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Figure 2.1. Schematic drawing of the experimental setup. The values indicated in the figure are from one 
of the experiments performed in this work.  
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2.3.1. Effect of Na+ load ratio 
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Figure 2.2. Effect of Na+ load ratio on the cell performance at a constant current density (150 A m-2). a) 
carbon removal efficiency, b) pH, c) specific energy consumption and CO2 production rate, d) electrical 
conductivity. Symbols (● ): experimental data; lines: model results.  
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2.3.2. Effect of current density at a constant load ratio 

Figure 2.3. Effect of current density and flow rate at constant Na+ load ratio. a) pH, b) CO2 production 
rate, c) specific energy consumption and CO2 production rate, d) electrical conductivity. Symbols (● ): 
experimental data; lines: model results.  
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Figure 2.4. Relative contributions of potential drops in the system at different current densities and con-
stant Na+ load ratio (  = 0.8). Symbol ( ) represents the cell voltage predicted by the model.  
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Supporting information 

List of experiments 

Table S2.1. List of investigated experimental conditions. 

Test condition Current density (A m-2) Influent flow rate (mL min-1)  

Constant current 

150 9.3 0.2 

150 4.7 0.4 

150 3.1 0.6 

150 2.3 0.8 

150 1.9 1.0 

150 1.6 1.2 

Constant  

100 1.6 0.8 

50 0.8 0.8 

25 0.4 0.8 

Potential drops calculations 
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Transport number of Na+ 
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Figure S2.1. Na+ transport number at  = 0 – 1.4. Symbols ( ): experimental results; lines: model 
results. 

Additional indicators 
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Table S2.2. Experimental results of yield of CO2, carbon extraction efficiency, and coulombic efficiency. 

 
Current density  

(A m-2) Yield of CO2 
Carbon extraction  

efficiency Coulombic efficiency 

0.2 

150 

0 0 0 

0.4 1% 0 1% 

0.6 24% 95% 26% 

0.8 48% 85% 39% 

1.0 70% 83% 46% 

1.2 73% 83% 39% 

0.8 

25 31% 70% 25% 

50 42% 87% 35% 

100 46% 86% 38% 

150 48% 85% 39% 
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3.2. Materials and methods 

3.2.1. Experimental setup 
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Figure 3.1. Schematic drawing of the experimental setup. Air and regeneration solution flow through the 
adsorber during the adsorption and desorption steps, respectively. MEA = membrane electrode assembly, 
CEM = cation exchange membrane.   

3.2.2. Experimental procedure 
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3.3. Results and discussion 
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Figure 3.2. CO2 concentration in the influent and effluent of the adsorber during the first adsorption ex-
periment. The adsorption step can be divided into three stages based on the adsorption rate: fast adsorp-
tion (blue), slow adsorption (yellow), and saturation (orange).  
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Figure 3.3. SEM images of (a) a pristine resin bead and (b) a used resin bead regenerated by the elec-
trochemical process. The elements of the precipitation on the surface of the used resin were identified by 
EDX analysis as mainly Na, C, and O.  
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Table 3.1. pH and conductivity values of regeneration solution, spent regeneration solution, and acidifying 
solution. All values represent the average and standard deviation of five desorption steps.  

 pH Conductivity (mS/cm) 

Regeneration solution 
(adsorber inlet) 13.0 a 53.4 ± 3.6 

Spent regeneration solution 
(adsorber outlet) 10.0 a 31.2 ± 1.1 

Acidifying solution 6.5 ± 0.2 12.0 ± 0.7 

a. Not measured due to inaccuracy of pH sensors under high pH, but estimated by OLI Studio 
based on the average conductivity and Na+ concentration of the solution.  
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Figure 3.4. Experimental results from 5 repeated adsorption-desorption cycles showing the normalized 
amount of CO2 been adsorbed and desorbed per gram of dry resins.  

3.3.2. Stability of the AERs  
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Figure 3.5. Proportional change of CO2 adsorption amount in 150 adsorption-desorption cycles and the 
influent CO2 concentration in these cycles. The average CO2 adsorption amount of all the 150 cycles was 
considered as 100%, then the proportional CO2 adsorption amount of each cycle was calculated accord-
ingly. Symbols: average value of every five consecutive cycles; error bars: standard deviations within the 
five cycles.  
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3.3.3. Effect of air humidity 

Table 3.2. Comparison of the amount of CO2 adsorption and specific water loss between adsorption 
experiments using dry air (RH=33%) and humid air (RH=84%). All values represent the average and 
standard deviation of five adsorption-desorption cycles using different sources of air.  

 Dry air Humid air 

CO2 adsorption (mmol CO2/g dry resins) 1.34 ± 0.05 1.04 ± 0.04 

Water loss (g H2O/g CO2) 18.01 ± 1.59 6.65 ± 2.96 
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3.3.4. Outlook and perspectives 
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Supporting Information 

Ion exchange capacity measurement methods 

Influent conditions for the 150 adsorption-desorption cycles 
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Figure S3.1. Average influent CO2 concentration and H2O concentration in the 150 adsorption-desorption 
cycles. 



62	

Chapter 3

Figure S3.2. The flow rate of air influent during the 150 adsorption-desorption cycles 

Figure S3.3. Proportional change of CO2 adsorption amount in 150 adsorption-desorption cycles cor-
rected by influent CO2 concentration and flow rate.  
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Scanning electron microscope (SEM) and energy dispersive X-
Ray spectroscopy (EDX) analysis of resin surface 

Figure S3.4. (a) Scanning electron microscope (SEM) and (b) energy dispersive X-Ray spectroscopy 
(EDX) images of the surface of a used resin bead. 

Table S3.1. Weight percentage of the elements detected by energy dispersive X-Ray spectroscopy (EDX) 
analysis on the surface of a used resin bead. 

Element Wt% 

C 79.84 

O 16.77 

Na 3.36 

Al 0.01 

Si 0.02 

Total: 100.00 
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Figure S3.5. SEM image of (a) a fresh resin and (b) a used resin (rinsed by de-ionized water). 

Adsorption with DI-water rinsed resins 

Table S3.2. Comparison of CO2 adsorption amount and water loss of non-rinsed and DI water-rinsed 
resin column. 

 Non-rinsed column DI water-rinsed column 

Adsorption amount (mmol/g) 1.08 0.90 

Water loss (L) 0.27 0.27 

Composition of the gas desorbed from the electrochemical cell 
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Table S3.3. Gas composition of the desorbed gas from the electrochemical cell during 10 desorption 
experiments. 

 CO2 H2 O2 N2 

Experiment 1 97.80% 0.83% 0 1.37% 

Experiment 2 96.21% 1.02% 0.64% 2.13% 

Experiment 3 96.54% 0.78% 0.62% 2.06% 

Experiment 4 96.95% 0.83% 0.59% 1.63% 

Experiment 5 96.94% 0.81% 0.59% 1.66% 

Experiment 6 96.44% 1.11% 0.65% 1.80% 

Experiment 7 96.36% 1.07% 0.68% 1.89% 

Experiment 8 96.77% 0.95% 0.61% 1.67% 

Experiment 9 96.23% 1.17% 0.69% 1.91% 

Experiment 10 97.82% 0.97% 0 1.21% 

Change of measured parameters in a desorption step 

Figure S3.6. (a) The pH of acidifying solution and gas desorption rate change over time in a desorption 
step; (b) change of conductivity of the inlet and outlet solution of the adsorber over time during a desorp-
tion step.  
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4.1. Introduction 
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4.2. Materials and methods 

4.2.1. Experimental setup 
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Optimization with decreased CO2 desorption pressure and addition of background electrolyte

Figure 4.1. Schematic representation of the process with electrochemical regeneration of alkaline DAC 
absorbent. Influent: spent alkaline absorbent from the absorber. Effluent: regenerated absorbent to send 
to the absorber. MEA = membrane electrode assembly, CEM = cation exchange membrane.  
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4.2.2. Experimental procedure 
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Optimization with decreased CO2 desorption pressure and addition of background electrolyte

Table 4.1. Different operational conditions for experiments investigating effects of pressure at the gas 
side of the membrane contactor ( ). 

 Current density (A m-2)  Phosphate buffer 

Condition 1 150 0.8 0.1 M 

Condition 2 150 0.9 0.1 M 

Condition 3 200 0.8 0.1 M 

4.2.3. Equilibrium model  

Solution equilibrium 
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Mass transport 
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Mass balances 

Energy consumption 
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4.3. Results and discussion 

4.3.1. Effects of decreased CO2 desorption pressure 
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Figure 4.2. Energy consumption at different CO2 partial pressure at the gas side of the membrane con-
tactor ( ). Condition 1:  = 150 A m-2,  = 0.8, 0.1 M phosphate buffer; condition 2:  = 150 A m-2, 

 = 0.9, 0.1 M phosphate buffer; condition 3:  = 200 A m-2,  = 0.8, 0.1M phosphate buffer.  
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Figure 4.3. Change of (a) CO2 production rate and (b) cell voltage under different  values. Condition 
1:  = 150 A m-2,  = 0.8, 0.1 M phosphate buffer; condition 2:  = 150 A m-2,  = 0.9, 0.1 M phos-
phate buffer; condition 3:  = 200 A m-2,  = 0.8, 0.1M phosphate buffer. Symbols ( ): experimental 
data; lines: model predictions. 
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4.3.2. Effect of phosphate buffer on cell performance  

Figure 4.4. Energy consumption under different load ratio and phosphate buffer concentration. (a) Load 
ratio range between 0.6 and 1.2, (b) a zoomed view for load ratio between 1.0 and 1.2. Symbols ( ): 
experimental data; lines: model predictions.  
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Figure 4.5. Experimental and model simulated results of (a) cell voltage, (b) acidifying solution pH, (c) 
CO2 yield, and (d) CO2 production rate under different load ratio and phosphate buffer concentration. 
Symbols ( ): experimental data; lines: model predictions.  
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Table 4.2. Experimental conditions and results of the experiments with fixed total carbon feeding rate. 

4.3.3. Effects of adding sulphate solution 
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Figure 4.6. Energy consumption under different load ratio with 0.1 M of phosphate buffer or 0.1 M of 
sulphate added. Symbols ( ): experimental data; lines: model simulation results.  
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Figure 4.7. Experimental and model simulated results of (a) acidifying solution pH, (b) CO2 production 
rate, (c) cell voltage, and (d) ohmic losses under different load ratio with 0.1 M phosphate buffer or 0.1 M 
sulphate addition. Symbols ( ): experimental data; lines: model simulation results. 

4.4. Conclusions 
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Supporting Information 

Influent preparation 
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Optimization with decreased CO2 desorption pressure and addition of background electrolyte

Table S4.1. Composition of absorbent solutions with different amount of phosphate/sulphate and their 
corresponding spent solutions. The influents for experiments were the spent absorbent solutions. 

Absorbent Spent absorbent 
(influent) 

Influent K+ 
concentration (M) 

Total carbon 
concentration (M) 

1 M KOH 0.224 M KHCO3 
0.388 M K2CO3 

1.0 0.612 

0.8 M KOH 
0.1 M K2HPO4 

0.197 M KHCO3 
0.300 M K2CO3 

0.098 M K2HPO4 
0.002 M K3PO4 

1.0 0.497 

0.6 M KOH 
0.2 M K2HPO4 

0.167 M KHCO3 
0.215 M K2CO3 

0.197 M K2HPO4 
0.003 M K3PO4 

1.0 0.382 

0.6 M KOH 
0.2 M K2HPO4 

0.167 M KHCO3 
0.215 M K2CO3 

0.197 M K2HPO4 
0.003 M K3PO4 

1.0 0.382 

1M KOH 
0.1 M K2HPO4 

0.224 M KHCO3 
0.388 M K2CO3 

0.098 M K2HPO4 
0.002 M K3PO4 

1.2 0.612 

1M KOH 
0.2 M K2HPO4 

0.224 M KHCO3 
0.388 M K2CO3 

0.196 M K2HPO4 
0.003 M K3PO4 

1.4 0.612 

0.8 M KOH 
0.1 M K2SO4 

0.197 M KHCO3 
0.301 M K2CO3 

0.100 M K2SO4 
1.0 0.498 

Effect of phosphate buffer on cell performance 
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Table S4.2. Measured conductivity and K+ concentration of both the acidifying solution and the catholyte 
in the experiments with different amount of phosphate buffer addition under varying .  

Buffer addition  

Acidifying solution Catholyte 

Conductivity 
(mS cm-1) 

K+  
concentration 

(M) 

Conductivity 
(mS cm-1) 

K+  
concentration 

(M) 

None 

0.7 28.33 0.34 124.92 1.04 

0.8 24.46 0.26 134.99 1.07 

0.9 17.87 0.19 155.97 1.06 

1.0 8.39 0.08 185.87 1.10 

1.1 0.14 0.00 203.88 1.20 

0.1 M 
phosphate 

0.7 26.60 0.30 127.32 1.05 

0.8 18.58 0.23 144.54 1.06 

0.9 12.95 0.14 156.73 0.95 

1.0 9.04 0.10 160.98 1.10 

1.1 8.95 0.10 159.52 1.08 

0.2 M  
phosphate 

0.7 25.16 0.31 110.67 0.99 

0.8 22.44 0.29 114.93 0.98 

0.9 15.69 0.20 117.30 0.93 

1.0 15.12 0.19 117.60 1.04 

1.1 14.70 0.17 115.68 0.98 
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Table S4.3. Experimental results of electrode overpotentials and ohmic losses in the experiments with 
different amount of phosphate buffer addition under varying . 

Buffer addition   (V)  (V)  (V) 

None 

0.7 0.17 0.30 0.03 

0.8 0.28 0.24 0.04 

0.9 0.32 0.23 0.05 

1.0 0.29 0.22 0.09 

1.1 1.92 0.41 5.53 

0.1 M phosphate 

0.7 0.14 0.26 0.03 

0.8 0.14 0.25 0.05 

0.9 0.38 0.22 0.06 

1.0 0.17 0.25 0.09 

1.1 0.26 0.24 0.09 

0.2 M phosphate 

0.7 0.18 0.27 0.04 

0.8 0.19 0.25 0.04 

0.9 0.20 0.26 0.05 

1.0 0.13 0.26 0.06 

1.1 0.14 0.26 0.06 



五



Process layouts and parameters 
impacting electrochemical direct air 

capture process

Chapter 5

Chapter 5. Process layouts and parameters 
impacting electrochemical direct air capture pro-
cess   



92	

Chapter 5

Abstract 



5

	 93

Process layouts and parameters impacting electrochemical direct air capture process

5.1. Introduction 
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Figure 5.1. Schematic representation of the electrochemical process for the regeneration of alkaline DAC 
absorbent. Influent: spent alkaline absorbent from the absorber. Effluent: regenerated absorbent to send 
to the absorber. MEA = membrane electrode assembly, CEM = cation exchange membrane.  



5

	 95

Process layouts and parameters impacting electrochemical direct air capture process

Figure 5.2. (a) Three compartments of the electrochemical cell: anode, acidifying, and cathode compart-
ments. MEA = membrane electrode assembly, CEM = cation exchange membrane. Flow schemes of (b) 
internal desorption layout, (c) 1-unit external desorption layout, (d) 2-unit external desorption layout. S1 
and S5 are the influent (spent alkaline absorbent) and effluent (regenerated alkaline absorbent) of the 
system, respectively, while S2, S3, and S4 represent different flow streams of the system. The dashed 
line shows the overflow from acidifying solution circulation to catholyte circulation. MC = membrane con-
tactor.  

5.2. Modelling theory background 
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5.3. Modelling results and discussion 

5.3.1. Effects of recirculation ratio 
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Process layouts and parameters impacting electrochemical direct air capture process

Figure 5.3. Model predictions of process performance for 1-unit external desorption layout at different 
recirculation ratio (5, 10, 20, 30, 40, and 50). Current density: 200 A m-2, sulphate concentration: 0.1 M. 
(a) Energy consumption of the electrochemical cell; (b) CO2 production rate; (c) K+ transport number; (d) 
CO2 void fraction in the acidifying compartment.  
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Process layouts and parameters impacting electrochemical direct air capture process

5.3.2. Effects of current density 
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Figure 5.4. Simulated results of system performance indicators with different current densities (200 – 
1000 A m-2) and recirculation ratio (10 for solid line and 50 for dashed line). The sulphate concentration 
was fixed at 0.1 M. (a) Energy consumption of the electrochemical cell with 1-unit external desorption 
layout; CO2 void fraction in the acidifying compartment with (b) 1-unit external desorption layout, (c) inter-
nal desorption layout, and (d) 2-unit external desorption layout.  
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Process layouts and parameters impacting electrochemical direct air capture process

5.3.3. Effects of sulphate concentration 
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Figure 5.5. Simulated results of system performance indicators for 1-unit external desorption layout with 
different amount of sulphate addition (0.1 – 0.4 M). The current density was 200 A m-2, while the recircu-
lation ratio was fixed at 10. (a) Energy consumption of the electrochemical cell; (b) CO2 production rate; 
(c) K+ transport number; (d) CO2 void fraction in the acidifying compartment.  
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Process layouts and parameters impacting electrochemical direct air capture process

Figure 5.6. Simulated results of system performance indicators for different process layouts with different 
amount of sulphate addition (solid line: 0.1 M, dashed line: 0.2 M). The current density was 200 A m-2, 
while the recirculation ratio was fixed at 10. (a) Energy consumption of the electrochemical cell; (b) CO2 
production rate. The energy consumption of internal and 2-unit external desorption layouts overlap with 
each other at sulphate concentration of 0.1 M, while the CO2 production rate of these two layouts are 
identical with each other for both sulphate concentrations. The energy consumption of 2-unit external 
desorption layout at sulphate concentration of 0.2 M overlaps with internal desorption layout at  < 0.68 
and overlaps with 1-unit external desorption layout at  > 0.86.  
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5.3.4. General perspectives 
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5.4. Conclusions 
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Supporting Information 

Effects of recirculation ratio 

Figure S5.1. Model predictions of the pH of S3 for 1-unit external desorption layout at different recircula-
tion ratio (5, 10, 20, 30, 40, and 50). Current density: 200 A m-2, sulphate concentration: 0.1 M. S3 is the 
mixed solution of the influent and the acidifying circulation. 
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Figure S5.2. Model predictions of process performance for 2-unit external desorption layout at different 
recirculation ratio (10, 20, 30, 40, and 50). Current density: 200 A m-2, sulphate concentration: 0.1 M. (a) 
CO2 void fraction in the acidifying compartment; (b) CO2 production rate. The CO2 production rate lines 
are overlapping with each other. 

Figure S5.3. Model predictions of the energy consumption for 1-unit external desorption layout at recir-
culation ratio of 1 (no circulation), current density of 200 A m-2, and sulphate concentration of 0.1 M.  
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Effects of current density 

Figure S5.4. Simulated results of the CO2 production rate for 1-unit external desorption layout with differ-
ent current densities (200 – 1000 A m-2). Recirculation ratio: 10, sulphate concentration: 0.1 M.  
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Figure S5.5. Model predictions of the pH of S4 for 1-unit external desorption layout at different current 
densities (200 – 1000 A m-2). Recirculation ratio: (a) 10, (b) 50, sulphate concentration: 0.1 M. S4 is the 
effluent of the acidifying compartment.  

Effects of sulphate concentration 
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Figure S5.6. Simulated results of the CO2 void fraction in the acidifying compartment for different process 
layouts with different amount of sulphate addition (solid line: 0.1 M, dashed line: 0.2 M). The current 
density was 200 A m-2, while the recirculation ratio was fixed at 10. The CO2 void fraction of the internal 
and 2-unit external desorption layouts overlap with each other at sulphate concentration of 0.1 M.  

General perspectives 
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Figure S5.7. Simulated results of (a) the pH of the acidifying compartment inlet (S2 for internal desorption 
layout, S3 for external desorption layouts) and (b) CO2 void fraction in the acidifying compartment for 
different process layouts. The current density was 200 A m-2, the sulphate concentration was 0.1 M, and 
the recirculation ratio was fixed at 10. The results for internal and 2-unit external desorption layouts (grey 
line and blue line) are identical for both pH and CO2 void fraction. 
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Figure S5.8. Schematic representation of the electrochemical process for the regeneration of alkaline 
DAC absorbent. Influent: spent alkaline absorbent from the absorber. Effluent: regenerated absorbent to 
send to the absorber. MEA = membrane electrode assembly, CEM = cation exchange membrane. The 
influent mixes with the acidifying solution circulation at either highlighted location for internal desorption 
or 1-unit external desorption layout. 
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Process layouts and parameters impacting electrochemical direct air capture process

Figure S5.9. Experimental (solid symbols) and simulated (hollow symbols) results with internal and 1-unit 
external desorption layouts with fixed  = 0.8 under current density ranging from 200 to 1000 A m-2. 
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Chapter 6

Chapter 6. General discussion  
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6.1. Comparison of carbon capture technologies 

6.1.1. Direct air capture versus trees 
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6.1.2. pH-swing-based technologies 
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Table 6.1. Overview of the energy consumptions of this work and other existing electrochemical carbon 
capture technologies.  

Capture method CO2 source Minimum energy consump-
tion (kJ mol-1 CO2) 

Current den-
sity (A m-2) 

MCDI55 Synthetic flue gas 
(15% CO2) 

40 0.2 

BPMED49 KHCO3 100 50 

 K2CO3 200 50 

BPMED51 Synthetic flue gas 
(16% CO2) 

52 180 

EMAR57 Synthetic flue gas 
(15% CO2) 

30 40 

pH swing with 
PCET molecules53 

Synthetic flue gas 
(15% CO2) 

61 200 

This work Air (400 ppm CO2) 247 150 

Source of CO2 capture  
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Current density 

Reliability 
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6.1.3. Ion-exchange-resin-based technologies 

6.2. Challenges and perspectives on future research 

6.2.1. CO2 leakage 
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Figure 6.1. CO2 leakage ratio of the decrease CO2 desorption pressure experiments in Chapter 4. Con-
dition 1:  = 150 A m-2,  = 0.8, 0.1 M phosphate buffer; condition 2:  = 150 A m-2,  = 0.9, 0.1 M 
phosphate buffer; condition 3:  = 200 A m-2,  = 0.8, 0.1M phosphate buffer.  is the applied current 
density,  is the load ratio of K+. 
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6.2.2. Modelling of the electrochemical system 
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Figure 6.2. Boundary effects on the surfaces of the gas diffusion electrode (GDE) and the cation ex-
change membrane (CEM). MEA: membrane electrode assembly. 

6.2.3. Effects of background electrolytes 
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Figure 6.3. Proportional change of CO2 adsorption amount in repeated adsorption-desorption cycles. The 
adsorption steps were performed with ambient air, while the resins were regenerated with either 1 M KOH 
or 0.8 M KOH mixed with 0.1 M K2SO4. The average amount of CO2 adsorption in the 17 cycles with pure 
KOH regeneration was counted as 100%, then the proportional CO2 adsorption amount of each cycle was 
calculated accordingly. 
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6.3. Towards a sustainable carbon cycle 
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