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A B S T R A C T   

In this work an all-electric regenerator is developed for the desorption of CO2 from air-capture sorbents using 
microwaves. An electromagnetic model was made for a continuous flow radial desorber and its dimensions were 
optimised for maximal microwave utilisation. Based on the optimal dimensions an actual prototype, capable of 
desorbing CO2 from a commercial supported amine sorbent in fixed- or moving-bed configuration was built to 
demonstrate the concept and to study performance characteristics. TSA experiments using nitrogen as purge gas 
to produce enriched air (1 to 2 vol.% CO2) were done. Productivities of up to 1.5 kg CO2/kgsorb./d were 
demonstrated, with a total energy duty of 25 MJ/kg CO2. Compared to traditional TVSA desorption, the energy 
duty is similar while the productivity is significantly higher. The process can be further improved by creating an 
even more homogeneous electric field (preventing hot spots in the regenerator) and by enabling desorption 
under vacuum conditions to produce pure CO2. Overall, microwave desorption is demonstrated as an effective 
way to circumvent heat transfer limitations present during more traditional thermal desorption processes using 
polymeric sorbents.   

1. Introduction 

Since Lackner et al. proposed the capture of CO2 directly from air as 
mitigation of climate change [1], a lot of work has been done in this 
field. With the ever-increasing global CO2 emissions [2], air capture 
becomes increasingly more important to limit global temperature rise as 
outlined by the Intergovernmental Panel on Climate Change (IPCC) [3]. 
DAC technology is being developed rapidly, and already applied 
commercially to some degree by companies like Climeworks, Global 
Thermostat and Carbon Engineering. Different technologies are applied 
ranging from CO2 absorption by alkaline solutions [4] or liquid amines 
[5], to adsorption techniques using a variety of sorbents [6,7]. Most 
work focuses on adsorption systems, using temperature and/or vacuum 
swing adsorption (TSA, VSA, TVSA) [7–10]. This is because solid, sup-
ported amine sorbents generally have favourable properties for air 
capture, like a high CO2 equilibrium loading, relatively fast kinetics and 
reasonable stability [11,12]. 

Since adsorption is spontaneous and inherently exothermic, 
desorption is endothermic and thus energy must be supplied during this 
step. Usually this is done using thermal energy. However, the most 
commonly used sorbents (amine-functionalised porous polymeric 

particles) are relatively poor conductors making the supply of energy to 
the CO2 sites on the sorbent a challenge [11,13,14]. Because of this, in 
many adsorption systems the desorption time is dictated by the heat 
transfer rate, which also limits the overall CO2 productivity. Using a 
higher imposed desorption temperature could accelerate heat transfer, 
but in practice the desorption temperature is limited by the sorbent 
stability [12,15]. 

Alternative heating and desorption methods for CO2 capture sorbents 
are therefore being researched. Examples are the use of phase-change 
materials [16], moisture-swing sorbents [17], steam desorption [18], 
induction heating of magnetised sorbents [19] and the use of Joule 
heating [20]. The mentioned alternative methods do have some draw-
backs compared to traditional thermal desorption, including the need 
for special sorbent materials [17,19,20] and the dependence of the 
process on ambient humidity in the case of moisture-swing adsorption 
[17]. Furthermore, the poor thermal conductivity of the sorbent still 
limits desorption performance in some cases [16,18]. 

Another way to circumvent heat transfer limitations in sorbents is to 
use microwave heating. Microwave radiation can heat materials volu-
metrically via dielectric heating. While during conventional heating, the 
heat flux to a system is dictated by the specific surface area, heat transfer 
coefficient and applied temperature difference, during microwave 
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regeneration the heat flux is almost independent of temperature and 
instead dictated by the overall geometry. The idea to use microwaves for 
the regeneration of sorbents was first proposed by Roussy and Chenot 
[21] in the context of water desorption from zeolite 13X. Cherbański and 
Molga [22] discusses various aspects of the use of microwaves in the 
regeneration of sorbents. These include reactor type, sorbent dielectric 
properties and process design. They found that because of the limited 
penetration depth of microwave radiation (in the cm range), thin, 
annular beds or fluidised beds are the favoured reactor types. More 
recently, microwave desorption was investigated for the regeneration of 
amine solutions [23,24] and sorbents [25–27] used in post-combustion 
CO2 capture. 

Microwave desorption of solid sorbents has some favourable char-
acteristics compared to traditional TVSA cycles. Cherbański and Molga 
[22] discuss various examples of processes where microwave heating is 
both faster and more efficient than traditional heating. Chronopoulos 
et al. [25] show that microwave desorption of CO2 from activated car-
bon at moderate temperatures (70 ∘C and 130 ∘C) is three to four times 
faster than conventional thermal desorption under similar circum-
stances. Nigar et al. [26] use an amine-functionalised silica sorbent for 
CO2 capture from flue-gas. They suggest that the polar amine-groups 
selectively absorb microwave radiation, leading to more efficient en-
ergy use than conventional desorption. Microwave desorption was also 
found to be four times faster than TSA. 

Meloni et al. [28] found that the reactor geometry is an important 
factor in the design of a microwave desorber, mainly because the ge-
ometry largely determines how much radiation is reflected to the mi-
crowave generator (and consequently lost). They found that microwave 
desorption is faster and more energy efficient than conventional TSA, 
with an efficiency up to 75%. Ellison et al. [27] show that microwave 
desorption of CO2 from zeolite 13X under flue-gas capture conditions is 
at least twice as fast as conventional desorption. The potential benefits 
microwave heating are clear: more uniform, faster and more efficient 
heating compared to traditional TVSA processes. 

The aforementioned publications all consider CO2 capture from flue 
gases using zeolites [27,28], activated carbon [25] (which are known 
good microwave absorbers) or a custom functionalised silica sorbent 
[26]. In the context of direct air capture (DAC), however, desorption is 
also a key step determining the largest part of the energy consumption 
[13,29–31]. Microwave desorption could therefore also benefit DAC 
processes. The sorbents discussed before, however, have poor perfor-
mance under air capture conditions because of the much lower CO2 

concentration ( 410 ppm v.s. 10–15 vol.%). For air capture, supported 
amine sorbents are usually used. The present work therefore investigates 
if microwave regeneration is feasible for a DAC process using an un-
modified, commercial supported amine sorbent (SAS). 

2. Theory 

As a commercial sorbent Lewatit VP OC 1065 (benzylamine-func-
tionalised, porous polystyrene particles) is considered in this work since 
it is widely used for DAC, both in previous works of our group [31–33] as 
well as outside [15,16,30,34]. Consequently, many properties including 
CO2 and water isotherms are already known. In this work, the CO2 
isotherm model by Bos et al. [11] was used. To describe the water 
adsorption equilibrium, the Guggenheim–Anderson-de Boer (GAB) 
isotherm was fitted to the data from Veneman et al. [35] (Eqs. (1)–(3), 
see Table 1). In these equations, ϕ is the relative humidity. It is 
well-known that co-adsorption of water on amine sorbents increases the 
CO2 equilibrium capacity [13,35]. However, since in this work no 
detailed modelling of the adsorber is done and the isotherm is only used 
to estimate the initial CO2 loading at the desorption start, this effect is 
not taken into account. The sorbent is thermally stable in up to 70 ∘C 
when oxygen is present, and up to 120 ∘C in oxygen-lean atmospheres 
[12]. Above these temperatures, rapid degradation resulting in a CO2 
capacity loss occurs. 

qH2O = Cm
CGKadsϕ

(1 − Kadsϕ)(1 + (CG − 1)Kadsϕ)
(1)  

CG = C0exp
(

ΔcH
RT

)

(2)  

List of symbols 

Symbol Description Unit 
ϕ relative humidity ( − ) 
q sorbent loading (mol kg− 1) 
Cm GAB isotherm parameter (mol kg− 1) 
CG GAB isotherm parameter ( − ) 
Kads GAB isotherm parameter ( − ) 
C0 GAB isotherm parameter ( − ) 
ΔcH GAB isotherm parameter (J mol− 1) 
R gas constant (J mol− 1 K− 1) 
T temperature (K) 
K0 GAB isotherm parameter ( − ) 
ΔkH GAB isotherm parameter (J mol− 1) 
Pd power dissipation (W m− 3) 
f electromagnetic frequency (Hz) 
ε0 vacuum dielectric permittivity (F m− 1) 
ε′ real part of dielectric permittivity ( − ) 
ε′′ complex part of dielectric permittivity (loss factor) ( − ) 

ν volume fraction ( − ) 
tanδ loss angle tangent ( − ) 
λ wavelength (m) 
d diameter (m) 
l length (m) 
t time (m) 
Q duty (W) 
ϕV volumetric flow rate (m3 s− 1) 
U voltage (V) 
I electric current (A) 
m mass (kg) 
p pressure (Pa) 
x mole fraction ( − ) 
Mw molar mass (kg mol− 1) 
φ phase angle ( − ) 
Cp specific heat capacity (J kg− 1 K− 1) 
n number of moles (mol) 
ΔadsH heat of adsorption (J mol− 1)  

Table 1 
GAB water isotherm parameters.  

Parameter Value 

Cm  3.845 mol kg− 1  

C0  1.382× 10− 6  

K0  0.7983 
ΔcH  39.8 kJ mol− 1  

ΔkH  − 0.116 kJ mol− 1   
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Kads = K0exp
(

ΔkH
RT

)

(3) 

For the optimal absorbance of microwave radiation by the sorbent 
particles, it is key that the dielectric loss factor is low. Although this may 
seem counter-intuitive, a lower loss factor is beneficial for the even 
absorbance of microwave radiation. If the loss factor is high, all radia-
tion will be absorbed in the bed close to where radiation enters the 
cavity, as if the radiation behaves like a beam of particles. When the 
dielectric loss factor is low, however, little radiation is absorbed when 
the radiation first encounters the bed. The microwaves go through the 
bed with little loss, are reflected against the walls of the cavity, creating 
an interference pattern. Since the radiation now fills the entire cavity 
(albeit with standing waves, leading to an inhomogeneous electric field), 
the complete bed of sorbent is heated, due to the fact that the dielectric 
loss factor is low [36]. 

3. Modelling 

From the works of Cherbański and Molga [22] and Meloni et al. [28] 
it is known that the geometry of the desorber is of key importance to its 
performance for microwave desorption. To aid the design of the 
desorber an electromagnetic model was made using the electromagnetic 
waves module in COMSOL Multiphysics version 5.5. A radial-flow 
configuration was chosen for the desorber, based on previous experi-
ence with this reactor configuration [32] and because the bed can be 
kept thin in this case, which is favourable for microwave penetration 
[22]. The configuration designed allows for both fixed-bed and 
moving-bed operation where in the latter case there is a continuous flow 
of sorbent. 

The power dissipation inside the sorbent bed Pd is of interest to assess 
the desorber performance. Pd is a function of the root mean square 
electric field strength (Erms) according to Eq. (4) [37]. Since the field 
strength can vary across the domain, so can the power dissipation and 
thus heating inside the domain is not necessarily uniform. It is therefore 
important to model the electric field inside the desorber to assess if 
significant hot spots will occur. This is especially important for batch 
operation, since during continuous operation the sorbent itself will 
move through the bed and will therefore not stay in high power dissi-
pation zones for long times. 

Pd = 2πf ε0ε′′E2
rms (4) 

In order to model the electric field in the sorbent bed, its dielectric 
properties are required. Since no data on the dielectric constant of 
Lewatit VP OC 1065 was available in literature and no equipment was 
available to measure it, an approximation of this property was made. For 
polystyrene (the sorbent backbone) and benzylamine (the functional 
group) the dielectric data is available in literature (see Table 2). The 
Landau-Lifshitz-Looyenga (Eq. (5)) was then used to approximate the 
dielectric properties of the sorbent [38]. In this equation the subscript ‘s’ 
denotes the sorbent, ‘ps’ polystyrene and ‘ba’ benzylamine and ν denotes 
a volume fraction. From the work of Yu et al. [12] it is known that the 
amine loading is 6.8mol/kgsorbent. This amounts to a benzylamine mass 
fraction of 73%. Because of the similar molar mass of benzylamine and 

styrene (107.15 g mol− 1 vs. 104.14 g mol− 1) it is assumed that the 
volume fraction of benzylamine also equals 73%. The calculated value 
for εs for a solid polystyrene/mixture was then compensated for the 
porosity of the sorbent particles itself (0.23) [39] and the sorbent bed 
(0.39) [40] by again applying Eq. (5). This allows the dielectic proper-
ties of Lewatit VP OC 1065 to be approximated. 

εs = ε′

s − iε′′s =

(

νpsε
1
3
ps + νbaε

1
3
ba

)3

(5) 

Figs. 1 and 2 schematically show the desorber geometry. The height 
of the desorber (hd) is not shown in this picture. The waveguide (WR- 
340, 86.36 mm × 43.18 mm) enters the reactor at half the height. Mi-
crowave radiation enters the waveguide in transverse electric mode 10 
with a zero phase-angle. The microwave frequency and input power 
were fixed to 2.45 GHz and 1.0 kW. The bed thickness tbed was fixed to 
10 mm, which is smaller than the microwave penetration depth but still 
thick enough to allow for an even gas and sorbent flow. The remainder of 
the dimensions (do, di, hd) were varied in the ranges shown in Table 3. lwg 

was also varied, but had no significant influence on the results. The 
electric field was then solved using COMSOL Multiphysics (electro-
magnetic waves module) assuming temperature independent properties. 
Using the model, the energy absorbance by the sorbent bed was calcu-
lated. In these simulations the resistive losses by the steel outer wall 
(with an electrical conductivity σ = 6.29 MS m− 1) were taken into ac-
count. The optimum desorber dimensions were then obtained from the 
simulation with the highest energy absorbance (993 W out of 1000 W 
input). Of the 7 W not absorbed by the sorbent, 6 W was absorbed by the 
steel wall and only 1 W was reflected back to the generator. The optimal 
dimensions are all multiples of half the microwave wavelength. This is 
expected, as in a cavity with such dimensions the required standing 
wave pattern is formed most effectively, leading to the highest field 
strength and power dissipation [36]. 

Fig. 2 shows the modelled power dissipation in the sorbent bed with 
the optimal geometry. It is clear that the power dissipation is not entirely 
uniform: it varies from almost zero in some places in the domain to 
about 2 MW m− 3 in others. In the centre, near the waveguide inlet and at 
the top and bottom of the desorber there are four hot spots distributed 
along the radial axis of the bed. In between there are two cold ‘bands’. 
During batch operation (with the sorbent stationary) it is expected that, 
because of the nonuniform power dissipation the desorber performance 
is negatively affected. For continuous operation (with moving sorbent) 
this is expected to be less of a problem, because the sorbent will move 
across spots with various power dissipation values, thus on average 
experiencing more uniform heating. 

Table 2 
Dielectric properties of polystyrene, benzylamine, water and Lewatit VP OC 
1065 (approximated) at 25 ∘C and 2.45 GHz.  

Substance ε′ ε′′ tanδ  Source 

Polystyrene 2.55 8.0×

10− 4  
3.0×

10− 4  
[36] 

Benzylamine 5.0 0.4 0.08 [41] 
Water 76.7 12 0.16 [37] 
Lewatit VP OC 1065 4.28 0.27 0.06 (calculated with Eq. 

(5))  Fig. 1. Schematic top view of the microwave desorber geometry.  
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Since it was not possible to measure the dielectric properties of the 
sorbent these were approximated, as mentioned before. To test the effect 
of this approximation, the dielectric properties of the sorbent were 
varied from those of pure polystyrene to those of pure benzylamine 
using Eq. (5). The electric field was then modelled in the optimal 
configuration (see Table 3) and the total power absorption by the sor-
bent calculated. Fig. 3 shows the simulated power absorption and 
calculated loss factor (ε′′s ) as function of the benzylamine volume frac-
tion. It is clear that for a benzylamine volume fraction ranging from 0.6 
to 1.0, the effect on the power absorption is limited. This shows that the 
desorber performance is affected little by errors in the approximated 
dielectric properties. It is, however, desirable to measure these proper-
ties for more detailed modelling work in the future. 

The effect of adsorbed water on the desorber performance was also 
assessed, by varying the water loading and calculating the sorbent 

dielectric properties with the values in Table 2 and applying Eq. (5). The 
calculated loss factor and simulated power dissipation are shown in 
Fig. 4. With increasing water loading, the power dissipation first de-
creases with about 30%, and then increases again towards the maximum 
value of 1000 W. Adsorbed water does therefore have some effect on the 
desorption performance, but the effect is limited, especially during 
moving bed operation. 

4. Materials and methods 

An experimental setup was constructed based on the basic di-
mensions found from the electromagnetic simulations (see Fig. 5, P&ID 
in Fig. 6). The reactor vessel and waveguide were constructed from 
stainless steel. The top and bottom flanges are sealed using Uvox WMC- 
2-2-(EM-5-2-4003)-AC seals, which provide both gas- and radiation 
tightness. The annular space of the bed itself was made from PTFE- 
coated fiberglass cloth, stretched between two brass rings bolted in 
the reactor vessel. PTFE-coated glass rings were placed on the inside of 
the cloth as support. Holes were drilled in the brass rings to allow the 
sorbent to flow in and out of the bed. On the bottom, two perforated 
rings were placed on top of each other. By moving the bottom ring 
relative to the top ring, the sorbent flow could be controlled. This is done 
via a pneumatic actuator connected to a timer. As purge gas nitrogen is 
used, the flow of which is controlled via a rotameter (FIC-01). Nitrogen 

Fig. 2. Modelled power dissipation in the sorbent bed in the optimal geometry, left: front size, right: back side.  

Table 3 
Ranges of the dimensions varied with the electromagnetic sensitivity study.  

Parameter Lower bound 
[mm] 

Upper bound 
[mm] 

Step size 
[mm] 

Optimum 
[mm] 

do  147 (1.2λ)  306 (2.5λ)  12 (0.1λ)  181 (1.5λ)  
di  51 (0.42λ)  142 (1.16λ)  6.11 (0.05λ)  122 (λ)  
hd  122 (λ)  612 (5λ)  31 (0.25λ)  426 (3.5λ)   

Fig. 3. Simulated power absorption (solid line) and loss factor (dashed line) as 
function of the benzylamine volume fraction when using Eq. (5) to calculate the 
sorbent dielectric properties. 

Fig. 4. Simulated power absorption (solid line) and loss factor (dashed line) as 
function of the water loading when using Eq. (5) to calculate the sorbent 
dielectric properties. 
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is used here to minimise the risk on oxidative degradation of the sorbent. 
For industrial applications either air as purge gas (while limiting the 
desorption temperature to 70 ∘C) to produce enriched air for horticulture 
applications or vacuum operation without purge gas to produce CO2 is 
recommended. The magnetron tube (Hitachi 2M107A) is controlled by a 
timer to vary the effective power. The outlet gas is analysed with a Sick 
Maihak Sidor CO2 analyser (type 760639, XI-01, prior to this excess 
water is removed in a condenser to prevent condensation in the analy-
ser). The flow through the analyser is controlled to 1 L/min via a rota-
meter (FIC-02). The temperature of the bed is measured with an IR 
pyrometer (Calex PC151MT-3) placed in an electromagnetic attenuation 
duct (TI-01, approximate location see Fig. 7). Furthermore, K-type 
thermocouples are used to measure the gas outlet temperature (TI-02) 
and the magnetron temperature (TI-03). The sorbent collection vessel is 
placed on a balance (Kern DS 20K0.1) to measure the processed sorbent 
mass over time. 

To calculate the energy duty of the system the current going through 
the magnetron generator was measured using a current clamp (LEM AT 
20 420L) which was calibrated using a Fluke 117 True-RMS multimeter. 
Since the magnetron generator is an inductive load, its power factor 
(cosφ) is required to accurately calculate the energy consumption. This 
value was measured with a Rigol DS1054 Z oscilloscope and determined 
to be 0.96. The electrical grid voltage was measured using an Alecto EM- 
16 power meter. Data from the CO2 analyser, current clamp and py-
rometer was logged every second on a computer via a Picolog 1012 ADC. 
The thermocouple data was logged every second via a Picolog TC-08 
logger also on the computer. The sorbent collector balance reading 
was manually logged every five minutes during the continuous experi-
ments. The CO2 analyser was calibrated using pure nitrogen and a 1 vol. 
% CO2 in nitrogen calibration gas mixture. 

For all experiments the sorbent was adsorbed overnight or longer 
with ambient air from the High Pressure Laboratory of the University of 

Fig. 5. Picture of the microwave desorber setup.  

Fig. 6. P&ID of the microwave desorption setup. The hatched area is the sorbent bed.  
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Twente (NL). The lab conditions were measured using a RS PRO RS 967 
temperature, humidity and CO2 concentration indicator during 
adsorption are summarised in Table 4, the CO2 and water loading values 
were calculated with the isotherm from Bos et al. [11] and Eq. (1). 
During batch runs 1 to 3 no environmental data was measured, so these 
values are estimated based on the weather conditions (as outside air is 
used for ventilation of the lab). The CO2 concentration during adsorp-
tion before these runs was assumed to be the mean of during adsorption 
of the continuous runs. The duty cycle of the microwave generator was 
controlled by setting the on- and off times on a timed switch. The 
on-time was always 1 min, while the off-time was varied between 2 min 
to 3 min. For the batch experiments the reactor was filled with sorbent 
which remained inside the reactor for the entire experiment duration. 
Prior to the continuous experiments, the sorbent buffer vessel was filled 
with adsorbed sorbent. The sorbent flow was then controlled by a 
timer-controlled pneumatic actuator. Here, the open-time was always 1 
s while the closed-time varied between 18 s to 36 s. The batch experi-
ments were done until the bed temperature exceeded 100 ∘C or the outlet 
CO2 concentration dropped below 1 vol.%. The continuous experiments 
were done until the sorbent buffer vessel (containing 3 kg to 4 kg sorbent 
at the start) was empty. The experimental parameters of the batch and 
continuous experiments are shown in Tables 5 and 6. 

Data processing was done with Python 3.6 and NumPy 1.19.5. The 
amount of CO2 desorbed over time (nCO2 ) was calculated from the 
analyser output and nitrogen inlet gas flow (ϕV,in) via Eq. (6) where pamb 

and Tamb denote the ambient pressure and temperature. The mean pro-
ductivity was calculated by time-averaging the CO2 outlet flow over the 
time interval from the experiment start to until the microwave generator 

was turned off. The sorbent loading over time (or loading difference over 
time for the continuous experiments) was calculated by dividing this 
value by the amount of sorbent (batch) or the cumulative sorbent mass 
processed (continuous). The total power input (Qelec) was calculated 
from the current clamp reading with Eq. (7). On the same power outlet 
the cooling fan for the magnetron was connected, using a constant 
current of 0.43 A. The microwave current was then determined as the 
input current from the current clamp minus the fan current. The fan duty 
(Qfan) itself is calculated as UnetIfant. The nitrogen purge gas enters the 
reactor cold, but is heated inside. The sensible heat associated with this 
(Qsens,gas) is calculated with Eq. (8) assuming a constant specific heat 
capacity. The sensible heat taken up by the bed itself (Qsens,bed) is 
calculated with Eq. (9), where mbed is the amount of sorbent initially in 
the bed (0.782 kg) and ms,t the cumulative sorbent mass processed (0 for 
batch experiments). The CO2 and water desorption energy consumption 
(QCO2 ,des. and QH2O,des) were calculated with Eqs. (10) and (11), where 
nCO2 was calculated with Eq. (6) and nH2O was calculated from the Eq. (1) 
and the processed sorbent mass assuming full water desorption during 
the experiment. Finally, the energy losses (Qloss) were calculated with 
Eq. (12). All energy duties calculated are normalised by the amount of 
CO2 produced to yield a value in MJ/kg CO2. 

nCO2 =
ϕV,inpamb

RTamb

∫t

0

xCO2 ,out

1 − xCO2 ,out
dt (6)  

Qelec =

∫t

0

UnetItotalcosφdt (7)  

Qsens,gas =
ϕV,inpambMw,N2 Cp,N2

RTamb

∫t

0

(
Tgas,out − Tgas,in

)
dt (8)  

Qsens,bed =
(
mbed +ms,t

)
Cp,bed

(
Tbed,t − Tbed,0

)
(9)  

QCO2 ,des = nCO2 ΔadsHCO2 (10)  

QH2O,des = nH2OΔadsHH2O (11)  

Qloss = Qelec − Qfan − QCO2 ,des − QH2O,des − Qsens,gas − Qsens,bed (12)  

Fig. 7. Measured temperature profile in the bed after a batch desorption run. 
The red rectangle shows the approximate waveguide position, the white circle 
shows the approximate IR temperature sensor location. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Table 4 
Environmental conditions in the High Pressure Laboratory of the University of Twente (NL) at the end of sorbent adsorption. Values marked with an asterisk were 
estimated using nearby weather station data. The CO2 and water loading were calculated using the Tóth isotherm [11] and Eq. (1).  

Experiment Date Temperature [∘C]  Humidity [% RH] CO2 conc. [ppm] qCO2 [mol  kg− 1]  qH2O [mol  kg− 1]  

Batch #1 10-12-2020 12* 30* 486* 1.55 4.44 
Batch #2 14-12-2020 15* 50* 486* 1.45 5.80 
Batch #3 15-12-2020 15* 50* 486* 1.45 5.80 
Continuous #1 25-03-2021 20.4 40 556 1.33 4.85 
Continuous #2 26-03-2021 19.2 45 507 1.33 5.26 
Continuous #3 31-03-2021 18.9 39 515 1.35 4.81 
Continuous #4 22-04-2021 13.2 37 415 1.46 4.88 
Continuous #5 04-05-2021 16.6 46 437 1.37 5.46 
Continuous #6 11-05-2021 17.3 43 473 1.37 5.19  

Table 5 
Conditions and results of batch desorption experiments.  

Run 
# 

Gas flow 
[L/min] 

Duty cycle 
[%] 

Energy duty 
[MJ/kg CO2]  

Mean productivity 
[kg CO2/d]  

1 12 25 25.4 1.05 
2 28 25 24.2 1.20 
3 28 33 26.4 1.52  
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4.1. Sorbent characterization 

During the experimental campaign the sorbent was characterised 
twice using a Netzsch STA 449 F3 Jupiter thermogravimetric analyzer. 
In the device, the sorbent was first desorbed under nitrogen flow and 
120 ∘C for six hours. Then, the sorbent was cooled down to 40 ∘C and 
exposed to 15 vol.% CO2 in nitrogen for four hours. The sample mass 
was continuously measured and from this the sorbent equilibrium CO2 
loading was calculated. The first sample was analysed before the batch 
experiments (which were done before the continuous runs). This sample 
had an equilibrium loading which matched the isotherm very well. The 
second sample was analysed after continuous run #3. This sample 
showed signs of degradation: the CO2 loading was about 15% lower than 
predicted by the isotherm. This indicates that some thermal degradation 
of the sorbent has occurred during the batch or first continuous exper-
iments, possibly due to local hot spots in the bed. 

5. Results and discussion 

5.1. Bed temperature profile 

The temperature distribution in the sorbent bed was determined by, 
at the end of a batch desorption experiment, quickly opening the reactor 
and scanning the bed with the pyrometer at different angles (relative to 
the waveguide). The mean temperature was subtracted from the 
measured values, which were then linearly interpolated and plotted in 
Fig. 7 as function of the angle relative to the waveguide and the bed 
height. In this figure, the waveguide location is indicated by the red 
square. It is clear the temperature distribution is nonuniform: the lowest 
and highest temperature value are 70 ∘C apart. There are two warmer 
‘bands’ at − 90∘ and +90∘, which correspond to those in the simulated 
power dissipation in Fig. 2. The hot spots at the bottom and top of the 
domain also exist in the simulated power dissipation distribution. Dur-
ing the continuous experiments the heat distribution is expected to be 
more uniform, since then the sorbent moves through the domain. 

5.2. Batch experiment results 

Experiments in batch mode were done at the two gas flows and two 
duty cycles, as shown in Table 5. This table also summarises the mean 
CO2 productivity and the minimum energy duty found during the 
experiment. Fig. 8 shows the CO2 desorption progress during the ex-
periments over time and Fig. 9 the energy duty normalised by the 
amount of CO2 desorbed. From Fig. 8 it is clear that, after the initial 
heating up of the sorbent, desorption continues steadily until (almost) 
all adsorbed CO2 is released. The amount of CO2 desorbed varies per run, 
most probably due to different adsorption conditions and times. Run 3 
yields the fastest desorption rate, which is expected because during this 
run the magnetron duty cycle and nitrogen gas flow are highest. In 
Fig. 10 the sorbent bed temperature is plotted over time. Clearly during 
runs 1 and 2 (both with a 25% duty cycle) the temperature profile is very 
similar, while during run 3 the temperature rises more quickly due to the 
higher duty cycle (33%). Fig. 9 shows that over time the desorption 
cumulative energy duty decreases until a minimum value, after which it 

slowly increases again. This is because initially the sorbent has to heat 
up and water is desorbed (which requires energy, while little CO2 is 
produced). At the end of the experiment, the CO2 production drops 
(because desorption is almost complete), while the magnetron energy 
input remains similar, explaining the increase in energy duty after the 
minimum. The minimum energy duty required for desorption is similar 
for all batch experiments and amounts to around 25 MJ /kg CO2. 

5.3. Continuous experiment results 

Beside the batch fixed-bed experiments, continuous experiments 
with a moving sorbent bed were done. These experiments were done 

Table 6 
Conditions and results of continuous desorption experiments. During run 3 the duty cycle started at 33%, but was lowered to 25% because the bed temperature became 
too high.  

Run 
# 

Sorbent processed 
[kg] 

Sorbent flow [g/ 
min] 

Gas flow [L/ 
min] 

Sorbent residence time 
[min] 

Duty cycle 
[%] 

Energy duty 
[MJ/kg CO2]  

Mean productivity 
[kg CO2/d]  

1 2.0 32.9 22 23.8 25 38.3 0.70 
2 1.3 13.8 22 56.6 25 30.8 0.86 
3 1.9 14.8 22 52.9 25 29.9 1.00 
4 2.7 15.8 20 49.4 25 47.3 0.55 
5 2.7 18.7 30 41.9 25 25.5 1.01 
6 2.8 52.3 30 15.0 33 32.3 1.27  

Fig. 8. CO2 desorption progress during batch desorption.  

Fig. 9. Cumulative total energy duty, normalised by cumulative CO2 produc-
tion during batch desorption. 
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until all sorbent in the buffer vessel was processed. Hence, the experi-
ment time depends highly on the sorbent flow rate. To better compare 
the results, the results are plotted against the dimensionless time defined 
as t/τsorbent. Table 6 shows the experimental parameters during the six 
continuous experiments and summarises some key performance pa-
rameters. The cumulative CO2 production is plotted in Fig. 11. During 
run 3 the duty cycle at the start was 33%, but it was lowered to 25% 
since the bed temperature became too high (see Fig. 13). In the curve of 
run 3 this effect is visible at a dimensionless time of about 0.5. In all 
experiments a short time was required to heat up the bed to the point 
where CO2 desorption commenced. At the end of each experiment the 
sorbent flow was stopped and the microwave was turned off, while the 
gas flow remained on. This was done to remove and measure the CO2 
still in the reactor vessel at the end of the experiment. The total amount 
of CO2 produced varies between the experiments, since the conditions 
during adsorption and amount of sorbent processed were not equal (see 
Tables 4 and 6). 

Fig. 12 shows the CO2 outlet concentration over time. A moving 
average filter with a window size of 30 s was applied to the data to filter 
out the large fluctuations due to the magnetron duty cycle. With the 
exception of run 3, the trends look similar. The CO2 outlet concentration 
is roughly between 1 and 2 vol.%, which is suitable for e.g. enhancing 
algae growth or horticulture applications. During all runs, the CO2 outlet 
concentration converges to a more-or-less constant value after a 
dimensionless time of 1 to 1.5. 

Fig. 13 displays the bed temperature over time, processed with a 

moving average filter with a window size of 30 s. It is clear that during 
run 3 the temperature became too high, so that the magnetron duty 
cycle had to be reduced to prevent damage to the sorbent. The ‘steady 
state’ temperature during run 2, 3, 4 and 5 has a similar value around 95 
∘C. During these experiments the sorbent flow was approximately equal 
(see Table 6). The same holds for runs 1 and 6: with a similar sorbent 
flow, a similar steady-state temperature is reached. This observation 
indicates that it is important to match the sorbent flow to the energy 
input from the magnetron or vice versa to prevent overheating, but still 
allow as fast as possible desorption. 

In Fig. 14 the cumulative desorption energy duty is plotted over time. 
All runs have a similar trend: the energy duty starts high (since it takes 
some time before CO2 desorption commences, because the bed has to 
heat up first) and decays to a ‘steady-state’ value. The minimum energy 
duty for runs 2, 3, 5 and 6 is very similar and around 25 MJ/kg CO2 to 
30 MJ/kg CO2. Run 4 has a much higher energy duty. During this 
experiment the mean CO2 productivity and the mean CO2 outlet con-
centration is also much lower (see Table 6). This could be caused by an 
incomplete adsorption saturation of the sorbent, an excessively inho-
mogeneous electric field or an inhomogeneous flow of the sorbent. 

5.4. Energy duty breakdown 

To assess the efficiency of the process, the total energy duty is broken 
down into the different contributions via Eqs. (7)–12. For the batch 
experiments, this is shown in Fig. 15. The water desorption energy varies 

Fig. 10. Bed temperature during batch desorption.  

Fig. 11. CO2 desorption progress during continuous desorption.  

Fig. 12. CO2 outlet concentration during continuous desorption.  

Fig. 13. Bed temperature during continuous desorption.  
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significantly between the experiments, due to the different relative hu-
midity during the adsorption of the sorbent and consequently, the 
different initial water loading. Furthermore, the gas sensible heat 
contribution varies considerably because of the different gas flows and 
the different gas outlet temperature. 

Fig. 16 breaks down the energy duty for the continuous experiments. 

A few things stand out in the comparison between the different experi-
mental runs. First of all, the water desorption energy varies greatly be-
tween the different experiments showing the importance of the humidity 
during adsorption on the energy duty of the process. Second, the sorbent 
sensible heat during run 1 and 6 is significantly greater than the other 
runs. This is due to the higher sorbent flow (and lower working capacity) 
as can be seen in Table 6. Third, the losses are very different across the 
different runs. Part of this may be attributed to the power reflected back 
to the microwave, which can depend on the distribution of the sorbent in 
the bed, the sorbent loading and possibly the temperature. Other causes 
could be a different electric field distribution or a different sorbent 
residence time distribution. 

5.5. Comparison to traditional desorption 

The results of the present work are compared to literature results on 
traditional desorption processes for DAC. Wurzbacher et al. [13] did 
experiments and simulations of TVSA desorption of an 
amine-functionalised cellulose sorbent. Their small fixed-bed batch ex-
periments showed that (depending on the amount of water adsorbed on 
the sorbent) 60 min to 120 min is required before 90% of the final 
temperature is achieved. In the present work, the time to achieve this in 
the batch experiments ranges from 20 min to 40 min (see Fig. 10), 
indicating much faster heating and consequently faster desorption. 
Bajamundi et al. [29] did experiments with a pilot-scale DAC setup 
under real-life conditions, using a TVSA cycle. They found an energy 
duty of 36MJ/kg CO2, taking into account all losses and including the 
adsorption phase. This is slightly higher than the duty found in the 
present work (see Table 5 and Table 6), although in the present work no 
adsorption is taken into account. The desorption productivity (e.g. CO2 
productivity if the adsorption time is not taken into account) was 
0.067kg CO2/kgsorb./d. In the present work (taking batch run #2 as an 
example) this amounts to 1.5 kg CO2/kgsorb./d, which is considerably 
higher. It must be noted, however, that in the works of Wurzbacher et al. 
and Bajamundi et al. pure CO2 is produced via vacuum desorption, while 
in this work enriched air under ambient pressure is made. It is expected 
that if vacuum desorption is used and pure CO2 is made the productivity 
will increase (because of the lower CO2 partial pressure) and the energy 
duty will also increase by 0.5 MJ/kg CO2 to 2 MJ/kg CO2 (due to the 
compression) [31]. 

Elfving et al. [30] analysed several desorption strategies for 
desorption of CO2 from Lewatit VP OC 1065, including TSA and TVSA 
cycles at different temperatures and with and without a purge gas. Batch 
desorption experiments were done and the desorption time and energy 
duty are reported. For a TSA desorption step at 100 ∘C (which is similar 
to the experiments in this work) a productivity of 0.39 kg CO2/kgsorb./d 
is calculated by dividing the reported working capacity by the desorp-
tion time. This value is about four times lower than the value found in 
the batch experiments of this work (around 1.5 kg CO2/kgsorb./d). The 
energy duty reported is 6.4 MJ/kg CO2, which is considerably lower 
than the value in this work. This is most probably because Elfving et al. 
do not take into account energy losses related to water desorption and 
energy losses to the environment. 

The present results are also compared to previous work within the 
research group of the authors. Yu and Brilman [32] discuss the design of 
an air capture setup with a moving bed radial adsorber (not unlike the 
reactor in the present work) and a fluidised-bed desorber. They report a 
theoretical energy demand (without losses) of around 6 MJ/kg CO2, 
which is considerably lower than in the present work. This can be 
explained in part by the losses incurred in the present work, and the 
relatively high humidity encountered during the present experiments. 
Bos et al. [33] experimentally studied a TVSA cycle using steam as a 
purge gas to produce pure CO2 and found energy duties in the range of 
10 MJ/kg CO2 to 55 MJ/kg CO2, which is comparable to the duties 
found in this work. Schellevis et al. [31] developed a fixed-bed TVSA 

Fig. 14. Cumulative energy duty, normalised by cumulative CO2 production 
during continuous desorption. 

Fig. 15. Breakdown of energy duty during batch desorption experiments.  

Fig. 16. Breakdown of energy duty during continuous desorption experiments.  
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DAC setup and modelled the energy consumption. They found an energy 
demand for batch desorption (without losses) of around 17 MJ /kg CO2 
for enriched air production at atmospheric pressure using nitrogen as 
purge gas (which is similar to this work). This value of the energy duty is 
already reasonably close to the realised values found in this work (which 
do include losses), which shows the promise of microwave desorption as 
an efficient alternative for conventional thermal desorption. 

5.6. Possible improvements 

A significant limitation of the present setup is the inhomogeneity of 
the electric field in the setup (Fig. 2), which causes hot spots during the 
desorption process (Fig. 7). Because of this, the magnetron duty cycle 
has to be limited to prevent local overheating and thermal degradation 
of the sorbent. This also limits the productivity of the setup. If the field 
distribution would be improved with, for example, a wavemode stirrer 
(which homogenizes the electric field) or alternating microwave feed 
points, significantly higher productivities and possibly better energy 
efficiencies can be achieved [36]. This is because with a homogeneous 
electric field and consequently temperature distribution, the desorption 
rate is no longer limited by the maximum temperature at the hot spots. A 
future improvement to the process is to modify it for operating under 
vacuum pressure. If this would be possible, pure CO2 can be made and 
the desorption rate can possibly be improved even further. In the current 
setup the microwave duty cycle is fixed by the timer settings. To improve 
the desorption performance, the microwave duty cycle should be 
controlled by the bed temperature. This allows the setup to operate at 
sufficiently high temperatures to accelerate desorption, but prevent 
overheating. Finally, some sorbent degradation was observed during the 
experiments. It is expected that this is caused by local temperature hot 
spots in the bed, but further research is required to confirm this is not an 
effect of the microwave radiation itself. 

6. Conclusion 

The present paper presents a proof-of-concept of a radial-flow mi-
crowave desorber using an unmodified commercial amine- 
functionalized sorbent. The results show that quick sorbent heating 
and consequently fast desorption is possible. Microwave heating thus 
bypasses the poor thermal conductivity of the sorbent, which would 
otherwise limit the desorption rate during conventional desorption. 
Productivities of up to 1.6 kg CO2/kgsorb./d (with 1% to 2% CO2 in ni-
trogen) are achieved, both during batch and continuous desorption ex-
periments. This is significantly faster than traditional desorption. The 
regeneration energy duty is around 25 MJ/kg CO2 for batch desorption 
and 25 MJ/kg CO2 to 50 MJ/kg CO2 for continuous desorption, with 
energy losses between 35% and 70%. During the electromagnetic sim-
ulations and experiments it was found that the electric field and tem-
perature distributions were not completely uniform, negatively affecting 
the desorption rate and energy efficiency. Overall, microwave desorp-
tion shows promise for enhancing the productivity and energy efficiency 
of sorbent-based direct air capture. 
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R. Matthews, Y. Chen, X. Zhou, M.I. Gomis, E. Lonnoy, T. Maycock, M. Tignor, 
T. Waterfield (Eds.), Global Warming of 1.5 ∘C. An IPCC Special Report on the 
Impacts of Global Warming of 1.5 ∘C Above Pre-Industrial Levels and Related 
Global Greenhouse Gas Emission Pathways, in the Context of Strengthening the 
Global Response to the Threat of Climate Change, Intergovernmental Panel on 
Climate Change, 2018. 

[4] J.K. Stolaroff, D.W. Keith, G.V. Lowry, Carbon dioxide capture from atmospheric 
air using sodium hydroxide spray, Environ. Sci. Technol. 42 (8) (2008) 2728–2735, 
https://doi.org/10.1021/es702607w. 

[5] F. Barzagli, C. Giorgi, F. Mani, M. Peruzzini, et al., Screening study of different 
amine-based solutions as sorbents for direct CO2 capture from air, ACS Sustain. 
Chem. Eng. 8 (37) (2020) 14013–14021, https://doi.org/10.1021/ 
acssuschemeng.0c03800. 

[6] M. Yang, C. Ma, M. Xu, S. Wang, L. Xu, et al., Recent advances in CO2 adsorption 
from air: a review, Curr. Pollut. Rep. 5 (4) (2019) 272–293, https://doi.org/ 
10.1007/s40726-019-00128-1. 

[7] X. Shi, H. Xiao, H. Azarabadi, J. Song, X. Wu, X. Chen, K.S. Lackner, et al., Sorbents 
for the direct capture of CO2 from ambient air, Angew. Chem. - Int. Ed. 59 (18) 
(2020) 6984–7006, https://doi.org/10.1002/anie.201906756. 
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