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A B S T R A C T

Clathrate technology, as an effective approach, is widely applied in fields such as carbon capture and gas storage. 
However, low gas selectivity and high energy consumption limit its development. Therefore, an innovative gas 
separation technology based on guanidinium sulfate (Gua2SO4) clathrate is proposed for efficient CO2 capture. 
This study investigated the phase equilibrium conditions of 14.8 mol% CO2/85.2 mol% N2 + Gua2SO4 system at 
temperature ranging from 283.6 K to 291.1 K and pressure from 2.0 MPa to 3.3 MPa. The results indicated that 
Gua2SO4 could effectively lower the formation conditions of the clathrate. Based on phase equilibrium condi
tions, the separation of flue gas using Gua2SO4 was further investigated. At 280.6 K and 3.0 MPa, the CO2 in the 
clathrate phase reached 81.4 mol% with the CO2 capture rate 63.1 %. This demonstrated the potential of 
Gua2SO4 in carbon capture technology for treating flue gas. Additionally, after treatment with a Gua2SO4 so
lution, the N2 concentration in the gas phase increased significantly with a separation factor of 55.0, which 
demonstrated the high selectivity and potential of Gua2SO4 in carbon capture technology. Using Aspen HYSYS, 
an energy consumption analysis for CO2 capture was conducted at 3.0 MPa and 2.0 MPa with conditions of 280.6 
K. Calculations revealed that the lowest energy consumption for CO2 capture was 0.69 kWh/kg and 0.56 kWh/kg 
CO2. Compared to current literature, this lower energy consumption is significant for subsequent gas separation 
and carbon capture processes.

1. Introduction

Massive CO2 emissions led to global temperature increases, trig
gering extreme weather events, including droughts, floods, and hurri
canes. This leads to consequences such as glacial melting and sea level 
rise, which disrupt the balance of ecosystems (Davoodi et al., 2023). 
Coal-fired power plants continue to be a major source of electricity 
generation worldwide. The primary components of flue gas from 
coal-fired power plants are N2 and CO2, with the volume fraction of CO2 
typically ranging between 15 % and 30 %. Therefore, the capture of CO2 
from flue gas streams has become an essential strategy for mitigating 
climate impact. Currently prevalent CO2 capture techniques include 
chemical absorption (Aghel et al., 2022), pressure swing adsorption (Lin 
et al., 2017), temperature swing adsorption (Wu et al., 2025), membrane 
separation (Ye et al., 2024; Chen et al., 2025; Li et al., 2023; Gao et al., 
2025), cryogenic separation (Fu et al., 2022), Ionic liquid adsorption (Li 
et al., 2026a; Wang et al., 2026; Xia et al., 2026), and hydrate-based gas 
separation (Huang et al., 2022; Fan et al., 2016). Absorption-based 

capture technologies are mature but suffer from high regeneration en
ergy demand as well as solvent degradation and corrosion issues. 
Adsorption and membrane processes require less thermal energy; how
ever, their performance is sensitive to feed fluctuations and impurities 
and often necessitates multistage separation to achieve high purity. 
Ionic liquids suffer from stability issues, particularly evaporation losses, 
which hinder their large-scale deployment. Cryogenic separation can 
achieve high-purity CO2, but it is typically energy-intensive when 
applied to dilute post-combustion gas streams. By contrast, 
hydrate-based separation exploits the inherent thermodynamic selec
tivity between CO2 and N2. When combined with suitable promoters, 
this approach enables simultaneous CO2 enrichment and nitrogen re
covery while exhibiting relatively low sensitivity to operating condi
tions. Among these technologies, hydrate-based gas separation 
demonstrates significant advantages due to their unique thermodynamic 
selectivity and environmentally friendly characteristics. The separation 
mechanism stems from the differing phase equilibrium conditions 
required for CO2 and N2 to form hydrates. At 273.0 K, the phase 
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equilibrium pressure for CO2 hydrates was 1.2 MPa (Ito et al., 2023), 
whereas N2 hydrates required pressures as high as 15.0 MPa to remain 
stable (Mohammadi and Richon, 2010). This significant pressure dif
ference enabled selective CO2 capture under moderate pressure condi
tions (1.0-5.0 MPa). Experimental studies indicated that, under 
optimized conditions (277.7 K, 2.2 MPa), this technology achieved a 
separation factor exceeding 30 for CO2/N2 mixture (Fan et al., 2009). 
Compared to conventional carbon capture technologies, the hydrate 
method offers significant advantages: (1) Its selective separation 
mechanism, based on thermodynamic differences at the molecular scale, 
exhibits strong adaptability to fluctuations in flue gas flow; (2) Using 
water as the primary reaction medium avoids the environmental risks 
associated with organic solvents; (3) Optimizing the additive system can 
effectively reduce reaction pressure and increase operating temperature, 
thereby further lowering energy consumption. However, practical 
application of hydrate-based CO2 capture has been hindered by unfa
vorable formation conditions, slow kinetics, and relatively high energy 
consumption associated with gas compression and refrigeration.

To address these challenges, various thermodynamic promoters have 
been introduced to shift hydrate equilibrium toward higher tempera
tures and lower pressures. Kim et al. (Bai et al., 2025) examined the 
influence of cyclopentane (CP) on hydrate formation from a simulated 
flue gas mixture (CO2/N2). Their results demonstrated that the addition 
of CP significantly moderates the phase equilibrium conditions relative 
to pure water, notably increasing the equilibrium temperature by 
approximately 19 K at 10.0 MPa, the CO2 concentration in the hydrate 
phase attained 61.0 mol%. Yang et al. (2018) investigated hydrate for
mation when CO2/N2 gas mixture and water interacted in the presence 
of THF. The addition of THF improved the original phase equilibrium 
conditions for hydrate formation and significantly shortened the in
duction time of the process. Fan et al. (2009) studied the kinetics of 
hydrate formation using simulated power plant flue gas in systems 
containing TBAB and 0.293 mol% TBAF. The presence of these additives 
markedly shifted the hydrate phase equilibrium boundary toward higher 
temperatures and lower pressures. As the TBAB concentration increased, 
the driving force for the reaction between water and the reactants grew 
stronger, accelerating the reaction rate. Under conditions of 277.7 K and 
2.19 MPa in the presence of TBAF, 90.4 mol% CO2 and 50 % capture rate 
were achieved. Xu et al. (2025) studied hydrate formation using simu
lated flue gas (20 mol % CO2/80 mol% N2) with TBAF thermodynamic 
promoter. As the TBAF concentration increased from 5 wt% to 20 wt%, 
the phase equilibrium conditions between CO2 and N2 became more 
favorable. Compared to pure water systems, the CO2/N2 hydrate 
exhibited a reduced induction time, an increased formation rate, and a 
higher gas absorption capacity. In the presence of TBAF, the formation 
pressure for the clathrate compound decreased; however, other gases in 
the mixture became trapped within the clathrate cage, resulting in low 
capture efficiency. Li et al. (2012) compared the separation performance 
of TBAB, TBANO3, and TBPB for mixture containing 17 mol% CO2. They 
found induction times of less than 5 min across all systems. Among 
these, TBANO3 demonstrated the most outstanding performance, 
exhibiting the highest gas consumption, a CO2 capture rate of 67 %, and 
a separation factor of 15.54-1.5 times that of the TBAB system
—revealing excellent kinetic characteristics. Common additives pro
mote the encapsulation of guest molecules by either forming their own 
dominant hydrates or participating in the formation of hydrate cages (Lv 
et al., 2023; Sun et al., 2011; Chen et al., 2023a, 2024). Research in
dicates that enhancing reaction driving force can effectively improve 
reaction efficiency, while constructing highly selective reaction systems 
is key to achieving efficient separation (Seo et al., 2023a, 2023b). 
Notably, some accelerators used in early studies exhibited issues such as 
volatility, toxicity, and environmental pollution (Xia et al., 2022). In 
recent years, research trends have shifted toward developing novel 
low-toxicity, and environmentally friendly promoters (Zhang et al., 
2020). Consequently, creating new chemical promoters that combine 
high efficiency, environmental sustainability, and recyclability has 

become a primary focus in hydrate-based CO2 capture technology 
research.

Carbon capture technologies have been demonstrated to be techni
cally feasible, and the focus of current research should therefore shift 
toward the evaluation of energy consumption. Zheng et al. proposed a 
two-stage hydrate-based capture system integrated with energy recov
ery techniques. By optimizing operating conditions, the system achieved 
reduced energy consumption while maintaining a CO2 purity exceeding 
95 mol% (Zheng et al., 2024). Li et al. developed a novel integrated 
system combining compressed air energy storage with carbon capture to 
enhance the operational flexibility of coal-fired power plants and reduce 
CO2 emissions. Through system optimization, improved energy effi
ciency was demonstrated (Li et al., 2026b). Eder explored a novel 
hydrate-based CO2 capture process and demonstrated significantly 
enhanced formation kinetics and improved CO2 selectivity at low tem
perature (233 K) and moderate pressure (40 bar). Under continuous 
operation, the system achieved a CO2 capture rate of 0.295 g L− 1⋅min− 1 

with a specific energy consumption lower than 0.83 kWh/kg CO2 
captured, indicating its competitiveness relative to conventional carbon 
capture technologies (Eder et al., 2025). Compared with 
time-consuming and cost-intensive experimental studies, process simu
lation represents a promising alternative approach for evaluating and 
optimizing carbon capture processes prior to the construction of phys
ical pilot plants. The primary objective of this study is to assess the 
energy efficiency and feasibility of a novel Gua2SO4-promoted 
clathrate-based CO2 capture process by integrating experimental per
formance with process simulation, thereby evaluating its potential for 
large-scale application.

Recent study has identified Gua2SO4 as a promoter capable of 
forming clathrate-like complexes with CO2 under moderate temperature 
and pressure. The structure of Gua2SO4 favors selective CO2 uptake over 
other gases, such as N2 or H2, due to specific electrostatic interactions 
between the guanidinium ions and CO2 (Xiang et al., 2023). Unlike 
typical physisorption or chemisorption processes, where other gases 
often interfere with the capture process, Gua2SO4 selectively captures 
CO2, even in the presence of H2. This high selectivity arises from the 
unique interaction between CO2 and the Gua2SO4 structure, which 
prevents the capture of other gases via the same electrostatic in
teractions. Due to the high water solubility of Gua2SO4, CO2 introduced 
into water was rapidly captured by Gua2SO4 (Xiang et al., 2023). 
Gua2SO4 exhibits unique advantages as an additive for CO2 capture. 
Consequently, Wang et al. (2025) conducted CO2 complexation experi
ments using Gua2SO4 solutions, confirming the formation of stable 
CO2–Gua2SO4 cage-like complexes. The application of Gua2SO4 presents 
a promising alternative for CO2 capture and separation. This work in
vestigates the phase equilibrium conditions of clathrates formed from a 
flue gas in Gua2SO4 solution, as well as the kinetics of CO2 sequestration 
across varying driving forces. To improve both the efficiency of CO2 
capture and the resulting gas purity, this study examined how varying 
driving forces and Gas-liquid ratio (Rv) influence the separation of flue 
gas mixture. Additionally, using Aspen HYSYS, an energy consumption 
analysis for CO2 capture was conducted. Energy consumption is a critical 
indicator for evaluating the industrial feasibility of CO2 capture tech
nologies. However, most studies on clathrate-based separation tech
nologies have primarily focused on phase equilibrium and separation 
performance, while comparatively less attention has been paid to energy 
analysis and process integration. Therefore, it is necessary to conduct a 
comprehensive energy assessment that links experimental separation 
performance with process simulation, energy recovery, and operating 
conditions, to better understand the practical potential of 
clathrate-based CO2 capture systems. Through such combined experi
mental and energy-consumption analysis, this study aims to elucidate 
the potential advantages and limitations of the Gua2SO4–promoted 
clathrate technology and to provide a more comprehensive basis for 
evaluating its applicability in post-combustion CO2 capture.
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2. Experimental materials and methods

2.1. Experimental materials

Simulated flue gas (14.8 mol% CO2-85.2 mol% N2) was supplied by 
Foshan Kedi Gas Chemical Co., Ltd. 99.0 wt% Gua2SO4 was provided by 
Shanghai MacLean Biochemical Technology Co., Ltd. Deionized water 
was prepared in our laboratory. All chemicals were used as received 
without additional treatment.

2.2. Experimental equipment

The phase equilibrium apparatus applied in the current investigation 
has been described in detail in our previous work (Fan et al., 2019; Qi 
et al., 2018; Chen et al., 2023b).

Fig. 1 provides a schematic overview of the experimental system. The 
core component was a high-pressure clathrate reactor, designed for 
pressures up to 20.0 MPa. The reactor is equipped with an internal 
mechanical stirrer. It has a volume of 250 ml, and an internal diameter 
of 50 mm. Temperature was monitored using a PT-100 probe (accuracy: 
±0.1 K; Shanghai Yijia Electric Heating Co., Ltd.), while pressure was 
measured with a transducer (accuracy: ±0.04 MPa; Guangzhou Senex 
Instrument Co., Ltd.). A data acquisition system, linked to a remote 
monitor, recorded all measurements. Evacuation was performed using a 
vacuum pump (model: 2XZ-4; Linhai Yonghao Vacuum Equipment Co., 
Ltd.) with a rotational speed of 1400 r/min and a pumping capacity of 4 
L/s. Temperature control was maintained by a refrigeration circulator 
(model: F-32; JULABAO Technologies, Ltd.) accurate to ±0.1 K. Gas 
composition was analyzed using a GC9800 gas chromatograph 
(Shanghai Kechuang Chromatography Instrument Co., Ltd.), which was 
fitted with a thermal conductivity detector and a TDX-01 column.

2.3. Experimental procedure

Building on previous studies which demonstrated the superior CO2 
capture capacity of aqueous Gua2SO4 at 72.0 wt% concentration (Wang 
et al., 2025), the present work adopted this specific concentration for 
further investigation. A series of experiments were conducted to assess 
the effects of critical operating variables—such as temperature and 
pressure on the performance of CO2 capture and separation. Before 
conducting the test, the integrity of the reactor was verified by pres
surizing the system with N2 to 8.0 MPa and confirming that pressure 
remained stable (±0.02 MPa) for 2 h under isothermal conditions. 
Temperature control was achieved using a water bath. Following ther
mal stabilization at the desired value, the reactor was repeatedly flushed 
with a simulated flue gas to eliminate any residual air. A predetermined 
volume of Gua2SO4 solution was then introduced into the evacuated 
reactor. After the temperature was stabilized, the gas mixture was 
charged to the target pressure, and mixing was initiated via mechanical 
agitation. Clathrate formation was identified by a consistent drop in 
system pressure. The reaction was considered complete once the pres
sure stabilized, defined as a variation of less than 0.02 MPa over 1 h. 
Finally, the composition of the equilibrium gas phase was quantified 
using gas chromatography.

2.4. Analysis methods

2.4.1. Gas consumption
Gas consumption, denoted as Δn, refers to the molar quantity of gas 

absorbed during clathrate formation and is computed using equations 
(1) and (2). 

PV =ZnRT (1) 

Fig. 1. The schematic diagram of the experimental apparatus for CO2 capture by Gua2SO4 clathrate.
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Δn= n0 − nt = P0V0/Z0RT0 − PtVt/ZtRTt (2) 

The total moles of gas consumed, denoted as Δn, are determined 
based on the reactor temperature (T), pressure (P), the universal gas 
constant (R), and the compression factor (Z) derived from the Pen
g–Robinson equation (Peng and Robinson, 1976). The subscripts 0 and t 
correspond to the initial condition and time t, respectively, while V 
represents the gas-phase volume.

It should be noted that the gas uptake calculated from the pressure 
drop represents an apparent uptake, assuming perfect system sealing 
and that gas consumption is dominated by clathrate formation. In highly 
concentrated Gua2SO4 solutions, a fraction of CO2 may also dissolve into 
the liquid phase due to gas–liquid equilibrium effects. Although the 
presence of a concentrated electrolyte is expected to significantly reduce 
CO2 solubility through salting-out effects, this contribution is not 
explicitly separated from clathrate uptake in the present analysis. 
Therefore, the reported gas uptake values should be interpreted as an 
upper-bound estimate of clathrate-associated gas consumption under 
the investigated conditions.

2.4.2. CO2 capture rate
The CO2 capture rate is defined as the amount of CO2 in the clathrate 

divided by the amount of raw gas CO2 and is expressed as RCO2 , It can be 
calculated using the following equation 3

The CO2 capture rate denoted as RCO2 is defined as the rate of CO2 
trapped within the clathrate phase to the original CO2 present in the feed 
gas. It is calculated as follows (Di Profio et al., 2017): 

RCO2 = nC
CO2

/
n0

CO2
× 100 % (3) 

In equation (3), nC
CO2 

denotes the amount of CO2 in the clathrate mixture, 
n0

CO2 
denotes the initial amount of CO2 in the mixture used.

2.4.3. Separation factor (SF)
The CO2 separation factor is defined as the ratio of (CO2/N2) in the 

clathrate phase to in the gas phase (Li et al., 2016), as calculated by 
equation (4). 

SF=
nC

CO2

nC
N2

/
nG

CO2

nG
N2

(4) 

nG
CO2 

denotes the amount of N2 in the gas phase mixture, nC
N2 

denotes the 
amount of N2 in the clathrate phase mixture, nG

N2 
denotes the amount of 

N2 in the gas phase mixture.

2.4.4. Gas-liquid ratio (G/L)
(G/L) is calculated by equation (5). 

Rv =G
/
L = VG

0

/
VL

t = 22400n0
/
VL

t (5) 

At standard temperature and pressure, 22400 mL/mol is the volume 
occupied by a gas per unit amount of substance. VG

0 denotes the volume 
of the gas phase at initial time, n is the number of moles of gas, subscript 
0 denotes the initial time, VL

t denotes the volume of the liquid phase at 
time t (Wang et al., 2026).

2.4.5. Residual gas-phase CO2 concentration
The residual gas-phase concentration of CO2 was measured by gas 

chromatography.

2.4.6. Clathrate phase CO2 concentration (CPCO2)
The HPCO2 is expressed as described by equation (6), 

CPCO2 = nC
CO2

/(
nC

CO2
+ nC

CO2

)
× 100 % (6) 

In this study, the separation factor (SF) is used to indicate the relative 

ease of CO2/N2 separation. As defined in equation (4), SF compares the 
CO2/N2 ratio in the clathrate phase with that in the gas phase and thus 
reflects intrinsic selectivity. However, SF alone does not determine 
process performance, which also depends on the extent of CO2 capture 
and the absolute phase compositions. Therefore, SF should be inter
preted together with the CO2 concentration in the clathrate phase, the 
N2 purity in the residual gas, and the CO2 capture rate. Under the 
investigated conditions, higher SF values correspond to stronger CO2 
enrichment in the clathrate phase and higher N2 fractions in the residual 
gas. From a process perspective, CO2 product purity and recovery are the 
key performance indicators; accordingly, SF is considered a comple
mentary selectivity descriptor rather than a standalone metric.

3. Results and discussion

3.1. Clathrate phase equilibrium

The phase equilibrium conditions of flue gas with 72.0 wt% Gua2SO4 
solution were measured across temperatures from 283.6 K to 291.1 K 
and pressures between 2.0 MPa and 3.3 MPa. Fig. 2 shows the clathrate 
equilibrium curves of CO2+H2O (Fan and Guo, 1999), N2+ H2O 
(Mohammadi and Richon, 2010), CO2+H2O+(33.1 wt%)TBAF (Lee 
et al., 2012), N2+ H2O+(34.0 wt%)TBAF (Lee et al., 2010), CO2+(40 wt 
%)TBAB (Lee et al., 2011), N2+(40 wt%)TBAB (Lee et al., 2010), 
CO2+72.0 wt% Gua2SO4 solution (Wang et al., 2025; Fan et al., 2016) 
0.8 mol% CO2-85.2 mol% N2 +72.0 wt% Gua2SO4 systems. TBAB and 
TBAF, as organic salt additive, represent current promotor with favor
able thermodynamic promotion effects. Based on phase equilibrium 
principles, the addition of TBAB promotes the formation of clathrate 
complexes with CO2 and N2 under conditions of elevated temperature 
and reduced pressure. Fig. 2 displays the phase equilibrium behavior of 
the CO2 + 72.0 wt% Gua2SO4 system, indicating that Gua2SO4 at this 
concentration substantially decreases the equilibrium pressure and 
temperature compared to TBAB and TBAF, demonstrating its enhanced 
thermodynamic stability and high selectivity in gas separation. Conse
quently, Gua2SO4 was more conducive to CO2 clathrate complex for
mation and selective CO2 capture.

3.2. Pressure and temperature on separation performance

The separation experiment of flue gas using a 72.0 wt % Gua2SO4 
solution was investigated by varying temperature, pressure and Rv.

3.2.1. Pressure driving force on separation performance
According to the theory proposed by Englezos et al. (1987). The 

driving force for clathrate reactions stems from the difference between 
the fugacity of substances in the reaction process and their equilibrium 
fugacity. The kinetics of clathrate formation can be qualitatively infer
red from the pressure–time profiles. Under all investigated conditions, 
pressure reduction began immediately after reaching the target condi
tions, indicating the absence of a pronounced induction period and 
suggesting that Gua2SO4 effectively promotes nucleation. Comparisons 
of the initial pressure-drop rates and overall formation times further 
show that higher pressure and lower temperature accelerate clathrate 
formation, providing a semi-quantitative basis for assessing relative ki
netics across operating conditions. Table S1 provides the detailed data. 
As shown in Fig. 3(a), pressure reductions of 0.17 MPa, 0.26 MPa, and 
0.3 MPa were observed at initial pressures of 2.0 MPa, 3.0 MPa, and 5.0 
MPa, respectively. In experiments, the disparity between actual pressure 
and equilibrium pressure reflected this fugacity difference. Conse
quently, higher pressures showed a stronger driving force for the reac
tion, increasing the formation of clathrates. In our previous study, 
Raman spectroscopy directly confirmed the formation of Gua2SO4-CO2 
clathrates, as evidenced by the characteristic Raman peaks associated 
with CO2 molecules trapped within the clathrate cages. This 
Raman-based confirmation has been widely validated in similar systems, 
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as demonstrated in the study by Wang et al., where CO2 clathrates were 
synthesized and characterized using Raman spectroscopy (Wang et al., 
2025). Additionally, in other study, the structure of Gua2SO4-CO2 
clathrates has been confirmed through X-ray diffraction, as reported by 
Xiang et al., who confirmed the formation of CO2 clathrates under 
specific conditions using X-ray diffraction analysis (Xiang et al., 2023).

According to RK equation calculations, when the feed pressure 
increased from 2.0 MPa to 5.0 MPa, the molar quantity of feed gas raised 
from 0.18 mol to 0.34 mol. As shown in Fig. 3(b), the molar quantity of 
gas forming clathrates also increased from 0.017 mol to 0.037 mol. This 
indicated that higher feed pressures enhance the driving force for 
clathrate formation, making the gas-to-clathrate conversion trend more 
pronounced. As shown in Fig. 4(a), the separation factor gradually 

decreased with increasing pressure. This reduction occurred because 
elevated pressure allows N2 gas to enter the liquid phase, thereby 
diminishing the separation factor. The CO2 capture rate initially 
increased from 51.5 % to 63.1 % with rising feed pressure before 
decreasing to 57.4 %. From 2.0 MPa to 3.0 MPa, the increased pressure 
enhanced the driving force, leading to higher CO2 capture. However, 
from 3.0 MPa to 5.0 MPa, excessively high pressure increased the gas 
volume, causing N2 to enter the clathrate phase and resulting in a 
decrease in RCO2. As illustrated in Fig. 4(b), after clathrate equilibrium 
was attained, a rise in feed pressure resulted in a decrease of CO2 con
centration in the gas phase from 7.9 mol % to 6.2 mol % and 7 mol %, 
while CO2 concentration in the clathrate phase decreased from 83.9 mol 
% to 76.7 mol %. Under high-pressure conditions, the clathrate 

Fig. 2. Clathrate phase equilibrium data for CO2+water and CO2, N2, flue gas in solution, olive ref (Mohammadi and Richon, 2010); black ref (Fan and Guo, 
1999); orange ref (Lee et al., 2010); red this work; purple ref (Lee et al., 2011); blue ref (Lee et al., 2012); green ref (Lee et al., 2010); green ref (Wang et al., 
2025). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. (a) Pressure changes during clathrate formation and (b) gas consumption at different pressures, a temperature of 280.6 K, and in 72.0 wt % Gua2SO4 solution.
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compound exhibits a strong affinity for CO2, enabling more efficient 
capture from the mixed gas stream and achieving a higher RCO2 value. 
However, as pressure increased, N2 also became more readily incorpo
rated into the clathrate compound, reducing its selectivity for CO2. The 
corresponding decrease in residual gas phase concentration corrobo
rates this.

3.2.2. Temperature on separation performance
Table S2 presents a summary of the experimental results obtained 

under different temperature conditions. As the system temperature 
decreased from 288.8 K to 280.6 K, the initial reaction slopes of the three 
curves in Fig. 5(a) increased successively, indicating that the reaction 
rate increased and the reaction time gradually shorted. This occurs 
because the decrease in temperature increased the driving force for the 
formation of gas clathrate complexes at the same supply pressure, 
thereby promoting the clathrate reaction and reducing the reaction 
time. As the reaction progressed, the slopes of all three curves in Fig. 5
(a) gradually flattened. Upon reaching equilibrium in the clathrate re
action, the system's equilibrium pressure decreased with lower tem
peratures, pressure differences of 0.26 MPa, 0.23 MPa, and 0.19 MPa at 
280.6 K, 283.2 K, and 288.6 K, respectively. Lower temperatures facil
itated the easier formation of gas clathrates.

Fig. 5(b) showed that at 3 MPa, as the initial temperature increased 
from 280.6 K to 288.8 K, the amount of clathrate compound formed 
decreased, and the captured gas quantity dropped from 0.029 mol to 
0.021 mol. Similarly, as shown in Fig. 6(a), the CO2 capture rate 
decreased from 63.1 % to 55.6 % with increasing temperature, as lower 

temperatures favor the formation of gas clathrate complexes. The sep
aration factor increased with rising temperature, as higher temperatures 
prevent N2 from entering the clathrate phase. As indicated in Fig. 6(b), 
the concentration of CO2 in the gas phase rose from 6.2 mol% to 7.2 mol 
%. Enhanced clathrate formation driven by lower temperatures 
strengthens the clathrate formation tendency and improves the incor
poration of CO2 into the clathrate phase. According to both phase 
equilibrium and kinetic studies, a greater temperature-driven driving 
force was found to improve the efficiency of CO2 capture. At the lowest 
experimental temperature of 280.6 K, the CO2 capture rate reached a 
maximum of 63.1 %, with the CO2 SF increasing from 55.0 to 203.9. As 
the temperature decreased, more N2 entered the clathrate phase, 
capturing CO2 and reducing the CO2 concentration in the clathrate 
phase from 94.1 mol% to 81.4 mol%.

3.3. Initial Gas-Liquid ratio on separation performance

Both temperature and pressure analyzed above are key factors 
influencing the thermodynamic equilibrium of clathrates. Additionally, 
the initial Rv under operating conditions significantly impacts the 
clathrate separation process. Therefore, the effect of different initial gas- 
liquid volume ratios on clathrate separation efficiency was further 
investigated. Table S3 summarizes the results at different gas–liquid 
ratios. For flue gas, clathrate reaction experiments were conducted 
under a series of different Rv. Experimental conditions were set at a 
temperature of 280.6 K and an initial pressure of 3.0 MPa, with Rv 
ranging from 28.3 to 170.9.

Fig. 4. (a) CO2 capture rate and separation factor, (b) the CO2 concentration in the gas phase and clathrate phase at different pressures, a temperature of 280.6 K, and 
in 72.0 wt % Gua2SO4 solution.

Fig. 5. (a) Pressure changes and (b)gas consumption during clathrate formation at different temperatures, 3.0 MPa, and in 72.0 wt % Gua2SO4 solution.
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Fig. 7(a) displays three curves representing the pressure changes of 
the flue gas at different Rv. The blue curve corresponds to Rv = 28.3, the 
red curve to Rv = 77.0, and the green curve to Rv = 170.9. As shown in 
Fig. 7(a) and (b), the gas capture rate at initial Rv = 77.0 fell between 
that of Rv = 170.9 and Rv = 28.3. It decreased by approximately 0.1 MPa 
within about 0.25 h but subsequently declined at a slower rate than Rv =

170.9, stabilizing at 2.80 MPa with a total pressure drop of 0.21 MPa. A 
higher initial Rv value indicates a greater gas flow rate per unit volume 
of liquid. This provides a more abundant gas supply, resulting in 
significantly increased absolute gas consumption over time. As shown in 
Fig. 7(b), gas capture was maximized at the highest gas-to-liquid ratio. A 
higher gas-to-liquid ratio requires greater gas volume to achieve satu
ration in the solution. This ratio facilitates the formation of finer bub
bles, promoting more uniform gas-liquid mixing and more gas clathrates 
are generated through the reaction.

At 3.0 MPa and 280.6 K, as shown in Fig. 8(a), the CO2 capture rate 
and separation factor gradually decreased after the system reached hy
dration equilibrium as Rv increased from 28.3 to 170.9. As the Rv 
increased from 28.3 to 170.3, the CO2 capture rate decreased from 79.5 
% to 49.9 %, and the separation factor dropped from 80 to 14.6. At low 
Rv, sufficient liquid volume enables capture of more CO2 gas. It is 
evident that reducing the Rv significantly enhances gas capture effi
ciency and separation performance.

As shown in Fig. 8(b), with increasing Rv, the CO2 concentration in 
the gas phase rose from 4.4 mol% to 8.5 mol%. This increase resulted 
from the elevated Rv, where a reduced volume of reaction liquid was 

unable to capture more gas molecules. The CO2 concentration in the 
clathrate increased from 76 % to 81.4 % before decreasing to 69.3 %. 
Increasing Rv expanded the gas-liquid interface area (more or smaller 
bubbles), providing greater opportunities for CO2 dissolution. Raising 
the Rv significantly enhanced CO2 mass transfer, thereby fully enabling 
selective capture effects and continuously increasing the CO2 concen
tration in the clathrate phase, which in turn further increases the Rv. 
When water volume is limited and gas is in excess, the chance for N2 
molecules to “accidently” enter the clathrate phase rises significantly, 
which also contributes to the decrease in CO2 concentration within the 
clathrate phase.

Whit high Rv (170.9), CO2 capture rate was low, while low Rv (28.3) 
resulted in lower CO2 concentration in the clathrate phase. A low Rv also 
implied an increased liquid volume, which raises agitation energy con
sumption and progressively reduced the volume of gas that can be 
processed. At a Rv of 77.0, CO2 capture, and separation efficiency 
showed the most pronounced improvement, thus selecting Rv 77.0 as the 
reaction gas-liquid rate.

4. Process simulation analysis

4.1. Technological roadmap

Fig. 9 shows the ASPEN Plus simulation diagram for CO2 capture 
from flue gas via clathrate promoted by Gua2SO4. The clathrate-based 
process for CO2 capture primarily comprises key operational units for 

Fig. 6. (a) CO2 capture rate and separation factor, (b) the CO2 concentration in the gas phase and clathrate phase at different temperatures, 3.0 MPa, and in 72.0 wt 
% Gua2SO4 solution.

Fig. 7. (a)Pressure changes and (b)gas consumption during clathrate formation under conditions of different Rv, at 280.6 K, 3 MPa, and in 72.0 wt% 
Gua2SO4 solution.
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compression, refrigeration, and clathrate formation/dissociation, along 
with an integrated energy recovery system.

4.1.1. Clathrate separation process
Flue gas simulation data were sourced from Tajima et al. (2004), 

with a flow rate of 1074 t/h, initial temperature of 50 ◦C, and pressure of 
0.1 MPa. The gas is pressurized to the target pressure and then cooled via 
a water-circulating cooler (Pump 1) to a temperature slightly above 
ambient. High-pressure conditions were required for clathrate forma
tion, which is achieved by two compressors (Compressor 1 and 
Compressor 2). The feed gas pre-cooled passed through a secondary 
cooler to reach the precise temperature required for clathrate formation, 
thereby minimizing refrigeration energy requirements. It subsequently 
enters the stirred reactor under conditions optimal for clathrate nucle
ation and growth. Since the exothermic clathrate formation raised the 
reactor temperature, a low-temperature refrigerant, such as R134a, was 

used to maintain a constant reactor temperature. During clathrate for
mation, higher CO2 concentrations facilitate the formation of clathrates. 
The CO2-rich clathrate slurry enters the dissociation vessel, where it 
undergone heat exchange with ambient fluid and dissociated at atmo
spheric pressure. After dissociation, the clathrate re-enters the agitated 
reactor for clathrate formation. The reaction solution operated at 
ambient pressure and required pressurization via a fluid pump to meet 
clathrate formation conditions. The Gua2SO4 reaction solution circulates 
throughout the process. The clathrate formation/dissociation apparatus 
yielded N2-rich and CO2-rich gases. The CO2-rich gas was discharged 
from the top of the clathrate dissociation apparatus. The dissociated 
water is repressurized using a fluid pump, cooled via a refrigeration 
cycle, and returned to the clathrate formation apparatus. Clathrate 
dissociation requires heating using ambient fluid at an air temperature 
and pressure of 298.2 K and 0.1 MPa.

Fig. 8. (a) CO2 capture rate and separation factor, (b) CO2 gas phase and clathrate phase gas concentrations under conditions of different Rv, at 280.6 K, 3.0 MPa, and 
in 72.0 wt% Gua2SO4 solution.

Fig. 9. Schematic diagram of clathrate -based carbon capture technology.
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4.1.2. Clathrate formation unit
In this simulation process, the formation and dissociation of clath

rates are continuous, disregarding variations in clathrate formation rates 
caused by changes in driving forces. The driving force was therefore 
characterized as the deviation of the initial operating pressure from the 
equilibrium pressure at the corresponding temperature. Furthermore, 
the equilibrium clathrate formation conditions were governed by the 
initial molar composition of the gas mixture. Thus, the reaction driving 
force and undercooling were determined by the initial reaction condi
tions. A high-pressure, low-temperature gas mixture was introduced into 
a continuously stirred clathrate formation apparatus designed to reduce 
mass transfer resistance and enhance clathrate formation rates. Within 
this apparatus, the gas mixture reacted with the solution to form 
clathrates. The processes of clathrate formation and dissociation were 
modeled using the Chen-Guo two-step clathrate formation model and 
the Peng-Rob state equation.

The enthalpy of decomposition for CO2 capture based on clathrates is 
calculated using the Clausius-Clapeyron equation, which can be 
described by equation (7), (Zhou et al., 2018). 

d ln P
d(1/T)

=
− ΔHdiss

ZR
(7) 

In equation (7), P and T represent the phase equilibrium pressure and 
temperature of the CO2 clathrate, respectively; Z is the gas compression 
factor; R is the universal gas constant; and ΔHdiss the enthalpy of 
decomposition of the CO2 clathrate.

The specific energy consumption for CO2 capture was calculated as: 

Espec =
Wtotal

mCO2

(8) 

where Wtotal (kW) is the total power consumption of compressors, 
pumps, refrigeration units, and agitation, and mCO2 is the mass flow rate 
of captured CO2 obtained from the process simulation. The resulting 
value was converted to kWh/kg CO2 using a 1-h operating basis.

Highly concentrated electrolyte solutions can alter gas solubility and 
fugacity through strong ion–water interactions and activity effects, 
which may influence gas–liquid partitioning and thereby introduce a 
systematic deviation in uptake estimation if dissolution is non- 
negligible. Accordingly, the uptake values reported here should be 
interpreted as apparent uptake dominated by clathrate formation under 
the investigated conditions. A more rigorous treatment would require 
coupling gas-phase fugacity calculations with an electrolyte activity 
model to quantify gas dissolution and non-ideality in the liquid phase. 
Such modeling, together with targeted solubility measurements, will be 
pursued in future work to refine phase-behavior description and 
improve the accuracy of gas uptake evaluation.

4.2. Process parameters

4.2.1. Experimental parameters
The experimental data used in this study ensure the reliability of 

subsequent computational analyses. Detailed experimental values 
applied in the process simulations are summarized in Tables 1 and 2, 
while Table 3 lists the unit types employed along with their corre
sponding parameter specifications. As illustrated in Fig. 10, the slope 
necessary for applying the Clausius–Clapeyron equation was derived 
through linear regression performed using Origin software. The 

confidence intervals were derived from the standard errors of the linear 
regression. The intercept and slope were determined as 19.53 ± 0.97 
and − 5346.94 ± 278.13, respectively, yielding an average dissociation 
enthalpy of ΔHdiss = 44.45 ± 2.31 kJ mol− 1. Residual analysis (Fig. S1) 
shows that the residuals are randomly distributed around zero, indi
cating that the linear assumption is appropriate, and that no significant 
heteroscedasticity or nonlinearity exists within the investigated pressure 
range of 2.0–3.2 MPa. This supports the applicability of the Clausius–
Clapeyron approximation for the present system. Although independent 
measurements under identical conditions were not conducted, the 
employed methodology is consistent with that reported in the literature, 
supporting the validity of the present analysis (Huang et al., 2022).

4.2.2. Process assumptions
Under suitable temperature and pressure conditions for clathrate 

formation, nucleation does not occur instantaneously. At this initial 
stage, clathrate growth is hindered, and the actual formation tempera
ture tends to be lower than the theoretical equilibrium value. This 
phenomenon is attributed to the requirement of a certain degree of 
undercooling-defined as the temperature depression below the phase 
equilibrium temperature under constant pressure. To promote imme
diate clathrate nucleation upon gas-liquid contact, an undercooling of 
12.0 K is applied. Once a critical amount of clathrate has formed, its 
continued presence autocatalytically sustains further clathrate genera
tion, thereby establishing the basis for a continuous separation process. 
In engineering contexts, equipment is generally insulated to minimize 
heat loss. For modeling simplicity, the present study assumes that heat 
exchange occurs only with dedicated cold and hot sources during 
clathrate formation and dissociation, and not with the ambient envi
ronment. This assumption supports the treatment of the overall process 
as continuous. Previous studies have identified gas-liquid mass transfer 
as the rate-limiting step in clathrate formation kinetics. The addition of a 
promoter Gua2SO4 improves the dissolution and mass transfer of gas 
molecules to the aqueous phase, significantly reducing the induction 
period without altering the system's thermodynamic conditions.

Table 1 
Specific experimental data from process simulation.

Pressure Temperature G/L CO2 

capture/%
Reactor outlet 
pressure

Stirring 
time

2.0 MPa 280.6 K 81.2 51.5 1.85 MPa 60 min
3.0 MPa 280.6 K 77.1 63.1 2.80 MPa 60 min

Table 2 
Compressibility factor and clathrate dissociation enthalpy under different 
pressure.

Pressure Compressibility factor ΔHdiss/(kJ/mol)

2.0 MPa 0.98315 44.03
2.3 MPa 0.98193 43.97
2.7 MPa 0.97987 43.88
3.0 MPa 0.97968 43.82
3.2 MPa 0.97771 43.79

Table 3 
Unit types involved in process simulation and parameter specifications.

Block name Type Parameters and regulations

Comp 1 Compression Polytropic efficiencies: 0.8a

Comp 2
Comp 3
Refrigerator Refrigerator (Cooling 

medium: R134a)
Specified outlet temperature; Pressure 
drop, 0 MPaa COP = 2.24b

Pump 1 Pumping Pump efficiencies: 0.8a; Driver 
efficiencies: 0.95a; Specified discharge 
pressure

Pump 2
Pump 3
Formation/ 

dissociation
Component splitter Specified split fraction and outlet flash

a Since the clathrate-based flue gas capture CO2 process has no actual pilot 
plant process data for reference, the adopted parameters are ideal. Meanwhile, 
the adopted data are also combined with the data used in similar work (Huang 
et al., 2022).

b COP = 2.24 calculated by Aspen HYSYS V12 (cooling medium: R134a) was 
obtained in a separate run considering only the refrigeration system.
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4.2.3. Energy consumption composition
All energy consumption values reported in this section were obtained 

from steady-state process simulations performed in Aspen Plus based on 
the experimental separation performance. The simulated flue gas feed 
rate was 1074 t h− 1, with an inlet temperature of 70 ◦C and pressure of 
0.1 MPa. Key process streams were defined by their pressure, tempera
ture, and mass flow rate, and the corresponding power requirements of 
compressors, pumps, agitators, and refrigeration units were directly 
calculated by the simulator using the specified equipment efficiencies 
listed in Table 3. These unit power consumptions were subsequently 
summed to obtain the total process power demand under each operating 
condition. The compressor power was calculated using polytropic 
compression with an assumed efficiency of 0.8, which is representative 
of industrial-scale centrifugal compressors. Multi-stage compression 
with intercooling was implicitly considered by specifying the outlet 
pressure and efficiency in Aspen Plus. The refrigeration duty was eval
uated using a coefficient of performance (COP) of 2.24, corresponding to 

typical industrial refrigeration systems operating near the investigated 
pressure range (~280 K). Energy recovery through pressure expansion 
and cold-energy utilization was modeled by integrating expanders and 
heat exchangers with idealized recovery efficiencies, providing an 
upper-bound estimate of the achievable energy savings. Fig. 11(a) and 
(b) present the simulated energy consumption profiles for the 
compressor, pump, and clathrate reactor under the process conditions of 
3.0 MPa and 280.6 K. The compressor was used to compress gas into the 
clathrate formation apparatus. Due to the high volumetric flow rate, 
compression required a substantial amount of energy. The compression 
energy consumption for the clathrate process was 121807.0 kW, ac
counting for 80.97 % of the total. The entire process required temper
ature reduction to maintain reaction progress, with the refrigeration 
module consuming 11323.0 kW of energy, representing 7.53 % of the 
total. Pumps consumed energy to transport fluids, totalling 96492.0 kW, 
accounting for 6.42 %. Agitation throughout the process consumed 
7637.6 kW, which represents 5.08 % of the total energy consumption. 

Fig. 10. Linear fitting of phase equilibrium data.

Fig. 11. (a)Energy consumption and (b)Proportion by module (3.0 MPa, 280.6 K).
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The process captured 165396.0 kg/h of CO2, with a capture energy 
consumption of 0.91 kWh/kg(The energy consumption was calculated 
using Equation (8).).

The implementation of energy optimization measures is pivotal for 
curtailing consumption, elevating energy efficiency, and diminishing 
operational expenditures. Energy recovery was implemented 
throughout the entire clathrate formation process. Enhanced recovery 
and utilization of pressure energy from separated gases are achieved by 
designing more advanced energy recovery equipment and process flows, 
thereby improving the overall energy utilization of the process system. 
The cold energy from the clathrate dissociation process was utilized for 
pre-cooling the feed gas prior to compression. The cold energy gas from 
N2 and the target gas were used for further pre-cooling and compression 
of the feed gas. Finally, a refrigeration unit cooled the feed gas to meet 
the temperature requirements for clathrate formation. As shown in 
Fig. 12, cold energy and compression work are recovered from the target 
gas. A pressure energy recovery unit was integrated into the system to 
harness the high-pressure potential of the target gas following clathrate 
formation. The target gas passing through the turbine generates both 
pressure energy and cold energy. As shown in Fig. 13(a) and (b), the 
compression energy consumption of the recovered clathrate process was 
73350.2 kW, accounting for 72.53 % of the total energy consumption. 
By utilizing the cold energy released during pressure reduction to cool 
the gas while recovering the compression work, the refrigeration energy 
consumption was reduced to 10503.0 kW, representing 10.38 % of the 
total energy consumption. Unit energy consumption for CO2 capture: 
0.69 kWh/kg.

Using the same calculation method, energy consumption calcula
tions for the compressor, pump, and clathrate reactor were performed in 
the process simulation at 2.0 MPa and 280.6 K. As shown in Fig. 14(a) 
and (b), the compression energy consumption was 101357.0 kW, ac
counting for 80.42 % of the total power consumption; The refrigeration 
module consumed 98543.0 kW, accounting for 7.82 % of total power 
consumption; the pump consumed 55675.0 kW, representing 4.42 % of 
total power consumption; and the stirring process consumed 92510.0 
kW, constituting 7.34 % of total power consumption. After reducing 
pressure from 3.0 MPa to 2.0 MPa, total energy consumption decreased 

by 24387.2 kW. The amount of captured CO2 decreased from 165396 kg 
to 146960 kg, and the energy consumption per kg of captured CO2 
decreased from 0.91 to 0.85 kWh/kg.

The recovery of work and cooling energy from the exhaust gas, as 
shown in Fig. 15(a) and (b), resulted in a compression energy con
sumption of 59708.0 kW, accounting for 71.53 % of the total power 
consumption. The refrigeration module consumes 8946.7 kW (10.72 % 
of total power), the pump consumes 5567.5 kW (6.67 %), and the 
agitator consumes 9251.0 kW (7.34 %). The unit energy consumption 
for CO2 capture was 0.56 kWh/kg CO2. After pressure recovery, the 
formation pressure of the clathrate decreased from 3.0 MPa to 2.0 MPa, 
resulting in a 17.5 % reduction in overall process energy consumption. 
This demonstrates that lowering the pressure can significantly reduce 
process energy consumption. For the two representative operating 
pressures (2.0 and 3.0 MPa at 280.6 K, Rv = 77.9), the results show a 
clear trade-off between capture rate, selectivity, and energy demand. As 
summarized in Table 1, increasing the pressure to 3.0 MPa achieves a 
CO2 capture rate of 63.1 %, maintaining high separation performance. 
The CO2 concentration in the clathrate phase remains high (83.9 mol% 
at 2.0 MPa vs. 81.4 mol% at 3.0 MPa), and the CO2/N2 separation factor 
shows only a minor change across the two pressures. However, the 
benefit of pressurization must be weighed against the higher specific 
energy consumption, which increases from 0.56 kWh⋅kg− 1 CO2 at 2.0 
MPa to 0.69 kWh⋅kg− 1 CO2 at 3.0 MPa. It should be noted that the lowest 
specific energy consumption value of 0.56 kWh⋅kg− 1 CO2, obtained at 
2.0 MPa with pressure and cold-energy recovery, represents an opti
mistic lower-bound scenario based on thermodynamic equilibrium 
simulation. While reducing the operating pressure significantly de
creases compression work and overall energy demand, it also leads to a 
noticeable reduction in CO2 capture rate (from 63.1 % at 3.0 MPa to 51.5 
% at 2.0 MPa, Table 1) and a corresponding decrease in the absolute 
amount of CO2 captured per unit time. From a process perspective, this 
implies a trade-off between minimizing specific energy consumption 
and maintaining sufficient capture throughput. Therefore, the optimal 
operating pressure should be determined by jointly considering energy 
efficiency, CO2 recovery, and processing capacity, rather than targeting 
the minimum energy consumption alone. As shown in Fig. 16, 

Fig. 12. Specific flowchart of the process after energy optimization.
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experimental results and calculations were compared with data from the 
literature, showing that this study achieves relatively low energy con
sumption for CO2 capture. In this work, the energy consumption is re
ported as specific electrical energy per unit CO2 captured (kWh⋅kg− 1 

CO2) under the corresponding experimental separation performance 
(capture rate and outlet phase compositions). This metric allows a first- 

order assessment of process potential; however, it does not fully elimi
nate differences in boundary conditions relative to mature technologies. 
For example, absorption-based capture is often evaluated at near- 
atmospheric pressure but includes thermal regeneration duty, whereas 
the clathrate process requires gas pressurization (2-3 MPa) and refrig
eration, and its net advantage depends on balancing selectivity/product 

Fig. 13. (a)Energy consumption and (b)proportion of each module after compression work recovery.

Fig. 14. (a)Energy consumption and (b)proportion by module (2.0 MPa, 280.8 K).

Fig. 15. (a)Energy consumption and (b)proportion of each module after compression work recovery.
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purity against compression penalties. Accordingly, the term “low energy 
consumption” in this study should be interpreted as promising within 
the investigated operating window and under the stated assumptions, 
rather than as a direct one-to-one superiority claim over commercial 
capture processes. A rigorous benchmarking study—normalizing feed 
specifications, capture targets, and process boundaries—will be pursued 
in future work to enable an equal-basis comparison with mature CO2 
capture technologies. It is important to note that the energy consump
tion values reported herein are based on thermodynamic equilibrium 
simulations and represent the theoretical minimum requirement. The 
actual energy demand in a commercial plant is expected to be higher due 
to practical limitations not captured in the model, such as kinetic bar
riers to clathrate formation, heat losses in the process equipment, non- 
ideal heat exchanger performance, and pressure drops across the sys
tem. Future work will focus on experimental validation of these energy 
requirements under dynamic operating conditions.

Although the Gua2SO4-promoted clathrate process operates at 
significantly lower pressures than clathrate formation in pure water, the 
required pressure range (2-3 MPa) is still higher than that of widely 
deployed absorption-based post-combustion capture systems. Conse
quently, the compression work and associated capital/operating costs 
are expected to be non-negligible and must be considered when evalu
ating the industrial feasibility of the process. In practice, the overall 
attractiveness of the process depends on whether the benefits of high 
CO2 enrichment/selectivity and simultaneous N2 recovery outweigh the 
energy and integration costs associated with pressurizing a large-volume 
flue-gas stream. From an integration perspective, compression-related 
penalties can be mitigated through multistage compression with inter
cooling, which reduces compression work and enables recovery of low- 
grade heat. Although the present analysis indicates favorable specific 
energy consumption under the investigated conditions, future work 
should include plant-level integration and economic asses
sments—covering compressor design, heat integration, and flue gas 

pretreatment—to fully evaluate the cost implications of operation at 2-3 
MPa.

While the Gua2SO4-based clathrate process demonstrates promising 
separation performance, it is important to recognize that guanidinium 
salts should not be assumed to be environmentally benign in the event of 
an accidental release. As such, any practical deployment of this tech
nology must include rigorous environmental, health, and safety con
trols. From a process intensification perspective, the promoter solution 
should ideally be managed in a closed-loop configuration, where the 
concentrated Gua2SO4 solution is efficiently recovered and recycled to 
minimize make-up requirements and reduce the potential for discharge. 
Regarding handling and spill mitigation, standard engineering safe
guards are recommended, including the selection of corrosion-resistant 
materials for wetted parts, sealed storage and transfer systems, and 
secondary containment structures to prevent soil and groundwater 
contamination. In the event of a release, spill-response measures should 
prioritize rapid containment, collection, and controlled clean-up. In this 
study, all experiments under a given set of conditions were conducted 
using the same batch of Gua2SO4 solution, and no noticeable degrada
tion or loss of separation performance was observed across repeated 
formation–dissociation cycles at the laboratory scale. In addition, pre
vious studies have demonstrated that Gua2SO4-based clathrate systems 
can undergo multiple cycles without significant promoter degradation 
or performance loss, owing to the high chemical and thermal stability of 
Gua2SO4. Nevertheless, systematic long-term cyclic testing and quanti
tative assessment of promoter loss and recovery efficiency will be 
essential in future work to support scale-up and industrial imple
mentation (Xiang et al., 2023).

Water management is an important practical factor for clathrate- 
based CO2 capture processes, particularly when a highly concentrated 
promoter solution is used. During clathrate dissociation and phase 
handling, changes in liquid holdup, water carryover with gas streams, 
and condensation/evaporation effects may lead to gradual dilution of 

Fig. 16. Comparison of energy cost for different flue gas separation technologies (Lungkadee et al., 2021; Ntiamoah et al., 2016; Ribeiro et al., 2017; Xie et al., 2019; 
Feyzi and Mohebbi, 2020; Xiao et al., 2024). *CA-Chemical Absorption, TSA- Temperature Swing Adsorption, IL- Ionic Liquid separation, PSA- Pressure Swing 
Adsorption, HS-Hydrate separation.
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the Gua2SO4 solution. In addition, repeated cycling may introduce 
minor water accumulation (or loss) depending on the configuration of 
gas cooling, separation, and recycle streams. Because promoter con
centration directly affects clathrate separation performance, dilution 
may increase make-up requirements and affect long-term operability 
and cost. Practical applications therefore require closed-loop liquid 
management and concentration control. While the present study reports 
performance at fixed laboratory compositions, future work will address 
concentration drift, make-up demand, and their impacts on capture 
performance, energy consumption, and overall process feasibility 
through quantitative water balance and multicycle operation.

It is worth noting that, at the operating temperatures explored in this 
work (around 280 K), the 72 wt% Gua2SO4 solution could be handled 
and mechanically stirred in the 250 mL reactor without operational 
difficulty, enabling stable and reproducible measurements of pressure 
evolution and gas composition during clathrate formation. The need for 
systematic measurements of viscosity (0.23 Pa s), density (1.33 g/cm3), 
and heat capacity (2.61 J/g K), as well as corrosion and long-term sta
bility assessments, is clearly identified as an important direction for 
future work to support process scale-up and industrial implementation. 
However, this laboratory-scale operability does not directly guarantee 
industrial practicality, as scale-up will involve different hydrodynamics, 
slurry behavior, and heat/mass transfer limitations. Accordingly, future 
work will (1) quantify key thermophysical properties (viscosity, density, 
and heat capacity) over relevant pressure ranges, (2) evaluate the 
resulting pumping and mixing energy requirements, (3) conduct corro
sion/compatibility screening for candidate construction materials, (4) 
assess recyclability and long-term stability over multiple cycles to sup
port process design and scale-up, and (5) focus on quantifying promoter 
loss during operation and optimizing recovery strategies to ensure the 
process's sustainability and compliance with industrial discharge 
regulations.

5. Conclusions

A highly selective method for capturing CO2 has been proposed. The 
effects of temperature, pressure, and gas-liquid ratio on gas capture 
performance, along with system pressure on energy consumption, were 
investigated. The specific conclusions and outlook are set out below: 

(1) Compared to TBAB and TBAF, Gua2SO4 promoted CO2 clathrate 
complex formation under milder conditions (higher temperature 
and lower pressure).

(2) Experimental results using a 72.0 wt% Gua2SO4 solution at 280.6 
K and pressures of 2.0/3.0 MPa (Rv = 77.9) confirmed high 
process selectivity, achieving CO2 concentrations of 83.9/81.4 
mol% in the clathrate phase and increasing N2 purity in the gas 
phase to 92.1/93.8 mol%.

(3) The process's techno-economic potential was further confirmed 
by energy consumption analysis, where optimized energy con
sumption values reached 0.69 kWh/kg CO2 at 3.0 MPa and 0.56 
kWh/kg CO2 at 2.0 MPa.

The method thus allows simultaneous efficient CO2 enrichment and 
N2 recovery, presenting a promising strategy for flue gas separation. 
Although the present study demonstrates encouraging selectivity and 
low energy consumption, the experiments were limited to laboratory- 
scale conditions. Future work will further examine clathrate formation 
kinetics and assess the recyclability and long-term stability of the 
Gua2SO4 solution over multiple cycles. In addition, efforts will be 
devoted to developing and scaling up continuous operation and to 
investigating process integration to better evaluate industrial 
applicability.
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