filled with 980 mL dia-
mine coupled resin. The applied experimental set-up and experimental procedure was identi-
cal for the three tested anions: chloride, fluoride, and nitrate.  
 
For details regarding the testing of each of the three anions see Appendix 3-5. The overall pro-
cedure was to first activate the resin with CO2 - then to pump a well-defined mass of anion (so-
dium salt) in one liter of solution through the column, wash the column and finally to eluate the 
exchanged anions (the column capacity) with KOH. Below the procedure is described in more 
detail. 
 
  

 

 

FIGURE 11. Experimental set-up for testing of the ion exchange capacity – here illustrated 
with ion exchange of chloride. 
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For each anion the following experimental procedure was followed: 

1. Initially the diamine coupled resin was activated with CO2 by up-flow recycling through the 
column with CO2 saturated demineralized water. Recycling and CO2 activation took place 
over 3 hours. CO2 saturation was ensured by recycling of the demineralized water through 
a column aerated with pure CO2 dosed by a micro-porous diffusor 

2. After CO2 activation 1000 ml of a solution with a known mass of the target anion dissolved 
in demineralized water was pumped through the column with a pump flow of 20 mL/min.  
• Sample A: Feed solution. 

3. Following this the input was switched to demineralized water. 
4. Sampling of the column effluent was planned according to the observed retention time dis-

tribution for the applied flow. The objective was to collect all effluent anion mass in one 
sample, C, containing the effluent peak and took place as follows: 
• Sample B: Effluent from the column for the period 0-20 min (approx. 400 ml)  
• Sample C: Effluent from the column for the period 20-100 min (approx. 1600 ml) 
• Sample D: Effluent from the column for the period 100-120 min (approx. 400 ml) 

5. Subsequently, the column was washed with 0.1 M KOH to eluate the exchanged anion 
and the following effluent samples were taken to identify the ion exchanged mass - i.e. the 
capacity of the ion exchanger towards the target anion: 
• Sample E: Effluent from the column for the period 0-20 min. (approx. 400 mL)  
• Sample F: Effluent from the column for the period 20-100 min. (approx. 1600 mL) 
• Sample G: Effluent from the column for the period 100-120 min. (approx. 400 mL). 

 
Figure 12 shows a photo of the 1 L column with diamine coupled resin used for the experi-
mental work.  
 
  

 
 

 

FIGURE 12. Experimental set-up for 980 mL column with diamine-coupled resin applied for ion 
exchange test. 
 
Samples for the chloride ion exchange experiment were analyzed at KU. Sodium was deter-
mined by NMR and chloride was determined by silver titration. 
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Feed sample and samples with fluoride peaks showing break-through of fluoride through load-
ing and fluoride eluted with KOH were analyzed with AquaPorin’s HACH meter (Type DR3900) 
using HACH reagents for determination of fluoride. 

Feed sample and samples with nitrate peaks showing break-through of nitrate through column 
loading and nitrate eluted with KOH were analyzed with a HACH meter (Type DR3900) using 
HACH reagents for determination of nitrate. 

Inorganic carbon released from the resin during the anion exchange was analyzed at Ultra-
aqua’s laboratory with a Shimadzu TOC-L CSH instrument. 
 
5.3.2 Experimental setup for testing non-diamine coupled resin 
For chloride an experiment was conducted to investigate whether the resin structure itself – 
without diamine coupling – was able to retain chloride. The experimental setup is shown in 
Figure 13.  
 
  

 

 

FIGURE 13. Experimental set-up for 140 mL non-coupled resin test. 
 
A sodium chloride solution with a well-defined mass of sodium and chloride was fed to a 140 
ml column with non-diamine-coupled resin. The effluent volume was collected, and sodium 
and chloride were analyzed at KU. 

Table 4 shows the results from the experiment with the 140 mL non-diamine-coupled resin col-
umn investigating potential sorption of chloride to the resin structure itself.  

TABLE 4. Results from experiment with the 140 mL column resin not coupled with diamine. 

Inlet and effluent Mass Na+ Mass Cl-- Volume 

Pulse Input: 5 mL 80 g 
Cl/L 

263 mg 400 mg 5 mL 

Effluent 5 mL/min 284 mg 428 mg 400 mL 

Effluent 10 mL/min 293 mg 407 300 mL 

Recovery 5 mL/min 108% 107%  

Recovery 10 mL/min 111% 102%  
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The data shows complete recovery of chloride, and it could thus be concluded that there is no 
unspecific sorption related to the resin itself – and that the observed reversible sorption on the 
diamine coupled resin is related to ion exchange with the coupled diamine groups. 
 
5.3.3 Experimental results for chloride 
Detailed description and data for the experiment with exchange of chloride in the CO2 satu-
rated column are shown in Appendix 3. Table 5 gives a summary for the chloride mass bal-
ance data resulting from chemical analysis at KU.  

TABLE 5. Main data from chloride ion exchange experiment. 

Chloride Mass Balance 

Chloride mass fed to 
the column 

2910 mg Cl 

Chloride mass passing 
the column 

574 mg Cl 

Chloride mass eluted 2354 mg Cl 

Total chloride mass re-
covered 

2928 mg Cl 

 
As can be seen, the Cl removal under the actual experimental conditions was close to 80%. 
From the data, a chloride ion exchange capacity of 0.066 eqv/L of bed volume could be calcu-
lated. The overall chloride mass balance fits well for the chloride experiment. Sodium in the 
peak sample passing the column was determined at KU by NMR to 1.27 g Na/L. When calcu-
lating the sodium mass in the sample and comparing to the sodium mass in the feed volume of 
1000 mL this shows a very fine agreement. Thus, no sodium was retained in the column when 
Cl was ion exchanged. 

The chemical analyses from the chloride ion exchange experiment results showed that signifi-
cant inorganic carbon (bicarbonate) was released from the resin during sorption of chloride – 
as also expected from the mechanistic hypothesis for the understanding of the process. The 
released inorganic carbon amounted to 0.094 eqv inorg-C, which is somewhat higher than ex-
pected from calculation of the ion exchanged chloride which amounted to 0.066 eqv Cl. How-
ever, it can be concluded that the experimental data supports the overall mechanistic hypothe-
sis – and that more experimental work with resin with considerably higher capacity will be bet-
ter suited for more detailed investigation of the mechanism and evaluation of the commercial 
possibilities.  
 
5.3.4 Experimental results for Fluoride 
Details regarding the experiment with ion exchange of fluoride with the CO2 activated resin are 
given in Appendix 4. A summary of results is shown in Table 6.  

TABLE 6. Mass balance data from fluoride ion exchange experiment 

Fluoride Value Unit 

Fluoride mass fed to the column 1460 mg F 

Fluoride mass passing the column 552 mg F 

Fluoride mass eluted 988 mg F 

Total fluoride mass recovered 1540 mg F 

 
From the table can be seen that 1460 mg fluoride was fed to the column. The effluent fluoride 
which was not exchanged in the column amounted to 552 mg while the captured fluoride 
amounted to 988 mg. The 552 mg fluoride not exchanged in the column was eluted in the ef-
fluent fraction corresponding to 0.4 and 1.6 column volumes (400-1600mL). While the mass 
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and concentration of fluoride in the effluent fractions 0-0.4 and 1.6-2 column volumes was be-
low detection limit. This distribution of the non-exchanged fluoride was used later in the model-
ling of the fluoride ion exchange kinetics. 

The sum of the fluoride detected in the effluent during loading and during the subsequent KOH 
wash amounted to 1540 mg – and when compared to the input fluoride the balance shows re-
covery of 105% of the influent. Thus, within acceptable uncertainty in the chemical analyses, 
all fluoride could be accounted for in the mass balance. As can be seen from the data, the re-
moval of fluoride under the test conditions amounted to 68% of the incoming fluoride. From the 
data, the observed capacity under the test conditions for the 980 mL column for ion exchange 
removal of fluoride was calculated to be 0.052 eqv F/L of bed volume which is slightly less 
than for chloride. Analysis of inorganic carbon in the sample corresponding to the exchanged 
fluoride showed a bicarbonate release capacity of 0.040 eqv/L of bed volume. 
 
5.3.5 Experimental results for nitrate 
Details regarding the experiment with ion exchange of nitrate with the CO2 activated resin are 
given in Appendix 5. A summary of results is shown in Table 7.  

TABLE 7. Mass balance data from nitrate ion exchange experiment 

Nitrate Value Unit 

Nitrate mass fed to the column 5159 mg NO3 

Nitrate mass passing the column 0 mg NO3 

Nitrate mass eluted 3045 mg NO3 

Total nitrate mass recovered 3045 mg NO3 

 
From the table can be seen that 5159 mg nitrate was fed to the column. The effluent samples 
collecting the nitrate, which was not ion exchanged, amounted to zero, while the captured ni-
trate amounted to 3045 mg. Thus, the sum of the nitrate detected in the effluent during loading 
and during the subsequent KOH wash amounted to 3045 mg. Thus, the mass balance showed 
that 2114 mg was missing – apparently absorbed in the column by a mechanism not reversible 
through KOH washing. As can be seen from the data, the reversible ion exchange removal of 
nitrate under the test conditions amounted to 60% of the incoming nitrate. From the data, the 
observed capacity under the test conditions for the 980 mL column for ion exchange removal 
of nitrate was calculated to 0.049 eqv NO3/L of bed volume. 

Analysis of inorg-C in the sample corresponding to the exchanged nitrate showed a bicar-
bonate release capacity of 0.091 eqv/L of bed volume. 
 
5.3.6 Summary of results from ion exchange of chloride, fluoride, and 

nitrate 
Summing up on the experimental work with ion exchange of chloride, fluoride, and nitrate on 
the first diamine coupled CowaTech resin after activation with CO2 it can be concluded that all 
three tested anions can be exchanged. The observed ion exchange capacities are shown in 
Table 8. It should be noted that the observed sorption capacities are based on a non-opti-
mized preliminary ion exchange material. Thus, the capacities are not to be compared with 
commercial ion exchange resins as it is expected that the capture capacities can be increased 
significantly through a commercial optimization program. 

TABLE 8. Ion exchange capacities for the first CowaTech resin 

Ion exchange capacities Value Unit 

Chloride 0.066 eqv/L bed volume 

Fluoride 0.052 eqv/L bed volume 

Nitrate 0.049 eqv/L bed volume 
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The experimental work showed that the fundamental ion exchange mechanism involved ex-
change of the anions with bicarbonate from the CO2 activated diamines. The mass of inorganic 
carbon released during loading with the three anions was analyzed. The observed bicarbonate 
data to be compared with the observed ion exchange capacities for the tested anions are 
shown in Table 9. 

TABLE 9. Observed release of bicarbonate during ion exchange for the first CowaTech resin. 

Bicarbonate release during maximum anion sorption Value Unit 

Chloride 0.094 eqv/L bed volume 

Fluoride 0.040 eqv/L bed volume 

Nitrate 0.091 eqv/L bed volume 

 
In conclusion it was demonstrated that the diamine coupled resin after activation with CO2 per-
formed as an ion exchanger with affinity towards sorption of chloride, fluoride, and nitrate. 
Thus, the hypothesis of ion exchange as the governing process for anion removal was con-
firmed. In exchange for sorption of the three tested anions, bicarbonate was released to the 
water. Ion exchange capacities were found to be in the range of 0.049-0.066 eqv/L bed vol-
ume. Corresponding released bicarbonate values were found in the range of 0.040-0,094 
eqv/L bed volume. 

The results were found based on a single experiment with each anion. Thus, there is a need 
for further testing to confirm the calculated capacities. Furthermore, the experimental work 
does not demonstrate the relative affinity between the three anions. The selectivity towards 
specific anions is commercially interesting and will have to be investigated through a series of 
experiments with ion exchange in various mixed water matrices. Ion exchange material which 
shows high selectivity in complex water matrices towards problematic drinking water pollutants 
present in low to moderate concentrations – like e.g. fluoride or nitrate - will give ion exchange 
technology a market advantage in comparison with existing competing technologies.  
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6. Modelling of diamine-based 
ion-exchange column  

The following chapter contains the description and results of us-
ing a 1D Advection-dispersion reactive pellet bed model setup in 
COMSOL Multiphysics. The developed model was applied to sim-
ulate the ion-exchange process and elution of the two ions based 
on the data obtained for chloride and fluoride in the CowaTech 
resin column investigations described in the previous chapter. 

6.1 Modelling ion exchange kinetics in COMSOL Multiphysics 
To establish the forward and reverse rate constant for the ion exchange of the different anions 
used in the experimental investigations with the first diamine coupled CowaTech ion exchange 
resin, a model of the column was setup in COMSOL Multiphysics. The model was setup to 
simulate transport of diluted species in porous media with the reactive pellet bed feature, that 
allows the simulation of regions filled with reactive pellets, as in packed bed ion exchange re-
actors. The pellets are simulated with the extra dimension technology that adds a radial mi-
croscale dimension inside each pellet as illustrated in Figure 14. 
 
  

 
 

 

FIGURE 14. Schematic showing the macroscale (bed volume) and the microscale (pellet) 
[COMSOL, 2019, Chemical reaction engineering user guide]. 
 
On the macroscale the transport of diluted species is modelled through solving the advection-
dispersion equation for the transport in between the individual pellets using the previously 
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model determined mechanical dispersion coefficient. At the microscale, the transport(diffusion) 
and reaction equations inside the pellets are solved on an extra dimension attached to the 
macroscale physics interface. The model assumes that all resistance to mass transfer to/from 
the pellet is within the pellet and no resistance to pellet-fluid mass transfer is on the bulk(mac-
roscale) fluid side. The concentration in the fluid will thus be equal to that in the pellet pore just 
at the pellet surface. Looking inside a pellet, assuming only concentration variations in the ra-
dial direction of the spherical pellet allows the setup of a spherically symmetric reaction-diffu-
sion transport equation inside the pellet. Surface reactions are simulated inside the pellet. Sur-
face species are introduced onto the pellets by adding them in the surface species section 
when defining the chemical reactions in the COMSOL chemical reaction engineering module.  
 
6.1.1 Modelling the chloride anion exchange experiment 
Using the geometrical data of the column, the size, surface area, porosity, and theoretical ca-
pacity of the resin particles as well as the molecular diffusion coefficients of chloride and bicar-
bonate, a 1D reactive pellet bed model was setup to simulate the data from chloride ion ex-
change experiment shown in table 5. The ion exchange process was setup in the chemical re-
action engineering module of COMSOL as shown below: 
 

𝐶𝐶𝑁𝑁(𝑎𝑎𝑎𝑎)
− + 𝑁𝑁𝐶𝐶𝐶𝐶3(𝑎𝑎𝑎𝑎𝑎𝑎)

− 𝑘𝑘𝑓𝑓
→ 𝐶𝐶𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎− + 𝑁𝑁𝐶𝐶𝐶𝐶3(𝑎𝑎𝑎𝑎)

−  

𝐶𝐶𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎− + 𝑁𝑁𝐶𝐶𝐶𝐶3(𝑎𝑎𝑎𝑎)
− 𝑘𝑘𝑟𝑟→ 𝐶𝐶𝑁𝑁(𝑎𝑎𝑎𝑎)

− + 𝑁𝑁𝐶𝐶𝐶𝐶3(𝑎𝑎𝑎𝑎𝑎𝑎)
−  

 
Where, kf and kr are the forward and reverse rate constants of the ion exchange process used 
as fitting parameters. The inlet dosing of the 1 liter 3 g/L chloride solution was simulated as a 
rectangular function with smooth transition zones to avoid steep gradients that can cause nu-
merical errors as shown in Figure 15. 
 
  

 
 

 

FIGURE 15. Chloride inlet condition used in the COMSOL model of the chloride ion exchange 
experiment. 

The forward and reverse reaction rate constants of the ion exchange process was fitted so that 
the total amount of chloride leaving the column corresponded to the experimentally observed 
amount in the corresponding eluted volume fraction. With a forward reaction rate constant of 
50 M-1s-1 and a reverse rate constant of 1 M-1s-1 the amount of chloride was the same as the 
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experimentally observed amount in the same elution volume fraction. This gave the below 
modelled elution curves for chloride and bicarbonate – see Figure 16-17. 
 
  

 
 

 

FIGURE 16. Modelled elution curve for chloride. 
 
  

 
 

 

FIGURE 17. Modelled elution curve for bicarbonate. 

As seen from the modelled curves, the kinetics of the ion exchange process is fast enough to 
allow complete removal of chloride for 1½ column volumes after which the capacity of the col-
umn is close to exhausted, and the chloride starts to increase in the effluent until all non-re-
moved chloride has passed the column. Simultaneously, the exchanged bicarbonate is eluted 
with increasing concentration over a period from around half a column volume until around 1½ 
column volumes after which the column capacity is exhausted.  
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On the microscale, the continuously increasing exhaustion of the resin pellet ion exchange ca-
pacity can be visualized through a 3D plot of the chloride surface concentration distribution 
within the individual resin pellets at different elution times as shown in Figure 18. 
 
 

 

 

 

FIGURE 18. Average chloride surface concentration in resin particles at t=0s (top-left); 
t=2000s (top-right); t=4000s (bottom-left) and t=7200s (bottom-right). 
 
As seen, the ion exchange capacity of the resin pellets is gradually consumed from the interior 
of the pellet towards the outer surface, due to the intra particle diffusion, until all capacity is 
consumed. On a macroscale this means that initially, all resin pellets in the top of the column 
starts to be saturated according to the evolution shown in Figure 18. On a macroscale this fits 
with the chloride elution curve in Figure 16, where all chloride is removed during the first 1½ 
column volumes corresponding to that the zone of unused resin pellet moves further down the 
column until the ion exchange capacity of all the resin particles has been consumed and the 
chloride concentration in the outlet starts to increase.  
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FIGURE 19. Average bicarbonate surface concentration in resin particles at t=0s (top-left); 
t=2000s; t=4000s and t=7200s. 
 
Conversely, the surface concentration of bicarbonate experiences a completely opposite pro-
cess with a lowering of the surface concentration as the ion exchange process proceeds as 
shown in Figure 19. 
 
6.1.2 Modelling the fluoride anion exchange experiment 
Using the same 1D reactive pellet bed model, the data from fluoride ion exchange experiment 
shown in Table 6 was modelled to establish the forward and reverse ion exchange rate con-
stants for fluoride. The ion exchange process was setup in the chemical reaction engineering 
module of COMSOL as shown below: 
 

𝐹𝐹(𝑎𝑎𝑎𝑎)
− + 𝑁𝑁𝐶𝐶𝐶𝐶3(𝑎𝑎𝑎𝑎𝑎𝑎)

− 𝑘𝑘𝑓𝑓
→ 𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎− + 𝑁𝑁𝐶𝐶𝐶𝐶3(𝑎𝑎𝑎𝑎)

−  

𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎− + 𝑁𝑁𝐶𝐶𝐶𝐶3(𝑎𝑎𝑎𝑎)
− 𝑘𝑘𝑟𝑟→ 𝐹𝐹(𝑎𝑎𝑎𝑎)

− + 𝑁𝑁𝐶𝐶𝐶𝐶3(𝑎𝑎𝑎𝑎𝑎𝑎)
−  

The inlet to the model column consisted of a 1 liter 1.55 g/L fluoride solution corresponding to 
approximately the same molar equivalents as the chloride experiments. The inlet was again 
simulated as a rectangular function with smooth transition zones. 
 
The forward and reverse reaction rate constants of the ion exchange process was fitted so that 
the total amount of fluoride leaving the column corresponded to the experimentally observed 
amount in the corresponding eluted volume fraction. With a forward reaction rate constant of 3 
M-1s-1 and a reverse rate constant of 1 M-1s-1, the amount of fluoride was the same as the ex-
perimentally observed amount in the same elution volume fraction. This gave the below mod-
elled elution curves for fluoride and bicarbonate – see Figure 20. 
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FIGURE 20. Modelled elution curve for fluoride. 
 

  

 
 

 

FIGURE 21. Modelled elution curve for bicarbonate. 
 
The eluted amount of fluoride was around 29 millimole while the corresponding eluted amount 
of chloride in the previous experiment was only 15 millimole. As such the capacity of the 
CowaTech column for fluoride ion exchange seems lower and in addition the ion exchange 
rate constant is also lower which could indicate lower selectivity towards fluoride ion ex-
change. The lower capacity and rate of fluoride ion exchange also result in that the non-ex-
changed fluoride ions are eluted from the column at much fewer column volumes as can be 
seen by comparing Figure 16 and Figure 20. The fact that fluoride is removed to a lower de-
gree and at a lower rate than chloride means that when using the resin for treating real drink-
ing water where the two ions are both present, the chloride ions would lower the capacity of 
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the column for fluoride removal. However, at the present stage of resin development, care 
should be taken in concluding too much on the selectivity of the resin towards the two ions as 
the observed data is only based on one dataset for each ion. 
 
6.2 Conclusion and further investigations 
Based on the data obtained for chloride and fluoride ion-exchange in the experimental 
CowaTech resin column investigations, a 1D Advection-Dispersion reactive pellet bed model 
was successfully setup in COMSOL Multiphysics to simulate the ion-exchange process and 
elution of the two ions. By using the forward and reverse ion-exchange rate constants as fitting 
parameters the model was able to simulate the removal and elution of the two ions according 
to the observed data. The fitted second-order forward rate constants had values of 50 and 3 
M-1s-1 for chloride and fluoride respectively indicating a higher affinity of the resin towards chlo-
ride than fluoride. This, lower affinity also resulted on lower capacity of the resin for fluoride re-
moval compared to the chloride removal.  

However, these conclusions are made based on only one dataset for each ion, why one 
should be very cautious to generalize based hereof. In fact, it is recommended to continue with 
further experimental and modelling investigations using the same approach as used in the cur-
rent project to gain a more solid data for the observed ion exchange selectivity of the 
CowaTech resin and also to expand the investigation with other relevant anions and also to 
investigate real water matrices with different anion mixtures and also organic anions. 
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7. Preliminary toxicity 
assessment 

The following preliminary toxicity assessment aims at estimating 
whether the use of the ion exchange technology based on the 
CowaTech resin as described in the previous sections could be 
limited due to concerns related to human consumption or contact 
or due to impact to the environment. The basis for the assess-
ment is the physical-chemical properties and the diamine form 
(free diamine or bound to the resin), the toxicity and ecotoxicity 
as they are stated in the safety data sheet for the 3-dimethyl-1-
propylamine (see Appendix 6) and a preliminary assessment of 
the potential exposure routes which could result in exposure of 
humans and the environment. 

7.1 Concern related to human consumption or contact 
The potential exposure routes related to human consumption and contact are: 

1) Exposure to diamine and resin during the handling of these during the reaction of the 
free diamine with the resin in the ion exchange column 

2) Exposure during the operation of the ion exchange column and during regeneration 
of the column, where the resin due to age/wear/regeneration with chemicals can be 
released from the column 

3) Final disposal of column material at the end of the lifetime of the column, where the 
diamine will also be chemically bound to the resin. 

3-dimethyl-1-propylamine is a strong base and exposure to skin, eyes and inhalation should 
be avoided. It is non cancerogenic and has a low toxicity if consumed. The resin itself is con-
sidered inert. It is assessed that human exposure and contact to the diamine and the resin can 
be avoided/limited in both situation 1 and 3, as it is assumed that good production procedures 
and the use of personal precautions and protective equipment can be followed. Further, dis-
posal procedures can follow the safety precautions stated in the safety data sheet, see Appen-
dix 6.  

During the operation of the ion exchange column there will be a loss of ion exchange material, 
due to wear-out and the impact of regeneration chemicals. However, since the diamine will 
form a very strong C-C bond to the resin, neither the diamine nor the resin will be lost from the 
ion exchanger in a free form. When the ion exchange column loses material, it will be in the 
form of the diamine bound to the resin which can be considered inert. 

It is expected that the binding between the resin and the diamine may hydrolyze if the regener-
ation is done at high pH - pH>13 - and high temperature. This might result in release of the di-
amine and resin in a different form. If the ion exchange column is used for drinking water pur-
poses, very high pH combined with high temperature should be avoided during regeneration. 
However, regeneration of the CowaTech ion exchange material do not need strong base - and 
no high temperature is needed either. 



 

 The Danish Environmental Protection Agency / Investigations of a possible novel desalination technology  35 

If the safety precautions of the 3-dimethyl-1propyl amine and the resin are followed, and re-
generation is performed as recommended, the use of the technology based on the immobi-
lized CowaTech ion exchange technology should not lead to concern related to human con-
cern and contact. 
 
7.2 Concern related to impact on the environment 
The potential exposure routes related to impact on the environment are: 

1) Spill of diamine and resin to the wastewater system, during the handling of these dur-
ing the reaction of the free diamine with the resin in the ion exchange column  

2) Exposure during the operation of the ion exchange column and during regeneration 
of the column, where the resin due to age/wear/regeneration with chemicals can be 
released from the column 

3) Final disposal of column material at the end of the lifetime of the column, where the 
diamine will also be chemically bound to the resin. 

It is assessed that spills of the diamine and the resin can be avoided/limited in both situation 1 
and 3 using good production procedures securing that spill is avoided and contained. Further, 
disposal procedures can follow the safety precautions stated in the safety data sheet (Appen-
dix 6). If 3-dimethyl-1propylamine eventually should reach the environment it is easily de-
gradable in the environment and has a low toxicity to algae and fish. Based on its octanol/wa-
ter distribution coefficient is has a very low bioaccumulation potential. The resin is assessed to 
be environmentally inert.  

Thus, if the safety precautions of the 3-dimethyl-1propyl amine and the resin are followed - as 
well as recommended operational procedures - the CowaTech technology as tested in this 
study should not lead to concern related to impact on the environment. 

 
7.3 Conclusions 
Based on the above preliminary toxicity assessment, it can be concluded that if the safety pre-
cautions and recommended operational procedures are followed, the here developed and 
tested immobilized CowaTech ion exchange technology does not give rise to serious concern 
regarding toxicity related to human contact or consumption and the same can be concluded 
regarding toxicity related to impact on the environment.  

It should be stressed that the above comprises a preliminary toxicity assessment and that ac-
tivities to document a more comprehensive toxicity assessment will be a necessary compo-
nent in a potential future development and optimization of the technology which might include 
other resin material, other diamines, and various polymeric substances. 
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8. Market opportunities for the 
CowaTech technology 

The global market for water treatment technology based on ion 
exchange is large and growing. The market includes applications 
in industry as well as in public water supply. The global market 
for adsorbents for drinking water treatment is expected to grow 
by 5% per year in the coming years. Despite there are numerous 
players in the market, there is still a need for new adsorbents and 
room for new players. Market opportunities for ion exchange 
technology for removal of chloride, fluoride, and nitrate are illus-
trated. Maximum capacity and selectivity are important parame-
ters to be investigated to identify the technology’s future compet-
itiveness in the market. 

8.1 Chloride control in closed cooling water systems 
Evaporative cooling towers are used to remove excess heat from various sources like indus-
trial manufacturing facilities, oil and gas production, thermo-electric power stations and office 
buildings and complexes (heating as well as A/C and ventilation). Evaporative cooling towers 
is a highly used technology which is applied world-wide.  

Cooling water is circulated in pipes connecting the facility’s excess heat generating unit opera-
tions and finally the collected excess heat is released in the connected open cooling tower 
through evaporation. The evaporation of cooling water causes the salt content of the cooling 
water to increase, and the increased salt concentration might cause corrosion problems in the 
cooling water piping and heat exchanger system. Further, the increased salt concentration 
might result in problems meeting environmental effluent standards for discharge of the “bleed 
off” of cooling water needed to maintain an acceptable salt concentration in the cooling water.  

It is here expected that the CowaTech technology can be applied for control of the chloride 
level – and potentially other anions - in the cooling water. Further, the technology can be ap-
plied to increase water efficiency of existing systems. This means that the market potential for 
the CowaTech technology might be closely connected to the market for cooling towers and 
evaporative cooling water technology. Thus, an overview for this market is given below. 

The global market for cooling towers and cooling water technology amounted to 3.3 billion 
USD in 2016 and is expected to grow to 4.9 billion USD in 2025, see Figure 22. This corre-
sponds to a CAGR of 4.9% driven by increased industrialization worldwide. 

The cooling tower market is global and with expected growth in all regions. It is particularly 
foreseen that the Asia Pacific region will have a higher growth rate than other regions – ex-
pected CAGR is 6.5%, see Figure 23.  
 

 

 

 
 



 

 The Danish Environmental Protection Agency / Investigations of a possible novel desalination technology  37 

  

 
 

 

FIGURE 22. Cooling towers market, 2016-2025 (USD Million). Source: www.grandwiewre-
search.com. 
 
  

 
 

 

FIGURE 23. Cooling towers – market size and growth prospect mapping. Source: 
grandviewresearch.com. 
 
The most frequently applied types of cooling tower systems comprise open-circuit, closed-cir-
cuit and hybrid systems. Especially the hybrid cooling tower systems are expected to show the 
highest growth rate since they are more water efficient than the other types. It is expected that 
the CowaTech technology will be applicable for cooling tower systems for reduction of chloride 
concentrations – and potentially other accumulation anions – from the cooling water. The tech-
nology might be used for installation in the cooling water loop to maintain a certain low level of 
chloride in the cooling water loop as dictated by the standards of the materials applied in the 
piping and heat exchangers – or it might be installed as a treatment technology to ensure com-
pliance with effluent standards prior to discharge of the needed “bleed-off” to receiving water 
bodies. 

http://www.grandwiewresearch.com/
http://www.grandwiewresearch.com/


 

 38   The Danish Environmental Protection Agency / Investigations of a possible novel desalination technology  

A number of large players at the global market can be mentioned, e.g. SPX Corporation, Balti-
more Aircoil Company (BAC), Evapo Inc. and Paharpur Cooling Towers. In Denmark a num-
ber of local water treatment companies offer products and services within water based cooling 
tower systems – e.g. Silhorko (Grundfos company), BWT, Niras, Dansk Køl, Krüger. 

 
8.2 Market opportunities in drinking water treatment 
The global market for adsorbents for drinking water treatment amounted in 2018 to 459 million 
USD and is expected to grow by 5% per year in the coming years. USA is one of the largest 
markets and like for the rest of the global market activated carbon is the dominating adsorbent, 
see Figure 24. 

In spite of the fact, that there is a huge number of commercial players in the field, there is still 
a need for new adsorbents and room for new players as also noted by the market analysis 
company grandviewresearch: 

” Rising demand for adsorbents for the filtration of drinking water offers huge opportunities for 
new manufacturers to enter the market. Furthermore, this surging demand coupled with 
growth opportunities in developing countries is expected to play a significant role in paving the 
way for local players to expand their business portfolio.” 
 
  

 
 

 

FIGURE 24. Water market size by product for drinking water adsorbents in USA. 

To investigate preliminarily the potential role for the CowaTech technology in the global drink-
ing water adsorbent market it was decided in the project to screen the technology’s perfor-
mance towards three selected problematic anion drinking water components – chloride, fluo-
ride, and nitrate. 

In the following is given a brief description of the background for drinking water problems with 
chloride, fluoride, and nitrate. 

Problems related to chloride in drinking water can arise from numerous reasons. A typical sce-
nario might be intrusion of salt water to the groundwater basin in coastal areas – often caused 
by overexploitation of the fresh groundwater due to the increased urbanization and industriali-
zation often taking place in coastal zones. In the same way overexploitation of water from in-
land wells has in many places globally caused increased levels of chloride creating increased 
need for desalination, where the concentration of chloride has passed the limit for salty taste – 
typically around 250 mg/L. In such situations with low to moderate salt increases ion exchange 
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will often be relevant due to the low to moderate level of salt to be removed. For water quali-
ties with high salt content – like seawater or salty brackish water – other solutions like reverse 
osmosis or evaporative technologies will most often be more attractive.  

However, without going into details, the market for technology to cope with low to moderate 
chloride levels is huge. The commercial viability for this technology for chloride removal appli-
cations will to a high degree depend on the chloride sorption capacity for the technology. 

Fluoride is found in groundwater based on natural sources – soil composition etc. - but might 
also reach increased levels based on pollution from industrial waste. In small concentrations 
fluoride is a healthy component in drinking water. However, elevated levels of fluoride intake 
through food or drinking water is an unwanted component, which can lead to fluorosis – an ill-
ness resulting in damage to teeth, bone deformations and disturbances in body growth. 

Fluorosis is a health threat in many countries and affects the life of around 200 million people 
globally – mainly in India and surrounding countries. WHO considers the upper limit for a 
healthy drinking water to be a concentration around 1.5 mg/L fluoride. However, already at flu-
oride concentrations of 0.9-1.2 mg per liter initial signs of fluorosis can be observed.  

In India approximately 62 million people is suffering from fluorosis – hereof 6 million children. It 
is estimated that 120 million people are living in areas where the fluoride content in the drink-
ing water exceeds the recommended WHO maximum level, see Figure 25. 

 
  

 
 

 

FIGURE 25. Map showing the probability distribution of groundwater in India exceeding the 
recommended maximum of 1,5 mg/L fluoride. 

The Indian government has decided that facilities for fluoride removal from drinking water must 
be installed in the affected regions and has initiated this huge task. Large reverse osmosis 
plants are under construction in densely populated highly urbanized areas. However, this tech-
nology is not feasible in less densely populated urban or even rural areas where a variety of 
other technologies might be relevant. More than ten different technologies exist, however, 
most of them show low efficiency in large scale installation or they have high CAPEX and 
OPEX. 

Thus, there is a real need and market pull for a better and more cost-effective technology for 
fluoride removal, and this is the reason behind the testing of the CowaTech technology’s effi-
ciency and capacity towards fluoride removal. Due to the low concentration level of fluoride in 
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groundwater – a few mg/L – the CowaTech technology would be very attractive if the ion ex-
change mechanism turns out to be selective towards fluoride when compared to competing 
anions that are harmless but present in much higher concentrations. The experimental work 
has shown that the capacity of the CowaTech technology for fluoride removal is comparable to 
chloride removal – but the topic of selectivity remains to be investigated. 

Nitrate in the groundwater originates mainly from human activities – a main source in devel-
oped countries is the application of nitrogen fertilizer or manure in farming. In some arid re-
gions where irrigation with untreated or poorly treated wastewater has been practiced for dec-
ades this activity has caused the nitrate level in the ground water to increase to critical levels. 
Nitrate is easily dissolved in water and is transported by rainwater to the groundwater. 

WHO’s guideline value for the content of nitrate in drinking water is 50 mg/L – corresponding 
to 11 mg/L of nitrate-nitrogen. The guideline value is based on a wish to protect bottle-fed ba-
bies from the “blue baby” phenomenon, where the oxygen carrying capacity of a bottle-fed 
baby is reduced visibly by the nitrate in the water turning the skin blueish.  

“The guideline value for nitrate of 50 mg/l as nitrate is based on epidemiological evidence for 
methaemoglobinaemia in infants, which results from short-term exposure and is protective for 
bottle-fed infants and, consequently, other population groups.” 
There is an ongoing discussion regarding the potential long-tern effect on humans of high ni-
trate levels in drinking water. The potential long-term effects from the nitrate would be related 
to long-term body response to nitrite originating from the nitrate intake. In a Danish study pub-
lished in 2018 – J. Schullehner et al, Int J Cancer. 2018 Jul 1;143(1) - researchers found a cor-
relation between the concentration of nitrate in drinking water and colon and rectal cancer – 
even if the nitrate concentration is much smaller that the European norm of 50 mg/l. The study 
included a total of 2.7 million Danes during the period 1978-2011, Based on the results the re-
searchers behind the study plea to lower the norm of nitrate in the Drinking Water Directive. 

Two technologies are dominating when it comes to removal of nitrate from drinking water – re-
verse osmosis and ion exchange. 

Ion exchange is the cheapest solution, but it has issues relating to selectivity. The existing ion 
exchangers are strongly alkaline ion exchangers and prefer to take up divalent anions like sul-
phate. This reduces - significantly - the capacity for sorption of the monovalent nitrate which 
causes increased need for regeneration – and thus reduces the overall cost-efficiency of the 
technology. 

The experimental work has indicated that the capacity for nitrate sorption of the CowaTech 
technology is comparable to the sorption capacity of fluoride. However, the selectivity of the 
CowaTech technology towards nitrate sorption in a mixed water matrix remains to be investi-
gated. 

 
8.3 Conclusions 
Globally, the market for water treatment by ion exchange technology is large and growing. The 
market covers applications in industry as well as public water supply. 

Ion exchange based on CowaTech’s technology has demonstrated efficient removal of the ani-
ons: chloride, fluoride, and nitrate. During the ion exchange the anions were exchanged with 
bicarbonate released to the treated water. Exchange of chloride, fluoride, and nitrate with bi-
carbonate will be attractive in many applications in the global water market.  

 

The experimental work has been targeting mainly documentation of the fundamental mecha-
nism for the technology and providing documentation for the ability of the technology to cap-
ture three anions for which a known market exists. Expectedly, the technology will be able to 
capture several other anions. 
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The experimental work has not covered investigation of the potential maximum capacity for the 
ion exchange technology after optimization of the coupling of diamines to a more optimal resin 
than applied here. Further, the experimental work has not included investigation of the selec-
tivity of the ion exchange technology in mixed water matrices – i.e. the preference for the ion 
exchanger to capture certain anions to a higher degree than other anions. Both maximum ca-
pacity and selectivity are important parameters for the technology’s competitiveness in the 
market. Thus, there are still important issues which need to be investigated and considerable 
RDI work that needs to be undertaken before an assessment can be done regarding this new 
technology’s commercial and environmental viability and overall potential in the water technol-
ogy market.   
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9. Conclusions and 
recommendations 

The conclusions on investigations undertaken in a specially designed test reactor was that the 
potentially new disruptive desalination technology process was in fact not a desalination pro-
cess removing both cations and anions. Rather it was shown to be an anion exchange process 
where the CO2 activated diamine was able to exchange the formed bicarbonate with chloride 
anions in solution. 

During initial experimental work in lab-scale based on this hypothesis, the problem of separat-
ing the treated water from the polymers/diamine for evaluation of the process efficiency turned 
out to be a major issue. Thus, it was decided to continue the experimental work based on a 
system with immobilized diamines coupled to resin in a column. With the column test system, 
the separation issue was solved through the design of the technology concept. 

Based on the experimental work on ion exchange with the test column it was found that the 
CO2 activated immobilized diamine was able to exchange bicarbonate with chloride, fluoride, 
and nitrate. For the test column the ion exchange capacity was determined for the three ani-
ons. The following values were found: 

 
Ion exchange capacities Value Unit 

Chloride 0.066 eqv/L bed volume 

Fluoride 0.052 eqv/L bed volume 

Nitrate 0.049 eqv/L bed volume 

The identified capacities are not to be compared to capacities for commercial ion exchange 
resins as the resin has not been optimized. The experimental work showed that bicarbonate 
was exchanged with the target anions. It was demonstrated that the column could be regener-
ated with KOH. 

Based on the experimental data obtained for chloride and fluoride ion-exchange of the 
CowaTech resin, a 1D Advection-dispersion reactive pellet bed model was successfully setup 
in COMSOL Multiphysics to simulate the ion-exchange process and elution of the two ions. 
The model description enables the virtual scaling up of the column from laboratory scale to in-
dustrial scale. 

The market for water treatment technology based on ion exchange is large and growing. In 
spite of the fact that there is a huge number of commercial players in the field, there is still a 
need for new adsorbents and room for new players. 

A future development of the CowaTech resin concept will need considerable experimental 
work regarding. optimization of the resin capacity, testing of selectivity of the ion exchange ca-
pability in complex water matrices, and investigation into regeneration of the resin. The investi-
gations are fundamental in fully elucidating and determining the potential commercial viability 
and environmental sustainability of the new technology based on the CowaTech resin concept.  
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Appendix 1. Review on 
existing 
knowledge 

Appendix 1.1 Preface 
The review report is part of the MUDP-funded RDI-project: Innovative and energy efficient de-
salination technology – CowaTech technology. The MUDP-project was started in 2019 and is 
building on previous research results from Copenhagen University, Dept. of Chemistry. The 
objective of the Appendix is to summarize the existing knowledge at the initiation of the MUDP 
project regarding the process under investigation: Carbon dioxide driven ion separation for de-
salination; and to identify RDI needs for further experimental RDI to clarify the fundamental 
mechanism, process design and technology selection and dimensioning as a background for 
establishing a proper viability assessment for the technology. 
 
Appendix 1.2 Introduction 
Water is arguably the most important molecule on Earth. All forms of life consist of water, 
which also provides the essential environment for proliferation of life. However, recent global 
climate changes are seemingly accelerating the unpredictability of secure water supply 
sources—even in developed countries—threatening society’s sustainable growth. Over one-
third of the world’s population is exposed to water-stress situations. A value projected to grow 
to more than half of the world population in 2025. This global societal issue is now entangled 
together with many other problems, including environment sustainability, public health and en-
ergy security. 
 
Desalination of sea water or brackish water is one of the permanent solutions for secured po-
table water supply. Although reverse osmosis implemented with membrane materials can pro-
vide efficient desalination process, more practical and energy-neutral process is yet to be de-
veloped. Herein, we demonstrated facile desalination catalyzed by carbon dioxide and pro-
moted by CO2-responsive diamines, which can dynamically self-aggregate and co-precipita-
tion with NaCl from aqueous media, completing desalination to 99.6% salinity reduction.  
Recent development in more unconventional desalination or potable water production heavily 
depend on solar energy (ACS Nano, DOI: 10.1021/acsnano.7b08196) with an aid of selective 
solid state material for water harvesting from air (H. Kim et al., Science, 10.1126/sci-
ence.aam8743 (2017).  

The on-going industrial and research efforts addressing the issue of desalination are mainly 
focused on engineering aspects: developing more efficient reverse osmosis membranes and 
related interfaces, as a mean to reduce energy consumption. Compared to conventional ther-
mal desalination plants, semi-permeable membranes are a great improvement. However, the 
energy consumption of the state-of-the-art systems (1.8 kWh/m3) is still considerably higher 
than the theoretical minimum energy of desalination for seawater at 35,000 parts per million 
salt and at a typical pure water recovery of 50 % (1.06 kWh/m3). This technology largely aims 
at rejecting ions on the boundary of a semipermeable membrane. Therefore, it requires high 
pressures, which is highly energy intensive, and is consequently mostly used in large-scale 
plants. The development of simpler, light-weighted desalination methods and materials is 
therefore highly desirable, to increase water availability for individuals under extreme condi-
tions. In this context, it is quite surprising that (to the best of my knowledge) there are no sig-
nificant research programs addressing the desalination processes while underlining funda-
mental science. 
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Appendix 1.3 Background 
Organic amines can reversibly complex with carbon dioxide, resulting in the thermally labile 
carbamate salt. This reaction is more prominent in the case of diamines, because of the intra-
molecular stabilization effect provided by hydrogen bonding and ion-ion interactions (Figure 
A1.1). 

Under reduced pressure or higher temperature, the dissociation of CO2 occurs spontaneously, 
and the parent diamines are regenerated. This reversible carbon dioxide capture process has 
been well studied and applied in many fields, namely in carbon capture processes (T. M. 
McDonald et al., Nature 2015, 519, 303). However, to the best of our knowledge, the polar dia-
mine-CO2 complex has not been utilized to capture polar species in aqueous phase. This 
might be rooted on in general high solubility of diamines and related compounds in water. For 
example, aqueous solution of aminoethanol has been the choice of amine-scrubbing for CO2 

capture, although the process suffers with the highly corrosive amine functional group and the 
energy penalty for regeneration due to the high heat capacity of water. 
 

  

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE A1.1. Reversible CO2-complexation of ethylene diamine and the concept of catalytic 
desalination using alkylated diamines and CO2 induced self-aggregation. 

A reported CO2-responsive autonomous aggregation (or precipitation) was powered by polarity 
alteration of the monomeric entity. The spontaneous self-assembly of nano-sized materials 
was demonstrated by decorating gold nanoparticles with diamines, upon which self-aggregate 
driven by the surface polarity changes of nano-particle by CO2 exposure. Although CO2 is one 
of the most problematic greenhouse gases, low toxicity of CO2 and accessibility in chemical 
industry prompted us to provide a solution for desalination using the self-aggregating diamines 
utilizing carbon dioxide. Considering the polar nature of minerals in seawater, a CO2-respon-
sive self-assembly should be able to induce co-precipitation or catalytic Solvay process with 
minerals, namely NaCl, in water. Solvay process has been utilized for producing sodium bicar-
bonate and sodium carbonate starting from ammonia, sea water and CO2 in water, Figure 
A1.2. The lower solubility of sodium bicarbonate is the driving force to precipitate out the salt, 
however, the soluble ammonium chloride remains in the solution. In our desalination process, 
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the use of organic diamines will drive the process to generate insoluble ammonium chloride, 
which can complete the desalination by precipitating sodium bicarbonate. The insoluble am-
monium chloride then can be recycled via base treatment, by removing HCl. 
 

  

 
 

 

FIGURE A1.2. Comparison of Solvay process and amine-CO2 catalyzed desalination. 
 
This behaviour would be an energy-efficient process by using waste carbon dioxide, a green-
house gas, whose excess is a major problem in itself. The organic CO2-responsive materials—
typically diamine derivatives—can be recycled by simple basification or reducing the pressure 
or using mild heat to release carbon dioxide and therefore generating organic amine/NaCl mix-
tures. Then this mixture can be processed for extraction to complete the catalytic cycle of de-
salination in terms of diamines and CO2. To demonstrate the feasibility of the proposed cata-
lytic desalination, we designed a simple experiment using a synthetically straightforward dia-
mine.  
 
Appendix 1.4 Design of desalination  
The CO2-mediated desalination using diamine will be conducted using general method as de-
scribed below:  
Alkyl-chain-modified diamine is treated with CO2 in saline water or seawater. Upon the sponta-
neous formation of carbamate or bicarbonate, or carbonate salt of ammonium cation, the CO2-
responsive unit is now activated to chelate NaCl (or salt). These ion-ion interactions can now 
trigger self-aggregation of the molecular unit by taking advantage of lone alkyl chain induced 
by Van der Waals forces. The outer sphere of the obtained high molecular weight molecular 
network is presumably hydrophobic therefore, exhibit low solubility in aqueous solutions. The 
spontaneous precipitation occurs within 60-120 seconds, where the separation can be per-
formed to provide salinity-reduced water.   
 
Appendix 1.5 Determination of salinity  
Salinity was determined by measuring conductivity of the solution by employing electrode spe-
cialized for NaCl and other salt for water quality control (Figure 2). Background CO2 effect was 
measured to identify the conductivity difference in the presence of carbonate ions in deionized 
water and saline water in the absence of diamine additives. The observed conductivity 
changes were negligible (up to 60 uS/cm, note that NaCl 3.5 g/L corresponds to 6200 uS/cm). 
These experiments assured us that the effect of CO2 in salinity measurement will be only posi-
tive, therefore, the observed salinity reduction is not related to background CO2 introduction to 
the solution.  
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Benchtop NMR (Tveskaeg®) was employed to precisely determine concentrations of sodium 
cation and chloride ions in solution state. The measurement was conducted at room tempera-
ture with temperature compensation. 
   
Appendix 1.6 Desalination by bubbling CO2   
As mentioned above, salinity was determined by measuring conductivity of the solution by em-
ploying electrode specialized for NaCl and other salt for water quality control. Pure CO2 was 
introduced by syringe tubing or similar set-ups. The exothermic CO2-complexation generates 
fluctuation the CO2-absoprtion therefore, temperature control might be necessary. However, 
under operating reaction conditions, we employed reaction conditions without temperature 
control to show the easiness of the application of the invention in practical sense.  
   
Appendix 1.7 Radical polymerization  
The stabilizer (t-butyl catechol) was removed from styrene and commercial 1,4-divinylbenzene 
by washing chemicals with excess of 1 per cent aqueous sodium hydroxide aqueous solution 
and twice with water. To a solution of water, acacia gum and sodium chloride, was added a 
styrene, 1,4-divinyl benzene, azobisisobutyronitrile, diamine and chlorobenzene. The reaction 
mixture was deoxygenated by purging with argon atmosphere for at least 30 min at room tem-
perature. Then, the reaction vessel was heated to 110°C and stirred for 12 hours under N2 at-
mosphere. After cooling to room temperature, the reaction mixture was filtered and washed 
with water. The polymeric residue was suspended in 300 mL of water and stirred for at least 1 
hour and then filtered. The filtered residue was suspended in 400 mL of methanol and stirred 
for 1 hour and then filtered. After washing with adequate solvents, the polymer was dried over-
night in vacuum to afford 6 g of diamine functionalized polymer as a white solid. 
   
Appendix 1.8 Simplified synthesis of polymeric diamine  
To a solution of PEI (polyethyleneimine, random polymer) in THF, alkyl halide was added 
dropwise while keeping the reaction temperature to room temperature with water bath. The 
mixture was vigorously stirred for 18 h, and the reaction mixture was washed with organic sol-
vents and water. The remaining gel-like polymers was then used without further purification.  
 
Appendix 1.9 Discussion 
We performed the desalination experiment using a model seawater solution (15 mL, NaCl 3.5 
g/L, measured by a specialized salinity meter). A diamine (2 mL, 10 equivalents based on 
NaCl) was dispersed in the NaCl solution, and CO2 was bubbled. Immediate precipitation was 
observed, while the temperature of the solution increased 2-3°C due to the exothermicity of 
the process. More importantly, the salinity of the model sea-water solution – estimated from 
conductivity measurement - dropped to 0.6 g/L—which implies a more than 85% NaCl reduc-
tion after 2 minutes. Furthermore, the test at the ‘real’ concentration of NaCl in aqueous solu-
tion (NaCl 35 g/L) showed also promising result, showing 90% reduction of salinity in 60 sec-
ond, by introducing CO2 ‘slowly’ while stirring the solution with magnetic stirrer – see Figure 
A1.3. These preliminary results highlight the importance of CO2 concentration to the formation 
of aggregates, and more in-depth studies on kinetics and other experiments to quantitative 
CO2-diamine complexes will be followed. 
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FIGURE A1.3. Calibration curve of conductivity meter and salinity (Left). Diamine solution in 
saline water before CO2 and after CO2 introduction and recorded salinity of model sea water 
solution in the presence of diamine by function of time - blue arrow indicates when CO2 is in-
troduced (Right). 
 
At this juncture, to rule out the effect of the applied CO2 in the conductivity measurement and 
therefore salinity measurement, control experiments were performed in the absence of dia-
mines under conditions with deionized water and saline water. The increase of conductivity 
was negligible (Figure A1.4). Although the solubility of CO2 in water would change the conduc-
tivity of the solution by forming carbonic acid and (bi)carbonate, we concluded that the solubil-
ized CO2 and related ions would not affect our salinity measurement under our experimental 
conditions. 
 

  

 
 

 

FIGURE A1.4. Control experiment of salinity/conductivity with CO2 addition without amines 
with DI-water (Left) and with saline water (Right). 

After identifying the performance of the diamine, we decided to reveal the structure-perfor-
mance relationship of the diamine-mediated desalination process. We have tested more than 
50 different nitrogen-based compounds including polymeric materials, see Figure A1.5. After 
this optimization, we concluded that diamine-based CO2-responsive materials were optimal for 
this process. Under “real”-conditions (35 g/L NaCl aq. solution), we achieved 89% reduction of 
NaCl within 60 seconds. And moreover, this NaCl-binding process was highly efficient such 
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that the reduced salinity was maintained after long period of time (>12 hours), which is critical 
for further separation of the salt out of the aqueous system via ultra-filtration and other tech-
niques which are under-development in our laboratory. 
 

  

 
 

 

FIGURE A1.5. Salinity reduction capacity of various tested molecules – salinity calculated 
from conductivity measurement. 

With the optimal diamine, we tested a different source of carbon dioxide – for example exhale 
air. A multiple balloon was prepared and was used instead of pure CO2. Exhale air contains 
approximately 10 times higher concentration (4000 ppm) than atmospheric air (400 ppm). Sur-
prisingly, the desalination experiment showed similar trend compared to pure CO2 although it 
requires longer time to reach the lowest salinity point after 1200 seconds, see Figure A1.6. 
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FIGURE A1.6. Effect on salinity (calculated from measurement of Conductivity) with n,n-dime-
thyl-1,3-n’-dodecyldiamine and exhale air (green) compared to pure CO2. 
 
Although the chain length of the alkylated diamine plays a significant role in the effect on and 
the capacity of salinity reduction – measured as change in conductivity - we observed that 
three tested diamines in Figure A1.7 showed similar trend of conductivity reduction under oth-
erwise identical conditions. It is evident that the chain length of C12 is optimal, while longer 
chain length is detrimental in terms of conductivity reduction performance (C13-C16). C8 and 
C9 groups were also tested, however, displayed lower conductivity reduction, which might be 
ascribed to the higher hydrophilicity. The control of ambivalent hydrophobic and hydrophilic 
nature seems critical to attain the desired desalination performance. Also, it would be plausible 
that the formation of (reverse) micelles can be manipulated by the chain length, therefore af-
fecting the salinity reduction capacity.  

Additionally, the observed salinity was increased after certain time in the case of C10 and 
C11-decorated diamine, indicating the instability of NaCl/diamine or ammonium carbonate. 
The presence of adequate length of alkyl-chain showed superior stability of this state, indi-
cated by the stable salinity over time (after 200 seconds), maintaining low salinity after stop-
ping CO2 supply. We presumed that during the CO2 injections, diamine-CO2 complexes form 
kinetically viable supramolecular complex, which were attempted to be analysed by DLS.  

However, due to the complexity and reversibility of the system, no solid conclusion was de-
duced. This thermodynamically unstable, kinetically viable state can be further understood as 
far-from-equilibrium state, by consuming CO2 as a molecular fuel, while forming carbonate and 
carbonic acid-diamine complexes. The presence of multiple ions will be critical to engineer the 
supramolecular structure. 
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FIGURE A1.7. The effect of aliphatic alkyl chains in salinity reduction performance based on 
conductivity measurement. 

Considering that seawater is a complex mixture of salts, we tested various salts for our desali-
nation process to explore the possibility of desalting process of individual salts. As summa-
rized in Figure A1.8, various salt showed in general decrease of conductivity by introducing the 
diamine upon CO2 injection at room temperature. Although it is difficult to rationalize the trend, 
various ion-containing aqueous solutions can in principle be applied for “desalt” process. 
Within 100-200 seconds, minimum conductivity was obtained which can be maintained in the 
case of for example, NaCl, Na3PO4, NaNO3, Na2SO4, whereas fast reverse processes were 
observed with KCl, CaCl2, and NaNO2.  
 

  

 
 

 

FIGURE A1.8. Conductivity reduction test using the optimized diamine and CO2 with various 
ions. 
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In this regard, real seawater samples collected from many different places were tested (Figure 
A1.9). Regardless the source of the seawater sample, salinity reduction measured as conduc-
tivity reduction was observed while the minimum salinity and its remaining time period vary.  

Figure A1.10 shows the reduction in salinity measured as conductivity reduction as a function 
of different start concentrations of salt. 
 

  

 
 

 

FIGURE A1.9. Salinity reduction measured as conductivity reduction using seawater com-
pared with model seawater (NaCl aqueous solution) as function of time after initiation of CO2 
introduction. 

  

 
 

 

FIGURE A1.10. The effect of initial salt concentrations measured as conductivity reduction in 
diamine-mediated salinity reduction at room temperature. 

Further analysis of the chemical and physical changes of water samples after ultrafiltration 
would be necessary to investigate the process. To facilitate easy separation and regeneration 
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of the diamine polymers, these can be immobilized or supported on a polymeric material. In 
addition to enabling a more efficient recovery of the diamine, the use of polymeric diamines 
will also minimize risk of potential contamination of the produced water with excess diamine. 

Polyethyleneimines (PEI) – amine-based polymers – have initially been chosen as the sub-
strate and optimized by branch structure for optimal performance. The resulting polymer con-
sists of repeating units of amine and is well known for applications in drug delivery, as deter-
gents in water treatment and cosmetics, as well as in CO2 capture. Chemical functionalization 
of PEI polymers is a fairly simple chemical process, and the Lee group showed that alkyl 
chain-modified PEI can be applied in the desalination process (Figure A1.11).  

For example, C16-alkyl chain modified PEI presented superior desalination capacity compared 
to others. Moreover, the obtained polymer can in the initial lab-scale experiments be recycled 
more than 4 times. Accordingly, these polymeric diamines show promising recyclability and 
processability, resulting in up to 10% salinity reduction (from 50 to 45 g/L after 4 cycles) from 
high saline water by repeating the cycle with the same polymer (Figure A1.12). These results 
indicate the potential of the polymer-supported diamines for desalination and water purification 
with CO2, without any external energy sources for filtration or thermal distillation processes. 

Based on these preliminary results, next steps are to improve the capacity and the efficiency 
of the salinity reduction – based on conductivity measurement - with immobilized diamines. In 
addition, the chosen diamines, both monomeric and polymeric will be evaluated for their toxi-
cology profile to verify and compare the performance in desalination and in vivo and environ-
mental effect. 
 

  

 
 

 

FIGURE A1.11. Salinity reduction based on conductivity measurement using PEI-based dia-
mines. 
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FIGURE A1.12. Results from lab-scale with 4 times recycling of C16-alkyl chain modified PEI. 

To investigate the mechanism of the desalination, we conducted conductivity measurement at 
different concentrations of diamine, to determine the critical micelle concentration (CMC). Our 
attempts with DLS (dynamic light scattering) measurement were insufficient to draw any con-
clusion due to the low correlation prohibited acquiring reasonable data in terms of micelles and 
particle sizes and distribution. Therefore, we decided to use conductivity changes with respect 
to the amounts of diamines. By varying the concentration, we observed different behaviors of 
diamine and salinity reduction in 20 mL solution of NaCl, see Figure A1.13. Between 0.3M and 
0.4M concentration of diamine, significant difference of conductivity was observed in the same 
period of time, indicating the presence of CMC. 
 

  

 
 

 

FIGURE A1.13. Effect of concentrations of diamines on conductivity. 
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Variations with temperature and salts further confirmed that the aggregation process is af-
fected by external temperatures – Figure A1.14. Further experimental work needs to be con-
ducted to shed some light on the mechanism of the process. 
 

  

 
 

 

FIGURE A1.14. In-situ measurement of process temperature (Left). Temperature effect on sa-
linity reduction measured as conductivity reduction (Right). 

It is postulated that the dehydration of (reverse)micelles is facilitated at higher temperatures 
therefore, more significant salinity reduction was induced at >40°C. Further analysis of dia-
mine- CO2 interactions was conducted by 1H and 13C NMR spectroscopy. 

To verify the obtained results regarding desalination, 23Na and 35Cl NMR spectroscopy was 
employed to precisely determine the concentrations of sodium and chloride ions in the solution 
before and after the desalination process with monomeric diamines and polymeric diamine 
(PEI-C16). In this measurement we observed up to 12% chloride ion capture from the parent 
solution by using polymeric diamine and carbon dioxide – Table A1.1.  

TABLE A1.1. Salinity reduction measured by benchtop 23Na and 35Cl NMR 

Sample sodium (mg/L) chloride (mg/L) Salinity (g/L) remark 

50 g/L NaCl 19670 30330 49,7  

After C12-diamine 21321 27454 45,0 - 10% chloride 

35g/L NaCl 14657 19545 32,0  

After PEI-C16 14313 17200 28,2 - 12% chloride 
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Appendix 2. Experiment with 
testing of the 
chloride 
electrode 
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Experiment with testing of the Chloride electrode, 18.03.2021 
During the experimental work with the immobilized diamines a significant number of experi-
ments were conducted in which a chloride electrode was applied for characterization pur-
poses. During these experiments the electrode was placed in a flow cell carrying column efflu-
ent. The chloride electrode was a HACH Intellical ISECL181 combination chloride ISE. 

The objective was to validate the readings of chloride concentrations as measured by the elec-
trode. The validation covered the chloride concentration range 0-10000 mg/L and relevant flow 
range of 5-40 ml/min. 

The experimental set-up is shown at Figure A2.1. Five chloride standard solutions were pre-
pared: 100 ppm, 500 ppm, 1000 ppm, 5000 ppm and 10000 ppm. The chloride probe was then 
calibrated with HACH Standards in a normal analysis set-up – a beaker with magnetic stirrer. 
Subsequently the probe signal was monitored for the 5 prepared chloride solutions in the 
beaker set-up. Finally, each of the prepared chloride solutions were fed to the flow chamber 
equipped with the chloride probe and the probe signal was monitored for four different flows:   
5 mL/min, 10 mL/min, 20 mL/min and 40 mL/min. The results are shown in Table A2.1. 

 
Figure A2.1 Experimental set-up for validation of the chloride probe in flow cell operation. 

As can be seen from Table A2-1 the chloride electrode showed reliable results for all tested 
flow regimes – typically within 10% deviation from the expected concentrations. Thus, the 
chloride probe is accepted as well suited for documentation of hydraulic residence time distri-
butions when using NaCl as a tracer. 

Table A2.1 Experimental results from validation of the chloride probe in flow cell operation. 

 
  

18.03.2021 Electrode testing 

NaCl  in 
1L [g]

Chloride 
[mg/L]

Chloride 
[mg/L] [mV]

Chloride 
[mg/L] [mV]

Chloride 
[mg/L] [mV]

Chloride 
[mg/L] [mV]

Chloride 
[mg/L] [mV]

0 0 9,71 199,9 3,75 224,1 3,21 228 2,9 230,7 2,71 232,3
0,16 100 96,5 141,2 111 138 107 138,9 104 139,5 99 140,7
0,83 500 422 102,6 452 101,2 462 101 460 101 446 101,8
1,66 1000 903 83,8 991 81,9 991 81,9 983 82 976 82,2
8,26 5000 5115 40,1 5323 39,5 5269 39,4 5367 39 5402 38,9
16,49 10000 9838 23,2 1,04E+04 22,4 1,06E+04 22 1,08E+04 21,6 1,10E+04 20,8

5 mL/min 10 mL/min 20 mL/min 40 mL/minStandardized procedure
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Appendix 3. Experimental 
report on 
chloride removal 
and mass 
balance 
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Experiment 09.03.2021 with determination of Chloride sorption 
capacity for a CO2 activated diamine coupled resin. 
 
Objective 
The objective of the experiment was to investigate the Chloride sorption capacity of a CO2 acti-
vated column with diamine coupled resin. The volume of the column is 1000 mL 
 
Procedure 
The experiment was conducted on 09.03.2021. 
The experimental set-up was as illustrated in Figure A3.1. The 1000 mL column was filled with 
diamine coupled resin – where diamine coupling had been prepared by MipSalus. 
 
 

  
 
 

 

 
Figure A3.1 Experimental set-up 
 
Initially the diamine coupled resin was activated with CO2 by recycling of CO2 saturated demin-
eralized water. Recycling took place over 3 hours. 
 
After CO2 activation 1000 ml of a solution with approx. 3.0 g/L Cl in demineralized water was 
pumped through the column with the pump flow of 20 mL/min. Following this the input was 
switched to demineralized water. 
 
Sampling of the column effluent was planned according to the retention time distribution for the 
applied flow and took place as follows: 

• Sample A: Feed solution approx. 3.0 g/L Cl. 
• Sample B: Effluent from the column for the period 0-20 min (approx. 400 ml)  
• Sample C: Effluent from the column for the period 20-100 min (approx. 1600 ml) 
• Sample D: Effluent from the column for the period 100-120 min (approx. 400 ml) 

Subsequently the column was washed with 0.1 M KOH to eluate the ion exchanged Chloride 
and the following effluent samples were taken: 

• Sample E: Effluent from the column for the period 0-20 min. (approx. 400 mL)  
• Sample F: Effluent from the column for the period 20-100 min. (approx. 1600 mL) 
• Sample G: Effluent from the column for the period 100-120 min. (approx. 400 mL) 

 
Further, an experiment with testing of potential sorption of Sodium and Chloride in a column 
with resin which was not coupled with diamine was undertaken. This was done to make sure 
that observed sorption could be attributed to the diamine involved mechanism. 
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Results 
The samples were analyzed at KU and the results of the chemical analyses are shown in Ta-
ble A3.1. The analysis of Chloride in the feed solution was found to be 2907 mg/L. 
As can be seen from the data the sorption capacity of the column was 82% of the Chloride fed 
to the column at a concentration of 2.9 g/L, and from the balance between input and output 
can be seen that all Chloride was recovered through the KOH treatment – which made the bal-
ance fit nicely, close to 100%.  
 
Thus, the sorption capacity of the ion exchange resin was determined to 2.3 g/L Chloride cor-
responding to approx. 0.066 eqv Cl/L bed volume. 
 
Table A3.1 Results from analyses of effluent from the column during the experiment. 

 
 
Sodium in Sample C was determined at KU by NMR to 1.27 g Na/L. When calculating the So-
dium mass in the sample volume of 1600 mL and comparing to the Sodium mass in the feed 
volume of 1000 mL this shows a very fine agreement. Thus, no Sodium was retained in the 
column when Cl was ion exchanged.  
 
Selected samples were analyzed for inorganic Carbon at UAQ’s lab to investigate the hypothe-
sis of release of Bicarbonate in exchange of the Chloride removed. The selected samples 
were A, B, C, and D and the results are shown in Table A3.2. 
 
The chemical analyses results show that significant inorganic Carbon (Bicarbonate) was re-
leased from the resin during sorption of Chloride – as also expected from the mechanistic hy-
pothesis for the understanding of the process. The released inorganic Carbon as calculated 
from the sample volume of 1.6 L amounts to 0.094 eqv inorganic Carbon which is somewhat 
higher than expected from calculation of the ion exchanged Cl which amounts to 0.066 eqv Cl. 
However, it can be concluded that the experimental data supports the overall mechanistic hy-
pothesis – and that more experimental work with resin with considerably higher capacity will 

1. Activation with re-cycling of CO2 saturated demi-water through column
2. Feed to column with 1000 ml 2,91 g Cl/L followed by feed with demi-water 

Sample
 Chloride 

conc  (g/L)
Volume 

(ml)
Chloride mass       

(mg)
B Sample 0-20 min before peak 0,14
B Sample 0-20 min before peak 0,07 400 43
C Sample 20-100 min 0,32
C Sample 20-100 min 0,32 1600 511
D Sample 100-120 min 0,07
D Sample 100-120 min 0,04 400 21
3. Feed with 0,1 M KOH 20 ml/min
E Sample 0-20 min before peak 0,04
E Sample 0-20 min before peak 400 14
F Sample 20-100 min 1,45
F Sample 20-100 min 1,45 1600 2326
G Sample 100-120 min 0,04
G Sample 100-120 min 0,04 400 14
Chloride mass passing the column 574
Chloride eluated 2354
Chloride balance to compare with 2910 mg Cl input 2928
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be better suited for more detailed investigation of the mechanism and evaluation of the com-
mercial possibilities. 
 
 
 
Table A3.2 Results from analysis of inorganic Carbon 

Sample  IC [mg/L] 
A Feed 0.44 
B 0-20 min 1.2 
C 20-100 min 705 
D 100-120 min 5.9 

Finally, an experiment was undertaken with a column filled with resin without diamine. This 
was done to investigate if Chloride was removed by sorption to the resin matrix itself and not 
solely controlled by the coupled diamine. Previously, experiments with identification of reten-
tion time distributions had been performed during which any initial irreversible binding of Chlo-
ride to the resin might have taken place. Subsequently the column had been thoroughly 
washed with demineralized water. 
 
The column had a volume of 150 mL and two experiments with pulse dosing of Chloride were 
undertaken at two different flows. The pulse dose consisted of 5 mL Chloride solution at a con-
centration of 80 g/L Cl – and the two flow regimes applied were 5 mL/min and 10 mL/min, re-
spectively. A volume of 400 mL demineralized water was applied at both experiments. 
Effluent was collected and Na and Cl concentrations in the collected effluent volumes of 400 
mL were determined at KU.  
 
Table A3.3 shows the experimental results.  As can be seen from the Table there is a very 
good recovery of Na as well as Cl in the effluent from the column with the tested resin without 
diamines. Recovery is found in the range of 102-111% - which is well within expected uncer-
tainties. This goes for the 5 mL/min flow as well as the 10 mL/min flow. 
 
Table A3.3 Results from experiment with resin not coupled with diamine. 

 Na Cl  Volume 
Input: 5 mL 80 g Cl/L 263 mg 400 mg  
    
Out: 5 ml/min 711 mg/l 1071 mg/l 400 ml 
Out: 10 ml/min 977 mg/l 1358 mg/l 300 ml 
    
Recovery: 5 ml/min 284 mg (108%) 428 mg (107%)  
Recovery: 10 ml/min 293 mg (111%) 407 mg (102%)  

 Thus, from these data it is safe to conclude that there is no sorption related to the resin itself – 
and that the sorption is related to the coupled diamine. 

Conclusions 
The main conclusion is that the diamine coupled resin was able to capture Chloride by ion ex-
change. The Chloride capture efficiency for the applied experimental conditions was 82%. 
The capacity for Chloride capture was found to be 0.066 eqv Cl/L of bed volume. 
 
The Chloride mass balance showed that all Chloride fed to the column was recovered as non-
captured Chloride in the effluent or as Chloride recovered through KOH wash (ion exchange 
regeneration). Thus, the mass balance showed a fine agreement between input and output. 
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Sodium was not removed during the sorption experiment. Thus, no Sodium removal mecha-
nism was observed. 
 
Inorganic Carbon was released from the diamine coupled resin during the ion exchange with 
Chloride. Released inorganic Carbon during ion exchange was found to be 0.094 eqv/L bed 
volume which was somewhat higher than expected from the Chloride data. However, the data 
still confirm the important role of inorganic Carbon in the mechanism under investigation. 
The experiment with the column with resin which was not diamine coupled showed that no 
sorption of Sodium or Chloride took place. 
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Appendix 4. Experimental 
report on 
fluoride removal 
and mass 
balance 
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Experiment 13.04.2021 with determination of Fluoride sorption ca-
pacity for a CO2 activated diamine coupled resin. 
 
Objective 
The objective of the experiment was to establish preliminary assessment regarding the poten-
tial ability of the diamine coupled resin with respect to ion exchange of Fluoride. 
 In this first experiment with testing of the ability and capacity of the resin to capture Fluoride 
we have focused on a direct comparison with the capacity found for Chloride. 
 
We have therefore used the same procedure and experimental set-up as applied for the ex-
periment for determination of the capacity for Chloride removal.  
 
Experimental set-up 
The experiment was conducted on 13/04/2021. Figure A4.1 shows the experimental set-up. 
 

  
 
 

 

 
Figure A4.1 Experimental set-up for test with Fluoride sorption. 
 
Experimental procedure. 
The experimental procedure was as follows: 

1) The column/resin (1000 mL) was activated with CO2 by recycling CO2 saturated de-
mineralized water (40 ml/min) to the column over a 1000 mL lab-cylinder with sub-
merged diffusor – CO2 flow through the cylinder was 700 mL/min for 2.5 hours. 

2) A 2000 mL solution of NaF – 1.6 g Fluoride/L – was prepared (which is approx. the 
same eqv. conc as applied for the experiment with determination of the Chloride ion 
exchange capacity). 1000 mL of the solution was kept in sample bottle, F0. 

3) After approx. 2.5 hours of CO2 activation of the diamine in the column CO2 activation 
was ended. 

4) Dosing of the 1000 mL Fluoride solution was initiated. Flow was 20 mL/min. When all 
Fluoride solution was dosed, the flow was switched to demineralized water (same 
flow). 

5) Column effluent was collected for the first 20 min in sample bottle F0-20 and sample 
volume was measured. Volume of F0-20 is 440 ml. 

6) Column effluent was collected for the next 60 min in sample bottle F20-80 and sam-
ple volume was measured. Volume of F20-80 is 1320 ml. 
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7) Column effluent was collected for the next 20 min in sample bottle F80-100 and sam-
ple volume was measured. Volume of F80-100 is 440 ml. 

 
After Fluoride dosing and wash with demi-water the column was washed with 1 liter 0.1M KOH 
through the following procedure: 

1) 1 liter 0.1 M KOH was prepared. 
2) The KOH was dosed to the column with the flow 20 mL/min). When all KOH was 

dosed pumping was switched to demi-water (same flow). 
3) Column effluent was collected for the first 20 min in sample bottle KOHF0-20 and 

sample volume was measured. Volume of KOHF0-20 is 440 mL. 
4) Column effluent was collected for the next 60 min in sample bottle KOHF20-80 and 

sample volume was measured. Volume of KOHF20-80 is 1290 mL. 
5) Column effluent was collected for the next 20 min in sample bottle KOHF80-100 and 

sample volume was measured. Volume of KOHF80-100 is 440 mL. 
6) Washing with demi-water was continued for 1 hour. 

Feed sample (F0) and samples with Fluoride peaks F20-80 and KOHF20-80 were analyzed 
with AquaPorin’s HACH meter (Type DR3900) using HACH reagents for determination of Flu-
oride. 
 
Results 
From previous experiments with determination of residence time distributions as well as from 
experiment with chloride capacity determination, it is known that the samples taken at time 20-
80 min into the loading with Fluoride as well as 20-80 min into the KOH wash phase will con-
tain almost all Fluoride. These samples were analyzed for Fluoride. 
 
Results are shown in Table A4.1. From the Table can be seen that 1460 mg Fluoride was fed 
to the column. The effluent Fluoride which was not captured in the column amounted to 552 
mg while the captured Fluoride amounted to 988 mg. 
 
The sum of the Fluoride detected in the effluent during loading and during the subsequent 
KOH wash amounted to 1540 mg – and when compared to the input Fluoride the balance 
shows recovery of 105% of the influent. Thus, all Fluoride could be accounted for in the mass 
balance.  
 
As can be seen from the data, the removal of Fluoride under the test conditions amounted to 
68% of the incoming Fluoride. 
 
Table A4.1 Data from the experiment with ion exchange of Fluoride. 

Sample Feed (F0) F20-80 KOHF20-80 
Sample dilution 1000 1000 1000 

Analysis (mg/L) 1.46 0.418 0.766 

Conc. F (mg/L) 1460 418 766 

Volume (mL) 1000 1320 1290 

Mass F (mg) 1460 552 988 

Capacity eqv/L 
of bed volume 

  0.052 

Inorg-C eqv/L of 
bed volume 

  0.040 

 
From the data can be calculated that the observed capacity under the test conditions for the1 
liter column for ion exchange removal of Fluoride was 0.052 eqv F/L of bed volume. This is 
comparable with the capacity for Chloride capture, 0.066 eqv/L of bed volume. 
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The amount of inorganic Carbon in Sample F20-80 was analyzed with HACH analysis to give 
information regarding the hypothesis for the mechanism controlling the ion exchange. 
The inorganic Carbon released during ion exchange of 988 mg Fluoride was found to be corre-
sponding to 0.040 eqv/L. 
 
Conclusions 
The main conclusion is that the diamine coupled resin was able to capture Fluoride by ion ex-
change. The Fluoride capture efficiency for the applied experimental conditions was 68%. 
 
The capacity for Fluoride capture was found to be 0.052 eqv F/L of bed volume which is com-
parable to the capacity found for Chloride, 0.066 eqv Cl/L bed volume. 
 
The Fluoride mass balance showed that all Fluoride fed to the column was recovered as non-
captured Fluoride in the effluent or as Fluoride recovered through KOH wash (ion exchange 
regeneration). Thus, the mass balance showed a fine agreement between input and output. 
Released inorganic Carbon during ion exchange of Fluoride was found to be 0.040 eqv/L bed 
volume to be compared to the Fluoride capacity of 0.052 eqv/L bed volume.  
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removal and 
mass balance 
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Experiment 14.04.2021 with determination of Nitrate sorption ca-
pacity for a CO2 activated diamine coupled resin. 
 
Objective 
The objective of the experiment was to establish preliminary assessment regarding the poten-
tial ability of the diamine coupled resin with respect to ion exchange of Nitrate. 
 
In this first experiment with testing of the ability and capacity of the resin to capture Nitrate we 
have focused on a direct comparison with the capacity found for Chloride. 
We have therefore used the same procedure and experimental set-up as applied for the ex-
periment for determination of the capacity for Chloride and Fluoride removal.  
 
Experimental set-up 
The experiment was conducted on 14/04/2021. Figure A5.1 shows the experimental set-up. 
 

  
 
 

 

 
Figure A5.1 Experimental set-up for test with Nitrate sorption. 
 
Experimental procedure. 
The experimental procedure was as follows: 

8) The column/resin (1000 mL) was activated with CO2 by recycling CO2 saturated de-
mineralized water (40 ml/min) to the column over a 1000 mL lab-cylinder with sub-
merged diffusor – CO2 flow through the cylinder was 700 mL/min for 2.5 hours. 

9) A 2000 mL solution of NaNO3 – 5,2 g Nitrate/L – was prepared (which is approx. the 
same eqv. conc as applied for the experiment with determination of the Chloride ion 
exchange capacity). 1000 mL of the solution was kept in sample bottle, NO3-0. 

10) After approx. 2.5 hours of CO2 activation of the diamine in the column CO2 activation 
was ended. 

11) Dosing of the 1000 mL Nitrate solution was initiated. Flow was 20 mL/min. When all 
Nitrate solution was dosed, the experimental plan was to switch to demineralized wa-
ter (same flow). However, due to a misunderstanding the pump was running dry and 
injected air for 10-20 min before dosing of demineralized water was initiated.  

12) Column effluent was collected for the first 20 min in sample bottle NO3-0-20 and 
sample volume was measured. Volume of NO3-0-20 is 440 ml. 
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13) Column effluent was collected for the next 60 min (excluding the 20 min of air dosing) 
in sample bottle NO3-20-80 and sample volume was measured. Volume of NO3-20-
80 is 1320 ml. 

14) Column effluent was collected for the next 20 min in sample bottle NO3-80-100 and 
sample volume was measured. Volume of NO3-80-100 is 440 ml. 

 
After Nitrate dosing and wash with demi-water the column was washed with 1 liter 0.1M KOH 
through the following procedure: 

7) 1 liter 0.1 M KOH was prepared. 
8) The KOH was dosed to the column with the flow 20 mL/min). When all KOH was 

dosed pumping was switched to demi-water (same flow). 
9) Column effluent was collected for the first 20 min in sample bottle KOHNO3-0-20 and 

sample volume was measured. Volume of KOHNO3-0-20 is 440 mL. 
10) Column effluent was collected for the next 60 min in sample bottle KOHNO3-20-80 

and sample volume was measured. Volume of KOHNO3-20-80 is 1290 mL. 
11) Column effluent was collected for the next 20 min in sample bottle KOHNO3-80-100 

and sample volume was measured. Volume of KOHNO3-80-100 is 440 mL. 
12) Washing with demi-water was continued for 1 hour. 

 
Feed sample (NO3-0) and samples with expected NO3 peaks NO3-20-80 and KOHMO3-20-
80 were analyzed with AquaPorin’s HACH meter (Type DR3900) using HACH reagents for de-
termination of Nitrate. Further, analyses were undertaken on all other samples due to unex-
pected large deficit (missing Nitrate) when calculating the Nitrate balance between input and 
output. 
 
Results 
From previous experiments with determination of residence time distributions as well as from 
experiments with Chloride and Fluoride capacity determinations, it was known that the sam-
ples taken at time 20-80 min into the loading with Nitrate as well as 20-80 min into the KOH 
wash phase expectedly would contain almost all Nitrate passing through the column.  
Results are shown in Table 1. From the Table can be seen that 5159 mg Nitrate was fed to the 
column while 3045 mg was found in the effluent during KOH wash. Thus, a large deficit is 
found between input Nitrate and output Nitrate. Due to this deficit in Nitrate balance the re-
maining samples were also analyzed. This, however, revealed almost no further effluent Ni-
trate to be added to the balance.  
 
Table A5.1 Data from the experiment with ion exchange of Nitrate. 

 
 
The mass of the Nitrate detected in the effluent during loading and during the subsequent 
KOH wash amounted to 3045 mg – and when compared to the mass of Nitrate dosed to the 
column the balance shows that 2114 mg of Nitrate is missing. The explanation for the missing 
Nitrate might be that this Nitrate was sorbed to the resin matrix. Further experimental work is 
needed to investigate this phenomenon.  
 

Sample Feed (NO3-0) NO3-0-20 NO3-20-80 NO3-80-100
KOHNO3-    

0-20
KOHNO3-    

20-80
KOHNO3-

80-100
Dilution 50 10 17 10 5 25 10
N (mg/L) 23,4 0 0 0 0 20,9 19,1
NO3 (mg/L) 5159 0 0 0 0 2314 85
Volume (mL) 1000 440 1290 440 440 1300 440
Mass NO3  (mg) 5159 0 0 0 0 3008 37
Capacity (Eqv/L) 0,049
Inorg-C (Eqv/L)
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From the data can be calculated that the observed capacity under the test conditions for the1 
liter column for ion exchange removal of Nitrate was 0.049 eqv NO3/L of bed volume. This is 
comparable with the capacity for Chloride capture, 0.066 eqv/L of bed volume and the value 
found for Fluoride, 0.052 eqv/L of bed volume. 

The amount of inorganic Carbon in Sample NO3-20-80 was analyzed with HACH analysis to 
give information regarding the hypothesis for the mechanism controlling the ion exchange. 
The inorganic Carbon released during ion exchange of 3045 mg Nitrate was found to be corre-
sponding to 0.091 eqv/L. 
 
Conclusions 

The main conclusion is that the diamine coupled resin was able to capture Nitrate by ion ex-
change. The Nitrate capture efficiency - related to ion exchange - for the applied experimental 
conditions was 60%. The 60% was defined as the mass of Nitrate which was desorbed by 
wash with 0.1 M KOH. 

The capacity was found to be 0.049 eqv/L of bed volume which is comparable to the capacity 
found for Chloride, 0.066 eqv/L bed volume and the capacity found for Fluoride, 0.052 eqv/L of 
bed volume. 

Missing Nitrate in the mass balance amounted to the remaining 40%. This might be caused by 
non-specific sorption of nitrate in the resin matrix – a sorption which was not reversible through 
washing with demineralized water or with 0.1 M KOH. 

Released inorganic Carbon during ion exchange of Nitrate was found to be 0.091 eqv/L bed 
volume to be compared to the Nitrate sorption capacity of 0.049 eqv/L bed volume.  
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Appendix 6. Safety data sheet 
for 3-(Dimethyl-
amino)-1-propyl-
amine  
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Investigations of a possible novel desalination technology  
Basic research on a new potential desalination technology was conducted. The re-
search was based on the observation that introduction of CO2 to an aqueous solution 
of diamine and NaCl resulted in a rapid decrease in conductivity in the solution. Fol-
lowing upscaled experiments and analyses, the conclusion was, that the desalination 
technology process was in fact not a desalination process removing both cations and 
anions, rather it was an anion exchange process, where the CO2 activated diamine 
was able to exchange the formed bicarbonate with chloride anions in solution. 
It was decided, to investigate the possibility of immobilizing the diamine on an availa-
ble epoxide functionalized resin, to produce an anion exchange resin that could be 
commercialized in the drinking water treatment market and the industrial water mar-
ket. Experimental work showed that the activated immobilized diamine was able to 
exchange bicarbonate with chloride, fluoride, and nitrate. Results confirmed the hy-
pothesis regarding the ion exchange mechanism; that target anions were removed 
from the feed solution through exchange with bicarbonate ions. All three tested ani-
ons are problematic anions for which a considerable global market exist. 
So far, a limited dataset exists, and future investigations are fundamental in elucidat-
ing and determining the potential commercial viability and environmental sustainabil-
ity of a technology based on the CowaTech resin concept. Due to limited resources, 
further development of the technology is discontinued under the auspices of 
CowaTech ApS. 
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