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Abstract

Herein, microwave radiation had been applied to increase the catalytic desorption of CO from
CO;-loaded MEA solution over the iron hydroxide catalyst, which was found to further accelerate
the CO, desorption rate at the heating stage and decrease the relative desorption heat duty of FeOOH
catalyst, and the M-FeOOH catalyst presents a good stability for CO; desorption. The treatment of
microwave radiation leads to the decomposition of partial Fe-OH functional group of iron hydroxide
and promotes the lattice transitions from B-FeOOH to a-FeOOH, which decreases the BET surface
area and weak acid sites of FeOOH catalyst slightly, but increases the dispersion, medium-strong
acid sites and pore volume of catalyst. Furthermore, this treatment reduces the calculated surface
molar ratio of lattice hydroxyls/(lattice oxygen + lattice hydroxyls), but the cyclic test helps to the
formation of hydroxyl oxygen from the adsorbed water, which plays an important role on the regen-
eration of MEA solution. The results of DFT calculation indicate that water molecule indeed con-
tributes to converting the original intra-molecular proton transfer into the molecule-to-molecule
proton transfer in the reaction of isomerization actively. Finally, the influence of iron-based catalyst
on the isomerization of MEA solution are calculated by choosing Fe?" of ferrous chloride as the
unsaturated metal (LAS) active sites to simulate the adsorption of carbamic acid, and found that the
adsorption of LAS and uniformly dispersed active sites of iron-based catalyst contributed to provid-
ing an advantageous condition for the decomposition of carbamate and promoting the regeneration

of MEA.
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1 Introduction

The emission of carbon dioxide (CO,) is bringing a critical environmental challenge that must
be addressed to achieve the sustainable development '], Carbon capture, utilization and storage
(CCUS) is crucial and effective in mitigating the global warming caused by CO, emission *3].
Among this, amine scrubbing is proven to be a handy and commercially available post-combustion
carbon capture (PCC) technology [®7). Furthermore, due to low cost and effectiveness, the mono-
ethanolamine (MEA) aqueous is currently the most representative solvent for the amine scrubbing
(581 However, the high energy consumption is required for breaking the C-N bond of carbamate
(RNHCOO) in the CO;-loaded MEA solution (AH = -84 kJ/mol), resulting in a high regeneration
temperature of 120-140 °C and the corresponding problems of water evaporation and amine corro-
sion, thereby hinders the large-scale commercial application of MEA solution for CO, capture 13,
Therefore, many methods, including temperature enhancement, pressure reduction, desorption op-
timization and catalytic desorption, have been proposed to reduce the regeneration energy consump-
tion for the CO»-loaded MEA solution ['*!8], but catalytic desorption is more conducive to balance
the high rate of desorption and the low energy consumption of regeneration.

Owing to abundant acid active sites and large surface area, the solid acid catalyst (SAC) has
been widely used to the low-temperature regeneration of CO»-loaded MEA solution by facilitating
the decomposition of carbamate and the regeneration of protonated amines, which increased the
desorption rate of CO; and reduced the regeneration energy consumption significantly 192021,
Wherein, the abundant acid sites of catalyst are conducive to break the C-N bond of carbamate by
providing protons for its decomposition directly, and large specific surface area helps shorten the

[18.22.23] Metal oxides have

reaction pathway by exposing more active sites to anchor the carbamate
been widely used as commercially viable catalysts caused by the ease synthesis, low cost and large
acidic sites [2*]. Bhatti et al. investigated the catalytic performance of metal oxides catalysts on CO»
desorption from CO»-loaded MEA solution and found that the MoOs3, ZrO, and Ag,O catalysts with
more abundant acid sites presented superior catalytic performance and better stability than Cr2O3

and TiO, ?*2%]. The natural clay materials, molecular sieves and activated carbon with rich pore

structure and high specific surface area have been used as carriers to improve the dispersion of metal
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1927281 For instance, the combined SnO,/ATP catalyst increased the desorption rate and

oxides [
amount of CO; by 265% and 222%, and reduced the relative heat duty by approximately 52% com-
pared to catalyst-free. But the catalytic performance of 1/2-SnO,/ATP decreased by around 20%
after 12 cycles "1, Similarly, Fe, Al, Mo-modified MCM-41 acid-base bi-functional catalysts also
presented good catalytic performance and increased the desorption factor of CO, by 206.3% to
337.1%. However, only 80% of the activity retained after five cycles, thus the maintaining stability
of catalyst in high alkalinity still needs to be resolved during the cycling experiments. Due to the
flexible design-ability, uniform porosity and unique chemical structure, metal organic framework
(MOF/COF) also has attracted a lot of attention in the catalytic desorption of CO, [?*], and its com-
posite catalyst composed with transition metals exhibited excellent catalytic performance of CO»
desorption %1, It should be mentioned that the high synthesis cost and the restriction of large-scale
production makes the metal-organic backbone materials difficult to be applied commercially, alt-
hough they exhibit excellent cycling stability for the CO, desorption from amine solution. Further-
more, in order to improve the catalytic performance of CO; desorption, the surface modification of
sulfonation has been introduced to promote the acid sites of SAC catalyst, but due to the unstable
characteristics of the introduced acid sites, the stability of modified catalyst in high alkaline amine
is still a research hotspot for the desorption of CO, from MEA solution 2],

On account of the abundant active sites, metal hydroxides also present excellent catalytic per-
formance and stability in high alkaline amine for CO; desorption from amine solutions, especially
the amorphous samples with a large specific surface area, whose adsorption to the three active sites
exposed by carbamate is nonnegligible. The synthesized TiO(OH), from isopropanol titanium pre-
sented the enhancement of 75% and more than 4500% respectively in the desorption amount and
rate of CO, from MEA solution, attributing to the accelerating protonation and de-protonation pro-
cesses from the -OH groups of TiO(OH); basic oxide *!), and the hydroxyl groups of AIOOH had
also been confirmed to present similar promotional effect 2!, Furthermore, the hydroxide catalysts
of FeOOH and ZrOOH had no effect on the absorption of CO» during the cyclic experiment and
reduced the desorption heat duty by 47% and 45%, respectively 3. Accordingly, metal hydroxides
exhibit a good potential in the catalytic desorption of CO, from amine solution, but the catalytic

mechanism is not comprehensively clear and needs to be studied further. Among the investigated

metal hydroxides, iron is a low-cost and environmentally friendly element, and iron-based catalysts
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was regarded as an ideal candidate that has abundant acid sites, rich oxygen vacancies and good
electron transfer via the conversion of Fe(III)/Fe(IT) 4, all of which are crucial properties in the
catalytic desorption of CO,. However, the catalytic activity of FeEOOH hydroxide still needs to be
further optimized before the application in the industrial desorption of CO> from amine solution.
Simultaneously, the intrinsic catalytic mechanism of CO, desorption over it is unclear and needs to
be investigated at the molecular levels by combining the quantitative and qualitative analysis of
acidic sites.

Microwave radiation can lead to a homogeneous rapid heating of the reaction medium, result-
ing in a blooming of nucleation, which is favorable to the formation of the synthesized sample with

[35:36] ' As a result, microwave radiation

a small particle size and a narrow particle size distribution
has been used to synthesize novel catalysts and exhibits a good reaction selectivity, which is con-
sidered to regulate the morphology of catalysts and improve the dispersion of active sites on the
surface 7). Our previous studies demonstrated that the hydrothermal treatment of microwave radi-
ation was conducive to adjust the microscopic pore structure of iron-cerium-titanium mixed oxide
catalysts through accelerating the crystallite rate of the co-precipitated precursors, which also en-
larged the pore diameter and pore volume of the catalyst and enhanced its surface acid sites, thereby
increased the low-temperature SCR activity of mixed oxide catalyst [*>. Therefore, the treatment of
microwave radiation might refine the particle size of iron hydroxide and extend its specific surface
area and acid sites, resulting in improvement of CO, desorption from MEA solution over the iron-
based hydroxide catalyst.

In this research, microwave radiation was firstly employed to fabricate the catalyst of M-
FeOOH for the desorption of CO, from MEA solution, and the results indicate that the treatment of
microwave radiation improves the catalytic performance of CO, desorption, and the synthesized M-
FeOOH catalyst exhibits a good stability in high alkaline environments. Furthermore, various char-
acterization techniques, including SEM, XRD, FT-IR, XPS, BET, CO,-TPD and Py-IR, were meas-
ured to investigate the influence of microwave radiation treatment on the physical-chemical prop-
erties of FeOOH catalyst. In addition, Gaussian 16W was used to study the isomerization of car-
bamic acid to zwitterion during the regeneration of MEA solution, highlighting the importance of
iron-based SAC catalyst in the adsorption of carbamate in this process. This research offers a cost-

effective and efficient method for the fabrication of catalyst used in the desorption of CO; and the
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regeneration of adsorbed amine.
2 Experimental section
2.1 Catalyst preparation
All reagents used were of analytical grade (AR) and employed without further purification.

The M-FeOOH nano-catalysts were synthesized by the microwave-assisted precipitation method
using a home microwave oven (EG823MF3-NW, Midea, China). Initially, a certain quality of
Fe(NO3)3-9H,0 was dissolved in deionized water to achieve a solution concentration of 0.5 mol/L
for Fe**. The pH of the mixed solution was adjusted to 8 ~ 9 using ammonia, followed by continuous
stirring for 2 h. Subsequently, the mixture was filtered and washed extensively with deionized water
to remove NO3™ and NHy4" ions. The resulting wet filter cake was vacuumed and then subjected to
microwave radiation treatment for 10 minutes, utilizing an alternating heating method of P3g, which
involves 8 seconds of microwave radiation followed by a 14-seconds pause, repeated in cycles.
Finally, the filter cake treated by microwave radiation was dried at 105 °C for 2 h. The catalyst
obtained through this process is designated as M-FeOOH. In order to reveal the influence of micro-
wave radiation treatment on the catalytic desorption of CO; from MEA solution over goethite, for
comparison, the vacuumed filter cake was directly dried at 105 °C for 2 h without the treatment of
microwave radiation, and the obtained catalyst is referred to FeOOH. Furthermore, the used M-
FeOOH catalyst after five cyclic tests is marked as Spent-M-FeOOH.
2.2 Characterization methods

The XRD pattern was obtained using an X-ray diffractometer (Rigaku smartlab, Japan Science)
with Cu Ka radiation (A= 0.15406 nm), over a 20 range from 20° to 80° at a scanning rate of 2 °/min,
under operating conditions of 40 kV and 40 mA. The N» adsorption-desorption isotherm at 77 K
was measured with a Micromeritics ASAP 2460 system. The Brunauer-Emmett-Teller (BET)
method was employed to determine the specific surface areas, while the pore size distributions of
catalysts were analyzed using the Barrett-Joyner-Halenda (BJH) method. X-ray photoelectron spec-
troscopy (XPS) was conducted on Thermo-Fisher Scientific Escalab250Xi (USA) with 150W mon-
ochromated Al Ko radiation (1486.6 eV), using the C 1s peak (binding energy=284.8 eV) to cali-
brate the binding energies of Fe 2p and O 1s. The base pressure in the analysis chamber was ap-
proximately 3x107'% mbar. Fourier transform infrared (FTIR) spectra, spanning from 400 to 4000

cm’!, were recorded using a Nicolet iS5 FTIR spectrometer with a resolution of approximately 4
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cm’!. The pyridine adsorption infrared spectroscopy (Py-IR) was obtained using a Thermo Nicolet
380 spectrometer to assess the acid sites of catalysts. Before pyridine adsorption, the samples were
pretreated at 105 °C under vacuum conditions and subsequently cooled to room temperature. A he-
lium flow of 20 mL/min, saturated with pyridine, was then introduced into the IR cell at room tem-
perature for 2 h to ensure the complete coverage of all acid sites. Following this, pyridine desorption
was performed by evacuating the cell for 30 minutes under vacuum at 150 °C and 250 °C, respec-
tively. Infrared spectra were collected at these specific temperatures. The particle size distributions
of catalysts were measured by three times with Malvern 2000, and CO,-TPD was conducted on an
Auto Chem II 2920 analyzer (Micromeritics, USA). Under He atmosphere (30 mL/min), the tem-
perature is raised to 200 °C at the heating rate of 10 °C /min, The heat temperature is kept for 30 min
to remove the impurity water on the surface of the sample. After being cooled to 50 °C in He atmos-
phere (30 mL/min), high purity CO; gas (40 mL/min) is switched into the cell for 60 min and then
the purge of He gas (30 mL/min) is used to blow away the physically adsorbed CO; on the sample
surface for 30 min. Finally, the CO,-TPD desorption is carried out from 50-500 °C at a heating rate

of 10 °C/min under the condition of He gas (30 mL/min).

Electric
energy meter

Oil bath

Fig.1 Schematic diagram of catalytic desorption of CO2 from MEA solution
2.3 Absorption and desorption experiments
The experiments of CO; absorption/desorption and repetitive testing were conducted in a semi-
intermittent device. For the absorption of CO,, as shown in Fig. S1, pure CO; gaseous was passed
through the gas mass flow meter, three-way valve and wash flask at a rate of 1.5 L/min into a three-

necked flask containing 500 mL of a 30 wt.% MEA solution. And the water bath temperature was
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maintained at 40+1 °C and the magnetic stirrer was set to 300 r/min during the absorption of CO;
[17.26] Tn order to monitor the adsorption of CO,, a timer was employed and 1-1.5 mL of the absor-
bent solution was pipetted and collected into small bottles every 2-3 minutes throughout this time.
Furthermore, a bypass had been designed in the gas pathway of the semi-intermittent device and
was briefly paused to separate the pipetting procedure from the absorption process of CO,. The
process of CO, absorption and sampling was set as follows: pure CO, gaseous at a fixed flow rate
was fed into the reactor directly by closing the valve of the bypass during the absorption of CO,
absorption, while this valve was opened to divert the gaseous of pure CO, to the exit in the next
pipetting stage. And this interruption contributes to pipette 1-2 mL of the absorbed amine solution
for storage from the top of the reactor by halting the flow of CO; gas in the reactor temporarily.
Afterwards, the valve of the bypass was closed again to resume the absorption process by reintro-
ducing the gas flow of pure CO» into the reactor, ensuring the loading of CO; in MEA solution is
0.50 mol CO4/mol amine, which was determined using a Chittick apparatus in Fig.S2.

For the desorption of CO,, as shown in Fig.1, the experiments were performed in a 1 L three-
necked flask equipped with a thermometer, condenser tube and sampler. In each experiment, 2 g of
catalyst was immersed into the above CO»-loaded MEA solution, and the desorption temperature

18.32] Furthermore, black thermal insulation

was maintained at 90+1 °C with a stirring of 400 r/min !
cotton was used around and above the oil bath to heat preservation for the accurate measurements.
When the temperature of MEA solution reached 40 °C, 1-1.5 mL of MEA solution was pipetted for
a Chittick titration to obtain the loading of CO; in the amine-enriched solution, and then this sam-
pling operation was carried out in next every five minutes, but the time intervals were kept at 15
min from 30 min to 60 min and then 30 min from 60 min to 120 min during the titration measure-
ment, respectively. At the same time, the power consumption was recorded using an energy meter.

The measured volume of CO; and the used volume of hydrochloric acid in the Chittick titration

were used to calculate the loading rate of CO», as described by the following equation.

o= Veor =2V (1
Vi €

Where a is the calculated loading of CO», Vco: is the released volume of CO,, Vuciis the

consumed amount of hydrochloric acid in the acid-base titration when the color of the titrated amine

aqueous solution changes completely and £ is the gas correction factor calculated via the equation
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With respect to the catalytic desorption of CO, from MEA solution, the tested catalyst was
pressed into a thin flake and wrapped in a fine pore gauze mesh, which was effective to be used in
the middle portion of the CO,-loaded MEA solution as illustrated in Fig.1. At the same time, ap-
proximate 12 pipetting operations need to be carried out for each experiment of CO, desorption,
resulting in a solvent loss of around 20-30 mL for MEA solution. This corresponds to around 4%-
6% solvent loss of its initial 500 mL. It was pointed out in previous research that the main factor
affecting the desorption rate(r) of CO; is the concentration of MEA*COQ in the CO,-loaded MEA
solution %), Therefore, 4%-6% solvent loss of MEA solution has an insignificant impact on the
desorption rate of CO; due to no changing of amine concentration >4,

In this study, the desorption profiles of CO» loadings (mol/mol) versus time (minutes) were
plotted, ranging from saturation to equilibrium (0.5 mol/mol) for MEA solvents. And these CO»
loadings were tested at least twice to ensure an average absolute deviation (AAD) below 5%. Fur-
thermore, the parameters for evaluating the desorption performance of CO,, including the desorbed
quantities of CO; (ncoz), the average desorption rate (1), the relative heat duty (RHD), the heat duty

(HD), the cycle capacity and the desorption parameter (DP) with the detailed definitions, are calcu-

lated as follows:

oo = CxVx (arich - a[ean) @

= nC02 — CXVX(ariCh _alean) (3)
dt dt

HD = Qs _ K I h @

Neos Mol h

rRED =P 100% 5)

baseline
Cyclic capacity = C x (amh - a/ean) ©

initial desorption ratex cyclic capacity

7
heat duty @

Desorption parameter =

2.4 Molecular simulation

The calculations were performed based on the Gaussian 16W chemical calculation package.
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To account for the solvent effects, the integrated equation formalism polarized continuum model
(IEFPCM) was employed, with the atomic radius being a critical parameter for the accuracy of the
solvation model. Pauling atomic radii was used to calculate reaction capacities and other properties.
Geometric optimizations were performed at the B3LYP/6-311G (d, p)/IEFPCM level. Energies were
calculated as single-point energies using the B3LYP/def2-TZVP/IEFPCM method. To investigate
various mechanisms, the Gaussian 16W algorithm with opt= (TS, calcafa, noeigen) was used to
identify transition states (TS). Reaction pathways were refined through the intrinsic reaction coor-
dinate (IRC) calculations to ensure the consistent methodology and basis sets with the transition
states (TS). Transition states (TS) were confirmed by vibrational frequency calculations, requiring
at least one imaginary frequency, and two energy minimization runs using the software's default
convergence conditions. IRC calculations were performed to determine the relationship between
transition states and local minima, analyzing the reactants, products, intermediates, transition state
structures and vibrational frequencies.
3 Results and discussion
3.1 Catalyst characterization

According to the XRD patterns of FeOOH, M-FeOOH and Spent-M-FeOOH catalysts as
shown in Fig.2(a), no typical sharp lattice diffraction peaks attributed to iron oxide or/and hydroxide
have been detected for these catalysts, but some broad background signals appear in the samples.
This suggests that iron-based crystals might mainly exist in an amorphous phase with an indetermi-
nate morphology or/and micro-crystals that cannot be detected. For the FeOOH catalyst, the de-
tected broad background signals of XRD patterns might be attributed to a-FeOOH (JCPDS No.29-
0713) and B-FeOOH (JCPDS No.34-1266), indicating that the precipitation of ammonia helps ob-
tain the amorphous/micro-crystal iron hydroxide catalyst, which had been confirmed to have a large

2931341 Interestingly, the

specific surface area, pore volume and abundant surface functional groups [
M-FeOOH catalyst treated by microwave radiation also presents the XRD patterns attributed to the
amorphous/micro-crystal a-FeOOH and B-FeOOH, but this treatment promotes the lattice transi-
tions from B-FeOOH to a-FeOOH. Previous researches pointed out that both a-FeOOH and B-

FeOOH presented good stability in alkaline environments, and the conversion of 3-FeOOH to a-

FeOOH contributed to resulting in more hydroxyl groups formed on the as-prepared iron hydroxide
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surface, which might facilitate the supply of protons to the carbamate, thus accelerating the regen-
eration of CO,-loaded MEA solution. Furthermore, the co-presence of f-FeOOH and a-FeOOH
helps optimize the electronic structure of iron hydroxide catalyst, which might accelerate the elec-
tron transfer during the desorption of CO; from CO»-loaded MEA solution 3%, The Spent-M-
FeOOH catalyst after five cyclic tests also exhibits the XRD patterns of iron hydroxide micro-crys-
tals similar to M-FeOOH, and a-FeOOH is the predominant crystal for the catalyst treated by mi-
crowave radiation. This indicates that the treatment of microwave radiation contributes to fabricat-

ing the iron hydroxide catalyst with good stability a-FeOOH as the predominant crystal.

(a) (b)

FeOOH

FeOOH

M-FeOOH

M-FeQOH

3300~3500
v

m MMpcm-M-Fooon
s

| ‘ | W JCPDS#34-1266 p-FeOOH
| PR | IIl T | |

spent-M-FeOOH

Intensity(a.u.)
Transmittance(%)

#JCPDS#29-0713 a-FeOOH 586 448
1 L Il 1 ¥ L L 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 4000 3600 3200 2800 2400 2000 1600 1200 800 400
20(%) Wavenumber(cm™)

Fig.2 The XRD patterns (a) and FT-IR spectrums (b) of FeOOH, M-FeOOH and Spent-M-FeOOH catalysts

Fig.2(b) illustrates the surface functional groups of FeEOOH, M-FeOOH and Spent-M-FeOOH
catalysts detected by FT-IR, and it is found that FEOOH and M-FeOOH catalysts present similar
FT-IR spectra, which are attributed to the stretching and bending vibrations of the OH groups of the
physically adsorbed water molecules on the catalysts surface(3356 cm™ and 1620 cm™), the asym-
metric and symmetric stretching vibrations of Fe-O-H(1495 cm™ and 1339 cm™) and the stretching
vibrations of Fe-O (586 cm™ and 448 cm™!) B%40411 respectively. This reconfirms that the treatment
of microwave radiation doesn't dehydrate goethite completely, and iron hydroxide still exists in the
M-FeOOH catalyst. Furthermore, the FT-IR spectrum of Spent-M-FeOOH catalyst is similar to
those of M-FeOOH with a stronger intensity, which might be attributed to the absorption of water
from MEA solution. It should be pointed out that a new narrow peak appears at 1065 cm™ for the
Spent-M-FeOOH catalyst, attributing to the surface residual MEA. Therefore, the results of XRD
and FT-IR all demonstrate that microwave radiation treatment doesn't dehydrate the synthesized

goethite completely, and the M-FeOOH catalyst presents abundant OH groups with good stability,
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which are highly favorable to the decomposition of carbamate.
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Fig.3 The XPS and Py-IR spectra of FeEOOH, M-FeOOH and Spent-M-FeOOH catalysts: (a) Survey scanning
spectrum (b) Fe 2p spectrum (c) O 1s spectrum (d) The desorption spectra of pyridine at 150 °C

X-ray photoelectron spectroscopy (XPS) of FeOOH, M-FeOOH and Spent-M-FeOOH cata-
lysts were measured to investigate the dispersion of elements on the catalysts surface, and the results
are given in Fig.3. According to the full spectrum of XPS spectra in Fig.3(a), it is clear that the XPS
spectra of Fe 2p and O 1s are detected on the catalysts surface apart from C 1s, indicating that the
micro-crystals of a-FeOOH or/and B-FeOOH might be formed on the catalysts surface in view of
the fact that hydrogen cannot be detected by XPS. As shown in Fig.3(b), four peaks located at about
710.8 eV, 717 eV, 724.2 eV and 733 eV, were detected for the Fe 2p XPS spectra of FeOOH, M-
FeOOH and Spent-M-FeOOH catalysts. Except for two satellite peaks, the first and third peaks are
attributed to Fe 2p3» and Fe 2p1., respectively, which can be further de-convoluted into four peaks

34431 This also validates the formation of

via the Lorentz/Gaussian method due to their asymmetry [
partial Fe*" species on the catalysts surface. Interestingly, the treatment of microwave radiation does
not cause any shift in binding energies of Fe 2ps» and Fe 2pi, but it reduces the calculated

Fe?*/(Fe*"+Fe*") molar ratio on the surface of FeOOH catalyst by 4.1%, which indicates that the

treatment of microwave radiation can affect the interaction between iron and oxygen elements in
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catalyst, thereby changes the electron cloud distribution of Fe. However, the cyclic tests for five
times lead around 1.1 eV of Fe 2p spectra to lower binding energy, indicating an increase in the
electron cloud density around iron, which might be attributed to the absorption of water or/and the
residual MEA on the catalyst surface. Furthermore, Spent-M-FeOOH presents a larger surface
Fe?/(Fe**+Fe**) molar ratio than FeOOH and M-FeOOH catalysts. Theoretically, the presence of
Fe?" can facilitate the formation of oxygen vacancies due to the process 2 Fe** — Fe*" + VO B4,
And this phenomenon is also evidenced by the XPS spectrum of Ols in this research. As shown in
Fig.3(c), the peaks located at about 529.9 eV and 531.5 eV are associated with the lattice oxygen
and the lattice hydroxyls, respectively 4. Similar to the decrease law of surface Fe*"/(Fe**+Fe")
molar ratio, the treatment of microwave radiation also reduces the calculated molar ratio of lattice
hydroxyls/(lattice oxygen-+lattice hydroxyls) by 2.3%. Meanwhile, five cyclic tests lead to a new
peak appear at around 531.2 eV, which is attributed to hydroxyl oxygen from the adsorbed water,
and the total molar ratio of lattice hydroxyls and hydroxyl oxygen of Spent-M-FeOOH is higher
than that of M-FeOOH catalyst. This indicates that the cyclic tests contributes to improve the surface
concentration of oxygen vacancies due to the adsorption of H>O, which also leads the Ols energy
spectrum shift to the lower binding energy by 1 eV in agreement with the observation for Fe 2p.
Based on the following catalytic activity of CO, desorption from MEA solution in section 3.2, it can
be inferred that the oxygen vacancies might play an important role on the catalytic desorption of
CO; over FeOOH catalyst, but it is not the dominant factor in this circumstance.

In order to investigate the influence of microwave radiation treatment on the Brensted and
Lewis acid sites of FEOOH catalyst, a Py-IR study was conducted and the results are given in Fig.4
and Table 1. From Fig.4, it can be found that five peaks are detected for FeFOOH, M-FeOOH and
Spent-M-FeOOH catalysts. Among them, the peaks located at 1444 cm™, 1573 cm™ and 1602 cm’!
are attributed to Lewis acid sites (L), and the peaks located at 1543 cm™' and1488 cm™ belong to
Bronsted acid sites (B) and the combination of L and B acid sites, respectively B%434¢], Thus, there
exists abundant weak and medium-strong acid sites for the as-prepared iron hydroxide catalyst, and
the treatment of microwave radiation doesn't affect the strength of acid sites of FeEOOH. The calcu-
lated values of Lewis and Brensted acid sites from the Py-IR curves at 150 °C and 250 °C in Table
1 demonstrate that the treatment of microwave radiation decreases the amount of weak acid sites of

FeOOH catalyst slightly, but it increases the amount of medium-strong acid sites of catalyst [4]. And
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the reasons that the slight decrease of total acid sites might be attributed to the desorption and de-
composition of partial Fe-OH functional group during the treatment of microwave radiation, which
is also supported by the calculated molar ratios of L/B for both weak and medium-strong acid sites
and is in accordance with the results of XPS spectra. It should be mentioned that after five cyclic
tests, the Spent-M-FeOOH catalyst exhibits much less weak and medium-strong acid sites than M-
FeOOH, attributed to the surface residue of MEA, although the obtained Spent-M-FeOOH catalyst
was washed thoroughly with de-ionized water. Meanwhile, the spent catalyst has a larger calculated
molar ratio of L/B for weak acid sites than those of FeOOH and M-FeOOH, which indicates Lewis
acid sites are well reproducible in the catalytic desorption of CO,, whereas the calculated molar
ratio of L/B at medium-strong acid sites decreases more. In particular, the reduction intensity of B
acid sites is lower than those of L acid sites during the cyclic test, suggesting that the surface hy-
droxyl groups are stable in high alkaline environments [*?!, which is in agreement with the results of
XPS spectroscopy. Therefore, the repetitive testing not only decreases the BET surface area of M-
FeOOH catalyst, but also reduces the amount of the total acid sites, especially. It is widely accepted
that the amount of surface acid sites is related to the intrinsic properties and specific surface area of
catalyst, thus the normalizations of acid sites over per specific surface area (Acidity) were calculated
to study the inherent acidity of the catalysts and the results are also given in Table 1 7). It can be
found that Spent-M-FeOOH presents the largest calculated amount of acidity for weak acid sites,
indicating that the Spent-M-FeOOH catalyst still has abundant weak acidic sites over per specific
surface area, although its BET surface area is the least among these characterized catalysts. In order
to study the effect of microwave radiation treatment on the surface active sites of catalyst, CO,-TPD
was used to qualitatively compare the amount of hydroxyl active sites on the surface of FeOOH and
M-FeOOH catalysts, and the results are given in Fig.S4. As depicted in Fig. S4, there exists an
obvious desorption peak around 81 °C for FEOOH and M-FeOOH catalysts, which is attributed to
the decomposition of the generated bicarbonates during the adsorption of CO, on the surface hy-
droxyl groups of catalysts [*21. But the treatment of microwave radiation reduces the amount of -OH
species on the FeOOH catalyst surface, which confirms the influence of microwave radiation treat-

ment on reducing partial hydroxyl groups of FeOOH catalyst again.
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355 Fig.4 The SEM images of (a) FEOOH (b) M-FeOOH (c) Spent- M-FeOOH catalysts and Corresponding N> ad-
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357 Table 1 The concentrations and distributions of Lewis (L) and Brensted (B) acid sites for FFOOH, M-FeOOH and
358 Spent-M-FeOOH catalysts
Weak acid (mmol/g) Medium-strong acid (mmol/g)
Samples Acidity® Acidity®
B L L/B Total L L/B Total
(umol/m?) (umol/m?)
FeOOH 0.024 0.198  8.13 0223 0.86 0.016 0.116  7.13  0.132 0.51
M-FeOOH  0.022 0.180 8.20 0.202 0.84 0.015 0.119 7.80  0.134 0.56
Spent-M-
0.013 0.147 11.12 0.160 0.99 0.01 0.066 6.72 0.075 0.47
FeOOH
359 2 Calculated from the acid amount per Sger of the samples
360

Fig.4 (a)-(c) shows the SEM photographs of FeEOOH, M-FeOOH and Spent-M-FeOOH cata-
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lysts, and it can be observed that the FeOOH catalyst displays a large clump shape with tight inter-
connection of agglomerates. Meanwhile, M-FeOOH is composed of particles with smaller particle
size and shows relatively better dispersion than FeOOH. This indicates that the treatment of micro-
wave radiation contributes to improving the dispersion of particles formed on the catalyst surface.
Interestingly, the cyclic tests for five times almost does not affect the morphology of the catalyst
apart from the appearing of a slight aggregation of small particles on the surface of Spent-M-FeOOH.
This confirms the good stability of the iron hydroxide catalyst treated by microwave radiation.

Table 2 The physical structural parameters of FEOOH, M-FeOOH and Spent-M-FeOOH catalysts

b

BET surface area ® Pore  volume Pore diameter © average particle

Catalysts

(m?%/g) (cm¥/g) (nm) size (um)
FeOOH 259.6 0.26 3.27 4.36
M-FeOOH 240.7 0.27 3.42 3.85
Spent-M-FeOOH 161.5 0.15 3.38 /

a BET surface area. b BJH desorption pore volume. ¢ BJH desorption pore diameter

According to the IUPAC classification and the results of N, adsorption-desorption in Fig.4(d)-
(e) and Table 2, the FeOOH and M-FeOOH catalysts exhibit the type IV isotherm with a H1 hyste-
resis loop appearing in the high-pressure region, indicating the presence of mesoporous structure

[21.45.49.50] Meanwhile, the treatment of microwave radiation can make

with uniformly distribution
the low-pressure closing point of N, adsorption-desorption isotherm to shift to right slightly, demon-
strating that this treatment might be unhelpful to the pore structure due to the desorption and de-
composition of partial Fe-OH functional group. Furthermore, the cyclic tests for five times further
leads to a shift of the low-pressure closing point of N> adsorption-desorption isotherm to high pres-
sure. This means that there exists a trend of aggregation and growth of particles under the high
alkaline environment of MEA solution, which needs to be further optimized. The calculated data in
Table 2 demonstrates that the treatment of microwave radiation decreases the Sget of FeOOH cata-
lyst from 259.6 m*/g to 240.7 m?/g, but enlarges the pore volume and pore diameter of catalyst,
which help facilitate the entry of carbamate into the interior of catalyst for the reaction. Furthermore,
the Spent-M-FeOOH catalyst after five cyclic tests still has 161.5 m*/g of Sgerand 3.38 nm of pore

diameter, which are also considerable to the catalytic desorption of CO,. At the same time, the re-

sults in Fig.S5 and Table 2 demonstrate that the treatment of microwave radiation indeed regulates
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the particle size distribution of FeOOH catalyst and leads to a more concentrated bimodal distribu-
tion, which reduces the average particle size of FeEOOH catalyst.

3.2 Catalytic desorption performance
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Fig.5 The CO: desorption performance over the catalysts: (a) The desorption curves of CO2 (b) Percentage in-
crease in CO2 desorption amount after the addition of M-FeOOH catalyst (c) The desorption amount of CO> during
the temperature control phase and concentration control phase (d) 15 min, 30 min and 60 min average desorption
rates (¢) 15 min and 30 min relative heat duties (f) Influence of M-FeOOH catalyst on the absorption of CO2

In order to study the influence of microwave radiation treatment on the catalytic desorption of
CO; over the FeOOH catalyst, a series of experiments were carried out by using the flake catalyst
and the parameters, including the desorbed quantities of CO» (nco2), the average desorption rate (r),
the relative heat duty (RHD), the heat duty (HD) and the desorption parameter (DP). Based on the

curves of CO» loading in MEA solution at desorption temperatures of 40-90 °C in Fig.5(a) and Table
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S2, it can be found that the FeOOH catalyst presents good catalytic performance for the regeneration
of MEA solution and reduces the loading of CO; effectively in it. Furthermore, the treatment of
microwave radiation further accelerates the desorption rate of CO, during the heating stage, thus
the percentage increase of CO, desorption amount was calculated to investigate the effect of M-
FeOOH catalyst at the initial stage.

As shown in Fig.5(b), it is observed that the introduction of M-FeOOH catalyst can achieve a
peak increase rate of 92% in the desorption amount of CO; relative to the blank group at the 10 th
minute. The process of CO; desorption from MEA solution is divided into two stages including the
temperature control stage (first 30 minutes) and the concentration control stage (next 90 minutes).
It is clear that the introduction of iron hydroxide catalyst indeed increases the desorption amount of
CO; at the temperature control stage, especially M-FeOOH. Furthermore, the total amount of CO,
desorption within 120 minutes over M-FeOOH catalyst is slightly larger than that of FeEOOH, which
indicates that the treatment of microwave radiation optimizes the catalytic regeneration of MEA
solution over FeOOH catalyst, especially increasing the desorption rate of CO, at the temperature
control stage. According to the calculated average desorption rates of CO, in Fig.5(c), the applica-
tion of M-FeOOH catalyst increases the average desorption rate in the first 15 minutes by 8% and
66.6% compared to FeOOH catalyst and the blank group, respectively. Fig.5(e) gives the effect of
FeOOH and M-FeOOH catalysts on the relative heat duty of CO; desorption from MEA solution in
the first 15 minutes or 30 minutes. It can be found that the introduction of iron hydroxide catalyst
reduces the relative heat duty of CO; desorption effectively, and the relative heat duty in the first 15
minutes is decreased separately by 21.2% and 27.1% for FeOOH and M-FeOOH catalysts, which
is consistent with the law of average desorption rate. In addition, M-FeOOH maintains high activity
in the first 30 minutes and reduces the relative heat duty by 12.4% compared to FeOOH catalyst.
According to the results of CO; absorption in MEA solution in Fig.5(d), it can be found that the
application of M-FeOOH catalyst will not affect the absorption of CO, in MEA solution, or im-
proves the absorption rate in the first 10 minutes. Considering both the desorption rate and heat duty,
the desorption parameters were calculated to evaluate the introduction of M-FeOOH catalyst on the
regeneration of MEA solution. As depicted in Fig.S4, the desorption parameter increases with the
enhancement of catalyst amount from 0.2 wt.% to 0.8 wt.%, which is enhanced by 35% when the

used amount of catalyst increases from 0.2 wt.% to 0.4 wt.%, and the suitable amount of M-FeOOH
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is 0.4 wt.%. Furthermore, the catalytic performance of CO; desorption from MEA solution over
different solid acid catalysts were given in Table S1 for comparison. It can be found that the as-
prepared M-FeOOH catalyst increases the amount of CO, desorption and reduces the renewable
energy consumption at the temperature of 90 °C effectively, which is better than the most reported

solid acid catalysts in table S1.
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Fig.6 Correlation of CO2 desorption amount with acid site distribution and specific surface area of catalysts

Based on the same desorption time and power consumption, the desorbed amount of CO; can
be visualized as a response to the relative magnitude of the heat duty, thus the relationship of the
desorbed amount of CO, with the molar ratio of surface Lewis and Bronsted acid sites(L/B), the
total acid sites (TAS) and medium-strong acid sites(M-SAS) per unit surface area are represented in
Fig.6. As shown in Fig.6, the desorbed amount of CO; is positively correlated with the molar ratio
of surface Lewis and Bronsted acid sites(L/B) and the total acidic sites per unit surface area (TAS),
but is weakly related to the Medium-strong acidic sites per surface area owing to the slightly lower
calculated value of M-SAS for M-FeOOH catalyst although it has better catalytic performance of
CO; desorption than FeOOH. Previous researches pointed out that the effect of catalyst became
mainly to assist the reaction between MEAH" and MEACOO" as the enhancement of CO, desorp-
tion and solution alkalinity 5'. Wherein, Bronsted acid sites contributes to providing the proton for
the dissociation of carbamate, while Lewis acid sites principally accept the electrons to assist the
recovery of MEAH™ 12830511 However, higher activation energy needs to overcame for the de-pro-
tonation reaction of MEAH" than the dissociation of carbamate, which might explain the promo-

tional effect of L/B ratio enhancement on the catalytic desorption of CO, from MEA solution over
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the as-prepared FeOOH catalyst 2839511,

The stability of catalyst is an important parameter for the regeneration of MEA solution and
needs to be studied, thus five cyclic experiments were conducted on the desorption of CO; over the
M-FeOOH catalyst. During this experiment, the flake catalyst was taken out of the MEA solution
every time after the desorption of CO, and washed completely to remove the adsorbed amine on the
catalyst surface with de-ionized water, and then dried before the next cyclic test. As shown in Fig.7,
around 224 mmol/mol of CO; desorption amount and 78.5% of the relative heat duty achieve in the
first 30 min for the M-FeOOH catalyst after being tested for four cycles, which are close to the
activity of the fresh catalyst. This indicates that the iron hydroxide catalyst synthesized by micro-
wave radiation assisted preparation method presents a good stability on the catalytic desorption of
CO; from MEA solution. The results of characterizations in Section 3.1 demonstrate that Spent-M-
FeOOH exhibits similar iron-based crystals, surface functional groups and morphology to fresh M-
FeOOH, which also confirms the excellent stability of the synthesized catalyst in this study. Fur-
thermore, the cyclic tests contribute to adjust the electron cloud density around iron element and the
surface acid sites of catalyst, thereby improve the surface oxygen vacancies and weak acid sites of
M-FeOOH due to the adsorption of water and the residue of MEA on the catalyst surface although
the obtained Spent-M-FeOOH catalyst was washed thoroughly with de-ionized water. Meanwhile,

this residue might decrease the BET surface area of catalyst, which needs to be optimized in further

studies.
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Fig.7 Cyclic stability tests of the catalytic CO2 desorption from MEA solution over M-FeOOH catalyst

3.3 DFT calculations
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Fig.8 Potential energy plots of isomerization processes assisted by water or/and iron catalyst for carbamic acid

The zwitterion mechanism of CO; desorption is the reverse reaction of absorption, which can
be divided into two main parts, the decomposition of carbamate and the deprotonation of protonated
amine 2. The protonated amines transfer protons to H>O and HCO;*, which act as the intermediate
carriers to transfer protons to carbamates to form carbamic acid. And through the process of isom-
erization, protons are transferred from O to N atoms to form zwitterions, and then the C-N bonds
are broken to form MEA and CO,. There exists the key step of an isomerization reaction for the
mechanisms proposed for the desorption of CO, from MEA solution 2%2!*], Because the N atom
of carbamate might be directly attacked by the protons from strong acid sites (e.g., SO4%") in alkaline
amine solution 4, while the protons from weak and medium-strong acid sites preferentially com-
bine with more electronegative oxygen atoms to form carbamate, and an isomerization reaction is

sure to occur 62027

1. However, less researches have been investigated in the isomerization process
of CO; desorption from MEA solution. In this study, the reactants, transition states, intermediate
states and products of the isomerization were simulated using Gaussian 16w to unveil this process
and the effect of water or/and iron catalyst (FeCl,) have also been investigated with the relative
energies calculated correspondingly.

The potential energy plot (PES) of MEACOOH-H,0 in CO;-loaded MEA solution were ob-
tained based on the IEFPCM model 3!, vesicle radius and B3LYP/6-311G (d, p) level and the results

are given in Fig.8. It can be found that there exist two possible paths for the isomerization process

of carbamic acid by analyzing the computed infrared spectra, which are the vibration peak of H
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atom to N atom at 1186.6 cm™ and the vibration peak for the departure of H atom from O atom at
3766.4 cm’!, respectively. Herein, a display water molecule was introduced and found that there
exist blue shift and red shift separately for the vibration peaks of H atom to N atom and H atom to
O atom, and their intensities also increase by a factor of 1.3 and 8.2, respectively. This indicates that
H atom is easier to detach from carbamic acid and binds with water compared to the vibration peak
of H atom to N atom. Therefore, in this study, water molecule was introduced to participate in the
isomerization reaction, which helped to convert the original intramolecular proton transfer into the
molecule-to-molecule proton transfer. As shown in Fig. 8, the relative energies of the isomerization
reaction could not be quantified in the absence of water molecule, and there exists an energy barrier
of 16 kJ/mol between zwitterion and carbamic acid, resulting in a huge energy requirement for the
reaction. However, the isomerization reaction at the presence of water exhibits an energy barrier of
only 85.9 kJ/mol, and the energies after the transition states are all progressively lower and negative,
demonstrating that the subsequent reaction can proceed spontaneously as long as the energy barrier
is crossed. The specific reaction paths for the isomerization of carbamic acid is given in Fig.9, and
it can be found that at the presence of water, the H atom of carbamic acid is first strongly attracted
to the O atom of water(Step | ), but its other H atom slowly breaks off as the H atom gradually
approaches H,O(Step Il), at which point a stable hexagon is formed between the H-O-H of water
and the N-C-O of carbamate(Step IIl), wherein the lengths of N-H and O-H bonds are 1.36 A and
1.26 A respectively. Subsequently, the O atom gives its combined H atom to the N atom by bonding
with the foreign H atom and a zwitterion is formed due to the combination of N and H atoms (Step
V). Finally, the C-N bond breaks to form MEA and CO» (Step V and VI) (Egs. (8) and (9)). Thus,
it can be inferred that more water molecules contribute to improve the isomerization reaction by

reducing the energy requirements significantly.

H,O+ MEACOO + H30" < Zwitterion+ 2H,0 ®)
Zwitterion < MEA + CO» 9)
Fe-O + MEAH" <> MEA + Fe-OH (10)

H,0 +Fe-OH + MEACOO™ — MEAH'COO" + Fe-O™ + H,0O 11
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Fig.9 Simulation results of water-assisted isomerization reaction mechanism with bond lengths in angstroms

It should be mentioned that three active centers (one N atom and two O atoms) are exposed for
carbamate acid [*®). Among them, the atom of N usually serves as a crucial active center for the
decomposition of carbamate, but its location within the structure leads N atom less readily adsorbed
on the introduced catalyst surface in the isomerization reaction ¢!, Therefore, Fe?" of ferrous chlo-
ride was chosen as the unsaturated metal (LAS) active sites to simulate the adsorption of two acti-
vate oxygen from carbamic acid on the surface of FEOOH catalyst. As depicted in Fig. 8 and 10, the
oxygen active center of the absorbed CO; in carbamic acid is easily bound together to the Fe atoms
of the introduced iron-based catalyst via Eqs. (10) and (11), which decreases the energy barrier of
isomerization reaction to 64.9 kJ/mol at the presence of water, representing a reduction of 24.5%.
Furthermore, it can be observed that along the specific reaction path under the action of iron-based
catalyst, the bonds of both O-H and N-H in transition states elongate to 1.56 A and 1.57 A, respec-
tively. This causes the originally stable hexagonal ring to become more stable and reduces the reac-
tion energy barrier, which is consistent with the experimental catalytic mechanisms of CO» desorp-
tion in previous literatures [2%*1*2], In addition, only 2.8 kJ/mol of energy is required to the fracture
of Fe-O, and the introduction of iron-based catalyst reduces the activation energy of the isomeriza-

tion effectively, but it does not alter the free energy of reactants/products.
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Fig.10 Simulation results on the mechanism of isomerization reaction assisted by the combination of water and Fe-
based catalyst (bond lengths in angstroms)

The calculated energy barriers and specific reaction path in the case that the other oxygen active
center directly from carbamic acid rather than the absorbed COs, is bound together to the Fe atoms
of the introduced iron-based catalyst, are given in Fig.8 and Fig.S5. It can be found that the bind of
Fe atoms to the oxygen active center directly from carbamic acid increases the reaction energy bar-
rier of isomerization reaction by 22.1%. Furthermore, in this specific reaction path, the position of
CO2 rotates by 90° compared to the reaction via the formed bond of Fe atom with the oxygen active
center of the absorbed CO; in carbamic acid, which results in a more unstable structure of transition
state and instead increases the energy barrier of isomerization reaction. Therefore, it can be inferred
that the Fe atoms of the introduced iron-based catalyst should bind with the oxygen active center of
the absorbed CO; in carbamic acid, thereby reducing the reaction energy barrier of isomerization
reaction and promoting the regeneration of MEA. Finally, based on the calculation results in this
research, the detailed reaction path of CO» desorption and the regeneration mechanism of MEA over
the iron-based catalyst are proposed and given in Fig.11. Firstly, the introduced iron-based catalyst
carries the protons of MEAH" or/and supply its own inherent protons to participate in the decom-
position reaction of carbamate by converting MEACOO™ into MEACOOH. Subsequently, the Lewis
acid site of iron-based catalyst attacks and adsorbs the oxygen active center of the absorbed CO- in
carbamic acid and thus MEACOOH is fixed on the catalyst surface. And then, the molecule of water

in aqueous solution participates in the reaction of isomerization and transfers the protons from the
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O atom to the N atom in carbamate acid. During this reaction process of isomerization, the formation
and breaking of bond undergo for the molecule of water, and then the acid site of catalyst removes
the lone pair electrons of the N atom for carbamate and makes its configuration change from sp2
hybrid to sp3 hybrid orbital, and a zwitterion is formed. Finally, the C-N bond of the zwitterion is
elongated and then its break leads to the formation of CO/H,O and the regeneration of MEA/Cat-
alyst. At the same time, it should also be mentioned that the abundant acid sites of iron-based catalyst

also contribute to provide protons for the decomposition reaction of HCO*/COs into H,0O and COs.
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Fig.11 Mechanism of COz desorption from COz-loaded MEA solution over Fe-based catalyst

4 Conclusions

In this study, microwave radiation had been applied to increase the catalytic desorption of CO»
from CO,-loaded MEA solution over the iron hydroxide catalyst, which was found to further accel-
erate the CO, desorption rate at the heating stage and decrease the relative desorption heat duty of
FeOOH catalyst, and the M-FeOOH catalyst presents a good stability for CO, desorption. The treat-
ment of microwave radiation leads to the decomposition of partial Fe-OH functional group of iron
hydroxide and promotes the lattice transitions from B-FeOOH to a-FeOOH, which decreases the
BET surface area and weak acid sites of FeOOH catalyst slightly, but increases the dispersion, me-
dium-strong acid sites and pore volume of catalyst. Furthermore, this treatment reduces the calcu-
lated surface molar ratio of lattice hydroxyls/(lattice oxygen + lattice hydroxyls), but the cyclic test
helps to the formation of hydroxyl oxygen from the adsorbed water, which plays an important role

on the regeneration of MEA solution. The results of DFT calculation indicate that water molecule
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indeed contributes to converting the original intra-molecular proton transfer into the molecule-to-
molecule proton transfer in the reaction of isomerization actively. Finally, the influence of iron-
based catalyst on the isomerization of MEA solution are calculated by choosing Fe*" of ferrous
chloride as the unsaturated metal (LAS) active sites to simulate the adsorption of carbamic acid, and
found that the adsorption of LAS and uniformly dispersed active sites of iron-based catalyst con-
tributed to providing an advantageous condition for the decomposition of carbamate and promoting

the regeneration of MEA.
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