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H I G H L I G H T S  

• Fly ash functionalized with SO4
2− /ZrO2 (SZ@FA) to catalyze CCUS desorption process 

• MEA regeneration at 88 ◦C with SZ@FA is more efficient than the non-catalyzed system 
• Decrease in energy consumption by up to 45.4% compared to non-catalyzed system  
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A B S T R A C T   

The use of solid acid catalysts for sorbent regeneration is an emerging approach to improve the energy efficiency 
of CO2 capture processes. In this study, fly ash (FA), an industrial byproduct rich in acid/base sites, was chosen as 
a support material for the solid acid SO4

2− /ZrO2 (SZ) in the preparation of SZ@FA composite catalysts. Three 
catalysts with different mass ratios between SZ and FA were synthesized and evaluated in the regeneration 
process at 88 ◦C of a CO2-saturated MEA solution. Their desorption performance, expressed as CO2 desorption 
rate, amount of CO2 desorbed, and heat duty, was then compared with that obtained with unmodified FA, ZrO2, 
and in the absence of catalysts (blank), under identical operating conditions. Compared to the uncatalyzed 
system, the SZ@FA composite catalysts showed significantly better desorption performance. In particular, 
SZ@FA-1/2 provided the highest values of desorption rate and cyclic capacity while reducing energy con-
sumption by 45.4% compared to the blank system. It also demonstrated stability over 20 consecutive absorption- 
desorption cycles. Comparison with other reported catalysts highlighted the high performance of SZ@FA-1/2, 
particularly in terms of relative heat duty reduction, positioning it as a cost-effective and environmentally 
friendly choice for post-combustion capture applications.   

1. Introduction 

The extensive use of fossil fuels across various industrial sectors re-
sults in the constant emission of large amounts of carbon dioxide (CO2) 
into the atmosphere [1]. This causes significant environmental impacts, 
including worsening the greenhouse effect, rising sea levels, and more 
frequent extreme weather events [1,2]. Industries such as oil refineries 
[3], pulp and paper industries [4], steel mills [5], coal gasification fa-
cilities [6], and fossil fuel power plants [7] are key contributors to CO2 

emissions. 
The development of Post-Combustion Capture (PCC) technologies, 

which selectively capture CO2 from flue gases originating from indus-
trial emissions (typically containing 10–15% CO2) [8], is now consid-
ered essential to mitigate the increase in atmospheric CO2 [9,10], as well 
as developing technologies to safely (and permanently) store the 
captured CO2, such as storing it as gas hydrates in the ocean [11,12]. 

Chemical sorption based on aqueous solutions of amines is consid-
ered to be the most suitable and mature approach for PCC, characterized 
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by rapid and reversible reactions between CO2 and low-cost and readily 
available amines [13]. However, the significant energy requirement for 
sorbent regeneration has so far limited the wide deployment of this 
technology [14]. 

Several strategies have been explored to address this problem, 
including the development of efficient amine blends [15,16], biphasic 
solvents [17,18], catalytic CO2 desorption [19,20], and so on. The total 
energy requirements for solvent regeneration in the CO2 capture process 
typically consist of three parts, as shown in Eq. 1. These components 
include the sensible heat (Qsen), needed to elevate the temperature of the 
absorber to the required level for desorption, the latent heat of evapo-
ration (Qvap,H2O), required for evaporation of the water in the solvent, 
and the desorption heat (Qdes,CO2 ), necessary to break the chemical bonds 
for CO2 release (desorption) [21]. 

Qred = Qsen +Qvap,H2O +Qdes,CO2 (1) 

Conventional amine-based CO2 capture technology typically re-
quires a high temperature (above 120 ◦C) during the desorption process 
to decompose the species formed during absorption (amine carbamate, 
protonated amines, bicarbonate and carbonate ions) and regenerate the 
sorbent. Ethanolamine (MEA) is the most commonly used amine for this 
process [22], and its desorption stage accounts for over 70% of the total 
energy cost [23,24]. There are two main reasons for the high energy 
consumption in MEA regeneration. Firstly, the alkalinity of MEA is 
stronger than that of water, making the transfer of protons (H+) from 
protonated MEA (MEAH+) to H2O challenging. As a result, additional 
energy is required to facilitate this proton transfer reaction. Secondly, 
the CO2 desorption process is inherently endothermic, requiring an 
external energy source to proceed [25]. Shi et al. [26] proposed a two- 
step mechanism for CO2 desorption from MEA, which involves the 
decomposition of MEA carbamate (MEACOO− ) and the deprotonation 
process of MEAH+, as shown in Eqs. 2–3. Both reactions are 
endothermic. 

MEACOO− +H3O+ ↔ Zwitterion ↔ MEA+H2O+CO2↑ (2)  

MEAH+ +H2O ↔ MEA+H3O+ (3) 

In recent years, the possibility of using solid acid catalysts (SAC) to 
assist amine regeneration at lower temperatures has been explored with 
increasing interest. SACs can provide Brønsted (B) and Lewis (L) acid 
sites that facilitate the reactions shown in Eqs. 2–3, significantly 
reducing the energy consumption for CO2 desorption [27,28]. 

In this context, sulfated metal oxide catalysts (e.g., SO4
2− /ZrO2, 

SO4
2− /TiO2, etc.) are known to be acidic, stable, easy to synthesize, and 

environmentally safe, but their use is limited due to the rapid deacti-
vation of catalytic activity and low specific surface area [29]. To address 
these issues, researchers suggest combining them with porous materials 
to create composite catalysts. Liang et al. [30] investigated the perfor-
mance of several SO4

2− /ZrO2/γ-Al2O3 composite catalysts in the 
desorption of CO2-loaded MEA solutions, and they found that the heat 
duty was reduced by 17.3–36.9% and the cyclic capacity increased by 
11.3–33.9% compared to the system without catalyst. The same group 
also explored the catalytic activity of SO4

2− /ZrO2 supported on MCM-41 
with the addition of Fe2O3 (10 wt%), finding an increased desorption 
rate and cyclic capacity by 54.7% and 51.8%, respectively, while 
reducing thermal duty by 39.4% [31]. 

Other research groups have independently developed SO4
2− /ZrO2- 

based composite catalysts with various support materials, such as SBA- 
15 [32], HSZM-5 [33], and SiO2 [34], all demonstrating excellent per-
formance in CO2-loaded MEA solutions desorption. However, it's 
important to note that these support materials can be costly and envi-
ronmentally damaging due to their synthetic production methods. 
Therefore, the development of efficient, cost-effective, and environ-
mentally safe support materials is essential for advancing the applica-
tion of SACs for PCC. 

Fly ash (FA) is a solid waste byproduct derived from power plants, 
primarily composed of SiO2, Al2O3, and Fe2O3. FA has specific charac-
teristics such as bulk density, particle size, porosity, surface area, sta-
bility, and low cost, making it an excellent precursor for the synthesis of 
porous adsorbent materials [35], and support for catalysts [36]. 

These properties, together with the logistical advantage of using FA 
directly where it is produced, have led fly ash to be considered for 
various CCUS processes, such as in adsorption for CO2 capture [37,38], 
catalysis for CO2 utilization [39] or direct CO2 storage through miner-
alization [40]. Owing to its intrinsic acidic characteristics, FA has also 
been recently evaluated as a solid acid catalyst for sorbent regeneration 
in PCC processes [41,42]. The observed performances, related to the 
desorption of MEA solutions, show that FA is a more effective catalyst 
than other SACs studied so far, reducing the heat duty by 38–42% 
compared to the uncatalyzed system. However, further research is 
needed to confirm and fully understand the potential of FA in this area. 

Motivated by these findings, the present study aims to harness the 
advantages of the solid SO4

2− /ZrO2 superacid by combining it with low- 
cost FA support to develop a higher-performance composite catalyst for 
promoting CO2 desorption. 

Three new SZ@FA acid-base dual-functional composite catalysts 
were prepared by combining SO4

2− /ZrO2 and FA in different molar ratios 
(1:1, 1:2, and 2:1). Several characterization methods were used to 
analyze their physicochemical properties. Subsequently, their catalytic 
performance in regenerating CO2-loaded MEA solutions at a tempera-
ture of 88 ◦C was experimentally evaluated by measuring heat duty, CO2 
desorption rate, and cyclic capacity. The stability of these new catalysts 
was also assessed through twenty consecutive CO2 absorption/desorp-
tion experiments. Additionally, the desorption performance of these 
composite catalysts was compared with that of other SZ-based catalysts 
(with varying carriers) under identical operating conditions. Finally, we 
propose a plausible mechanism for the SZ@FA-catalyzed desorption. 

2. Material and methods 

2.1. Material 

CO2 (99.999%) and N2 (99.9%) were acquired from Hunan Zhongtai 
Hongyuan Gas Co. Ltd. Monoethanolamine (MEA, 99%) was supplied by 
Shanghai Macklin Biochemical Co. Ltd. Fly ash (FA) was purchased from 
Lvmingyuan Environmental Protection Material Factory. ZrO2 (99.99%) 
and Zr(SO4)2⋅4H2O(99.99%) were supplied by Beijing Innochem Tech-
nology Co. Ltd. and Aladdin Biochemical Technology Co. Ltd., respec-
tively. Hydrochloric acid (HCl, 36–38%) was obtained from Hunan 
Huihong Reagent Co. Ltd. All the chemicals were used without further 
purification. 

2.2. Preparation of the SZ@FA catalyst 

One-step method was used in this work to synthesize the SO4
2− / 

ZrO2@Fly ash (SZ@FA) catalyst. Zr(SO4)2⋅4H2O and FA were dispersed 
in deionized water and stirred in an oil bath (80 ◦C) for 24 h; the 
resulting precipitate was subsequently washed three times with deion-
ized water, transferred to an oven, and dried at 120 ◦C for 24 h. The 
dried solid was placed into a mortar, ground into a fine powder and then 
heated at 500 ◦C (heating rate of 5 ◦C/min) in a muffle furnace for 4 h to 
obtain the calcined SZ@FA catalysts with different mass ratios of ZrO2: 
FA (1/2, 1/1 and 2/1), which were labeled as SZ@FA-1/2, SZ@FA-1/1 
and SZ@FA-2/1, respectively. 

2.3. Catalyst characterization techniques 

The textural parameters, acid types and strength of acidity and ba-
sicity of each catalyst tested were comprehensively characterized using 
different techniques, described in detail in Section S1 of the Supporting 
Information. 
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2.4. Sorbent regeneration experiments 

To evaluate CO2 desorption with or without different catalysts, it is 
necessary to have a CO2-saturated amine solution as a starting point. In 
our study, an aqueous solution of 5 M MEA was saturated using a flow of 
pure CO2 (200 mL/min) for 8 h at a constant temperature of 40◦. At the 
end of the absorption, the CO2 loading of the saturated sorbent, defined 
as the ratio of the moles of CO2 absorbed to the moles of amine in so-
lution (mol CO2/mol amine), was measured by titration with HCl (1 M), 
yielding a value of 0.535. 

The desorption process was studied following a procedure developed 
and validated in our laboratory [19]. The instrumentation used for these 
experiments is shown in Fig. S1 in the Supporting Information. All 
desorption experiments used the same starting sorbent, i.e., saturated 
solution of MEA, with CO2 loading = 0.535. The sorbent was desorbed in 
a batch reactor (a 500 mL glass three-necked flask) placed in an oil bath, 
equipped with a magnetic stirrer and temperature controller. In each 
experiment, 2.0 g of the catalyst under investigation was added to 200 
mL of the loaded MEA solution and heated to the desorption tempera-
ture (T = 88 ◦C) for 1 h, at room pressure. Experiments were conducted 
using both the three designed SZ@FA composite catalysts and the un-
modified FA and ZrO2 supports. To verify the effectivity of the catalysts 
compared with the uncatalyzed system, desorption experiments without 
the addition of any solid (blank system) were also performed under the 
same experimental conditions. A constant flow of N2 (500 mL/min) was 
blown into the reactor to facilitate the release of CO2. The reactor was 

fitted with a condenser set at a temperature of 0 ◦C, a drying tube, and a 
sulfuric acid bottle to reduce losses of water and amine. A CozIR-100 
infrared CO2 detector (GSS Ltd.) was connected at the end of the 
desorption unit to measure the concentration of CO2 in the outlet gas 
mixture. Each experiment was repeated three times, and the deviation 
from the mean measured value was always in the range of 0.5–1.5%. 
From the measured CO2 concentration values, the CO2 desorption rate, 
the total amount of CO2 released (i.e. the cyclic capacity), and the CO2 
loading of the solution during the regeneration process were calculated. 
During the experiments, the electrical energy consumed was recorded by 
an energy meter (Zhejiang Tepsung Electric Co., Ltd.) and used to 
calculate the heat duty, i.e. thermal energy required to release each mole 
of CO2 from the saturated solution. It's important to note that the 
calculation of the heat duty using this method is greatly affected by the 
equipment used. Therefore, the comparison of these values is only 
meaningful when obtained with the same experimental setup, as was 
done in this study. To make our findings more significant and compa-
rable to other studies in the literature, we also included the relative heat 
duty, which is the percentage ratio between the heat duty measured 
with the catalyst and that measured for the MEA reference solution 
(blank) under the same operating conditions. Details regarding the 
calculation of the parameters used to evaluate desorption performance 
are provided in Section S2 of the Supporting Information. 

Fig. 1. Spectroscopic characterization of the different catalysts used by: (a) XRD (b) FT-IR (c) N2-adsorption-desorption (d) Py-IR (e) NH3-TPD and (f) CO2-TPD. SEM 
images of (g) SZ@FA-1/2, (h) SZ@FA-1/1 and (i) SZ@FA-2/1. 
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3. Results and discussions 

3.1. Characterization of the used catalysts 

The X-ray diffraction (XRD) spectra for both FA and SZ@FA series 
catalysts are shown in Fig. 1a. The patterns reveal that, with the intro-
duction of Zr into the single FA, the SZ@FA-2/1 showed distinct 
diffraction peaks at 18.7◦ and 31.5◦, indicating that ZrO2 was success-
fully loaded onto the FA substrate. According to phase analysis, ZrO2 in 
SZ@FA-2/1 mainly existed in the form of Zr(SO4)2 crystal phase. The 
content of Zr in the prepared SZ@FA series catalysts was quantified by 
the inductively coupled plasma optical emission spectroscopy (ICP- 
OES), and the results showed that SZ@FA-1/2, SZ@FA-1/1 and SZ@FA- 
2/1 contained 16.29%, 20.73% and 24.08% of Zr, respectively, with an 
increasing Zr content as the mass ratio between ZrO2 and FA increased. 
At the same time, it was observed that SZ@FA-1/1 and SZ@FA-1/2 had 
smaller diffraction peaks, which could be due to the reduced ZrO2 
content in the catalyst or the microcrystals being too small to be detected 
by XRD. Overall, the feature peaks of FA and SZ@FA catalysts were 
similar, indicating that the addition of FA carriers did not change the 
crystal composition of SO4

2− /ZrO2. The corresponding feature peaks of 
the SZ@FA series catalysts showed a slight decrease in intensity, which 
can be attributed to the interaction between FA and ZrO2. This suggests 
that ZrO2 was dispersed on the surface of the FA carrier successfully and 
even infiltrated into the individual pore channels of FA, ultimately 
resulting in a decrease in the feature peaks. Scanning electron micro-
scope (SEM) images of the SZ@FA series catalysts are shown in Fig. 1g, 
h and i. The images show that SZ is uniformly dispersed on the FA 
surface, and the SZ content increases with the increasing SZ abundance 
in the SZ@FA composite; in particular, SZ almost covered the FA surface 
in the SZ@FA-2/1 catalyst. The FT-IR spectra of the different catalysts 
are shown in Fig. 1b, revealing distinct changes in the spectral bands of 
the SZ@FA series catalysts within the 1400 and 1040 cm− 1. These 
changes correspond to the asymmetric and symmetric stretching vi-
brations of the S––O double bond, partially ionized S––O double bond, 
and S–O single bond in the sulfate. Moreover, the shifts in the spectral 
band at 1080 cm− 1 suggest the formation of Zr-O-Si bonds in the SZ@FA 
catalyst. In addition, changes were observed at characteristic peaks 
associated with ZrO2 in the 440–525 cm− 1 range. This suggests that 
some of the ZrO2 exists in the form of dispersed clusters on the SiO2 of 
the fly ash. The collective findings from FT-IR and XRD analyses provide 
corroborating evidence for the successful synthesis of SZ@FA catalysts. 

The catalysts' specific surface area and pore structure were further 
examined through BET characterization tests. The N2 absorption- 
desorption curves are depicted in Fig. 1c. The specific pore structure 
and values for the specific surface area of the various catalysts are 
summarized in Table 1. When SO4

2− /ZrO2 (SZ) was introduced, a sig-
nificant change in the hysteresis loop profile of the SZ@FA catalyst was 
observed for relative pressure values in the range 0.4–1.0. This might be 
due to the surface loading of SZ on the parent FA. As the proportion of SZ 
in the catalyst increased, the specific surface area gradually decreased, 
following the order: FA (2.99 m2/g) > SZ@FA-1/2 (2.11 m2/g) >
SZ@FA-1/1 (2.03 m2/g) > SZ@FA-2/1 (0.53 m2/g). It is noteworthy 

that the average pore size of the SZ@FA series catalysts consistently 
appeared smaller than that of unmodified FA catalysts, suggesting that 
the introduction of SZ led to pore clogging in the FA. However, within a 
certain range, increasing the percentage of SZ may widen the original 
channel structure and increase the pore size [33]: for example, SZ@FA- 
2/1 had a larger average pore size (12.61 nm) compared to SZ@FA-1/2 
(7.41 nm). A simultaneous reduction in the microporous and meso-
porous diameters of the SZ@FA catalysts was also observed in the pore 
size distribution. The results are consistent with the XRD patterns, 
indicating that the added SZ may mainly be situated within the FA 
channels or uniformly dispersed on the inner surface of the FA. In gen-
eral, these outcomes indicate that the SO4

2− /ZrO2 components have been 
successfully integrated into the parent FA. 

The Py-IR technique was used to identify Brønsted (B) and Lewis (L) 
acids in the catalysts, as shown in Fig. 1d. The Py-IR spectra showed four 
characteristic peaks at 1445, 1490, 1547, and 1600 cm− 1. The results 
indicated that the SZ@FA catalysts contained more Lewis acid sites 
(LAS) and fewer Brønsted acid sites (BAS). Among all the catalysts, 
SZ@FA-1/2 had the strongest characteristic peak of B acid. Specific 
values for B and L acidity in the prepared catalysts can be found in 
Table 2. Generally, the introduction of SZ increases the number of both B 
and L acid sites compared to the starting FA for all composite catalysts. 
The highest value of total acid sites (TAS) was achieved by SZ@FA-1/2. 
The B/L ratio of SZ@FA-2/1 was 0.076 mmol/g, which is lower than 
that of unmodified FA (0.087 mmol/g). This decrease might be due to 
the strong exchange of H+ protons on the surface of Zr4+ and FA, along 
with the interaction of Zr4+ ions with the protons of the SiAl-OH group, 
which transforms from a strong B acid center into a strong L acid during 
calcination. In contrast, the B/L ratios of SZ@FA-1/1 and SZ@FA-1/2 
were higher, 0.124 and 0.109 mmol/g, respectively. This suggest that 
only a few Zr4+ ions in the material can interact with the SiAl-OH group, 
while most of the Zr4+ ions interact with the non-acidic terminal silanol 
group (Si-OH) of FA. 

As shown in Fig. 1e, the relative contents of strong, medium-strong, 
and weak acids were determined through NH3-TPD (ammonia 
temperature-programmed desorption) characterization. Notably, there 
were no characteristic peaks below 200 ◦C, indicating that all catalysts 
were almost free of weak acid centers. However, characteristic peaks of 
varying intensities appeared in the temperature range of 400–800 ◦C. FA 
and ZrO2 catalysts appeared as strong acids with small peak areas at 
400 ◦C and 470 ◦C, respectively. In contrast, the SZ@FA series of pre-
pared catalysts predominantly featured distinctive super-strong acid 
characteristic peaks near 750 ◦C, with peak intensities following the 
order: SZ@FA-1/1 > SZ@FA-1/2 > SZ@FA-2/1. Quantitative values of 
the acidic sites (mmol/g) are shown in Table 2. The data indicate that 
the introduction of SO4

2− /ZrO2 significantly increased the number of 
strong acidic sites and the overall acid content in the FA-based catalysts. 
Therefore, the synthesized SZ@FA series catalysts are expected to 
facilitate proton transfer in the desorption process and enhance the CO2 
desorption rate during sorbent regeneration. 

The desorption peak temperature and peak area in the CO2 pro-
grammed thermal desorption (CO2-TPD) profile are shown in Fig. 1f, 
reflecting the strength and number of basic sites on the sample surface, 
respectively. The corresponding data are summarized in Table 2. In the 
CO2-TPD profile, the absence of a CO2 desorption peak for ZrO2 suggests 
a potential lack of alkaline centers on its surface. The FA sample had a 
narrower peak at 706 ◦C, indicating the presence of fewer strong alka-
line sites. However, upon loading SO4

2− /ZrO2 onto the FA sample's sur-
face, both the position and area of the peaks were shifted to higher 
values, signifying the generation of stronger basic sites. As shown in 
Fig. 1f, SZ@FA-1/1 exhibited a broader peak at 726 ◦C, indicating the 
emergence of stronger basic centers. The SZ@FA-2/1 sample displayed 
one weaker and two broader CO2 desorption peaks at 640 ◦C, 730 ◦C, 
and 800 ◦C, respectively, resulting from the chemical adsorption of CO2 
over weaker and stronger basic centers. Finally, SZ@FA-1/2 produced a 
very strong peak at 708 ◦C, with the corresponding alkaline intensity 

Table 1 
Textural parameters of the used catalysts.  

Catalyst BET Surface Area (m2/g) Pore 
volume 
(cm3/g) 

Pore size 
(nm) 

Micropore Mesoporous Total 

FA 2.24 0.75 2.99 0.002 15.39 
SZ@FA-2/ 

1 
0.23 0.30 0.53 0.001 12.61 

SZ@FA-1/ 
1 

1.38 0.65 2.03 0.003 12.86 

SZ@FA-1/ 
2 

1.62 0.49 2.11 0.003 7.41  
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reaching 0.510 mmol/g, as a result of the interaction between SO4
2− / 

ZrO2 and FA. The results highlight that the basicity strength of SZ@FA 
composites is higher with a higher proportion of FA, underscoring the 
significance of the FA proportion in the catalyst. 

3.2. Catalytic CO2 desorption performance of SZ@FA 

Experiments to assess the CO2 desorption performance of the cata-
lysts were conducted at a temperature of 88 ◦C from a CO2-saturated 
solution of aqueous MEA (loading = 0.535), following the procedure 
described in Section 2.4. The results are summarized in Fig. 2. 

Fig. 2a shows the changes in CO2 instantaneous desorption rate as 
the desorption proceeds for the different catalytic and non-catalytic 
systems. In general, CO2 began to be released after about 5 min (at a 
temperature of about 65 ◦C), and the desorption rate increased rapidly 
before decreasing significantly after reaching the maximum value. All 
catalysts outperformed the non-catalytic system in CO2 desorption rate, 
with the maximum values obtained decreasing in the order FA >

SZ@FA-1/2 > SZ@FA-1/1 > SZ@FA-2/1 > ZrO2 > uncatalyzed system. 
SZ@FA-1/2 showed a significant advantage in promoting the CO2 
release rate during the first few minutes of heating compared to the 
other catalysts. This suggests that FA in the SZ@FA series plays a crucial 
role, and a lower proportion of SZ enhances the catalytic performance of 
FA. Fig. 2b, which reports the changes in CO2 loading during desorption, 
shows that for the same amount of time, the use of SZ@FA-1/2 ensures a 
greater decrease in CO2 loading (and thus greater sorbent regeneration), 
promoting the desorption of a larger amount of CO2, as also depicted in 
Fig. 2c. Typically, the CO2-rich amine solution remains in the desorber 
for a short time, so a faster desorption rate with a higher desorbed CO2 
amount can result in a lower energy requirement for releasing CO2, 
which is beneficial for reducing operating costs. 

Table 3 provides a summary of the average CO2 desorption rate, 
cyclic capacity, and heat duty of different catalytic systems at 25 min. 
The results show that the SZ@FA composite catalysts improve the 
average desorption rate and cyclic capacity by 11.3–78.3% and 
11.4–77.7%, respectively, while reducing the heat duty by 13.0–45.4% 

Table 2 
Acid type and the strength of acidity and basicity of the catalyst.  

Catalyst Acid type by Py-IR (mmol/g) Acidity strength 
by NH3-TPD (mmol/g) 

Basicity strength 
by CO2-TPD (mmol/g) 

BAS LAS TAS B/L Weak Medium Strong Total Weak Medium Strong Total 

ZrO2 0.199 2.137 2.336 0.093 0.049 0.029 0.085 0.163 0.004 0.007 0.008 0.019 
FA 0.119 1.362 1.481 0.087 0.023 0.039 0.146 0.208 0.002 0.006 0.035 0.043 
SZ@FA-2/1 0.275 3.622 3.897 0.076 0.008 0.011 0.385 0.404 0.045 0.089 0.362 0.496 
SZ@FA-1/1 0.223 1.793 2.016 0.124 0.045 0.102 1.027 1.134 0.020 0.082 0.314 0.416 
SZ@FA-1/2 0.418 3.838 4.256 0.109 0.020 0.033 0.615 0.668 0.045 0.083 0.510 0.638  

Fig. 2. CO2 desorption performance with or without catalyst: (a) CO2 desorption rate and (b) CO2 loading as a function of time; (c) relative heat duty and desorbed 
CO2 after 25 min of desorption (catalyst quantity: 0.50 g, amine solution volume: 200 mL, desorption temperature: 88 ◦C). (d) Evaluation of the effect of the SZ@FA- 
1/2 catalyst on CO2 absorption performance. 
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compared to the non-catalytic system. Among these, SZ@FA-1/2 
showed the best catalytic desorption performance. 

Furthermore, Figs. 2a-2c indicate that the content of FA carrier in the 
SZ@FA series catalysts plays a pivotal role in the catalytic CO2 desorp-
tion process, and loading a lower amount of SO4

2− /ZrO2 on the FA carrier 
can enhance the catalytic activity of FA. This is likely because the 
SZ@FA-1/2 has the highest specific surface area (Table 1) and the lowest 
SZ content (16.29% according to ICP-OES). The better dispersion of SZ 
in SZ@FA-1/2, compared to SZ@FA-1/1 and SZ@FA-2/1 where SZ 
content is higher, allows the catalyst's active sites to better interact with 
species in the CO2-rich solution, leading to improved catalytic perfor-
mance. With a view to the continuous use of the sorbent in the ab-
sorption and desorption cycles, the effect of the SZ@FA-1/2 catalyst on 
the CO2 absorption performance was evaluated (Fig. 2d): the amount of 
CO2 absorbed after 90 min with the addition of the SZ@FA-1/2 catalyst 
was 591 mmol, approximatively 2.4% higher than in the system without 
the catalyst. This further indicates that the SZ@FA-1/2 catalyst not only 
enhances the desorption process but also has no inhibiting effect on the 
absorption process. Finally, to assess a possible effect of the catalyst 
toward amine stability, MEA solutions desorbed with SZ@FA-1/2 and 
without catalyst (blank) were analyzed by 13C NMR spectroscopy: the 
spectra obtained showed no change in the type of species in solution. 

3.3. Catalytic stability of SZ@FA-1/2 

The of the SZ@FA-1/2 catalyst was evaluated through 20 consecu-
tive absorption-desorption cycles. Fig. 3a depicts the amount of des-
orbed CO2 and the heat duty measured during all 20 consecutive 
desorption, that were performed over a period of 25 min. In the initial 13 
tests, the heat duty increased and the amount of desorbed CO2 
decreased, indicating that the activity sites of SZ@FA-1/2 had decreased 
due to the adsorption of free CO2 during recycling. However, from the 
14th test onwards, the desorbed CO2 and the heat duty stabilized, sug-
gesting a relatively stable catalytic activity of SZ@FA-1/2. Comparison 
of the FT-IR and XRD spectra of the SZ@FA-1/2 catalyst before and after 
20 recycling tests reveals no significant changes (Fig. 3b and c), which 
means that the structure of the SZ@FA-1/2 catalyst remains almost 
unchanged, ensuring a relatively stable catalytic activity over time.  

1.1. Comparison of catalytic CO2 desorption performance 

To evaluate the potential of our SZ@FA composite catalysts for CO2 
desorption, we compared their relative heat duty with other SZ-based 
catalysts that have already been proven effective for catalyzed sorbent 
regeneration, as reported in the literature [30–34]. These catalysts have 

Table 3 
Average CO2 desorption rate, cyclic capacity, and heat duty for 5 M MEA so-
lution with/without catalyst (des. T: 88 ◦C; des. Time: 25 min).  

Catalyst Average desorption rate 
(*10− 2 mol/min) 

Cyclic capacity 
(*10− 2 mol) 

Heat duty (kJ/ 
mol) 

Blank 1.15 28.78 4002.92 
ZrO2 1.24 30.89 3614.63 
FA 1.91 47.85 2407.52 
SZ@FA- 

2/1 
1.28 32.06 3482.54 

SZ@FA- 
1/1 

1.72 42.99 2597.90 

SZ@FA- 
1/2 

2.05 51.14 2185.59  

Fig. 3. (a) Relative heat duty and amount of desorbed CO2 measured after 25 min for all 20 stability tests; comparison of (b) XRD and (c) FT-IR spectra of fresh and 
recycled SZ@FA-1/2. 

Table 4 
Comparison of heat duty for different SO4

2− /ZrO2
− based catalysts.  

Catalyst Desorption 
temperature 
(◦C) 

Relative heat duty 
(%) 

Ref. 

SZ@FA-1/2 88 54.6 This 
study SZ@FA-1/1 64.9 

SZ@FA-2/1 87.0 
SZ@HZSM-5 98 69–82 [33] 
SZ@SiO2 97 63.5–77.1 [34] 
SZ@MCM-41 

97 
75.5–81.1 

[31] SZ@MCM-41- 
Fe2O3 

60.6–72.3 

SZ@SBA-15 98 73.4–81.0 [32] 
SZ@γ-Al2O3 98 63.1–75.1 [30]  
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different catalytic supports and their relative heat duty values, presented 
in Table 4, were measured referring to conventional aqueous MEA 5 M 
without any catalyst. The comparison highlights that SZ@FA-1/2 out-
performs other reported catalysts in CO2 desorption, yielding the lowest 
relative heat duty (54.6% compared to uncatalyzed MEA). It is worth 
noting that all of the reported catalyst supports, i.e. HZSM-5, SiO2, 
MCM-41, SBA-15, and γ-Al2O3, are synthesized using chemical methods, 
which, in addition to the unavoidable negative environmental impact, 
adds cost to the overall CO2 capture process. In this context, the use of 
solid waste FA to prepare the catalyst is not only beneficial for envi-
ronmental protection (solid waste treatment) but also provides a way to 
expand its application in energy-efficient (and cost-effective) CO2 
capture.  

1.2. Analysis of the catalytic mechanism for CO2 desorption 

The main challenges for the CO2 desorption are the deprotonation of 
MEAH+ and the decomposition of MEACOO− (Eqs. 2 and 3): both re-
actions are endothermic and contribute largely to heat consumption in 
the solvent regeneration process. The key to improving these two pro-
cesses is to allow the H+ protons to be transferred more easily, and this 
can be achieved with a solid acid catalyst that can provide LAS and BAS 
for the MEA and CO2 release process. The prepared SZ@FA catalysts are 
shown to have more LAS and BAS than FA, which allows SZ@FA to 
enhance the CO2 desorption process. 

Firstly, the metal oxides were found to be able to indirectly generate 
BAS in aqueous solution, as shown in Eq. 4. Strong interactions between 
oxides and water molecules can undergo chemisorption, leading to the 
formation of hydroxyl groups (i.e., surface-bound OH groups) and 
consequently in the formation of BAS [43,44]. According to Khatri et al. 
[36], ZrO2 is attached to the FA surface via Si-O-Zr bonds, and SO4

2−

binds to Zr atoms to form a bidentate chelating ligand. Secondly, sulfate 
bound to water molecules on the surface can generate BAS, Zr4+ can 
provide LAS, and Si-OH or Si-O-Zr-OH groups on the FA surface may also 
act as sources of BAS. Moreover, interconversion between LAS and BAS 
can take place, as shown in Fig. 5. 

Based on previous studies, possible mechanisms of SZ@FA catalysts 
to promote CO2 desorption from CO2-rich amine solutions were 
explored. On one hand, the carbamate ion MEACOO− , the main product 
of the reaction between MEA and CO2, is basic. The FA catalyst itself 
contains a significant number of metal oxides, along with loaded ZrO2 
that form anions in alkaline solutions. These anionic groups serve as 
Lewis basic, capable of directly interacting with the proton of MEAH+, 
thereby facilitating the deprotonation process (Eq. 5). In addition, ZrO2 
can be converted to zirconate ion (HZrO3

− ) in the alkaline environment 
[45], providing a low-temperature reaction path for proton transfer 
from MEAH+ to MEACOO− (Eqs. 5–7). 

MO+H2O→MO • H2O→MOH • OH (4)  

MEAH+ +HZrO−
3 ↔ MEA+H2ZrO3 (5)  

H2ZrO3 +H2O ↔ HZrO−
3 +H3O+ (6)  

MEACOO− +H2ZrO3 ↔ MEACOOH+HZrO−
3 (7) 

On the other hand, the BAS and LAS on the catalyst surface promote 
the decomposition of MEACOO− , and the reaction takes place mainly 
through the following steps: (1) The H+ released from BAS in solution 
and provided by the products of Eqs. 6 and 7 participate in the 
decomposition process of MEACOO− ; (2) chemisorption occurred be-
tween the LAS on the catalyst surface and the MEACOO− , and the un-
saturated metal atoms (from Zr and FA) attacked the O atom; (3) H+ is 
transferred from the O atom to the neighboring N atom through an 
isomerization process while the conjugate bond of the N atom is dis-
rupted by the H+ proton, transforming from sp2 to sp3 hybridization, and 
the C–N bond begins to stretch; (4) simultaneously, LAS attacks the N 
atom and further elongates the C–N bond, enhancing the CO2 desorp-
tion process; (5) finally, the zwitterion (MEAH+COO− ) decomposed into 
free MEA and CO2 by breaking the C–N bond. In addition, the conju-
gated base (BAS − ) formed in step 1 can also accept the H+ from the 
MEAH+ to release free MEA (Eqs. 8 and 9). 

MEACOO− +H − BAS ↔ MEACOOH+BAS− (8)  

MEAH+ +BAS− ↔ MEA+H − BAS (9) 

The recovered BAS-H can then participate in subsequent catalytic 
decomposition processes. Typically, this step is challenging to carry out 
without a catalyst and requires a significant amount of external heat; the 
addition of an acid catalyst to the reaction enhances the breakdown of 
the C–N bond by lowering the activation energy. 

4. Conclusion 

In this research, novel solid acid catalysts were devised to improve 
the regeneration of sorbents employed in CO2 capture, aiming to 
diminish the overall energy demand of PCC processes. We synthesized 
three distinct SZ@FA composite catalysts by loading the SO4

2− /ZrO2 
superacid on a fly ash (FA) support, in different ratios (2:1, 1:1, 1:2). 

Their efficiency in catalyzing CO2 desorption from a saturated 
aqueous solution of MEA heated to 88 ◦C was assessed experimentally by 
quantifying the CO2 desorption rate, cyclic capacity, and heat duty. The 
findings revealed that all SZ@FA catalysts exhibited significantly su-
perior desorption performance compared to both the non-catalyzed 
system (MEA without any added solids) and the utilization of unmodi-
fied ZrO2 under identical operational conditions. Notably, the SZ@FA- 
1/2 catalyst yielded the best performance, showing the highest 
average CO2 desorption rate, the highest cyclic capacity (78% greater 
than the blank), and most importantly, the lowest relative energy con-
sumption, 45.4% lower than the uncatalyzed MEA reference system. The 
SZ@FA-1/2 catalyst was further investigated. Comparison with the 
relative heat duty of other catalysts reported in the literature showed its 
excellent performance in CO2 desorption. In addition, its recyclability 
was demonstrated with twenty consecutive adsorption/desorption ex-
periments, during which the catalyst maintained its activity. XRD and 
FT-IR analysis also confirmed that the catalyst structure did not change 
significantly after recycling, indicating good cyclic stability. Finally, a 
possible dual-site synergistic catalytic mechanism of the FA-based 
composite catalyst was proposed. 

Our results highlight the potential of the SZ@FA-1/2 composite 
catalyst to reduce expenses associated with PCC processes due to its CO2 
desorption capabilities and use of fly ash, a cost-effective industrial by- 
product whose reuse instead of disposal offers environmental benefits. 
However, its implementation on an industrial scale will require valida-
tion on large-scale systems and a thorough cost-benefit assessment. 
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