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ARTICLE INFO ABSTRACT

Handling editor: Krzysztof (K.J.) Ptasinski The use of catalysts to promote sorbent regeneration is currently considered an effective method to reduce the

energy required in CO5 capture processes. Aiming at identifying stable and cost-effective catalysts with high CO4

Keywords: desorption efficiency, here we investigated the performance of fly ash (FA) during thermal regeneration of
Fly ash aqueous amine solutions. The desorption rate, cyclic capacity and heat duty of a COy-saturated aqueous etha-
CO; capture ) nolamine with the addition of FA were experimentally measured, and the results were compared with those
Monoethanolamine

obtained for the same solution without and with eight different catalysts. Experimental results showed that
catalysts significantly improved the regeneration compared to the non-catalyzed system, and FA was the most
efficient of these. Further studies of CO, desorption at different temperatures showed that FA provided
desorption performance comparable to that of the non-catalyzed system at temperatures at least 5 °C higher and
always significantly reduced the heat duty at the same temperature, especially at the beginning of the process.
Finally, recycling tests demonstrated that FA had good stability and its catalytic efficiency remained high even
after 20 cycles. In conclusion, FA could be considered a cost-effective catalyst for energy-efficient CO5 capture,

Regeneration heat duty
Catalytic regeneration

deserving further investigation to promote its application in industrial-scale plants.

1. Introduction

The rising atmospheric concentration of carbon dioxide (CO3) is a
growing environmental concern with significant implications for the
future of our planet. Increasing CO2 emissions, mainly from the com-
bustion of fossil fuels for energy production, are a major contributor to
global warming and climate change. As the world’s population con-
tinues to grow, the demand for energy also grows, exacerbating the
problem [1,2]. In response, there is an urgent need to develop and
deploy technologies to limit CO5 emissions and mitigate the effects of
global warming. Carbon Capture, Utilization and Storage (CCUS) tech-
nologies are gaining increasing attention as a potential solution to this
problem, and are considered crucial to keeping the global temperature
rise within 1.5 °C of the pre-industrial levels [3,4]. CCUS technologies
have the potential to significantly control CO, emissions from power
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plants and other industrial sources. According to the current literature,
the most mature and effective technique for CO, capture is the use of
amine-based liquid sorbents. In particular, the aqueous solution of
monoethanolamine (MEA) has been extensively investigated and tested
at laboratory and pilot scale [5-8]. However, MEA technology still
suffers from some serious drawbacks, primarily the huge energy
requirement for regeneration, which severely limits its large-scale
application [9-11]. In order to identify new advanced technologies
that can overcome these drawbacks and provide more efficient and
cost-effective options for CO, capture, several innovative approaches
have been developed in recent years, such as the design of new
non-conventional single-atom solutions [12,13], the use non-aqueous or
biphasic amine sorbents [14-17], blending different amines in water
[18-23] or, as in this study, promoting CO, desorption by adding solid
acid catalysts [24-26].
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The costly regeneration process of amine solutions involves the
decomposition of compounds formed during absorption and the release
of CO,. Shi et al. [27] proposed a two-steps mechanism for CO,
desorption from MEA, involving the decomposition of MEA carbamate
(MEACOO™) and the deprotonation process of protonated MEA
(MEAH™), as shown in equations (1) and (2). Both reactions are
endothermic.

MEACOO™ + H;0" < Zwitterion < MEA + H,0 + CO,1 D

MEAH" + H,0 < MEA + H;0* 2)

As a matter of fact, the elevated energy consumption in MEA
regeneration can be attributed to two main factors. First, MEA’s alka-
linity surpasses that of water, making proton (H™) transfer from MEAH
* to Hy0 a challenging process. Consequently, extra energy is required
to facilitate this proton transfer reaction. Secondly, the CO2 desorption
process is inherently highly endothermic, and requires an external en-
ergy source for progression [28]. Recently, the implementation of solid
acid catalysts (SAC) during the sorbent regeneration process has
emerged as a promising approach to improve CO5 desorption perfor-
mance for aqueous amine solutions. The addition of SAC could provide
Brgnsted (B) and Lewis (L) acid sites that facilitate the reactions shown
in equations (1) and (2), significantly reducing the energy consumption
for CO; desorption [29]. A more in-depth analysis of the mechanisms
involved in the catalytic regeneration of amine solutions using SAC is
provided in two recent reviews on the subject [29,30]. With the addition
of catalysts, sorbent regeneration can be carried out at temperatures
between 85 and 100 °C, significantly lower than the 120-140 °C
required in conventional processes, resulting in significant energy sav-
ings [31]. Among the various catalysts studied zeolites, metal oxides,
silica materials and modified clays have demonstrated the most favor-
able outcomes for sorbent regeneration [32-34]. However, it is worth
considering that in order to have a real impact on the cost-effectiveness
of the process, the catalyst should have certain characteristics in addi-
tion to CO;, desorption efficiency, such as thermal stability for reuse,
availability and affordability [30]. Looking for a catalyst with all the
above-mentioned peculiarities, we decided in the current work to
thoroughly investigate the potential benefits of using the low-cost fly ash
during amine sorbent regeneration. Fly ash (FA) is an abundant solid
waste produced when coal is burned in power plants. Its worldwide
production is estimated to be between 0.75 and 1 billion tons per year
and this amount is expected to increase in the near future as the demand
for affordable electricity in developing countries increases [35]. Due to
the large quantities produced and the environmental and health con-
cerns associated with its disposal, great efforts have been made for de-
cades to recycle FA for various applications: it is currently mainly used
as an additive to cementitious material, for soil amendment, as an
adsorbent for gas and wastewater treatment, and as a catalyst in in-
dustrial processes [36]. The different uses of fly ash are closely related to
its peculiar physical and chemical properties, which in turn depend on
the type of coal from which it is obtained or the conditions under which
it is generated. In general, fly ashes have a high specific surface area and
are mainly composed of SiO2, Al;03, Fe3Os3, and CaO, although their
composition may vary to the extent that they have acidic or (in most
cases) alkaline characteristics [36]. Recently, the use of FA for
CCUS-related applications has been considered, also due to its minimal
logistical requirements, as it is produced directly at the application site.
Firstly, waste alkaline fly ash can be used directly and economically for
CO; mineralization [37,38]. Due to its specific surface area and chem-
ical composition, FA has been evaluated in different techniques to
adsorb COg; in particular, it has been modified and used as an adsorbent
material to capture CO; [39,40], or as a raw material for the production
of zeolites and aluminosilicates [41,42], or to replace expensive prod-
ucts, such as MCM-41 and SBA-15, as a support material in the synthesis
of amine-based solid sorbents [43]. Finally, FA can be employed as a
catalyst, or catalytic support, in several CO5 conversion processes, such
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as CO4 hydrogenation or epoxidation, due to its thermally stable metal
oxide content and ease of conversion into porous materials with a high
surface area [36]. As a new potential use of this cheap and widely
available by-product, in this work we investigate the activity of FA as a
catalyst in low-temperature desorption processes with amine sorbents.
To verify the suitability of this innovative approach, we conducted a
detailed study of the desorption performance of a COj-saturated
aqueous solution of MEA (5 M), the reference sorbent of any CCUS
process, with the addition of FA: its desorption rate, cyclic capacity and
heat duty were measured experimentally at T = 88 °C and compared
with those obtained for the same MEA solution without and with 8 other
different catalysts, under the same operating conditions. The catalysts
selected to compare the desorption performance of FA, namely sepiolite
(SEP) [34], y-Al,03 [44], ZSM-5 [44], B-25, SBA-15 [45], SAPO-34 [46],
Y-zeolite and MCM-41 [47], have already been shown to improve MEA
regeneration compared to non-catalyzed system. In addition, the
regeneration performance of FA (in MEA solutions) was further inves-
tigated by evaluating CO5 desorption at different temperatures and with
different amounts of catalyst. This thorough screening allows for the
identification of the most advantageous operating conditions to achieve
efficient desorption with the lowest energy consumption. Finally, the
stability of FA in consecutive absorption and desorption cycles was
evaluated to assess its catalytic effect over time after reuse.

2. Experimental section
2.1. Materials

Ethanolamine (MEA) was purchased from Shanghai Macleans
Biochemical Co. Ltd, and was used without further purification.
Deionized H20 via double distillation was used to prepare 5 M MEA
aqueous solution. Pure CO5 and Ny (Hunan Zhongtai Hongyuan Gas Co.
Ltd) were used to saturate the MEA solution and as a gas-carrier in the
desorption test, respectively. Gas flow rates were adjusted and measured
using two flow meters (Cole Parmer). Hydrochloric acid (HCl, 36-38%)
was purchased from Hunan Huihong Reagent Co.

The FA (Grade-I) used in this work was purchased from Changsha
Lvmingyuan Environmental Protection Materials Factory, while all
other catalysts (sepiolite, y-AlyO3, ZSM-5, -25, SBA-15, SAPO-34, Y-
zeolite and MCM-41) were purchased from Beijing InnoChem Science &
Technology Co., Ltd. All catalysts were dried at 100 °C for 8 h before
being added to the amine solutions, without further treatment.

2.2. Catalysts characterization

N, adsorption-desorption experiments are routinely used for the
characterization of porous materials, providing information on surface
area, pore volume, and pore size. Surface area reflects the total space
available for catalytic interactions, with higher values suggesting more
active sites. Pore volume indicates the diffusion capacity of the reactant,
influencing catalytic activity. Pore size relates to the material’s suit-
ability for specific reactions by revealing the accessibility of reactants to
active sites. Together, these parameters play a key role in evaluating and
optimizing the catalytic properties of solids, shaping their applicability
in diverse industrial scenarios. Here, the surface area, pore size, and pore
volume for each catalyst were determined by Ny adsorption-desorption
experiments carried out at —196 °C using an ASAP2020 PLUS HD88
adsorption analyzer (Micromeritics). The Barrett-Joyner-Halenda (BJH)
and Brunauer-Emmett-Teller (BET) techniques were employed to
calculate the pore size distribution and the relative surface area. Before
the experiment, the sample was pretreated at 180 °C for 4 h [48]. The
results are presented in Table 1.

FA analysis showed a relatively smaller surface area than the other
catalysts, but relatively larger pores, similar to those of sepiolite, one of
the best performing catalysts for sorbent regeneration. Fly ash, intro-
duced as a new catalyst in this study, underwent a more detailed
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Table 1
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Surface area, pore volume and pore size of the catalysts selected for the experiments.

Catalyst BET Surface Area (m?%/g) Pore Volume (cm®/g) Pore Size (nm)
Micropore Mesoporous Total
FA 2.2 0.7 3.0 0.002336 15.393
SEP 0.7 1.9 2.6 0.002906 12.015
y-Aly03 9.7 137.5 147.2 0.620632 19.233
ZSM-5 253.3 71.7 325.0 0.174302 2911
B-25 313.3 118.7 432.0 0.314095 7.867
SBA-15 23.1 467.5 490.6 1.143712 8.581
SAPO-34 527.3 —2.4 524.9 0.267191 -
Y-zeolite 627.6 28.4 656.0 0.341547 3.843
MCM-41 - 1063.69 1014.0 0.874380 3.082

investigation. The types of Brgnsted (B) and Lewis (L) acid sites of the FA
were assessed using infrared spectroscopy of pyridine adsorbed catalysts
(Py-IR). Additionally, the number and strength of its acid and basic sites
were determined through NH3 and CO. temperature programmed
desorption (NH3-TPD and CO,-TPD), respectively [34]. The results of
these analyses are presented in Table 2.

The actual composition, including species content and mass per-
centage, of the FA was determined using X-ray fluorescence (XRF) with a
Panalytical Axios spectrometer. In addition, both fresh and recycled FA
were analyzed using the FT-IR technique (ALPHA spectrometer, Bruker)
to compare any potential changes in the FA structure before and after
the reaction. Spectra were recorded in the 4000-500 cm ™! range.

2.3. CO; desorption experiments

Before evaluating desorption performance, a 5 M MEA aqueous so-
lution was saturated with pure COy (flow rate = 200 mL/min) at a
constant temperature of 40 °C for 8 h. The CO; loading (mol CO,
captured/mol MEA) was determined to be 0.53 + 0.01 using the titra-
tion method with 1 M HCI [49]. The CO»-loaded MEA solution was used
for all catalytic and non-catalytic desorption experiments.

Desorption experiments were carried out following a well-
established procedure validated in our laboratory [48,50]. The experi-
mental setup, as depicted in Fig. 1, included a desorber (a flask con-
nected to a condenser) and an IKA HBR 4 stirring and heating oil bath. In
each experiment, 200 mL of the CO»-loaded MEA solution (kept at 30 °C
before use) was placed inside the desorber and heated to the desired
temperature (temperatures ranged between 88 and 98 °C in this study).
CO4 desorption was facilitated by magnetic stirring at 800 rpm. The CO,
released from the desorber was mixed with the gas carrier Ny (at a
constant flow rate of 500 mL/min) and sequentially passed through a
concentrated sulfuric acid solution and a desiccant tube to remove any
traces of escaped amine and water. Finally, the resulting CO2+N; gas
mixture was analyzed using a CozIR-100 infrared CO, sensor (GSS Ltd.,
UK, £0.01% in accuracy), and the CO5 concentration in the exhaust gas
was recorded by the computer at 10-s intervals. Except for the desorp-
tion performed on the solution without catalysts (blank), a desired
amount of the investigated catalyst (in the range 0.50-3.00 g) was added
to the desorber before heating. Each experiment lasted 60 min, and two
experiments were conducted for each catalyst, with the deviation from
the mean value of the measured concentrations ranging from 0.5 to

Table 2
Results of acidity and basicity analysis for FA obtained with Py-IR, NH3-TPD and
CO,-TPD.

B (mmol/g)

L (mmol/g) B + L (mmol/g) B/L

0.119 1.362 1.481 0.087

Acidity strength by NH3-TPD (mmol/g ) Basicity strength by CO,-TPD ( mmol/g )

Weak Medium  Strong  Total Weak Medium Strong  Total
0.023  0.039 0.146 0.208 0.002  0.006 0.035 0.043

1.5%. Throughout the experiments, the oil bath was connected to a
digital electric energy meter (Zhejiang Tepsung Electric Co., Ltd.) to
record the amount of electricity consumed for the entire regeneration
process.

2.4. Assessment of desorption performance

The desorption performance of COy-loaded MEA solutions in the
absence and presence of catalysts (including FA) was evaluated by
considering the COy desorption rate (V4, molCOy/min), the cyclic ca-
pacity, (nco,, mol of desorbed CO,) and the heat duty (H, kJ/mol),
described by equations (3)—(5), respectively.

Vi, xC 27315
Vy=—2—x 3
TS C T VaxT ®
1o, = (Qrich — Qpean) X C XV @
_ Heat input/time E

~ CO, amount/time = E )

Vi, is the nitrogen flow rate (0.5 L/min); C’ is the volumetric fraction
of CO, recorded by the sensor; V,, is the standard molar gas volume
(22.4 L/mol); T is the room temperature (in K); @i and aeq, refer to the
loading (mol CO3/mol MEA) of the saturated and desorbed solution,
respectively; V is the volume of MEA solution used (0.2 L); C is the MEA
concentration in solution (5 M); E is the amount of electricity (kJ)
recorded by the digital electric energy meter during the desorption
process.

The heat duty, i.e. the heat needed to desorb one mol of CO,, was
determined in this study by calculating the ratio between the measured
electricity consumption and the amount of CO, desorbed at a specific
time. This approach, widely accepted for laboratory-scale testing [27,
51-53], enables a meaningful comparison to assess the catalytic per-
formance of different catalysts through parallel testing within a single
study.

It is important to emphasize that the desorption performance is
strongly influenced by the instrumentation and operating procedure
used, so the results obtained are only meaningful when compared to
each other when obtained under the same operating conditions, as in
this work. However, in order to obtain more universal results, the
relative desorption energy consumption (RH, %) was calculated for each
catalyst with respect to the blank MEA solution using equation (6) [48]:

RH(%) :g x 100 (6)
0

where H; is the heat duty measured with a selected catalyst and Hy is the
heat duty measured with the MEA solution without catalyst (blank).

2.5. Cyclic test for the catalyst stability

To assess the cyclic stability of fly ash as a catalyst, after the first
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desorption experiment at T = 88 °C, the desorbed lean amine solution
was cooled to ambient temperature and re-saturated with COq, using a
total flow rate of 500 mL/min of mixed CO2+N> gas (CO2: 300 mL/min,
Na: 200 mL/min). After 60 min of absorption, the rich amine solution
was again subjected to the desorption experiment (again at 88 °C).
Absorption and desorption were repeated 20 consecutive times to test
the cyclic stability performance of the FA catalyst.

3. Results and discussion
3.1. Evaluation of FA desorption performance compared to other catalysts

This study investigates the catalytic effect of fly ash on the regen-
eration process of aqueous amine sorbents. Experimentally, the
desorption performance of a COs-saturated solution of MEA was
measured both in the absence and presence of the solid catalyst FA. In
addition, the obtained results were compared with those achieved under
the same operating conditions using eight different catalysts previously
demonstrated to be efficient in this process [34,44-47]. Each desorption
experiment was conducted using 200 mL of a COy-saturated MEA so-
lution (CO loading = 0.53) at a temperature of 88 °C, following the
procedure described in Section 2.3. Except for the uncatalyzed system
(blank), 0.50 g of catalyst (mass ratio of catalyst to amine solution of
0.25:100) was added at the beginning of the process. The
time-dependent trends of CO5 desorption rate, CO, loading, and relative
heat duty are shown in Fig. 2.

As can be seen from Fig. 2a, almost all the catalysts tested allow
higher CO, desorption rates than the uncatalyzed system (blank), with
the sole exception of y-AlyO3, which under the operating conditions used
here does not appear to have any significant effect. On the contrary, the
use of the FA catalyst allows the maximum value of the CO, desorption
rate to be obtained, which is significantly higher than that of all other
catalysts (only SEP achieves a similar value) and which is almost double
that of the blank. It should also be noted that the maximum value of
desorption rate is reached faster with FA than with both the blank and
the other catalysts (with the exception of SAPO-34, which, however, has
a significantly lower absolute value). This implies that regeneration
conducted with the addition of FA will feature a greater release of CO; in
a shorter time, indicating a higher degree of regeneration.

This can easily be seen from Fig. 2b, which shows that the CO,
loading decreases much more rapidly with FA and SEP than with the
other catalysts, reaching its minimum value in approximately 35-40
min. The potential benefits of faster desorption are explicitly illustrated
in Fig. 2¢, presenting a comparison of different energy costs, expressed
in terms of relative heat duty (%), using uncatalyzed desorption as a
reference. All the catalysts tested reduce the cost of regeneration, with
the exception of y-Aly03, which shows no significant effect on desorp-
tion under the chosen operating conditions. Among the catalysts, FA
provides the best performance, with a 54.1% decrease in energy
consumed (energy to desorb 1 mol of CO5) after 20 min and a 31.8%
after 30 min. To highlight the different performance achievable with the
different tested catalysts, Table 3 presents the average CO2 desorption
rate, cyclic capacity, and heat duty measured after 25 min of desorption
at 88 °C. Under the selected operating conditions, FA proves to be the
best-performing catalyst.

3.2. Regeneration performance of FA as a function of temperature and
amount of catalyst

The total energy consumption consists of heat of reaction, sensible
heat, and evaporation heat. As mentioned in the previous section, FA
exhibited superior catalytic performance than the other catalysts tested
for CO release at the same desorption temperature of 88 °C. Further-
more, since the use of FA enables CO5 desorption at a lower temperature
than the non-catalytic system, the resulting reduction in sensible heat
could potentially lead to a further decrease in total energy cost.
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Table 3
Average CO, desorption rate, cyclic capacity and heat duty based on the first 25
min for 5 M MEA solution regeneration at 88 °C with and without catalysts.

Catalysts  Average desorption rate Cyclic capacity Heat duty ( kJ/
(*10~3 mol/min) (*10~2 mol) mol )
blank 0.92 23.32 4939.12
y-Al;03 0.93 23.03 5003.03
p-25 0.99 24.68 4667.18
Y-zeolite 1.04 26.08 4416.58
ZSM-5 1.05 26.32 4377.47
MCM-41 1.06 26.59 4332.78
SAPO- 1.34 33.62 3543.48
34
SBA-15 1.30 32.51 3426.75
SEP 1.51 37.80 3048.01
FA 1.60 40.11 2872.10

Therefore, the CO, desorption performance at different desorption
temperatures with and without the FA catalyst was also investigated in
this work, and the results are shown in Fig. 3.

Fig. 3a reports the variation of the CO; desorption rate as a function
of regeneration time. When comparing systems with and without cata-
lyst at the same temperature, it is evident that the addition of FA led to
higher desorption rates achieved in a shorter time, resulting in faster
desorption. Furthermore, a higher temperature generally resulted in a
higher CO, desorption rate than a lower temperature (both with and
without FA support), as the CO2 desorption process is an endothermic
reaction. These considerations are reflected in the variation of CO5
loading over time (Fig. 3b), where it is evident that the total amount of
CO desorbed is temperature-dependent, while the rate at which loading
decreases is strongly influenced by the presence of the catalyst. The final
loading value, which is almost the same at the same temperature both
with and without FA support, emphasizes that the catalyst does not
change the equilibrium of the reaction but accelerates its rate.

To assess the energy efficiency of the CO, desorption process, the
heat duty was calculated (equation (5)) at successive stages of the
desorption process (i.e., after 20, 25, 30 and 40 min of heating) at
different temperatures, with and without FA. The results are shown in
Fig. 3c, which also shows, for each stage, the amount (mol) of CO5
desorbed. With the assistance of FA, more CO5 can be desorbed from the
rich amine solution at the same CO5 desorption stage and temperature. It
is worth noting that the difference in the amount of desorbed CO3 with
and without catalyst decreases as desorption proceeds. This is because
FA only play the role of activating the CO, desorption rate while the
reaction reaches equilibrium for the given temperature. The heat duty is
related to the amount of CO, desorbed; a smaller (or larger) amount of
CO4, released leads to a larger (or smaller) heat duty. Consequently, the
difference in heat duty between the process with and without FA de-
creases as the regenerative process proceeds. Fig. 3c also shows that, for
the same desorption stage, to release equal amounts of COj, the
advantage of low-temperature catalysis over high-temperature non-
catalytic systems in terms of heat duty gradually decreases, and the
corresponding advantage in temperature difference also decreases: for
example, the advantage in temperature decreases from about 7 °C in the
20-min desorption stage to about 2 °C in the 40-min desorption stage.
The greater the advantage in temperature difference, the lower the
sensible heat demand in the regeneration process for the catalytic sys-
tem, contributing to a reduction in the total heat consumption of sorbent
regeneration.

Numerous studies have demonstrated the significant impact of the
amount of added catalyst on the COy desorption process [29,30]. In
order to identify the optimal amount of catalyst under our operating
conditions (volume of the COs-loaded MEA solution = 200 mlL;
desorption temperature = 88 °C), we evaluated the desorption perfor-
mance using quantities of FA in the range between 0.10 and 3.00 g.
Fig. 4 shows the variation of CO, desorption rate (Fig. 4a) and CO5
loading (Fig. 4b) as a function of time. As a first general observation, it is
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clear that the regeneration performance improves significantly even
with the smallest addition of FA (0.10 g), compared to the non-catalytic
system. Fig. 4a shows that as the amount of FA used increased, the COy
desorption rate grew faster and reached higher values. However, the
maximum values obtained with 1.00, 2.00 and 3.00 g of FA were almost
equal to each other, suggesting that beyond a certain amount, the

further addition of catalyst does not lead to a further improvement of the
desorption kinetics. These observations are further supported by Fig. 4b,
where it is evident that the decrease in CO; loading was faster and
greater with increasing amounts of FA. Since that the differences in
performance diminish for higher quantities of FA, and considering that
the maximum amount of CO;, desorbed was obtained with 2.00 g of FA
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(Fig. 4a), resulting in a minimum CO; loading value (Fig. 4b), we
considered 2.00 g of fly ash as the optimal amount of catalyst to continue
with further investigations under the experimental conditions used.

Fig. 5 shows the COy desorption performance achieved with and
without 2.00 g FA in the temperature range of 88-103 °C. In this series of
experiments, the solution used for desorption is the usual COy-loaded
MEA solution (loading 0.53). The chosen temperature range covers the
evaporation heat of water and also increases the difference of the
experimental temperatures to further explore the catalytic CO desorp-
tion performance of FA at relatively high temperatures. Fig. 5a high-
lights the significant increase in the amount of desorbed CO2 when the
temperature was 103 °C, both with and without catalyst, compared to
other temperatures below 100 °C. Furthermore, it appears clear that the
addition of the catalyst promoted the release of CO5 from the MEA-rich
solution from the first minutes of heating, significantly more rapidly
than the corresponding non-catalyzed process at the same temperature.
Fig. 5b instead shows that the heat requirement increased with the in-
crease in desorbed CO,, and all catalytic systems required less heat
consumption than non-catalytic systems to desorb the same amount of
CO,. Furthermore, it can be observed that the heat requirement
increased sharply towards the end of the process, when most of the CO;
had already been desorbed, and prolonged heating did not lead to a
substantial improvement in sorbent regeneration.

Finally, similar to Fig. 3c and 5c shows that the effect of the FA
catalyst is particularly impactful, especially in the first heating phase. As
the desorption process progressed, the advantage of low-temperature
catalysis over the high-temperature non-catalyzed system gradually

(a) o

(b) =
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diminishes. As a further comparison, it is observed that when the
amount of FA increased from 0.50 g (Fig. 3c) to 2.00 g (Fig. 5c¢), the
advantage in temperature difference increased relatively little, e.g. from
about 7 °C to about 10 °C in the 20-min desorption stage.

3.3. Cyclic use of the FA catalyst

The stability of catalysts is a key factor for their widespread appli-
cation in the industry. In order to assess the cyclic stability of FA cata-
lyst, 20 consecutive absorption-desorption experiments were conducted
in this study, following the procedure described in section 2.5. The cyclic
capacities (calculated using equation (4)) for each consecutive cycle are
shown in Fig. 6a. As evident, during the 20 cycles, the amount of CO,
desorbed remains essentially stable, with minor variations above or
below the average.

To further confirm the stability of the catalyst, after completing the
last desorption cycle, FA was recovered from the regenerated amine
solution through filtration, washing, and drying processes. Subse-
quently, fresh FA and recovered FA were analyzed and compared by FT-
IR (Fig. 6b). As shown, the two spectra obtained are nearly identical.
Notably, characteristic signals can be identified, such as the broadened
signal in the 3200-3600 cm ™! region indicating the presence of ~OH
groups, the stretching band of the T-O bond (where T = Si or Al) at 1078
cm™, the quartz peak band at 796 cm ™!, and the mullite peak band at
555 cm™!. The peak at 457 cm ™! corresponds to the stretching of the
Si-O band, the primary component of FA (as confirmed by XRD anal-
ysis). Comparison of the FT-IR spectra reveals that the catalyst structure
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volume of MEA solution = 200 mL.
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CO,, absorption performance.

remains almost unchanged before and after desorption at 88 °C, indi-
cating good stability of the catalyst.

As a further analysis, the possible changes in structure of FA after
recycling were analyzed using XRF characterization technology, and the
results are shown in Table 4.

The fresh FA we used was primarily composed of SiOy (50.4%),
Al>03 (24.5%), Feo03 (9.4%) and CaO (6.4%), with lower levels of K50,
TiO4 and P,0s, as well as trace elements such as manganese, strontium,
barium, chlorine, vanadium, zirconium, chromium, nickel, zinc and
copper. XRF results indicate that the elemental content of FA remained
essentially stable before and after use, with a slight decrease in FepO3
and CaO to 4.2% and 2.1%, respectively.

Finally, we investigated whether the FA catalyst could have an effect
not only during regeneration, but also on the subsequent absorption
process, considering that sorbents must be continuously reused. Two
absorption experiments were conducted on 5 M MEA solutions with and
without the addition of the FA catalyst to assess any possible positive or
negative impact on the CO, absorption rate and capacity. During the
absorption experiment, a gas mixture with a total flow rate of 500 mL/
min (COy: 300 mL/min; N3: 200 mL/min) was bubbled into 200 mL of
the MEA solution for a total time of 90 min, sufficient to reach a con-
dition close to equilibrium. As depicted in Fig. 6¢, the two absorptions
are nearly equal, and it can be observed that with the addition of the FA
catalyst, absorption increases more rapidly in the first few minutes, with
the final amount of CO; captured being slightly higher (by about 4%).
This small variation could be attributed to the fact that FA, as a solid
particle, generates small bubbles during the absorption process,
increasing the gas-liquid contact area. This facilitates the transfer of CO;
from the gas phase to the liquid phase, thereby improving the absorption
rate and, consequently, the total amount of CO, captured in non-
equilibrium systems. In any case, this indicates that the FA catalyst
not only significantly improves the CO, desorption performance, but
also has no negative effect on subsequent reuse in absorption, and may
even have a small beneficial effect.

4. Conclusions

In order to develop energy-efficient industrial CO, capture processes,
this study explores the possibility of utilizing inexpensive and readily
available fly ash (FA) as a catalyst to enhance the regeneration process of
COg-saturated sorbents. The desorption performance of FA was

experimentally measured in terms of CO, desorption rate, cyclic ca-
pacity and heat duty at a temperature of 88 °C from a COy-saturated
aqueous solution of MEA 5 M. The results were compared with those
obtained for the same solution without catalyst and with eight other
different catalysts (previously validated in other studies), under iden-
tical operating conditions. The findings indicate that FA enable signifi-
cantly higher desorption performance compared to the blank system,
and proves to be the most efficient catalyst. In particular, the use of FA
allows achieving the maximum CO; desorption rate value, which is
significantly higher than that of all the other catalysts and almost double
that of the blank system. Additionally, FA also allows most substantial
reduction in energy consumed (energy required to desorb 1 mol of CO»),
with relative heat duties (compared to the blank) of 45.9% after 20 min
and 68.2% after 30 min.

Subsequently, the performance of FA in the regeneration of COo-
loaded MEA solution was further investigated. Particularly, variations in
performance as a function of the desorption temperature (ranging from
88 to 103 °C) and amount of catalyst added (ranging from 0.10 to 3.00 g)
were evaluated. Even with the smallest addition of FA, the catalytic
effect is evident and significantly improves desorption compared to
blank system. The highest performance was achieved by adding 2.00 g of
FA to 200 mL of MEA solution. Furthermore, the results also indicate
that the use of FA provides desorption performance comparable to that
of the blank system at temperatures at least 5 °C higher, and that at
different temperatures it is always able to significantly reduce the heat
duty, especially in the early stages of the process. Finally, recycling tests
demonstrated that the catalytic efficiency of FA remained almost un-
changed after 20 continuous cycles of absorption and desorption. In
conclusion, owing to its low cost (essentially a solid waste), wide
availability and ease of use, FA could be considered an economically
advantageous catalyst for energy-efficient CO5 capture processes, war-
ranting further investigation to assess its feasibility on a larger scale.
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