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Abstract

This work presents a detailed parametric experimental work on the feasibility of microwave
regeneration of two commercial adsorbents in a dynamic carbon capture swing adsorption system. A
synthetic flue gas (15 % v/v COs in N,) dry or with (15 % relative humidity) was selected, along with
Norit R2020CO2 activated carbon and 13X zeolite. A purpose-modified experimental apparatus was
used to compare microwave-assisted and conventional thermal swing regeneration. The impact of
operating parameters on the dynamic process performance was measured for microwave and
conventional heating. Parameters considered were type of adsorbent, flue gas composition, CO, capture
capacity, recovery, purity, quantity of adsorbent (and bed size), desorption kinetics, and time of full
regeneration. Results showed that microwave-assisted regeneration presents advantages over its
conventional equivalent, as CO; purity, recovery, and productivity were found to be higher under the
former for the two adsorbents studied. For the time needed to achieve 50, 80, 90, and 99 % regeneration,
the benefits of microwave regeneration over conductive regeneration increased with an increase in
sample size. Under the wet gas feed, Norit R2020CO2 and zeolite 13X showed an appreciably higher
working capacity with microwave regeneration than with conventional regeneration (39.68 and 24.23 %
higher, respectively). Under the dry gas feed, the two adsorbents also maintained a higher working

capacity with microwave heating as opposed to conductive heating (9.36 and 20.39 % higher,
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respectively). The larger working capacity observed with microwave-assisted regeneration is attributed

to the better regeneration.
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zeolite, thermal swing adsorption, microwave swing adsorption

1. Introduction

The increased use of fossil fuels witnessed in the last few decades is largely attributable to rapid global
economic growth that has intensified the consumption of energy extracted from fossil fuel sources such
as coal, oil, and natural gas. A major consequence of such escalated fossil fuel combustion has been the
release of large volumes of anthropogenic greenhouse gas emissions such as CO,, which by this means
accounted for 90 % of total CO; emissions in 2015 [1]. The CO; levels in the atmosphere have grown
at 2 ppm per year on average in the last ten years, and currently stand at 40 % higher than in the mid-
1800s [1]. There is a clear positive correlation between rising atmospheric CO, concentrations and
increasing average global temperature [2]. The 4™ and 5™ assessment reports issued by The
Intergovernmental Panel on Climate Change (IPCC) confirmed that global warming is connected to
increased greenhouse gas concentration. The report asserted that CO, emissions must be reduced by 41-
72 % to maintain the global temperature rise under 2 °C by 2050 and avoid irreversible environmental
impacts due to climate change [3]. One of the main mitigation strategies proposed in reducing
atmospheric CO; levels is Carbon Capture, Utilisation and Storage (CCUS). The IPCC’S latest report

(IPCC ARG6) published this year (2021) also reaffirmed the findings in the 5™ assessment report (ARS)

[4].

The IPCC estimated that CCUS could contribute to 15-55 % of total climate change mitigation efforts
by 2100 [3]. In addition to that, a study conducted by the International Energy Agency (IEA) concluded
that without CCS, the cost of achieving a 50 % reduction in the global CO; emissions will be 70 %
higher [5]. CCUS however entails added costs to current energy production activities. The most
developed and deployed amine scrubbing process (capture by absorption) to date has characteristic

barriers to implementation such as intensive solvent regeneration energy, high solvent losses and



degradation, and equipment corrosion [6]. An alternative to the absorption process of removing CO;
from flue gas is an adsorption-based technology that uses solid sorbents. Among CCUS technologies,
post-combustion carbon capture by means of adsorption offers potential energy savings to the
deployment of carbon capture units that can process and convert low concentrated CO, flue gas into

high CO; purity gas streams, suitable for CO; utilisation and/or storage [7].

The most consolidated practical approaches to achieve gas separation with solid sorbents are cyclic
adsorption-regeneration processes conducted within a thermal swing (TSA, from thermal swing
adsorption), a pressure swing (PSA, from pressure swing adsorption), or the combination of both
(PTSA). Although TSA is one of the most investigated swing adsorption processes, its main limitation
is the high energy penalty associated with the adsorbent regeneration, thus making the capture process
less cost-effective [8]. The latter is considered as one of the main barriers to CCUS implementation.
Accordingly, this study investigates a unique and transformative technology that uses an
unconventional heating source (microwave energy) for the adsorbent regeneration in a cyclic post-

combustion swing adsorption carbon capture process.

The beneficial aspect of microwave regeneration over conventional regeneration lies in the different
mechanisms in which the two-heating processes proceed. Heat capacity, heat conductivity, and heat
diffusivity of the adsorbent determine the flow and final distribution of heat within the bed in the thermal
swing adsorption process (TSA). Initially, the direction of heat flow is from the surface into the core of
the adsorbent until equilibrium is achieved. Low heat conductivity could lead to a large temperature
gradient through the bed. In the case of microwave heating, the adsorbent’s dielectric constant (¢”) and
loss factor (¢°’) dictate how well the electromagnetic radiation is absorbed and converted into heat. The
creation of a temperature gradient in microwave heating is minimal as the whole adsorbent receives
radiation at the same instant. The volumetric heating nature of microwaves allows for the delivering of

energy directly into the pores where CO; is adsorbed, overcoming the adsorption energy.

Microwave-assisted regeneration of solid sorbents: state-of-the-art




A newly reported work by Meloni ef al. claimed that they have achieved a 75 % energy efficiency with
microwave regeneration of 13X compared to conventional thermal regeneration. They also found an
excellent repeatability in terms of CO, adsorption and desorption [9]. Bougie ef al. worked on non-
aqueous MEA solutions for CO; capture. With diethylene glycol monoethyl ether (DEGMEE), they
found a 78 % reduction in energy consumption compared to the conventional 30 wt % MEA aqueous
solution, as well as substantial cyclic CO; capture capacity under microwave regeneration [10]. Vacuum
swing regeneration (VSR) assisted with microwave heating was studied by Webley and Zhang using
wet and dry flue gas (12 % v/v CO; in N,) and zeolite 13X as adsorbate and adsorbent respectively. It
was found that CO, purity in the outlet stream was enhanced by 20 % due to the addition of MW heating
in the system. When the flue gas was wet, the temperature increase was found to be much lower than
predicted upon MW heating, suggesting that water was mainly responsible for the microwave

absorption and subsequent temperature rise [11].

A study conducted by Foo and Hameed focused on regenerating durian shell and jackfruit peel-based
activated carbons loaded with methylene blue dye (MB) [12]. The team used microwave irradiation for
3 and 4 minutes to regenerate the activated carbons. After performing five adsorption-regeneration
cycles, the adsorption uptake and carbon yield were found to be stable, and the structural integrity of
the materials remained unaffected by microwave heating. Several adsorbents (silica, activated alumina,
NaX, and NaY zeolites) with different textural and dielectric properties were exhausted with various
adsorbates (water, toluene, n-heptane, and methylcyclohexane) and regenerated with microwave
heating as reported by Polaert ef al. They found that both the MW power employed, and the dielectric
properties of the adsorbates and adsorbents were more important than the molecular and porous
structure of the adsorbate and adsorbent respectively. The group asserted that the polarity of the
adsorbate is crucial as it assists the initial conversion of the absorbed power into heat [ 13]. Recent work
performed by Chen et al. on beaded activated carbon derived from recycled waste bamboo tar also
showed promising potential for microwave heating application in adsorbent regeneration. Over 93 %
of adsorbate (methylethylketone and toluene) removal was achieved in 8 minutes with microwave

radiation (power used: 600 W) [14].



The applicability of microwave energy on adsorbate desorption was explained by Lv et al. [15], where
toluene adsorbed on a surface-modified NaY zeolite in a humid environment (relative humidity of
50 %) was desorbed with microwave heating. On top of achieving efficient regeneration, the adsorption
capacity was kept stable after five adsorption-desorption cycles. In an effort to enhance adsorption
capacity and microwave regeneration rate, the group mixed the modified zeolite with activated carbon
in a 30/70 (carbon/zeolite) proportion. The composite adsorbent was regenerated efficiently with
microwave heating, having achieved a substantial increase in capacity compared to the modified NaY

on its own.

The heat transfer during microwave-assisted desorption was investigated by Ito ef al. who used water
vapour and a zeolite-packed bed as adsorbate and adsorbent, respectively. The study compared the
conventional heating efficiency when heating the bed with only hot air, versus microwave heating
combined with hot air. They concluded that the heating, and therefore the desorption rate, was much
higher when the hot air heating is combined with microwave heating as opposed to hot air heating only.
The study also suggested that microwave heating is fast and effective from the beginning [16]. A
reasonable regeneration of granulated activated carbon (GAC) exhausted with chemical wastewater was
achieved under microwave heating in research conducted by Liu ef al. Exactly 400W of microwave
power for 3 minutes was found to be the optimal conditions to restore 97.6 % of the initial adsorption
capacity of 10 g of the GAC. However, after repeated cycles, a decrease in surface area and increase in
surface basicity was observed, accompanied by a fall in adsorption capacity and 10 % adsorbent weight
loss. Finally, their economic analysis evaluation suggested that the total cost of microwave energy

needed for regeneration is about 24.3 % of GAC price at a pilot scale [17].

This work investigated the feasibility of microwave-assisted swing regeneration for post-combustion
carbon capture and its advantages over the traditional temperature swing regeneration. This was done
by carrying out a comparative study between the two regeneration techniques. Experiments were
conducted with two commercial adsorbents: Activated carbon and a zeolite with a simulated feed gas
from coal-fired power plants, representative of post-combustion flue gas, both pre-cleaned (dry gas)

and wet (i.e. containing 15 % of relative humidity, RH). The effects of the two regeneration techniques



on key process parameters such as the adsorbent's working capacity, CO, regeneration extent,
productivity, purity, and recovery were evaluated and compared. To the best of our knowledge, such a
comprehensive comparison between these two regeneration techniques has not been conducted on these
adsorbents for this post-combustion carbon capture separation process at these selected conditions.
Hence the outcome of this work will broaden the technological alternatives to the existing adsorption-

based carbon capture technologies.

2. Materials, experimental procedure, and methods

2.1. Adsorbents and gases

Norit R2030CO; (referred to as Norit R): a commercial activated carbon provided by Cabot
Corporation. Norit R is an extruded, steam-activated, peat-based carbon with 2-3 mm particle diameter.
It is specifically designed for CO> removal. Zeolite 13X (referred to as 13X): 13X is a commercial
faujasite type zeolite (Si/Al ~1.0—1.4) with high sodium cation density in its framework [18] that was
purchased from Alfa Aesar. It is a pellet-form molecular sieve with 1-2 mm particle diameter. Gases
used in the MWSA/TSA studies were CO», N,, and He, all ultrahigh purity and research-grade gases

(99.995-99.998 %) were provided by BOC UK.

2.1.1. Material characterisation

The sorbents were characterised with different techniques to obtain physical and chemical attributes
relevant to gas adsorption/desorption in the thermal swing adsorption process. N, adsorption/desorption
isotherms at -196 °C were measured in a Micromeritics Tristar 3000 V5.00. Prior to any measurement,
the samples were outgassed with N, at 300 °C with a heating rate of 3 °C/min for approximately 12 h.
The BET surface area (Sger), total pore volume (V,,), and pore size distribution (PSD) were determined
from the N, isotherms at -196 °C. The surface area was calculated using the Brunauer-Emmett-Teller
(BET) equation, and the total pore volume (V,) was calculated from the adsorbed nitrogen after
complete pore condensation at p/p0 = 0.9905 by applying Gurvich’s rule [21]. PSD was calculated using
density functional theory (DFT)- slit pore and NLDFT equilibrium model. Chemical characterisation

was performed by point of zero charge- pHpzc, and elemental analysis (CHNS).



2.2. Experimental apparatus

The experimental apparatus which includes the main adsorption unit used for this study is shown in
Figure 1. The details of each unit within the experimental apparatus are reported in our previous work

[19].
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Figure 1. Experimental apparatus showing the main adsorption unit and the rest of the components.

2.3. Dynamic TSA and MWSA cycles

2.3.1. Experimental procedure

CO; adsorption capacity at dynamic conditions was measured from the breakthrough curves for the
selected adsorbents (cycles with saturation). Experiments were performed in the adsorption unit shown
above (Figure 1). For the unsaturated cycles, the adsorption process was stopped just before the

breakthrough time (pre-determined, fixed time based on the breakthrough time for each adsorbent). In



a typical experiment, the reactor was packed with 6 g of adsorbent (or 48 g) and the following steps

were executed:

Out-gassing (pre-conditioning): In a representative cyclic adsorption-desorption experiment, prior to
adsorption, the samples were out-gassed overnight at 300 °C (13X) and 250 °C (Norit sample) with
20 NmL/min N, gas flow in an electric Nabertherm tube furnace (RT 50-250/11) equipped with a PID
controller. The heating rate was set at 3 °C/min from the ambient temperature. The out-gassed sample

was then weighted in a Fisher-brand scale (FAS64, readability 0.0001 g), and loaded into the reactor.

Purging: After placing the out-gassed sample in the reactor, it was purged with 150 NmL/min of N for

40 mins to drive out any air in the system and create a N» rich environment before beginning adsorption.

Adsorption: The adsorption step was started by feeding 100 NmL/min of the gas mixture (15 % v/v
CO; in N3) dry, or wetted with 15 % RH, at room temperature (approximately 23 °C) and 1 bar. The
working capacity presented in sections 3.1 as well as capture capacity and breakthrough plots presented
3.5.1 were obtained from this step. The CO, concentration in the effluent gas was continuously
monitored as a function of time until it reached the CO, concentration at the inlet, i.e., until saturation
was reached (breakthrough curve experiments) or for fixed pre-set adsorption time for cycles without

adsorbent saturation (breakthrough was avoided).

Regeneration: The CO, was desorbed by switching the gas flowrate to 20 NmL/min of N, and raising
the temperature to 100 °C (+/-3 °C). For both TSA and MWSA cycles 60 mL reactor holding the same
quantity of sample (6 g), which is volumetrically equivalent to 12.50 cm® of Norit R and 9.8 cm? of
13X, was mounted inside the microwave cavity. The power and the pre-set temperature were monitored
and controlled during regeneration using procedure described in section 2.2 for both heating systems.
For unsaturated cycles, heating was terminated after 7 mins for Norit R and after 10 mins for 13X.
These heating times were selected based on series of tests performed to find out the minimum

microwave heating period that allows over 90 % removal of the adsorbate on a dry basis.

Finally, the method employed for the quantitative determination of the amount of CO, adsorbed and

desorbed is reported in detail in our previous work [19].



2.3.2. Moisture control in the feed gas for wet cycles

A key challenge in implementing a cyclic adsorption-based process for cleaning a gaseous stream such
as flue gas is obtaining specific insight into the interaction between the adsorbent material and each of
the different gas phase components in the stream. In the case of flue gas, an effective CO, capture can
be achieved if other components in the stream have minimum negative interference with the selectivity
and capture capacity of the adsorbent for carbon dioxide. In that regard, experiments were devised to
wet the impurities-free or pre-cleaned flue gas (add moisture) and investigate the effect of moisture in

the conventional and microwave-assisted carbon capture processes.

For controlling the moisture addition in the system, a side-line (bypass) was diverted from the main gas
line (carrying dry gas) and connected to a conical flask containing water, then re-joined with the dry
gas line just before it passes through the humidity sensor. The sensor is housed in a stainless-steel casing
with 1/8-inch tube fittings on either side to permit an online connection to the gas line. When running
wet experiments, a portion of the gas flows through the side-line, passing over the water in the flask,
collecting moisture, then joining the dry gas at a T-junction. The wet gas mixed with dry gas passes
over the humidity sensor. The portion of the gas that went over the water is 100 % saturated before
mixing with the dry gas. After the mixing, the humidity level that is reduced and recorded by the
humidity sensor. The moisture level in the final gas is adjusted by controlling the amount of gas that
passes through the wet line. This is achieved by adjusting the position of the needle valve which is
placed after the T-junction where the wet line and the dry lines split. Finally, the humidity sensor signal
is converted from electric potential (V) to relative humidity (%) using manufacturer pre-determined

calibration curves (which consider the temperature) [20].

3. Results and discussions

3.1. Effect of humidity and regeneration method on working capacity and regeneration extent

Considering that typical flue gas from coal-fired combustion processes contains around 15 % v/v of

moisture, experiments were designed to assess the impact of humidity on the working capacity and



regeneration extent (CO, desorbed percentage) in both regeneration methods. The experimental results

obtained are presented in Table 1 below.

Table 1. CO; desorbed with microwave (MWSA) and conventional (TSA) heating. Adsorption step

feeding gas: dry (15 % v/v CO; in N») and wet (15 % v/v CO; in N2+ 15 % RH)

Adsorbent Heating mode  Working capacity (mg/g) Desorbed percentage (%) "
Dry gas Wet gas Dry gas Wet gas
Norit R MWSA 20.69 £ 0.35 24.08+0.94 100.00+1.70 96.00+3.74
TSA 18.92 +0.00 17.24+0.51 100.00+1.89 81.67+2.49
13X MWSA 76.75 £ 5.74 6439+ 195 82.00+7.12 90.00 £ 3.56
TSA 63.75£4.51 51.83+4.19 76.67 + 6.94 76.67 +7.72

Numerical values are provided with the = Standard Deviations (SD)
* Desorbed/regenerated (%) with respect to the total amount adsorbed in the adsorption step, this is the base for all regeneration calculations

Wet gas total flow rate: 100 Nml/min

Table 1 displays the CO, working capacity (defined as the difference between the amount captured
under adsorption condition and that retained under desorption conditions [21]) and CO; desorbed (in
percentage) of Norit R and 13X, values averaged from three short cycles (unsaturated samples as
adsorption step was stopped before breakthrough). The short cycles were designed based on
breakthrough time (#,, measured at C/C, < 0.05) obtained from a previous run with saturation (¢, was
approximately 5.3 mins for both Norit R and 15 mins for 13X under the same experimental conditions
corrected with the blank experiment to subtract the delay time due to the void space in the system).
Results are compared for wet versus dry flue gas within one regeneration method (i.e. either MWSA or

TSA) as well as one regeneration strategy against the other for each gas condition (i.e. MWSA vs TSA).

Before discussing the results presented in Table 1, there are two observations from the data which need
to be clarified. Firstly, the occurrence of working capacity in cycle 1 is not showing much difference
from cycles 2 and 3 in any adsorbent for the same heating mode and same gas conditions. In a typical
cyclic swing operation, the first run yields a high capacity because the adsorbent is fresh. This run is

normally not considered in a realistic, practical operation; therefore, only the working capacities of
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subsequent cycles are counted. To account for this, the samples were first exposed to a cycle of full
adsorbent saturation followed by full regeneration in both TSA and MWSA. Only then were these short
unsaturated cycles started. Hence, cycle 1, in this case, corresponds to the working capacity of a
previously regenerated sample, and not a fresh one. This is the reason why the working capacity of
cycle 1 is fairly similar to cycles 2 and 3. The second observation is that cycle 1 in MWSA is always
higher than that in TSA, for the two adsorbents in both gas conditions (dry and wet). This is because
microwave heating regenerated the adsorbents more extensively compared to TSA during the full
regeneration after the initial full saturation of the fresh sample. This led to higher working capacity in

cycle 1 which is maintained in subsequent cycles (2 and 3) in MWSA.

As can be seen in Table 1, for Norit R under MWSA, the addition of moisture to the gas mixture
increased the CO, working capacity from 20.69 to 24.08 mg/g, corresponding to the 16.38 % rise. In
the case of samples regenerated with TSA, the working capacity decreased by 11.63 % (i.e. from 18.92
to 17.24 mg/g). Comparing MWSA with TSA for Norit R, samples regenerated with microwave heating
maintain a higher working capacity than those regenerated with conventional heating in both dry and
wet conditions. The improvement in working capacity due to the presence of moisture is maintained in
MWSA since full regeneration is attained between cycles. With TSA on the other hand, the working
capacity is hindered by the lack of full regeneration in cycles. Regarding the CO, desorbed percentage
for Norit R, in the dry case, samples achieved full regeneration (100 %) in both MWSA and TSA. In
the wet case, regeneration dropped to 81.67 + 2.49 % in TSA, whereas in MWSA full regeneration was

fairly achieved (96 + 3.74 %).

For 13X, CO, working capacity is lower under wet gas conditions regardless of the regeneration
strategy. With MWSA, the working capacity reduced from 76.75 mg/g in dry conditions to 64.39 mg/g
in wet conditions. With TSA, it was reduced from 63.75 to 51.83 mg/g in the same order. These are

significant reductions, equivalent to 16.1 % and 18.7 % for MWSA and TSA, respectively.

Additionally, comparing MWSA and TSA for the dry gas, the working capacity is substantially higher
under MWSA (by 16.94 %). Considering the same comparison in the wet gas, again the working

capacity is 19.50 % higher in MWSA than TSA which is a considerable increase. The greatly enhanced
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working capacity observed in MWSA for the two gas conditions tested is a result of a superior adsorbent

regeneration achieved with microwave heating over conventional heating.

The effect of the presence of moisture on the enhancement of CO, adsorption capacity with activated
carbons has been previously reported [22]. Both positive and negative impact of moisture on CO,
adsorption have been seen. Normally, at sub-atmospheric pressures, negative impact is reported where
at higher pressures, a positive impact is confirmed [23]. Using a commercial activated carbon (Norit R)
and two biomass driven activated carbon, Duran et al. found that the presence of 16 % RH significantly
reduced the CO; uptake [24]. Although there are some reports which claim that presence of humidity
has no effect on the CO, adsorption regardless of the moisture level, others indicate that when the
adsorption duration is prolonged, the water eventually displaces part of the initially adsorbed CO,
leading to smaller capture capacity [23]. Sun et al. who measured CO, uptake at 2 °C found that at low
pressures the CO, uptake was reduced in the presence of moisture compared to dry case, however when
the pressure was set at 15-20 bar, the capacity increased substantially. They attributed it to the formation
of CO; hydrate [25]. Similarly, Jalilov ef al. who used asphalt derived AC (uGil) found a drastic increase
of CO; uptake from 15 to 48 mmol/g at 20 bar and -15 °C when adsorbent was pre-hydrated compared

to dry condition [26].

Nonetheless, as water is highly dielectric, its presence might have assisted the microwave regeneration
with an elevated microwave absorbance. Even so, the hydrophobicity and the faster CO, adsorption
kinetics could help lessen competition to the adsorption of water, it does not necessarily explain the
boosted performance on working capacity observed by the activated carbon with the wet gas condition.
This unusual moisture-enhanced CO; adsorption capacity was observed by Chen et al. who worked on
two metal—organic frameworks (MOFs), PCN-250(Fe3;) and PCN-250(Fe,Co) [27]. With 50 % relative
humidity, CO, adsorption capacity increased by 54.2 and 68.9 % respectively compared to the dry gas
conditions. In an attempt to explain the underlying reason, the group has suggested a possible adsorption
mechanism. They report the adsorbed water acts as a directing agent for enhanced CO, adsorption
through confinement effect, meaning water molecules restrict the pore openings to metal sites, therefore

pushing CO, molecules closer into adsorption sites and promoting increased interaction.
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Similar reasoning can also be applied here to elucidate what was observed in this work. As reported by
Rodriguez-Mirasol et al. [22] and Xu et al. [28, 29], primary adsorption of water on activated carbons
arises from hydrophilic surface sites with functional groups. When such sites occur in abundance,
neighbouring adsorbed water molecules form hydrogen bonding between them which gives rise to
cluster formation. This leads to micropore filling as well as migration to meso- and macro-pores through
condensation. In such instances, moisture presence affects adsorption capacity for CO, and other species
negatively. From the increased capture capacity in wet tests, it seems that the available hydrophilic sites
on Norit R are not significant enough to adsorb moisture that can foster cluster formation, however, a
sufficient amount of water moisture was adsorbed, which resulted in an adequate confinement effect.
Any adsorption sites lost due to competition from the water were possibly outweighed by the positive
impact from the confinement effect which forces the CO» to interact and stay longer inside the channels

and openings where pore dimensions are reduced by the water molecules.

In the case of 13X, the impact of water on CO» adsorption is always negative and quite severe in most
cases. The influence of water on the CO, adsorption is different for the two adsorbent types, regardless
of the amount adsorbed [23]. Unlike the Norit R, 13X is highly hydrophilic and on that account, the
existence of moisture is expected to bring competition for adsorption sites resulting in decreased CO,
uptake. The obtained results confirm what was anticipated. Applying a similar concept of what was said
about the ACs, the impact of moisture on 13X can be explained too. Inside the structure of 13X there
are sodium cations (Na*) for balancing the negatively charged framework due to the Si-O-Al. Polar
water molecules can couple with either of them. In addition to that, silanol functional groups are known
to exist on the surface of 13X, which can hydrogen bond with moisture [30]. A combined effect of the
charged framework and the surface silanols seem to raise the amount of water adsorbed to cluster
formation level, hence, the observed reduction in adsorption capacity in the wet cases compared to the
dry cases in both MWSA and TSA. The decrease in uptake capacity in 13X can also be linked to its
textural properties. 13X has more than two times smaller average micropore width (0.46 nm) than the
activated carbon Norit R (0.94 nm). CO; and H>O have a combined kinetic diameter of 0.595 nm (CO,

at 0.33 nm and H,O at 0.265 nm). This suggests water can block the micropore channels for CO; in
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13X, as there will be not enough space around the adsorbed water molecule for the CO, as their
combined diameter will be bigger than the channel (pore) diameter. This means it will not get access to
the adsorption sites beyond the point where water is adsorbed. The effect of pore blockage by the water
in the activated carbon is minimal since, in most of the pores, there will be sufficient space left for the

CO; to pass through.

To summarise, Norit R exhibits the best working capacity under the wet gas conditions with MWSA
and performs poorest under the wet condition but with TSA. Contrary to the AC, moisture presence is
unhelpful for working capacity in 13X. It performed the best in the dry gas conditions and with MWSA,
whereas the wet conditions under TSA yield the poorest result. The superior performance with MWSA
seen in both adsorbents in each gas condition is due to better regeneration realised under MWSA
compared to TSA, which indicates the great potential this technology has on the regeneration of CO;

loaded sorbents.

3.2. CO; Productivity, Purity, and Recovery

Productivity, purity, and recovery are key performance indicators. Any cyclic adsorption-desorption
process should be designed with these parameters in mind by optimising the swing adsorption process
in a way that delivers an acceptable level of each of them. Purity, in this context, refers to the optimal
level of the extract (targeted adsorbate) in the exit line, subject to a pre-specified standard for the
process. It gives an indication of the adsorbent selectivity towards the target component, CO; in this
case. The recovery parameter indicates the suitability of the adsorbent as a capturing agent for the target
adsorbate as well as the suitability of the selected regeneration method. Evaluating the productivity
parameter helps in deciding whether it is economically worthwhile to run the process or not, by relating
the amount captured per cycle to the total process time and amount of adsorbent. It is an important
criterion in designing adsorption systems especially in temperature swing adsorption, where cycle time
is normally high due to longer heating and cooling times involved. The ultimate goal is to obtain high

productivity without compromising the level of purity and recovery set.
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In separating the post-combustion flue gases from coal/natural gas-fired power plants, the raffinate and
the extract (targeted adsorbate) are N> and CO,, respectively. CO; productivity, purity, and recovery
are discussed and compared for the two heating sources (microwave and conventional heating) in this
section, as evaluating these three parameters help in assessing the performance of each of the swing

adsorption processes (MWSA and TSA).

Productivity is defined as the amount of CO, captured per adsorbent unit mass and time. Productivity
was calculated for each cycle, for which cycle time is the total time considering the adsorption and
regeneration steps. The time period accounted as cycle time from the regeneration step was taken as the
time required to regenerate 99 % of the CO, previously captured, starting from the moment heating is
commenced in the regeneration step. This way, most of the prolonged period encountered at the tail of
desorption profiles is avoided, should cycle time were to be based on 100 % regeneration. Productivity

was calculated by using the following equation:

d
mOI) - 2o, (Eq. 6)

Productivit ( =
kg v/~ ) (0

where Qadcoz (mg) is the CO; adsorbed during the adsorption step, m is the adsorbent mass (g) and t

(h) is the cycle time.

The purity of the CO; recovered downstream the adsorber during the regeneration step is defined as the
amount of CO; in the adsorber’s outlet per total gases (i.e. CO, and N,) and was determined using
Equation 7. It is worth saying that the purge gas (N2) fed into the system during regeneration is excluded
in evaluating the purity. However, the co-adsorbed N> during the adsorption step, which is coming off

with the CO; during heating, is added in the calculation,

Qde, 5

Qde, .t Qdey s

Purity (%) = - (100) (Eq. 7)

where Qdecoz and Qden: (mg) are the CO; and N, desorbed respectively.
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Recovery is evaluated to determine the percentage of CO» captured compared to the amount of CO,
fed. It is defined as the amount of CO; in the product per total amount of CO; in the feed. The recovery
was calculated using Equation &:

Qde, 5
Recovery (%) = QfT - (100) (Eq. 8)
COp

where Qfeedcoz (mg) is the total CO, fed during the adsorption step.

Figure 2 presents purity, recovery, and productivity obtained with MWSA and TSA, for a 6 g sample
of Norit R, and 13X. Overall, both samples presented higher CO, recovery with MWSA compared to
TSA. Recovery also shows the highest variations of the three parameters evaluated, between adsorbents,
heating modes, and cycles. For Norit R, the average recovery found is 96.1 % in MWSA compared to
75.1 % in TSA. This is due to lower regeneration achieved under TSA which resulted in a lower amount
desorbed as well as lower capture capacity in subsequent cycles. For 13X, recovery is on average 15 %
higher with MWSA (87 %) compared to TSA (72 %). In this case, the amount recovered is the lowest
in cycle 1 at 83.3 and 64.2 % in MWSA and TSA, respectively. This implies that a large portion of the
CO; fed into the system is not recovered. This could be due to a lack of full regeneration where a large
proportion of the gas remains in the material. Results from own measurements indicate that 13X has a
much higher average isosteric heat of adsorption (Qs), 49.94 kJ/mol, compared to the activated carbon
at 25.15 kJ/mol. Qg gives an indication of how much energy (e.g. kJ) must be provided to release the
adsorbate (mol of CO,) from the respective adsorbents. It is then interpreted that the regeneration
temperature selected in this case (13X) was not enough to provide all the energy needed. Hence, a
substantial amount of the pre-adsorbed CO, was not released from the zeolite, especially when
conventional heating was applied. Although full regeneration was neither achieved in the case of

MWSA, the CO; recovery was greatly higher when unconventional heating was applied.

Both samples show stable average purity of over 98 % (Figure 2 b). For Norit R, average purities of
99.6 % with MWSA and 98.4 % with TSA were obtained. The average purity for 13X is stable at 99.4 %
in both cyclic separation processes. Productivity was found stable for each heating mode, but higher in
MWSA for both samples compared to TSA. Average productivity for Norit R is 25 % higher in MWSA
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compared to TSA (814.29 and 612.77 mol/(kg h), in the same order). Average productivity in 13X is
27 % higher in MWSA than in TSA (1654.24 and 1200.00 mol/(kg h), in the same order). The reasons
are that capture capacity was higher and cycle time was shorter in the MWSA process, both of which

favour improved productivity.

Except for recovery, where there are variations among cycles, the other two parameters (purity and
recovery) are stable within three cycles for the same heating source. The observed difference in the
recovery is because the CO; feed is constant for all cycles where the amount coming off is different
from cycle to cycle which resulted in a changing numerator and a constant denominator in the relevant
equation, hence variations. The stability seen in the productivity is due to the amount captured being
very close between cycles, which indicates that regeneration achieved in each cycle was stable and thus,
reproducible. Purity is also both high and stable because the amount of N, co-adsorbed with the CO is

very small and does not vary much from cycle to cycle.

In conclusion, higher performance is achieved under MWSA for each of the three parameters
investigated in this section: productivity, purity, and recovery, in both adsorbents, tested. High and
stable purity is obtained in both samples and highest productivity is shown by 13X with MWSA.
Recovery however presented greater variations than purity and was the lowest for 13X with TSA.

Zeolite 13X performed better than the activated carbon in productivity terms both in MWSA and TSA.
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Figure 2. CO; Recovery (a), Purity (b), and Productivity (¢) of Norit R and 13X for 6 g sample in MWSA

and TSA with three short cycles. C_1, C_2 and C_3 stand for cycle 1, cycle 2 and cycle 3 respectively.

3.3. Extent of CO; regeneration

The fraction of adsorbate removed with respect to the total regenerated at a given time is evaluated for
both heating methods. This gives an indication of the regeneration time needed to achieve a determined
percentage of regeneration for each adsorbent and heating method. From this, a comparison between

MWSA and TSA can be made throughout the whole regeneration period as well as at specific
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regeneration levels of interest. For instance, to compare how much is the regeneration time needed to

achieve 50, 80, 90, or 99 % regeneration.

To distinguish between heating time and regeneration time in this context, the two terms are defined as

follows:

» Heating time: the period when heating power is on.
» Regeneration time: heating time plus the period needed to get the CO, concentration in the exit line
to 0 % v/v while sweeping with N».

Table 2 summarises the time needed to remove 50, 80, 90, and 99 % of CO, from each adsorbent (6 g)
with MWSA and TSA. Every regeneration time needed to achieve such regeneration percentages was
smaller under microwave-assisted swing for both adsorbents. Despite 13X having shorter regeneration
times in MWSA, the difference is up to 90 % regeneration is small (I min), compared to Norit R.
However, for 99 % regeneration, the difference in regeneration time between the MWSA and TSA is
larger with 13X (18 mins) as opposed to Norit R (5 mins). This dissimilarity is most likely rooted in
differences in their properties (e.g. dielectric properties, textural properties, and packaging properties
(bulk density, bed height, void space, length/diameter ratio)). At the desorption temperature used in
these experiments (100 °C), 13X has a lower dielectric constant (¢”) and higher loss factor (¢’”) than
Norit R (g’: 3.64 vs 15.36, and €”’: 0.92 vs 0.05, for 13X and Norit R respectively. Quoted values were
measured for these adsorbents. This implies lower microwave absorbance but higher heat dissipation in
13X compared to Norit R. However, that was not observed from the temperature rise recorded during
microwave heating. This could indicate that the higher microwave absorbing ability of the activated
carbon is more beneficial than the higher heat dissipation ability of the zeolite at the lower regeneration
temperature employed in these tests. It could also be speculated as the microwave power level used in
this work to be below the threshold required by the zeolite to cause a quick temperature increase. 13X
also has a higher pressure drop (0.0034) in the bed compared to Norit R (0.0025) which had a restricting

effect on the flow of the gas released as well as the sweeping gas, hence the longer regeneration times.
For Norit R, 17, 22, 25, and 39 mins were needed with MWSA and 21, 27, 32, and 44 mins with TSA
to achieve 50, 80, 90, and 99 % of CO, regenerated, respectively. The times needed to regenerate from
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90 to 99 % were 14 and 12 mins in MWSA and TSA, respectively. That is equivalent to 36 and 27 %

of the total regeneration time, in that order.

For 13X, the time needed to achieve the same regeneration percentage of up to 90 % for each of the two
heating modes is 1 min smaller with MWSA compared to TSA. However, in this case, the time needed
to achieve 99 % was 18 mins longer with conventional heating. Noting from the time gap between too
and too, it indicates that removing the last 9 % of the adsorbate remaining on the zeolite is the most time
(and energy) consuming part of the regeneration process. In fact, half of the regeneration time was spent
in removing the last 9 % of CO- (i.e. from 90 to 99 %) in TSA. With microwave heating, on the other
hand, the required time for removing the last 9 % was a third of the total regeneration time. This suggests
that regenerating these adsorbents to 90 % rather than to 99 % would dramatically reduce regeneration
time and energy consumed during regeneration, which in turn will improve productivity greatly. This
is the basis for running cycles with unsaturated adsorbents that are not fully regenerated. The working
capacity, which is smaller than the full capture capacity, might be the compromise to take in this
separation process, however, the advantages gained from the reduced energy applied as well as
enhancement in the productivity due to the reduced regeneration time are larger (i.e. 34 and 71 %

increase in productivity for MWSA and TSA respectively).

Table 2. Time needed to achieve 50, 80, 90, and 99 % regeneration with TSA and MWSA

Adsorbents  Heating method tso tso too Loy
Norit R MWSA 17 22 25 39
TSA 21 27 32 44
13X MWSA 19 26 31 46
TSA 20 27 32 64

ts0, tso, too and tog = time (in min) at which the regeneration percentage achieved is 50, 80, 90 and 99 %

3.4. Desorption kinetics

Kinetic studies provide a way of predicting the desorption behaviour of adsorbate from a given
adsorbent in specified operating conditions (i.e. temperature, pressure, feed composition, etc). They
help obtain an understanding of the intrinsic interaction and mechanisms between the adsorbate species

and the surface of the solid. One could evaluate important process parameters including desorption rate
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and desorption extent from such kinetic studies, and from that, could forecast how they change with
different process conditions using models. In this regard, the regeneration data were fitted to three
kinetic models and to assess the process of CO, desorption from the adsorbents. In this work, the three
models of Pseudo-first order model (PFO), Pseudo-second order model (2™ order), and Avrami’s model
are selected. Their applicability in predicting the regeneration process is evaluated and results are

presented in this section.
3.4.1. Pseudo-first order model (PFO)

The PFO is conventionally applied to the adsorption stage with the assumption that adsorption is
proportional to the number of vacant sites available on the solid for the adsorbate [31]. Since desorption
is the reverse process, the model can be indirectly applied, in this case assuming that number of vacated
sites are proportional to the desorbed amount during regeneration. The linear form of PFO is shown in

Eq. 9 below [32]:
In (qe- qt) =Inq, -kt (Eq.9)

In the case of desorption, . is the total amount of CO; desorbed at end of the regeneration process (mg),

q is the amount of CO, desorbed (mg) at time t (min), and k is the desorption rate constant (min™).

A plot of In (qe-q:) vs t gives a straight line whose slope is rate constant (k) and the intercept is In ge.
The goodness-of-fit (R?) value closer to unity is an indication that the PFO model fits the experimental

data and is suitable for predicting the desorption process.
3.4.1 Pseudo-second order model (2" order)

The Pseudo-second-order model represents an adsorption process where the rate is declining fast with
time as adsorption sites decrease over time as they are being occupied. In general, four different pseudo-
second-order model expressions exist in the literature for determining adsorption kinetics. The
expression selected in this work was originally proposed by Ho and McKay [33], as the agreement
between the adsorption data and the model predictions was found to be high [34]. One of the major

assumptions regarding adsorption kinetics in the pseudo 2™ order is that the bulk concentration of the
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solute (adsorbate) stays fairly constant over time. A similar assumption is also ingrained in the PFO

[34].
The linear form of the Pseudo-second-order model used is presented in Eq. 10 as follow:

k,qe’t

e Eq. 1
1+k2qezt ( q O)

q; =

where ko is the kinetic rate constant, q. is the amount of CO, adsorbed at equilibrium (mg), q; is the

amount of CO, adsorbed (mg) at time t (min).

A plot of t/q; vs t gives a straight line with slope and intercept. q. and rate constant (k2) can be calculated

from it as, q.= 1/slope and k, = slope*/intercept.
3.4.2 Avrami’s Model

Whilst Avrami’s fractional-order kinetic model is formally developed to simulate phase transition and
crystal growth of materials, some researchers have applied it to describe the kinetics of CO,
adsorption/desorption with adsorbents, especially amine-modified silica and carbon nanotubes. In the

adsorption process, the integrated form of the models is described by the following equation [35, 36]:
q,= q,.(1- exp (-kt")) (Eq. 11)

where k is the Avrami kinetic constant (min'), n is the Avrami exponent, g. is the amount of CO,
adsorbed at equilibrium (mg), and ¢, is the CO; adsorbed amount at time # (min). The Avrami’s exponent
(n) value is generally between 0 and 4. It indicates the direction of growth from the adsorption sites.
For n =4, it is three-dimensional, for n= 3 is two-dimensional growth, and n=2 is for one-dimensional

growth. On homogeneous surfaces where the possibility of adsorption is equal anywhere, n =1 [37].

In applying the model to the desorption process, Eq. 11 is transformed into the following expression

[36]:
y = 1-exp (-kt") (Eq. 12)

where y is the desorption proportion which is defined as the ratio of mass loss (mg) at time ¢ (min) to
the total mass loss (mg) at the end of the desorption process.
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From Equations 9, 10, and 12, the CO, desorption proportion (ratio of CO, amount desorbed at time ¢
to the total amount desorbed) was evaluated for MWSA and TSA for the adsorbents, Norit R and 13X.
The data obtained from the three models are compared to the experimental results and plotted together

in Figure 3.

Overall, Avrami’s model showed the best fit to the experimental data for both adsorbents in both heating
modes. On the other hand, neither the PFO nor the pseudo 2™ order presented a good fit as their

predictions were off either by overestimating or underestimating most parts of the data.

For Norit R, the PFO overestimated the CO, desorbed proportion in the first 16 and 23 mins in MWSA
and TSA, respectively. It then fallen slightly below the experimental data, but the overall prediction
was in close agreement with experimental data in the plateau region. For 13X, the PFO overestimated
the first 14 mins in both MWSA and TSA, however, this overestimation is not as large as that seen in
the Norit R sample. Nonetheless, the CO, desorption proportion from 13X was widely underestimated

by PFO for the rest of the regeneration up until near completion.

The pseudo 2™ order, which showed the worst fit, out of the three models broadly, overestimated or
underestimated in both adsorbents in both heating modes. The difference between adsorbents is the time
at which the predicted curves cross the experimental curves and at what CO, desorption proportion. For
Norit R, the model curves cross the experimental curves at 16 mins and 18 mins with 87 and 77 %
desorption proportion for MWSA and TSA respectively. For 13X, pseudo 2" order overestimated up
until 75 % desorption at 16 mins for MWSA and 85 % desorption at 21 mins for TSA. After that, the
model underestimates, with a fairly wide gap between the predicted points and the experimental points,

especially for MWSA.

As described above, both the PFO and the pseudo 2™ order assume bulk adsorbate concentration that is
not changing with process time. In desorption terms, this cannot be true. In the desorption process of a
dynamic system, the concentration of the adsorbate is low at the beginning, then as heating is started
and the adsorbate is being released, its concentration increases in the bulk. This is followed by a

decrease in the later stages of the process as most of the adsorbate is released from the sites and removed
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from the system with the sweeping gas. If not the only one, this could most certainly be one of the
reasons why these two models, the PFO and the pseudo 2™ order, are not good fits for these

experimental data.

Both adsorbents show overall goodness-of-fit (R?) values above 0.86 for the PFO as presented in Table
3. In the 2™ order, the goodness of fit for Norit R is fairly low (0.54 in MWSA and 0.51 in TSA) which
is in line with the graphical observation in Figure 3 a. For 13X, however, it shows a fairly high value
of goodness-of-fit (0.82). This does not match with the observed graphically, a similar situation that is
found with PFO, which indicates that R?> may not be the most suitable regression analysis for this

particular application.

On the other hand, both adsorbents show excellent goodness of fit (0.99) in Avrami’s model, supported
by perfect alignments of experimental and predicted data points throughout the entire time range. A
very minor exception to that is the first 3-5 mins where the model points fall below experimental values,
especially in the Norit R sample. The values of Avrami’s exponent () obtained in these analyses are
tabulated in Table 5an and as observed from Table 5, all values are between 1 and 2 for both adsorbents
in both microwave and conventional regeneration. This suggests one-dimensional growth. In the context
of CO; desorption, this could mean that the desorbed CO, gas formed a multi-layer during the
adsorption step, which is in agreement with the Brunauer—Emmett-Teller (BET) adsorption

mechanism’s theory.

As presented in Figure 3, Avrami’s model adequately predicted the desorption proportion of CO; as a
function of time, signifying the applicability of the model to the CO, desorption process mechanism in
these adsorbents. Considering its practical relevance, for example, one could study different desorption
process conditions (temperature, pressure flow rate, etc) and compare changes in certain factors such
as the rate constant k, the Avrami’s exponent (n), and desorption profiles, making it possible to obtain
correlations that can be used to predict the desorption profiles and mechanisms for a variety of process

conditions without experimentations, for instance with the use of a simulation.
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Table 3. Pseudo-first-order (PFO) model fitting parameters

Pseudo-first-order

Rate constant (k), min’! R?

MWSA TSA MWSA TSA
Norit R 0.085 0.100 0.94 0.87
13X 0.077 0.072 0.98 0.98

Table 4. Pseudo-second-order model fitting parameters

Pseudo-second-order

Rate constant (k;), g mg! min’! R?

MWSA TSA MWSA TSA
Norit R 0.0011 0.0004 0.54 0.51
13X 0.0002 0.0004 0.82 0.82

Table 5. Avrami’s model fitting parameters

Avrami’s model

Rate constant (k), min’! Avrami’s exponent (n) R?

MWSA  TSA MWSA TSA MWSA  TSA
Norit R 0.034 0.008 1.4 1.8 0.99 0.99
13X 0.032 0.025 1.4 1.4 0.99 0.99
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Figure 3. Experimental and modeled CO, desorption proportion curves (ratio of amount of CO»

desorbed at any time with respect to the total amount desorbed) of Norit R (a) and 13X (b) for MWSA

and TSA. Unsaturated samples in the adsorption step under wet flue gas. Sample weight: 6 g.

3.5. Effect of sample size on dynamic MWSA and TSA separation. A comparative analysis

3.5.1 Effect of the sample size on CO; adsorption/desorption profiles, and the maximum uptake

capacity. MWSA vs TSA

Acknowledging that microwave heating is volumetric and that the heating efficiency of a determined
microwave cavity would be increased if the quantity of material to be heated is enlarged, further
experiments were performed with Norit R with the mass of the sample increased by 8 times (i.e. from
6 to 48¢g) for the wet condition in both MWSA and TSA. To keep the total process within a reasonable
time, the feed gas flow rates in the adsorption and regeneration steps were increased by 4 times, from
100 to 400 Nml/min and from 20 to 80 Nml/min, for the adsorption and regeneration steps, respectively.
Feeding gas flow rates were optimised experimentally to accommodate the increase of column volume
due to the increased adsorbent mass. The selected flow rates allowed for well-defined breakthrough and

desorption curves to be obtained, as gas residence time was sufficient for the adsorption and
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regeneration to occur. Higher flow rates, however, impacted the breakthrough time and were found
detrimental to the CO; uptake capacity due to the reduction of the contact time between the adsorbent
and adsorbate. The CO, uptake capacity for experiments with saturated and unsaturated adsorbents is

shown in Table 6 for both sample masses.

Table 6. CO; uptake capacity of Norit R, with and without saturation. Sample mass: 6 and 48 g

(adsorption gas feeding flow rates: 100 and 400 Nml/min, respectively)

CO; uptake capacity (mg/g)

Sample mass = 48¢g Sample mass = 6g
Saturated 37.40 37.40
Unsaturated 16.28 25.08

Figure 4 displays the CO; breakthrough curves measured with Norit R. It can be observed that the
breakthrough time increased with the increase in sample size (7.43 min for the 6 g and 14.85 min for
the 48 g, respectively). This confirms that it takes a longer time for the CO; to travel through the
increased bed volume, delaying its detection downstream the reactor after saturation. However, it does
not indicate an increased capture capacity, as the total amount of CO; retained in the bed is normalised
by the sample size to calculate the uptake capacity. In the unsaturated case, a capacity of 16.28 mg/g is
recorded for the large mass which is a 35.1 % drop compared to 25.08 mg/g obtained with the smaller
mass. It is worth noting that this reduction in capacity was not observed in the saturated case of the
large sample. However, although the uptake at saturation was not affected by an increase in sample
mass, the process required a longer time to achieve full saturation. The less pronounced slope of the
curve after the breakthrough point for the large sample indicates the reason for the drop, that is, the
increase in width in the mass transfer zone (MTZ) in the larger sample. It then means that the CO,
which forms the front of the MTZ moves quicker to the reactor outlet, resulting in a fast-moving MTZ
front. This led to the creation of an MTZ that is spread over a large area of the bed where active
adsorption is taking place much later than the time the CO, is detected in the micro-GC (i.e.

breakthrough point reached). The bed saturates slowly for an MTZ with a fast-moving front, which is
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suggested by the smoother slope compared to the curves observed with the smaller sample. Contrarily,
it saturates fast for an MTZ with a slow-moving front relative to its back (i.e. narrow MTZ), which is

reflected by the sharp slope in the curve shown by the smaller sample.

Two factors that greatly affect the MTZ formation are the gas residence time in the bed and the bed
length to diameter ratio (L/D). High L/D and high gas residence time lead to narrow MTZ, hence faster
adsorption kinetics and bigger capacity at the breakthrough point, as the adsorbate will be in contact
with the adsorbent bed for enough time. In this case, the larger sample (48 g) has lower L/D (1.26) than
the smaller sample (1.59), but higher gas residence time (14.51 s) compared to the smaller sample
(7.98 s). Since low capacity at the breakthrough point is recorded for the larger sample, it seems the

enhancement in the gas residence time is outweighed by the decrease in the L/D ratio.
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Figure 4. Norit R: CO; breakthrough curve profiles during MWSA and TSA (adsorption
with saturation) with large (48 g) and small mass (6 g). Feed in the adsorption step: wet flue

gas (CO2/N2 + Moisture: 15/85 + 15 % RH).

To understand the drop in breakthrough capacity observed in the unsaturated tests in the larger mass,
the length of the unused bed (LUB) at the breakthrough point was evaluated for the two sample masses
and results are summarised in Table 7. LUB represents the part of the mass transfer zone where

adsorbent is not used at the time of breakpoint and is calculated as follows:
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LUB (cm)=L- (1- Wt,/ Wty) (Eq. 13)

where, Wt (g/g) is the total mass of CO, captured per gram of adsorbent at saturation, W#, (g/g) is the
total mass of CO; captured per gram of adsorbent at the breakthrough time, and L (cm) is the total bed
length.

A small value of LUB implies efficient utilisation of the bed. It is apparent from the results that the 6 g
sample has the lower fraction of unused bed which is 45 % of the total, hence it explains the higher CO,
uptake capacity exhibited. The LUB for the 48 g is 3.49 cm which amounts to 60 % length of the unused
bed. As mentioned earlier, increasing the feed flow rate fourfold (i.e. from 100 to 400 ml/min) did not
decrease the gas residence time, however, the L/D is reduced in the larger sample, which seems to have
impacted the flow path and distribution of the gas in the bed, hence led to larger LUB and lower uptake

capacity at the breakthrough point.

Table 7. LUB for 6 and 48 g of Norit R. Total feed gas: 100 and 400 ml/min (unsaturated cycles)

Sample size Wit Wt, L (cm) LUB (%) LUB (cm)
Mass=6g 0.037 0.020 3.50 45 1.57
Mass=48 g 0.037 0.015 5.82 60 3.49

In Figure 5 a-d, the adsorption and desorption steps along with their corresponding temperature profiles
are depicted for both masses. Desorption profiles for the large mass follow a similar pattern as in the
small mass. In the large sample, CO, desorbed peaks start to emerge 10 and 15 mins from the start of
the regeneration (heating) process with MWSA and TSA, respectively. In the small sample, on the other
hand, they emerge after 18 mins with MWSA and 23 mins with TSA. This corresponds to a sooner
detection of the first desorbed CO; peak with the larger sample (8 mins earlier) compared to the small
one, in both heating modes. This earlier appearance of the CO, desorption peak in the large sample is
mainly ascribed to the increased purge gas flow rate, which was raised fourfold (i.e. from 20 to
80 Nml/min) to speed up the regeneration time. The peaks in TSA appear 5 mins after that of MWSA,
which coincides with the observed in the small mass. This means that the regeneration with MWSA is
faster than with TSA. The gap in peak concentration between TSA and MWSA for the 48 g is 12 %

v/v, not far from the 14 % v/v difference found between them in the 6 g sample.
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The results highlight that microwave heating offers enhanced CO» desorption at shorter times (bigger
CO; concentration detected in the reactor outlet at earlier times). The regeneration in the TSA was found

32 % longer compared to MWSA.

Displayed in Figure 5 c are the temperature profiles recorded during the 7 mins of microwave heating
of both sample masses. The adsorbents reached the target temperature within 2 mins in both masses,
however, an initial slower heating rate in the first 55 seconds can be seen in the 48 g sample, followed
by a fast rate which ended up in a bigger overshoot than the 6 g sample, almost 10 °C above the set
temperature due to the higher temperature inertia in this case. It took 2 mins to correct for the
temperature overshoot and the undershoot that followed to stabilise around the target temperature
(100 + 3 °C). In the case of TSA, the heating rate for the smaller sample was found two times faster
than the large sample until 93 °C was reached (46.6 and 23.3 °C/min respectively), after that they are

both kept at 7 °C/min for 1 min to achieve the target temperature (100 & 3 °C).

There is clear evidence of microwave heating advantage over conventional heating in the results
observed in Figure 5 ¢ and d. With microwave heating, the temperature profiles followed by both the 6
and 48 g samples overlapped. This means that heating a larger mass of adsorbent using microwave
radiation overcomes the heat transfer limitation observed in conventional heating for the larger sample
mass (Fig 6 d). Additionally, another advantage observed when using microwave heating for
regeneration is the increased desorbed CO; concentration at any time with MWSA compared to TSA,
regardless of the sample size, and the reduced regeneration time by almost 1/3 (32 %) in MWSA
compared to TSA. This is a clear indication of the benefits of process intensification features which can

be obtained from the use of microwave heating for post-combustion carbon capture
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Figure 5. Norit R: adsorption and desorption profiles with MWSA and TSA for the 48 g (a), and
6 g (b). Temperature regeneration profiles for both masses under MWSA (c) and TSA (d).

Adsorption feed: wet flue gas (CO»/N, + Moisture, 15/85 + 15 % RH). C_1, C_2 and C_3 stand for

cycle 1, cycle 2 and cycle 3 respectively.

3.5.2 Effect of sample size on CO; productivity, purity, and recovery: MWSA vs TSA
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Figure 6 displays the purity, recovery, and productivity for MWSA and TSA in two sample masses of
Norit R (6 and 48 g). Overall, all three parameters are higher with MWSA than TSA in both sample

masses.

Overall, productivity is smaller for the 48 g sample compared to the 6 g sample in both regeneration
modes. With MWSA, the average productivity is at 814.29 mol/(kg h) for the 6 g sample compared to
493.33 mol/(kg h) for the 48 g. With TSA, average productivities are 612.77 and 317.14 mol/(kg h) for
the small and large samples respectively. These results also show that average productivities are smaller
under conventional heating compared to microwave heating for both sample masses. For the 6 g sample,
productivity is 25 % lower in TSA than in MWSA, where for the 48 g sample, it is 36 % smaller in

TSA compared to MWSA.

The improved productivity under MWSA is mainly due to the shorter regeneration time/cycle time
needed when microwave heating was used, as well as enhanced uptake capacity after cycles observed
with MWSA. The enhanced capacity is due to better regeneration achieved in MWSA under the same
operating conditions, leading to bigger capture in subsequent cycles. Additionally, the smaller
productivity in the larger sample is expected. Firstly, the capacity is lower due to the bigger length of
the unused bed (LUB)and the lower L/D compared to that used for the small sample. Secondly, the
cooling period is comparatively longer in the larger mass because of slower heat loss from the increased

adsorbent mass leading to increased cycle time, hence lower productivity.

Purity is over 98 % in all cases in both sample masses, although marginally higher in MWSA. For the
small mass, purity of 99.6 % with MWSA and 98.4 % with TSA were obtained, where for the large

mass, 99.3 and 98.9 % were obtained in the same order.

Recovery is also higher in MWSA in both sample masses. The difference in the recovered amount of
CO. s especially high for the small sample, with 96.1 % in MWSA compared to 75.1 % in TSA. In the
case of the large mass, 98.6 and 96.3 % of CO, recovery were recorded for MWSA and TSA,
respectively. The difference in recovery between the TSA and MWSA for the 6 g is that both the CO,

capture capacity and the desorbed CO, were smaller in TSA because of a lack of full regeneration in
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the previous cycle. Consequently, as the total feed used was the same for both regeneration strategies,
a smaller value is obtained for TSA. In the large sample, Qfeedco, was low (16.28 mg/g) and exactly
equal in both processes and the desorbed amount was the same, hence, the CO; recovery presented a
very close value with MWSA and TSA. Variations observed in these factors between the 3 cycles
measured for the same swing adsorption process are negligible, which could be an indication that these

performance parameters are representative and stable in cyclic operation.

In summary, better performances of the three parameters (i.e. productivity, purity, recovery) were
obtained under MWSA as opposed to TSA in both sample sizes. Nonetheless, productivity is reduced
with an increase in sample size in both regeneration modes, whereas purity is not affected much by the

change in sample size. Recovery was enhanced with an increase in mass, especially in the TSA.
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Figure 6. CO; purity (a), recovery (b), and productivity (c¢) for Norit R. C 1, C 2 and C_3 stand for

cycle 1, cycle 2 and cycle 3 respectively.

3.5.3. Effect of sample size on CO; regeneration extent: MWSA vs TSA

The effect of sample mass on regeneration time required to achieve the same CO, regeneration
percentage was assessed and compared for 6 and 48 g of Norit R (see Figure 7 and Table 8). With both
sample sizes, a higher fraction of CO; is released with microwave-assisted regeneration than with
conventionally assisted regeneration for the same desorption period. The difference is especially

pronounced in the large sample.

Under MWSA, the time needed to obtain 50, 80, 90, and 99 % regeneration was smaller in the large
sample compare to the small one (10, 16, 19, and 32 mins in the 48 g sample, and 17, 22, 25, and
39 mins in the 6 g one, respectively). With TSA, CO; is removed at a close rate for the first 5 mins in
both samples (0.80 %/min for the 6 g and 0.55 %/min for the 48 g). Between the 5% and 30" min, a
higher regeneration percentage (average: 53 % for 48 g and 39 % for 6 g) is achieved with the larger
sample. Nevertheless, removing the last 10 % of the adsorbate took longer in large mass (i.e 12 mins
for 6 g compared to 27 mins in 48 g). However, the 4.5 times longer period in the larger sample is not
proportional to the 8 times bigger sample. Additionally, compared to TSA, it took a shorter time with

MWSA (5, 7, 11, and 25 mins less time) to achieve 50, 80, 90, 99 % regeneration respectively for the
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48 g, whereas, for the 6 g sample, regeneration time was 4, 5, 7, and 5 mins less in MWSA as opposed

to TSA in that same order.

Overall, the results show that MWSA brings about a reduction in regeneration time in both sample
masses, and with an increase in sample size, the reduction is even bigger. For instance, regeneration
time was reduced by 34.37 % in the MWSA to achieve a 90 % regeneration compared to TSA. This is
a good indication that a scale-up process would have further advantages with microwave compared to
conventional regeneration in a CCUS installation. In removing the last 10 % of CO, remaining in the
adsorbent, a similar time was needed in MWSA for both masses (13 mins for the 48 g compared to
14 mins for the 6 g), whereas with TSA, it was almost 2 times longer in the large mass (12 mins for 6 g
as opposed to 27 mins for 48 g), which shows the clear heat transfer limitation when the regeneration

is assisted with conventional heating.
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Figure 7. Effect of the sample mass on the CO, desorption profile (in percentage of CO, desorbed
with respect to the total regenerated) from Norit R, with MWSA and TSA (average of the three

cycles). Adsorption feed: CO./N, + Moisture (15/85 + 15 % RH).
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Table 8: Time needed to achieve 50, 80, 90, and 99 % regeneration with TSA and MWSA for 6

and 48 g samples of Norit R

Adsorbent Sample size tso tso too tog
Norit R 6¢g MWSA 17 22 25 39
TSA 21 27 32 44

48 g MWSA 10 16 19 32

TSA 15 23 30 57

4. Conclusions

This work presents an in-depth comparative analysis of the dynamic performance of CO, capture
adsorbents with an unconventional microwave regeneration technology and its comparison with
conventional regeneration. The results not only affirm the viability of microwave heating for adsorbents
regeneration but also present evidence of its benefits over conventional thermal heating. Assessment on
the working capacity of Norit R and 13X in two feed gas conditions (dry and wet), showed advantages
of MWSA over TSA in all cases. For Norit R, the working capacity was 39.68 % higher with the wet
feed gas and 9.36 % higher with the dry under MWSA compared to TSA. For 13X, the working capacity
was 24.23 and 20.39 % higher with wet and dry feed gas respectively under MWSA as opposed to TSA.
The superior performance in microwave heating seen in both adsorbents in each gas condition can be

attributed to a better regeneration realised under MWSA compared to TSA.

In assessing purity, productivity, and recovery, greater performance was achieved under MWSA for
each of the three parameters in both adsorbents. The productivity achieved in MWSA was 25 % higher
than that achieved in TSA for Norit R. The productivity was also higher (by 27 %) in MWSA than in
TSA for 13X. High and stable purity was obtained in both heating modes, but marginally better in
MWSA at 99.3 % average, compared to 98.5 % average in TSA. Recovery varied between the
adsorbents, cycles, and heating modes. It was found to be 21 and 15 % higher in MWSA than TSA for

Norit R and 13X, respectively.
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In evaluating the process of CO; desorption from the adsorbents, the regeneration data were fitted to
three kinetic models. From this, Avrami’s model adequately predicted the desorption proportion of CO,
as a function of time, signifying the applicability of the model to the desorption process mechanism to
some extent. Finally, the result obtained from the increased sample size indicates that microwave
regeneration could offer potential benefits over conventional regeneration in an up-scaled process,
leading to enhanced performance such as less time to reach the regeneration temperature, and reduction

in regeneration time.
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