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Abstract

The urgent global issue of climate change caused by rising carbon dioxide (CO;) levels
has led to the widespread use of gas separation processes. Among the available processes,
chemical absorption has received more attention due to its maturity and higher efficiency
compared to others. However, the high energy consumption during the desorption step
poses several technical challenges, limiting its industrial applications. To overcome those
challenges, several research studies have been conducted to improve the performance of
the desorption process. In particular, various types of catalysts have been tested to improve
the performance of the CO, desorption process. Among the available catalysts, Titanium
Oxyhydrate (TiO(OH);) has shown remarkable characteristics for replacing conventional
catalysts, mainly due to its stability and the potential for increasing the CO, desorption rate.
However, limited studies have been conducted to evaluate the performance of the CO,
desorption process, especially by utilizing commercial solvents such as piperazine (PZ)
promoted methyldiethanolamine (MDEA). Hence, this study aims to evaluate the stability
of TIO(OH); as a catalyst during the CO, desorption process using various characterization
techniques. The CO, desorption performance is also assessed under different operating
conditions. Moreover, the regeneration energy is determined and reported as the sensible
heat duty per released CO;. The results show no significant difference between fresh and
cycled TiO(OH),, indicating its substantial thermal stability. Furthermore, a notable rise of
19.58% is observed in desorption rate while utilizing TiO(OH), with a mass concentration
of 5 wt%, reflecting less energy consumption. These findings suggest that TiO(OH); could
serve as a transformative catalyst in industrial-scale CO, desorption processes, potentially
paving the way for more sustainable CO, capture technologies.

Keywords: CO, desorption; catalyst; regeneration energy; desorption rate

1. Introduction

Excessive carbon dioxide (CO;) emissions from industrial and energy sectors are
a major driver of global warming in developing countries [1]. While natural sources of CO,,
emissions, such as biomass decomposition or respiration, are largely balanced by natural
sinks, human-induced emissions from fossil fuel combustion have caused a persistent rise
in atmospheric CO; since the Industrial Revolution [2,3]. This increase has intensified the
need for effective CO, capture and utilization technologies to mitigate climate change [4-7].

Among the available separation processes, particularly chemical absorption, is re-
garded as the most promising technology due to its maturity, cost-effectiveness, and
effectiveness in diluting CO, streams [8,9]. To evaluate the performance of the absorption
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process, various factors must be considered. Notably, the solvent plays a crucial role, as key
aspects such as CO, loading capacity, reaction kinetics, regeneration energy requirements,
and mass transfer characteristics are directly linked to the solvent’s properties [10,11]. De-
spite being the most advanced CO, separation process, the performance of the conventional
absorption columns is still restricted by an excessive footprint, operating/maintenance
issues, and energy-intensive regeneration steps [12-14]. Several research studies have been
conducted to eliminate these drawbacks and to improve the CO, absorption process in
terms of reducing operating and capital expenses (OPEX and CAPEX) by focusing on three
different approaches:

e  Utilization of alternative solvents.
e  Development of alternative intensification technologies.
e  Energy integration and thermal optimization of the process.

Among the above-mentioned approaches, the last one involves reducing energy usage
and loss during the CO, absorption process. It has been reported that between 50 and 80% of
the energy requirements of the whole CO, chemical absorption process are associated with
the regeneration step. To reduce such high energy consumption during the regeneration
process, absorbents that need less heat to regenerate should be used. Among the available
absorbents, alkanolamines are considered to be the most extensively used absorbents in
the CO, absorption process [15]. Special attention is given to MDEA due to its low vapor
pressure, high concentration capabilities, and resistance to degradation and corrosion [16].
Despite its various advantages, MDEA still suffers from a slow reaction rate with CO,.
The slow reaction kinetics result in significant energy consumption during the desorption
step. To address this issue, blending different chemical solvents with MDEA has been
proposed [17]. Such blends can combine the beneficial characteristics of each solvent in
the mixture while suppressing their undesirable properties. Thus, the performance of the
resulting blends can exceed the expected performance of the individual solvents.

PZ has received significant attention for mixing with MDEA because of its high CO,
absorption rate and capacity. However, at higher PZ concentrations, increased viscosity could
reduce the rate enhancement effect during both absorption and desorption steps. Therefore,
there is a need to address this issue by preserving the rate-enhancement effect of MDEA /PZ
blends while reducing the negative impact. In recent years, catalytic-aided CO, desorption
has been widely researched as it promises more efficient progress in CO, capture. Various
catalysts have been studied to improve the performance of MDEA /PZ solvent systems in CO,
absorption and desorption. Common catalysts include transition metal oxides, sulfated metal
oxides, zeolites, mesoporous silica, and hybrid catalysts. However, these catalysts often face
challenges such as limited thermal stability, high cost, and reduced efficiency under industrial
conditions, shifting the attention toward TiO(OH); as a superior alternative.

The use of TIO(OH); in CO, separation was first studied by Dutcher et al. [18], where
nanoporous TiO(OH), was used as a catalyst for CO, desorption in NayCOj3. The obtained
results indicated that TiO(OH); has the potential to improve the desorption process by
reducing the activation energy. Moreover, the catalyst demonstrated remarkable stability
up to 300 °C. TiO(OH), stability was also reported in subsequent research conducted by
Toan et al. [19]. According to the obtained results, the amount of CO, desorbed increased
by up to 1200%, and the catalyst remained unaffected after 50 cycles. This enhanced per-
formance brings multiple advantages, as the fast desorption process allows for smaller
reactors and lower capital costs, the low desorption temperature reduces energy require-
ments, and the use of an inorganic sorbent results in fewer toxic emissions. Later, the
catalytic performance of TiO(OH), during the CO, desorption process was evaluated in the
presence of tetraethylenepentamine (TEPA). The results showed that the desorption kinetics
required less regeneration energy compared to the non-catalytic system [20]. In addition
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to high stability and low regeneration energy demand, the regeneration temperature was
also investigated by Lai et al. [21]. The results revealed that the presence of TIO(OH), has
the potential to lower the regeneration temperature during the CO; desorption process in
MEA. This was attributed to the accelerated reactions originating from the ability of the
hydroxyl group on TiO(OH); to donate and accept protons in proton-involved reactions.

Based on the above studies, TIO(OH); offers several advantages over other catalysts
used in MDEA /PZ solvent systems. Unlike many conventional catalysts, TiO(OH), exhibits
excellent thermal stability and resistance to degradation, ensuring consistent performance
under industrial conditions. Its unique structure facilitates a higher CO, desorption rate
while requiring less regeneration energy, making it more energy efficient. Additionally,
TiO(OH), is cost-effective compared to complex catalysts such as hybrid systems. It
also avoids the operational challenges associated with high-viscosity systems or catalyst
deactivation. Consequently, TIO(OH), proves to be a potential catalyst for improving the
sustainability and efficiency of CO, capture processes. Previous studies have shown that
TiO(OH); exhibits desirable solid catalyst properties, such as high CO, absorption capacity,
long-term stability, and good regenerability with minimal degradation [20-22].

Nevertheless, further investigation on the application of TIO(OH);, as a catalyst to
enhance desorption performance is still needed, particularly in the context of its integration
with commercial solvent systems like MDEA /PZ. This lack of comprehensive investigation
creates a gap in understanding its practical effectiveness, and thus exploring the potential
of TiIO(OH); in combination with MDEA /PZ to improve desorption performance is crucial.
Therefore, the main goal of the current study is the synthesis, characterization, and stability
check of the TIO(OH); catalyst for CO, desorption in the MDEA /PZ system. Subsequently,
the potential of TIO(OH), in combination with MDEA /PZ solvents to improve CO; desorp-
tion efficiency and reduce energy consumption during solvent regeneration is investigated.
Key parameters for optimizing desorption kinetics and catalytic performance, including
temperature, PZ concentration, and TiO(OH), concentration, are evaluated. Addition-
ally, regeneration energy is analyzed to assess the efficiency and feasibility of integrating
TiO(OH); into CO, capture processes.

2. Results

In the following subsections, the obtained results are presented and critically analyzed.

2.1. Characterization of TiO(OH), and Cyclic Stability Evaluation

The stability of TiO(OH), was evaluated over five absorption-desorption cycles. As
mentioned earlier to assess the stability, several characterization techniques were employed
to provide substantial data about the stability and the performance of TIO(OH),. For each
test two samples, the fresh and cycled TiO(OH);, were characterized.

Figure 1 shows the FTIR characterization results of those samples. According to the
obtained results four distinct peaks were identified for each sample. A broad peak (1)
was observed for both testing samples at 2500-3600 cm ™!, which corresponds to O-H
stretching vibrations, suggesting the presence of surface hydroxyl groups. This observation
was attributed to adsorbed moisture on the TiO(OH); surface, consistent with previous
studies investigating TIO(OH), [18,22,23]. The sharp peak (2), attributed to the H-O-H
bending vibration, was also detected for both samples at 1630-1640 cm~!. TiO(OH),,
a hydrated form of titanium oxide, contains water molecules chemically bound to Ti-O-Ti
bridges within its crystal structure. This bending vibration is known to be highly sensitive
to hydrogen bonding and the interaction with neighboring water molecules. The position
and intensity of this peak provided valuable insights into the nature of hydrogen bonding
and the structural arrangement of water molecules within the sample. The small peak (3) at
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1062 cm~! was observed for both samples. Additionally, two smaller peaks were detected
in the cycled sample at 1086 cm ! and 1133 cm !, which were related to the Ti-O-H group.
It was suggested that these peaks corresponded to the acceleration of CO, desorption [24].
This suggestion was based on the fact that TiO(OH), had been synthesized directly through
the hydrolysis of Ti(OCH(CHs),)4 [24,25].. A wide peak (4) was also observed in both
testing samples within the range of 600-800 cm ™!, which represented Ti-O bends [24].
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Figure 1. FTIR spectra for Fresh and Cycled TiO(OH), in the range of 4000-400 cm~!.

The morphological features and particle size of the synthesized TiO(OH), were ana-
lyzed using FESEM at varying magnifications, including 5000 x and 30,000 x. Both the fresh
and cycled TiO(OH), samples were characterized. Figure 2 presents the obtained results.
Figure 2a,b show the FESEM images of the fresh sample at different magnifications, while
Figure 2¢,d show the cycled one at different magnifications. The comparison between the
fresh and cycled TiO(OH), revealed that the basic structure of TIO(OH), was not affected
by the heating process.

In addition to FTIR and FESEM, the EDS technique was also employed to character-
ize both fresh and cycled TiO(OH), to provide detailed information on their elemental
composition and to assess any changes in the material’s surface structure. The results are
shown in Figure 3. The fresh TiO(OH), was found to contain 61.5 wt% Ti, 31.6 wt% O, and
6.9 wt% C. In contrast, the cycled TiO(OH), was found to contain 49.6 wt% Ti, 39.5 wt% O,
and 10.9 wt% C. The Ti and O peaks were clearly observed in both EDS spectra, which
confirmed their presence along with the corresponding weight percentages. Moreover,
the presence of C in the spectra was likely attributed to the fact that TiO(OH); had been
synthesized directly from the hydrolysis of Ti(OCH(CH3);)4, which is an organometallic
compound containing titanium, isopropyl groups, and oxygen atoms. Ti(OCH(CH3);),4 is
commonly used as a precursor in the synthesis of various titanium-containing materials
through processes like hydrolysis or condensation reactions. It is also known to be reactive
with moisture and air, which can lead to the formation of carbon-containing species on the
surface of the synthesized catalyst, as evidenced by the results.
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Figure 2. FESEM imaging of (a) fresh TIO(OH); at 5 um, (b) fresh TiO(OH), at 500 nm, (c) cycled
TiO(OH); at 5 pm, and (d) cycled TiO(OH); at 500 nm.

The XRD results for fresh and cycled TiO(OH), are shown in Figure 4. Generally,
the TIO(OH), was found to exhibit an amorphous nature. Nevertheless, minor traces of
the anatase phase of TiO; were observed to have developed. This was evident from the
XRD pattern, which displayed three peaks centered around 26 values of 27, 46, and 61 [26].
The XRD patterns for the fresh and cycled TiO(OH); were found to be identical, but with
different intensities. This suggested that the crystal structure and phase composition of the
catalyst had not changed significantly, but there may have been changes in other properties
such as the particle size or preferred orientation of the crystal lattice.

As the final characterization technique, the TGA test was performed to investigate the
thermal stability and weight loss behavior of TiO(OH), under controlled heating conditions.
Overall, no significant changes were observed in the TGA curves of the fresh and cycled
TiO(OH),, as can be seen in Figure 5. This suggested that TiO(OH); had maintained
its thermal stability after the absorption-desorption cycle. This could indicate that the
absorption-desorption process had not affected the thermal stability of TIO(OH),, and it
remained stable under the tested conditions. Initial weight loss of approximately 20% was
observed in the temperature range of 50-200 °C which can be attributed to the transformation
of TIO(OH), into a more stable form of titanium oxide, such as TiO,. This suggest that the
conversion TiO; occurs predominantly below 200 °C. A smaller additional weight loss of
around 5% was detected between 200 and 500 °C, likely due to residual hydroxyl group or
other volatile species on the oxide surface. Beyond 500 °C, the mass remained largely stable,
implying no further significant decomposition under tested conditions.
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Figure 3. EDS peaks for (a) Fresh and (b) Cycled TiO(OH),.
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Figure 4. XRD image of fresh and cycled TIO(OH), ranging from 10° to 80°, a scan step size of 0.5,
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Figure 5. TGA data of fresh and Cycled TiO(OH); at a heating rate of 10 °C/min.

2.2. CO; Desorption Performance

The CO, absorption performance of the TiO(OH),-enhanced solvent is presented in
the following subsections. The CO, desorption rate of the solvent mixture was evaluated
under various operating conditions, including TiO(OH), and PZ concentration ranges of
0-5 wt% and a temperature range of 80-110 °C.

2.2.1. Effect of TIO(OH), Concentration

Figure 6 illustrates the effect of various mass concentrations of TiO(OH), on the
desorption rate and desorption capacity of a 45 wt% MDEA solvent blended with
2.5 wt% PZ at a constant temperature of 95 °C. The results indicated a slight increase
in the desorption rate with increasing TiO(OH), concentration. The desorption rate at
0 wt% TiO(OH),; was approximately 1.43 mol/hr, which increased to 1.62 mol/hr at
2.5 wt% TiO(OH),, and further reached 1.71 mol/hr at 5 wt% TiO(OH),. Similarly, the
desorption capacity exhibited an increasing trend. At 0 wt% TiO(OH),, the desorption
capacity was 3.72 mol, which increased to 4.69 mol at 2.5 wt% TiO(OH);, and showed
a slight increase to 4.97 mol at 5 wt% TiO(OH),. The overall percentage increases of 19.58%
and 33.63% were observed for the desorption rate and desorption capacity, respectively.
These values indicated that the presence of TiO(OH), had a positive impact on the desorp-
tion performance, leading to a significant improvement in both the rate and capacity of
CO, desorption. The observed percentage increase in desorption rate and capacity with
the addition of TIO(OH), can be attributed to its catalytic properties. It has been reported
that TiO(OH), can facilitate the interaction between CO, and MDEA. Furthermore, it can
enhance CO, desorption from MDEA by accelerating proton-involved reactions, promoting
the formation of bicarbonates [21] and facilitating the release of CO, by breaking C-O bonds
in the bicarbonate species [27].

At the microscopic level, the catalytic effect of TiO(OH), can be attributed to several
structural and electronic features. The surface hydroxyl groups act as proton-transfer
sites, which accelerate the decomposition of bicarbonate into CO, and H,O. In addition,
the amorphous nature of TIO(OH),, as confirmed by our XRD results, provides a high
density of unsaturated coordination sites that function as active sites for reaction. The Ti-O
bonds also modifies the local electronic structure of the catalyst, lowering the activation
energy barrier for proton-related reactions and thereby promoting faster CO; release.
These interpretations are consistent with previous reported results on catalytic desorption
mechanisms [21,24,28] which demonstrate that TIO(OH), lowers the energy barrier for
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bicarbonate decomposition and accelerates proton-transfer kinetics. It should be noted
that, in the CO, desorption process, bicarbonate is heated to decompose and release CO,,
therefore these combined effects lead to an enhanced CO, desorption performance.
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Figure 6. Effect of TIO(OH); concentration on CO, desorption rate and capacity at [MDEA] = 45 wt%,
[PZ] = 2.5 wt%, and T= 95 °C.

2.2.2. Effect of Temperature

Figure 7 shows the influence of temperature on the CO, desorption rate. The absorbent
used was a mixture containing 45 wt% of MDEA, 2.5 wt% of PZ, and 2.5 wt% of TiO(OH),.
The temperature is an important factor for evaluating the CO, desorption performance, as
it can significantly affect both the reaction kinetics and the equilibrium of the desorption
process [29]. The obtained results revealed a clear trend in the desorption rate with
increasing temperature. At 80 °C, the desorption rate was 1.05 mol/hr, with a desorption
capacity of 3.06 mol. At 95 °C, both the CO, desorption rate and capacity significantly
increased to 1.62 mol/hr and 4.69 mol, respectively. The upward trend continued, with
the desorption rate further rising to 2.04 mol/hr and the desorption capacity reaching
5.90 mol at 110 °C. Therefore, as evidenced by the 25.93% increase in desorption rate (from
1.62 mol/hr at 95 °C to 2.04 mol/hr at 110 °C) and a 25.83% rise in desorption capacity
(from 4.69 mol at 95 °C to 5.90 mol at 110 °C), temperature plays a crucial role in CO,
desorption performance. The improved performance can be explained by the fact that the
CO, desorption process is endothermic, meaning that external energy must be supplied to
drive the process [30].

Typically, amine-based solutions are heated within the range of 100-150 °C to ensure
that the thermodynamics of the CO, desorption reaction are favorable [30,31]. This means
that an increase in the operating temperature of the solvent would substantially result
in a higher percentage of desorption and enhanced mass transfer rates [32]. Apart from
that, the kinetic energy of the molecules in the solvent increases with an increase in the
reaction temperature. This higher molecular energy facilitates more frequent and energetic
collisions between the CO; molecules and the catalyst. As a result of these collisions, the
dissolved CO; bubbles in the solvent are discharged more rapidly, leading to an increased
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desorption rate [28]. Furthermore, it should be noted that while increasing the temperature
enhances the CO, desorption rate, it also increases energy consumption. The optimal
temperature for CO, desorption depends on the specific system and operating conditions.
By carefully controlling and monitoring the temperature, it is possible to achieve an optimal
balance between desorption performance and energy efficiency, ultimately resulting in
a more sustainable and cost-effective process.
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Figure 7. Effect of temperature on CO, desorption rate and capacity at [MDEA] = 45 wt%, [PZ] = 2.5 wt%,
and [TiO(OH);] = 2.5 wt%.

2.2.3. Effect of PZ Concentration

Figure 8 illustrates the effect of PZ concentration on the CO, desorption rate and
capacity. The absorbent consisted of a blend containing 45 wt% MDEA, 2.5 wt% TiO(OH),,
and varying mass concentrations of PZ. The temperature was maintained at 95 °C. The
results indicated a slight decrease in both the CO, desorption rate and capacity was
observed as the mass concentration of PZ increased from 0 to 5 wt%. Specifically, the
desorption rate was reduced from 1.70 mol/hr at 0 wt% PZ to 1.62 mol/hr at 2.5 wt%
PZ. A further reduction in desorption rate to 1.43 mol/hr was recorded at 5 wt% PZ.
These values corresponded to an overall decrease of 15.88% in the CO, desorption rate.
A similar trend was observed for CO, desorption capacity, with reductions noted as PZ
concentration increased.

The decreasing trend of the CO, desorption rate indicated that the addition of
a promoter, such as PZ, significantly influenced both the equilibrium capacity of the
solvent and its kinetic performance. While promoters can enhance CO, absorption capacity
and selectivity [33], they may also form stronger chemical bonds between CO, and the
solvent, making desorption more challenging.
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Figure 8. Effect of PZ concentration on CO, desorption rate and capacity at [MDEA] = 45 wt%,
[TIO(OH);] = 2.5 wt%, and T=95 °C.

PZ is commonly used as a promoter in CO, absorption processes to enhance the
absorption rate. When blended with MDEA, PZ accelerates the reaction kinetics, leading to
improved CO, capture efficiency. However, during the desorption phase, differences in the
stability of the formed compounds influence the regeneration performance:

e In unpromoted MDEA systems, CO, primarily forms bicarbonate ions, which are rela-
tively unstable and decompose readily upon heating, facilitating efficient desorption.

e In PZ-promoted MDEA systems, PZ promotes the formation of carbamate species,
which are more stable and decompose at a slower rate during desorption. This slower
decomposition rate results in a reduced desorption rate for PZ-promoted MDEA
compared to unpromoted MDEA.

These findings align with the research conducted by Kang et al. (2021) [33], which
reported a similar correlation between PZ presence and CO, desorption performance.
Although PZ improves CO, absorption in MDEA-based systems, it introduces stable
carbamate formations that require higher energy for regeneration. This trade-off can
potentially affect the overall energy efficiency of the CO, capture process. Furthermore, the
effect of PZ on CO, desorption rate is complex and depends on various factors, such as
temperature and the presence of other chemicals in the solvent. The findings presented here
highlight the need for further investigation to optimize PZ concentration and operating
conditions for enhanced performance.

2.3. Regeneration Energy

Regeneration energy is a critical factor in determining the efficiency and economic
viability of the CO, absorption-desorption process. It is often quantified as the sensible
heat required per unit of CO; released during the desorption phase. This value reflects
the energy efficiency of the solvent regeneration process by measuring the thermal energy
consumed in relation to the amount of CO, desorbed. Evaluating this parameter helps
optimize CO;, capture systems for reduced energy consumption and enhanced performance.
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In this study, experiments were performed to examine the regeneration energy of
various solvent blends and to assess the overall impact of TiO(OH), and PZ on the sensible
heat requirements during the CO, desorption process at operating temperatures of 80,
95, and 110 °C. The tested absorbents were single-component MDEA, MDEA /PZ blends,
MDEA /TiO(OH); mixtures, and MDEA /PZ/TiO(OH), combinations. The results are

shown in Figure 9.
95
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Figure 9. Sensible heat evaluated per g of CO, release.

Comparative studies of CO, desorption performance indicate that, regardless of op-
erating temperature, MDEA /PZ blends consistently exhibited the highest sensible heat
values, whereas the MDEA /PZ/TiO(OH), combinations demonstrated the lowest en-
ergy demand. These differences can be attributed to the distinct properties and chemical
mechanisms of promoters and catalysts during the CO, absorption-desorption process.

PZ, acting as a promoter, enhances the CO, absorption capacity of MDEA but forms
stable carbamate species with CO,, which require additional energy for regeneration. This
increased energy requirement is reflected in the higher sensible heat values for MDEA /PZ
blends. Conversely, TIO(OH),, used as a catalyst, has been reported to facilitate CO, des-
orption by promoting reactions that assist carbamate decomposition, potentially lowering
the energy barrier for CO, release. While direct mechanistic evidence is not provided in this
study, the previous literature supports this catalytic effect [21,34]. These findings suggest
that while PZ acts as a promoter, enhancing absorption efficiency, the addition of TiO(OH),
serves as a catalyst, improving desorption energy efficiency, highlighting the importance of
customized solvent formulations in optimizing CO, capture processes. Additionally, as
illustrated in Figure 9, the low desorption rate observed at 80 °C contributed to a compara-
tively higher heat duty. Conversely, operating at a desorption temperature of 110 °C led to
an increased reaction rate and a reduced energy demand. This also highlights the critical
importance of temperature optimization in reducing energy consumption during the CO,
desorption process.

2.4. Comparative Analysis of TIO(OH);

To clarify the potential of TIO(OH),, a comparative evaluation with other catalyst
reported in the literature is presented in Table 1. This evaluation further highlights the
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differences in desorption performance as well as the mechanistic features that contribute to
the improved desorption performance of TiO(OH),.

Table 1. Comparative desorption performance of different catalysts in amine-based CO, capture systems.

Desorption Rate

Solvent Catalyst Temperature (°C) Enhancement (%) Remarks Reference
MEA AIOOH/ Fe'OOH 90 15-20 Slight deactiYations [35]
composite after cycling
Stable up to
MEA MCM-41 98 16.10 moderate [36]
temperatures
MEA/AMP 7-ALO; 98 1270 Minor deactivation [37]
at high temperatures
NaHCO; TiIO(OH), 70 NA S(t:a(l)’ie ;j;g?};:jﬁr [24]
MDEA/PZ TiO(OH), 95 19.58 Stable over 5 cycles Current study

3. Materials and Methods
3.1. Materials

The chemicals required for the synthesis of TiO(OH), were Titanium Isopropoxide
(Ti(OCH(CHs)3)4), deionized water (DI H,O), and ethanol (C;HsOH). The detailed pro-
cedure for preparing TIO(OH); is provided in Section 3.2. The Ti(OCH(CH3),)4 was pur-
chased from Sigma Aldrich with a purity of 97%. The ethanol solution, with a 99.9% purity,
was purchased from VWR Chemicals BDH. The MDEA (CH3N(C,H4OH),) and PZ
(C4H10Ny), both with a purity above 99%, were supplied by R&M Chemicals and Sigma-
Aldrich, Malaysia, respectively. The DI H,O required to prepare aqueous solutions was
produced in the lab.

3.2. Preparation of TIO(OH),

Initially, 25 mL of Ti(OCH(CH3);)s was added to 350 mL of DI H,O at room temper-
ature, followed by continuous stirring at 400 rpm for 4 h [21]. During this process, the
Ti—O bonds reacted with water (hydrolysis), helped by the electron-withdrawing nature
of the titanium center, which made it easier for water molecules to attack. This led to the
formation of Ti-OH groups, which then linked together to form Ti—-O-Ti bonds, reorga-
nizing the molecules into a three-dimensional TiO(OH), network [38,39]. The resulting
white precipitate was separated using vacuum filtration and rinsed three times consecu-
tively with DI H,O and then by C,HsOH. It should be noted that C;H5OH was used as
a rinsing agent to remove any impurities or residual reactants from the TiO(OH), precipi-
tate [40]. Finally, the wet TiO(OH); was dried in an oven at 110 °C overnight (approximately
14 h) [21]. The overall process for synthesizing TIO(OH), is shown in Figure 10.

Addition of Titanium Isopropoxide Stirring @ 400 rpm Vacuum Filtration

into deionized water
g Drying @ 110°C for 14 hr TiO(OH); Catalyst
Titanium Isopropoxide -
Ti(OCH(CH3)2)s ~ —_ ) @
c

molar r aloofHZOT(OCH(CHg)Z),, ]

Formation of white precipitate

Figure 10. Schematic overview of TiO(OH), synthesis from Ti(OCH(CHj3);),4.
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3.3. Characterization of TiO(OH);

Ti(OH), was characterized using four different techniques, including Fourier Trans-
form Infrared Spectroscopy (FTIR), Field Emission Scanning Electron Microscopy (FESEM),
Thermogravimetric Analysis (TGA), and X-ray Diffraction (XRD).

The FTIR spectra were recorded using a Frontier 01 FTIR spectrometer (Perkin Elmer,
Shelton, CT, USA) in the range of 4000-400 cm~!. This technique was used to identify the
functional groups present and evaluate its stability. The FTIR spectra of the fresh and cycled
TiO(OH); were compared to identify any changes in the functional groups or chemical
bonds present in the catalyst. Subsequently, a Supra 55 FESEM (Carl Zeiss, Oberkochen,
Germany) operated at 15 kV was used to study the microscopic appearance of the TIO(OH),
catalyst before and after the CO, desorption test. It should be noted that, the FESEM images
were used to evaluate any changes in particle size or morphology that may have occurred
as a result of exposure to the high temperature of a CO, desorption process. Moreover,
in this study, TGA measurements were performed on both fresh and cycled TiO(OH),
samples using an STA 6000 thermal analyzer (Perkin Elmer, USA) at a heating rate of
10 °C/min from room temperature up to 800 °C. The samples were heated in an alumina
crucible, and their weight was continuously monitored as a function of temperature. It
is worth noting that the TGA data were used to determine the weight loss and thermal
stability of the samples. Finally, The XRD tests were performed using an Xpert3 Powder
diffraction system (Malvern Panalytical, Malvern, UK) ranging from 10° to 80° and a scan
step size of 0.5 and a scan speed of 0.2 s/step. The XRD analysis was used to compare the
crystal structure and phase purity of fresh and cycled TiO(OH),.

The information obtained from all of these characterization techniques provided
sufficient details about the chemical and physical properties of TiO(OH);, such as chemical
composition, morphology, crystal structure, and phase purity. The results of fresh and
cycled TiO(OH), were compared through these characterization techniques, providing
valuable insights into the material’s properties and stable performance.

3.4. Process Description

The experiment was performed in an equilibrium cell where the changes in pressure
inside the cell were observed and used to evaluate the absorption and desorption perfor-
mance of CO, in the presence of TIO(OH),. Three key parameters—operating temperature,
PZ concentration, and TiO(OH), concentration—were experimentally investigated.

The operating temperature was studied within the range of 80-110 °C. It is worth
noting that the temperature range for the investigation was selected based on the standard
operating conditions commonly employed for CO; desorption with MDEA solvent. The
concentrations of PZ and TiO(OH), were also assessed at 0, 2.5, and 5 wt%. The significance
of including 0 wt% as a parameter was to establish a baseline for comparison, providing
a reference point to evaluate the effects of other concentrations.

For each test, 100 mL of a freshly prepared 45 wt% MDEA aqueous solution was mixed
with varying mass concentrations of PZ and TiO(OH),. The 45 wt% MDEA concentration
was selected because it is the most commonly used composition in commercial CO, capture
applications. This choice was supported by its proven efficiency and performance [41,42].

Initially, a vacuum condition was established to facilitate the CO, absorption process.
At each temperature setpoint, CO, was introduced into the cell through a mixing vessel at
a set operating pressure of 15 bar. A noticeable pressure decrease was recorded, and once
the pressure stabilized at a fixed value, maximum absorption was considered achieved.

For the desorption process, the remaining CO; gas pressure in the solubility cell was
purged by opening the gas valve until the pressure inside the equilibrium cell reached
0 bar. The valve was then closed, and the stirrer was activated. The pressure increase
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was monitored and recorded until no further changes were observed, indicating that
maximum desorption had occurred. The following Equation was used to determine the

CO; desorption rate:
. _ VT dP CO,
fico, = m( it @

where 71co, is the CO; desorption rate, Vr is the total volume of the cell, Z is the compress-

ibility factor, R is the ideal gas constant, T is the absolute temperature, and * dt %2 indicates
the change in the system pressure over time. Moreover, for calculating the compressibility
factor, the Peng—Robinson Equation of state was used. Figures 11 and 12 illustrate the
schematic representation and the actual experimental setup, respectively.

1 | COz supply

2 | Solubility cell

3 Thermal oil enclosure

4 | Heater

5 | Vacuum pump

6 | High pressure solvent pump

7 Solvent bottle

8 | Waste bottle

Thermal Oil

Enclosure

f
g

Figure 12. Image of Solubility Cell Setup.
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o~

TiO(OH),
Cp

= 149.192 + (—0.02539)T + (8.28697 x 10—6) T2 +

3.5. Estimation of Regeneration Energy

Oexmann et al. [43] proposed a simplified analysis of the regeneration energy during
the CO; absorption process. According to the proposed equation, the total heat duty
for solvent regeneration (g,.;) was expressed as the sum of three components, including
sensible heat (gsens), heat of vaporization (9yap,1,0), and heat of absorption (. co,) as
shown in Equation (2).

Greb = Gsens + Goap,H,0 T Gabs,CO, )

sens represented the energy required to raise the temperature of the CO;-rich solvent to
the desorption temperature within the regeneration column, which was calculated using
Equation (3) [44]:

Cp (Treb - Tfeed) My, 1

(sens = A 3)

MC02 Xsolv

Here, c, was defined as the molar specific heat of the solvent (J/mol.K), T,,, was the
desorption temperature (K), T, was the absorption temperature (K), Ms,; was the molar
weight of the solvent (g/mol), Mcp, was the molar weight of CO, (g/mol), x,,;, was the
molar fraction of the solvent in the solution, and Aa was the cyclic CO, absorption capacity
(mol CO,/mol amine). The CO, absorption capacity was determined using Equation (4):

M
Absorption capacity = Aa &xsolv (4)
Mo,

To calculate ¢, a weighted average approach was used, based on the mass fractions of
the components in the solvent mixture, as expressed in Equation (5):

mMDEA)CMDEA . ( Mpy )CPZ+ (mTiO(OH)2>CTiO(OH)2 n ( MH,0 )CHZO 5)
p p

Msolvent

p

Msolvent Msolvent Msolvent

where the masses of MDEA (mypga), PZ (mpyz), TIO(OH), (mTiO(OH)Z)/ and HyO (mp,0)

in the solvent were expressed in gr, with the total solvent mass represented as #15pj4¢,, (1)
The specific heat capacities in units of ] /gr.K for each component (CQAD B4 CEZ, CZZO(OH)Z)
were calculated using established correlations, depending on temperature [45,46]. whereas

CZIZO as a function of temperature was readily available [47].

cyDEA = 90.6224 + 0.5991T (6)
PZ __
cp# =13.3859 + 0.515T )

15614.05 N —5.2182 x 10~ 11
T T2

4. Conclusions

The significant potential of TIO(OH),-enhanced MDEA as an effective approach for
enhancing CO, desorption efficiency was investigated in this study. MDEA and MDEA-
PZ were evaluated with TiO(OH); introduced as a catalyst. Initially, through extensive
analytical techniques, including FTIR, FESEM, XRD, and TGA, the thermal stability of
TiO(OH); was assessed. The results indicated that TIO(OH), possesses remarkable thermal
stability and resistance to degradation in both its fresh and cycled forms. Subsequently,
the influence of operating temperature, TIO(OH); concentration, and PZ concentration on
CO, desorption performance was evaluated experimentally. The findings revealed that
operating temperature plays a crucial role in the desorption process, as demonstrated by
a 94.29% increase in the CO, desorption rate when the temperature was raised from 80 to
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110 °C. Finally, the regeneration energy analysis demonstrated significant improvements in
energy efficiency when using the TiO(OH),-enhanced MDEA /PZ absorbent. In conclusion,
these findings highlight the potential of TIO(OH), in advancing CO; capture technologies
by addressing a key challenge in chemical absorption processes, which is the high energy
demand associated with solvent regeneration. Future research should focus on optimizing
TiO(OH); under varying operational conditions and explore its integration with different
solvent systems to enhance its performance for large-scale CO; capture applications.
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Abbreviations

The following abbreviations are used in this manuscript:

CAPEX  Capital Expenses

Cp Heat capacity

FESEM Field Emission Scanning Electron Microscopy
FTIR Fourier-Transform Infrared Spectroscopy
GHG Greenhouse Gas

MCM-41 Mobil Composition of Matter No. 41
MDEA Methyldiethanolamine

OPEX Operating Expenses

Pz Piperazine

q Heat Duty

R Ideal Gas Constant

T Temperature

TGA Thermogravimetric Analysis

XRD X-ray Diffraction

V4 Compressibility Factor
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