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Abstract 

The continuous increase in carbon dioxide (CO2­) emissions has raised serious environmental concerns, highlighting the urgent 

need for efficient carbon capture, utilization, and storage (CCUS) technologies. Among the available approaches, CO2­ hydrate-

based sequestration has attracted significant attention due to its high gas storage capacity, mild operating conditions, and 

environmental compatibility. However, its practical application remains hindered by slow formation kinetics, long induction 

times, and low gas consumption efficiency. In this study, a novel synergistic promotion strategy was proposed to simultaneously 

enhance both the formation kinetics and gas storage performance of CO2­ hydrates. Calcium hydroxide (Ca(OH)2­) was 

introduced as a reactive additive, which reacts with CO2­ to generate calcium carbonate (CaCO₃) particles in situ. These CaCO₃ 

particles effectively shorten the hydrate induction period by providing favorable nucleation sites. Meanwhile, sodium dodecyl 

sulfate (SDS), a typical surfactant, was employed to modify the surface properties of CaCO₃ particles. The adsorption of SDS 

onto the CaCO₃ surface enhances its hydrophobicity, thereby improving gas–liquid contact and promoting hydrate nucleation 

and growth. The experimental results demonstrate that the addition of Ca(OH)2­ or SDS alone significantly reduces the induction 

time by up to 91.4% and 82.98%, respectively, compared with pure water. However, their effects on hydrate formation rate and 

gas consumption are limited. In contrast, the combined SDS–Ca(OH)2­ system exhibits a pronounced synergistic effect. The 

induction time is reduced by 88.16%, while the hydrate formation rate and gas consumption are significantly enhanced by 

739.13% and 276.19%, respectively. This study provides an effective and promising strategy for improving CO2­ hydrate 

formation performance, offering strong potential for large-scale applications in carbon capture and storage. 
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1. Introduction 

Greenhouse gas emissions have caused global warming, 

posing severe threats to the human living environment. Car-

bon dioxide (CO2), primarily produced from fossil fuel com-

bustion and industrial processes, is a major contributor to 

these emissions. However, given the continued reliance on 

fossil fuels in today’s industrialized world, completely elimi-

nating CO2 emissions is impractical. Therefore, developing 

efficient and stable methods for CO2 capture and storage has 

become a critical scientific and engineering challenge in the 

global energy and environmental sectors. 

CO2 hydrates represent a promising technology for carbon 

capture and storage. As a type of gas hydrate, CO2 hydrate 

forms under low-temperature and high-pressure conditions, 

where water molecules are linked via hydrogen bonds to cre-

ate a cage-like lattice structure. Within this structure, CO2 

molecules are physically encapsulated in the lattice cavities 

without forming chemical bonds, exhibiting the characteristic 

host–guest arrangement: water molecules constitute a stable 

lattice framework (host), while CO2 molecules occupy the 

cavity sites (guest) [1]. Under ideal conditions, when the hy-

drate cavities are fully occupied by CO2 molecules, 1 cubic 

meter of CO2 hydrate can sequester 164 cubic meters of CO2 

gas at standard conditions, highlighting the significant poten-

tial of hydrate-based CO2 storage. 

Although CO2 hydrates hold great potential for carbon cap-

ture and storage, their practical application is hindered by slow 

formation rates and limited hydrate yield. Therefore, investigat-

ing methods to enhance the formation kinetics of CO2 hydrates 

is crucial for their practical utilization. Many researchers have 

developed various types of kinetic promoters aimed at increas-

ing both the formation rate and the yield of CO2 hydrates. 

The effects of surfactants on gas hydrate growth have been 

extensively studied [2-6], including anionic, nonionic, and 

cationic surfactants. Kumar et al. investigated the influence of 

three surfactants (Tween-80, Dodecyltrimethylammonium 

Chloride (DTACI), and SDS) on CO2 gas hydrates and found 

that anionic (SDS) and nonionic (Tween-80) surfactants sig-

nificantly outperformed the cationic surfactant (DTACI) in 

promoting CO2 hydrate formation, with SDS showing the best 

performance [7]. Molokitina et al. studied the formation of 

CO2 hydrates in the presence of SDS and found that the effect 

of SDS on the CO2 growth mechanism depends on the mass 

transfer driving force and does not affect CO2 solubility in wa-

ter. Their experiments showed that high CO2 hydrate conver-

sion ratio were only achieved under low mass transfer driving 

forces and quiescent conditions, whereas at high driving 

forces, SDS had no significant effect on hydrate growth [8]. 

Partoon et al. experimentally studied SDS as a promoter for 

CO2 hydrate formation and demonstrated that the presence of 

SDS shortened the induction time and facilitated hydrate nu-

cleation [9]. Ganji et al. investigated the effects of the anionic 

surfactants SDS and linear alkylbenzene sulfonate (LABS), 

the cationic surfactant cetyltrimethylammonium bromide 

(CTAB), and the nonionic surfactant ethoxylated nonylphenol 

(ENP) on methane hydrate formation, dissociation, and stor-

age capacity. The results indicated that SDS had the most pro-

nounced effect on the methane hydrate formation rate while 

also enhancing storage capacity [10]. These studies indicate 

that surfactants significantly influence hydrate formation, 

with SDS being particularly effective in reducing the induc-

tion time of CO2 hydrates and also showing excellent promo-

tion of methane hydrate formation. 

Nanoparticles, including metal nanoparticles, metal oxide 

nanoparticles, and carbon-based nanomaterials, have also 

been widely applied in gas hydrate formation [11-16]. Mo-

hammadi et al. investigated the effect of a mixture of SDS and 

silver nanoparticles on CO2 hydrate formation, and the results 

showed that the mixture had no significant effect on the hy-

drate induction time but effectively increased CO2 consump-

tion and the consumption rate [17]. Zhou et al. found that 

graphite nanoparticles could significantly shorten the induc-

tion time of CO2 hydrates and increase the maximum CO2 

consumption [18]. Liu et al. studied the effect of a mixed ad-

ditive composed of sodium dodecyl sulfate (SDS), tetrahydro-

furan (THF), and graphene oxide (GO) on CO2 hydrate for-

mation. The experiments indicated that using GO alone did 

not significantly enhance CO2 consumption, whereas the 

mixed additive shortened the hydrate formation time and sub-

stantially increased gas consumption [19]. 

Nanoparticles can significantly improve the heat transfer 

properties of the fluid, facilitating the release of heat during 

hydrate formation, which in turn promotes the formation ki-

netics of hydrates. 

Studies have shown that the surface properties of particles 

also affect gas hydrate formation [20-23]. Farhang et al. found 

that hydrophobic fumed silica particles could enhance the for-

mation kinetics of CO2 hydrates [24]. Deng et al. investigated 

the effect of hydrophobic fluorinated graphite and its combina-

tion with SDS on CO2 hydrate formation. The results indicated 

that the superhydrophobicity and nanostructure of fluorinated 

graphite effectively promoted hydrate formation, and the best 

promotion effect was achieved when combined with 300 ppm 

SDS [25]. Nguyen et al. studied the relationship between sur-

face hydrophobicity, solid–water interfacial properties, and hy-

drate formation through molecular dynamics simulations and 

experiments. Their findings showed that hydrophobic surfaces 

increase local gas density and induce local ordering of water 

molecules near the hydrophobic solid surface, leading to pref-

erential hydrate formation on hydrophobic surfaces [22]. 

Besides CO2 hydrate technology, mineralization is another 

promising approach for CO2 sequestration. Gao et al. employed 

amino acids to enhance the leaching of calcium ions from in-

dustrial waste (calcium carbide slag), with L-serine achieving 

the highest leaching rate of 90.6%. thereby promoting the min-

eralization process [26]. The main component of calcium car-

bide slag is calcium oxide, and the leachate primarily contains 
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Ca(OH)2, which reacts with CO2 to achieve carbon fixation. The 

calcium carbonate produced from the reaction between 

Ca(OH)2 and CO2 can also facilitate the nucleation of CO2 hy-

drates. Cheng et al. utilized Ca(OH)2 in combination with tetra-

fluoroethane to promote CO2 hydrate formation. Their experi-

ments showed that the CaCO3 particles generated from the re-

action of Ca(OH)2 with CO2 significantly induce and accelerate 

hydrate formation, and in the presence of tetrafluoroethane, 

CO2 consumption increased by 50% [27]. Therefore, adding 

Ca(OH)2­ not only consumes CO2­ through reaction with CO2­, 

but the generated CaCO₃ particles also promote the formation 

of CO2­ hydrates. 

Although these studies have effectively enhanced the for-

mation rate and yield of CO2 hydrates, there is still room for 

improvement in achieving efficient CO2 sequestration. In this 

study, we aim to promote CO2 hydrate formation synergisti-

cally by combining particles generated from CO2 mineraliza-

tion with the surfactant sodium dodecyl sulfate (SDS). 

2. Experimental Section 

2.1. Experimental Materials 

High-purity carbon dioxide (99.99%) used in this study was 

supplied by Dalian Specialty Gas Co., Ltd. (Dalian, China). 

Sodium dodecyl sulfate (SDS, molecular formula 

NaC12H25SO4, 99% purity) and calcium hydroxide (Ca(OH)2, 

95% purity) were purchased from Shanghai Macklin Bio-

chemical Technology Co., Ltd. (Shanghai, China). Deionized 

water (DIW) used in the experiments was prepared using a la-

boratory ultrapure water system (Aquapro2S, Aquapro Inter-

national Company LLC, USA), which produces DIW with a 

resistivity of 18.2 MΩ·cm. 

2.2. Experimental Equipment 

The experimental setup used in this study is shown in Fig-

ure 1. Hydrate formation occurred in a stainless-steel reactor 

with an effective volume of 117.81 cm³, capable of withstand-

ing pressures up to 20 MPa. The reactor was equipped with a 

temperature sensor (PT100), a pressure sensor, and valves for 

gas charging and venting. The measurement accuracies of the 

temperature and pressure sensors were ± 0.01 ℃ and ± 0.01 

MPa, respectively. During the experiment, the reactor temper-

ature and pressure were recorded every 30 seconds by a data 

acquisition system and transmitted to a desktop computer. The 

reactor was immersed in a circulating water bath (Polyscience, 

USA) for temperature control. 

 
Figure 1. Schematic diagram of the CO2 hydrate formation test bench. 

2.3. Experimental Steps 

Before each experiment, the reactor was thoroughly cleaned 

with deionized water and evacuated using a vacuum pump to 

remove air. A magnetic stirrer was placed inside the reactor, 

and the stirring speed was set to 600 r/min. The required solu-

tion was first prepared and injected into the reactor. The reac-

tor was then placed in the circulating water bath until it 

reached the set temperature. CO2 gas was subsequently in-

jected into the reactor until the pressure reached 3.6 MPa. Af-

ter waiting for one hour to allow complete CO2 dissolution and 

reaction, additional CO2 gas was supplied to maintain the re-

actor pressure at 3.6 MPa. The water bath temperature was 

then set to 275.15 K to initiate cooling. The experiment con-

tinued for 1000 min, after which it was terminated. Each ex-

periment was repeated three times. 

3. Calculation Method 

Since hydrate formation is an exothermic process, the onset 

of hydrate formation can be identified by a rise in the temper-

ature recorded by the sensor. In this study, the induction time 

is defined as the time interval from the start of cooling to the 

point at which a sudden increase in the temperature sensor 

reading is observed. The induction time is expressed in 

minutes. If no temperature rise is detected during an experi-

ment, the induction time is considered to be 1000 min. Each 
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experiment was repeated three times, and the average value 

was reported. 

The gas consumption (∆ngas) during CO2 hydrate formation 

was calculated using Equations (1-3). 

∆ngas = n0,gas − nt,gas             (1) 

n0,gas =
P0,gasV0,gas

Z0RT0
               (2) 

nt,gas =
Pt,gasVt,gas

ZtRTt
                (3) 

Here, n0,gas represents the amount of CO2 gas in the reac-

tor at the initial time, and nt,gasrepresents the amount of CO2 

gas at time t. P0,gasand Pt,gas denote the CO2 gas pressures in 

the reactor, which can be directly measured by the pressure 

sensor. 𝑉0,𝑔𝑎𝑠 and Vt,gas represents the CO2 gas volume in the 

reactor, and can be calculated using Equations (4) and (5). 

V0,gas = Vwhole − V0,water − VCa(OH)2         (4) 

Vt,gas = V0,gas − (Vt,hydrate − Vt,water)       (5) 

Vwhole represents the total effective internal volume of the 

reactor, which is 117.81 cm³. V0,water denotes the volume of 

the solution added. In the calculations, the density of water is 

taken as 0.997 g·cm-3. The effect of SDS addition on the den-

sity of water is neglected, and the densities of water are used 

directly in the calculations. 

𝑉Ca(OH)2
 represents the volume of Ca(OH)2 added. Due to 

its limited solubility, Ca(OH)2 occupies a portion of the reac-

tor volume when added to the solution. In the laboratory, 

measurements using a graduated cylinder show that the vol-

ume of 1 g of Ca(OH)2­ powder (uncompacted) is approxi-

mately 1.5 cm3, and the volume for different masses of 

Ca(OH)2 is calculated proportionally based on its mass. 

Z represents the compressibility factor, and Z0 and Z𝑡 can 

be calculated using Equation (6). R denotes the universal gas 

constant, taken as 8.314 J·mol-1·K-1. T0 and T𝑡 represent the 

temperatures at the initial time and at time t, respectively, 

which can be directly measured by the temperature sensor. 

Z = 1 + [0.083 − 0.422 × (
Tc

T
)

1.6

]
PTc

PcT
+ ω [0.139 − 0.172 × (

Tc

T
)

4.2

]
PTc

PcT
                    (6) 

Here, Tc is the critical temperature, which is 304.2 K for 

CO2; Pc is the critical pressure, with a value of 7.376 MPa for 

CO2; and ω is the acentric factor, which is 0.225. P and T 

represent the gas pressure and temperature, respectively. 

Vt,hydrate  represents the hydrate volume at time t, and 

𝑉t,water  denotes the volume of water consumed for hydrate 

formation at time t. Vt,hydrate can be calculated using Equa-

tion (7). 

Vt,hydrate =
α(n0,gas−nt,gas)xMwater

ρwater
          (7) 

𝛼 represents the volume expansion factor of water upon hy-

drate formation, which is taken as 1.25 in this study [28].x de-

notes the hydration number, with a value of 6.04 adopted in 

this work, as determined by Kumar et al. using infrared spec-

troscopy and gas chromatography [29]. Mwater is the molar 

mass of water, with a value of 18 g·mol-1. 

nt,gas can be calculated using Equations (2-5) and (7). 

nt,gas =
Pt,gas(V0,gas−n0,gas(α−1)xMwater ρwater⁄ )

Zt,gasRTt,gas−Pt,gas(α−1)xMwater ρwater⁄
     (8) 

The gas consumption rate (rt,gas) in the experiment is de-

fined as the amount of CO2 consumed every 5 minutes, with a 

unit of mol·min-1, and is calculated according to Equation (9). 

rt,gas =
nt,gas−nt+5,gas

5
               (9) 

The gas reaction ratio (Rgas) is defined as the ratio of gas 

consumption to the initial gas amount. A higher value indi-

cates a greater proportion of gas consumption. The calculation 

method is as follows: 

Rgas =
∆ngas

n0,gas
                          (10) 

The water conversion ratio (Wc) is defined as the percent-

age of water converted into hydrates, which reflects the extent 

of water consumption during the experiment. 

Wc =
x∆ngas

nwater
                  (11) 

The gas uptake capacity (s) is defined as the volume of CO2 

consumed at standard conditions per unit volume of water, 

which directly reflects the CO2 storage capacity. 

s =
2240×∆ngas

𝑉𝑤𝑎𝑡𝑒𝑟
                (12) 

4. Results and Discussion 

4.1. Effect of Single Additives on CO2 Hydrate 

Formation 

To investigate the individual effects of Ca(OH)2 and SDS 

on CO2 hydrate formation, different amounts of Ca(OH)2 or 

SDS were added to 50 g of deionized water. The specific ex-

perimental conditions are listed in Table 1. 
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Table 1. Experimental conditions for single-additive systems. 

Experiment H2O Mass (g) SDS Mass (g) Ca(OH)2 Mass (g) Temperature (℃) Pressure (MPa) 

Case 1 50 0 0 2 3.6 

Case 2 50 0 0.05 2 3.6 

Case 3 50 0 0.1 2 3.6 

Case 4 50 0 0.5 2 3.6 

Case 5 50 0 1 2 3.6 

Case 6 50 0.005 0 2 3.6 

Case 7 50 0.01 0 2 3.6 

Case 8 50 0.05 0 2 3.6 

Case 9 50 0.1 0 2 3.6 

Case 10 50 0.3 0 2 3.6 

 

Since hydrate formation is an exothermic process, the onset 

of hydrate formation is indicated by a sudden rise in the tem-

perature sensor reading. In this study, the induction time of 

hydrate formation is defined as the time elapsed from the start 

of cooling of the circulating water bath to the first observed 

temperature jump. Due to the stochastic nature of hydrate for-

mation, the measured induction time exhibits some variability. 

If no temperature increase is observed during an experiment, 

the induction time is assigned a value of 1000 minutes, and 

the average of three repeated experiments is used. 

The induction times were measured for pure water, various 

SDS concentrations, and different amounts of Ca(OH)2. As 

shown in Figure 2, the induction time of CO2 hydrate in pure 

water is approximately 752 minutes. The addition of SDS at 

different concentrations significantly reduced the induction 

time, exhibiting a trend of “initial shortening followed by ex-

tension” with increasing SDS concentration, consistent with 

the findings of Partoon et al. [9]. At an SDS concentration of 

1000 ppm, the induction time is minimized, with relatively 

low fluctuation. At very low or very high SDS concentrations, 

the reduction in induction time is less pronounced, likely due 

to the effects of SDS on the gas–liquid interface. 

Since CO2 hydrates form at the gas–liquid interface, low 

SDS concentrations may hinder the aggregation of hydrate 

particles at the interface, suppressing further growth. With in-

creasing SDS concentration, gas–liquid interactions are en-

hanced, the number of hydrate nuclei increases, and the induc-

tion time shortens. When the SDS concentration exceeds the 

critical micelle concentration, excess SDS predominantly ex-

ists as micelles, the effective monomer concentration at the 

interface saturates, and the gas–liquid interface is covered by 

a dense adsorption layer. This increases interfacial mass trans-

fer resistance, limits nucleation, and consequently extends the 

induction time. 

The addition of different mass fractions of Ca(OH)2 signif-

icantly reduced the induction time of hydrate formation com-

pared to pure water. Nesterov et al. reported that promoter par-

ticles containing carbon-based groups, including carbonates, 

can markedly shorten the induction time of gas hydrates, and 

the induction time decreases with increasing particle size [30]. 

In this study, the added Ca(OH)2 reacted with CO2 to form 

CaCO3, and the presence of carbonates effectively shortened 

the induction time. Furthermore, Cheng et al. found that 

CaCO3 particles generated from the reaction of Ca(OH)2 with 

CO2 provide additional nucleation sites, further reducing the 

induction time [27]. When 0.5 g of Ca(OH)2 was added, the 

induction time decreased to 64.67 minutes. However, further 

increasing the Ca(OH)2 amount led to a longer induction time, 

likely due to the formation of a CaCO3 film at the gas–liquid 

interface, which reduces the area available for hydrate particle 

formation and thereby hinders hydrate growth. 

 
Figure 2. Induction time of CO2 hydrate formation in a single system. 
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Figure 3 illustrates the changes in the amount of CO2 in the 

reactor during the experiment. The remaining CO2 indicates 

that most of the CO2 consumption occurs during the cooling 

stage, where the decrease in temperature increases CO2 solu-

bility, leading to a reduction in gas phase CO2. In single-addi-

tive systems, the amount of CO2 consumed due to hydrate for-

mation is relatively small in most experiments, and the gas 

consumption process is slow. Under pure water conditions, the 

CO2 consumption is approximately 22 mM. 

For SDS added systems, the CO2 consumption at the lowest 

and highest SDS concentrations is slightly lower than that in 

pure water, consistent with the observed increase in induction 

time at these concentrations. At other SDS concentrations, the 

CO2 consumption slightly increases; however, overall, single 

SDS addition has no significant effect on CO2 hydrate produc-

tion. This observation aligns with the findings of Molokitina 

et al.: when the supercooling exceeds 2°C, SDS has no notice-

able effect on hydrate growth even under laminar stirring [8]. 

This may be attributed to the high solubility of CO2 in water, 

as hydrate growth primarily occurs at the liquid side of the 

hydrate film from dissolved CO2. The formation of a dense 

hydrate film inhibits further growth that relies on capillary-

driven mechanisms. 

When different amounts of Ca(OH)2 are added, most of the 

CO2 consumption still occurs during the cooling stage. Only 

at the addition of 0.05 g Ca(OH)2 does hydrate formation get 

promoted, resulting in increased gas consumption. Han et al. 

investigated the effects of saturated and supersaturated 

Ca(OH)2 solutions on CO2 absorption, finding that undis-

solved Ca(OH)2 in the suspension hinders CO2 dissolution 

[31]. Therefore, in this study, low concentrations of Ca(OH)2 

(unsaturated solution) can enhance CO2 solubility, thereby 

promoting hydrate formation. However, at higher mass frac-

tions, Ca(OH)2 suspensions impede CO2 dissolution, reducing 

the availability of guest molecules during hydrate formation, 

which decreases the amount of CO2 hydrate formed and low-

ers CO2 consumption. In addition, CaCO3 particles generated 

from low-mass-fraction Ca(OH)2 can provide additional nu-

cleation sites, promoting hydrate formation. Yet, when 

Ca(OH)2 exists as a suspension, the resulting CaCO3 particles 

carry a weak positive surface charge [32], causing water mol-

ecules to accumulate near the particles and obstructing the for-

mation of hydrate cage structures, thereby inhibiting hydrate 

growth. 

 
Figure 3. CO2 gas amount in the reactor under varying Ca(OH)2 and SDS dosages: (a) Ca(OH)2 dosage; (b) SDS dosage. 

Figure 4 presents the CO2 gas consumption rate and total 

gas consumption under conditions with different amounts of 

Ca(OH)2 and various concentrations of SDS as single addi-

tives. The gas consumption rate curve has been smoothed, 

therefore the maximum gas consumption rate cannot be re-

flected in the graph. Table 2 shows the maximum rate of car-

bon dioxide consumption and the final amount consumed. 

Since gas consumption in both pure water and single-additive 

systems mainly occurs during the cooling stage, and the cool-

ing rate of the circulating water bath remains the same, the 

maximum gas consumption rates are similar across all systems, 

approximately 0.23 mmol·min-1. Under pure water conditions, 

the maximum gas consumption rate during the hydrate for-

mation stage is 0.102 mmol·min-1. When 0.05 g of Ca(OH)2 is 

added, the maximum rate increases to 0.163 mmol·min-1, 

whereas it is only 0.08 mmol·min-1 when 0.1 g of SDS is 

added. These results indicate that SDS alone does not signifi-

cantly enhance the formation rate of CO2 hydrates, while 

Ca(OH)2 shows a limited promotion effect. From the gas con-

sumption curves, it can be observed that, apart from the cool-

ing stage, the total gas consumption remains low and the pro-

cess is relatively slow in pure water as well as in systems with 

only SDS or Ca(OH)2. This suggests that large-scale and rapid 

formation of CO2 hydrates cannot be achieved under these 

conditions. 
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Figure 4. CO2 consumption and consumption rate with single addition of SDS or Ca(OH)2: (a) different masses of Ca(OH)2; (b) different 

masses of SDS. 

Table 2. Maximum rate of carbon dioxide consumption and final consumption. 

Experiment Maximum carbon dioxide consumption (mmol·min-1) carbon dioxide final consumption (mol) 

Case 1 0.231 0.022 

Case 2 0.211 0.025 

Case 3 0.227 0.021 

Case 4 0.26 0.02 

Case 5 0.197 0.021 

Case 6 0.223 0.019 

Case 7 0.242 0.024 

Case 8 0.237 0.023 

Case9 0.238 0.023 

Case 10 0.235 0.021 

 

Figure 5 illustrates the water conversion ratio, gas reaction 

ratio, and gas uptake capacity of CO2 hydrates under different 

single-additive conditions. It can be observed that, with in-

creasing Ca(OH)2 dosage, the water conversion ratio, gas re-

action ratio, and gas uptake capacity generally show a decreas-

ing trend, and a clear inhibitory effect appears at higher dos-

ages. When SDS is added at different concentrations, the gas 

uptake capacity shows a slight increase; however, the overall 

promotion effect is not significant. In addition, at an SDS con-

centration of 200 ppm, relatively large fluctuations are ob-

served in repeated experiments, although both water conver-

sion ratio and gas reaction ratio reach relatively high values 

under this condition. In the system with Ca(OH)2 as the sole 

additive, the gas uptake capacity shows a slight increase when 

0.05 g of Ca(OH)2 is added. This enhancement is mainly at-

tributed to the increased solubility of CO2 under this condition, 

which primarily occurs during the cooling stage. 
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Figure 5. Effects of different masses of Ca(OH)2 and SDS on water conversion ratio, gas reaction ratio, and gas absorption capacity: (a) 

varying Ca(OH)2 mass; (b) varying SDS mass. 

4.2. Effect of Composite Additives on CO2 Hydrate Formation 

In the composite system, the effects of different concentrations of Ca(OH)2 and SDS on CO2 hydrate formation were investi-

gated. The detailed experimental conditions are listed in Table 3. 

Table 3. Experimental conditions for composite systems. 

Experiment H2O Mass (g) SDS Mass (g) Ca(OH)2 Mass (g) Temperature (℃) Pressure (MPa) 

Case 11 50 0.005 1 2 3.6 

Case 12 50 0.01 1 2 3.6 

Case 13 50 0.05 1 2 3.6 

Case 14 50 0.1 1 2 3.6 

Case 15 50 0.3 1 2 3.6 

Case 16 50 0.05 0.05 2 3.6 

Case 17 50 0.05 0.1 2 3.6 

Case 18 50 0.05 0.5 2 3.6 

 

The induction time of hydrate formation in the composite 

system is shown in Figure 6. In the Ca(OH)2–SDS system, the 

addition of 0.05 g SDS at different Ca(OH)2 loadings slightly 

increases the induction time compared to the system with 

Ca(OH)2 alone, with an increase ranging from 14 to 57 

minutes. This can be attributed to the adsorption of SDS on 

the surface of CaCO3 particles, which reduces the carbonate 

characteristics of the particle surface and weakens its promot-

ing effect on hydrate nucleation, thereby slightly prolonging 

the induction time. In addition, the presence of SDS leads to a 

reduction in CaCO3 particle size, and smaller promoter parti-

cles are known to result in longer induction times [30]. 

However, under the condition of 0.05 g SDS and 1 g 

Ca(OH)2, the induction time is significantly reduced. This 

may be due to the fact that SDS imparts surface activity to 

CaCO3 particles originally located at the gas–liquid interface, 

enabling better dispersion. As a result, the dense CaCO3 film 

formed at the interface is disrupted, reducing interfacial mass 

transfer resistance and effectively shortening the induction 

time. 

For composite systems with different SDS concentrations, 

the induction time is significantly reduced compared to sys-

tems with SDS alone, mainly due to the introduction of 

Ca(OH)2. After adding Ca(OH)2, the CaCO3 particles formed 

from its reaction with CO2 can effectively promote hydrate 

nucleation, thereby greatly shortening the induction time, 
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which is consistent with the mechanism observed in the sys-

tem with Ca(OH)2 alone. However, the presence of SDS par-

tially weakens the promoting effect of CaCO3 particles on re-

ducing the induction time. 

 
Figure 6. Influence of Ca(OH)2–SDS composite systems with varying masses on the induction time of CO2 hydrate formation. 

 
Figure 7. Variation of CO2 amount in the reactor under combined Ca(OH)2–SDS systems with different mass ratios: (a) 1 g Ca(OH)2 with 

varying SDS mass; (b) 0.05 g SDS with varying Ca(OH)2 mass. 

Figure 7 presents the variation of CO2 amount in the reactor 

over time for composite systems with different Ca(OH)2 load-

ings at a fixed SDS concentration of 0.05 g. The results indi-

cate that the amount of Ca(OH)2 has a significant influence on 

CO2 hydrate formation. Under the condition of 0.05 g SDS–

0.05 g Ca(OH)2, the decrease in CO2 amount is limited and 

proceeds slowly. As the Ca(OH)2 dosage increases, the CO2 

consumption increases; however, this relationship is non-lin-

ear. When the Ca(OH)2 dosage exceeds 0.5 g, the final amount 

of CO2 in the reactor no longer decreases significantly. At 

Ca(OH)2 dosages of 0.5 g and 1 g, the final CO2 amount 

reaches approximately 0.048 mol, which is significantly lower 

than that in single-additive systems and pure water. Mean-

while, the CO2 consumption rate increases with increasing 

Ca(OH)2 dosage. At 0.05 g Ca(OH)2, CO2 consumption occurs 

throughout almost the entire experimental period. When the 

dosage increases to 0.1 g, the CO2 amount stabilizes after ap-

proximately 600 min, with a rapid hydrate formation stage oc-

curring around 450 min. With further increases in Ca(OH)2, 

CO2 is rapidly consumed within 150–300 min and reaches a 

stable value at around 400 min until the end of the experiment. 

In addition, the figure also shows the variation of CO2 amount 

with time for systems with different SDS concentrations com-

bined with 1 g Ca(OH)2. The results indicate that although the 

final CO2 amount is nearly the same under different SDS con-

centrations, the time required to reach equilibrium varies. For 

instance, under the condition of 0.01 g SDS–1 g Ca(OH)2, the 

CO2 amount stabilizes at approximately 350 min. 

Figure 8 presents the CO2 consumption and consumption 

rate during the experiment. The gas consumption rate curve 

has been smoothed, therefore the maximum gas consumption 

rate cannot be reflected in the graph. Table 4 shows the maxi-

mum rate of carbon dioxide consumption and the final amount 

consumed. Under the condition of 0.05 g SDS–0.05 g 

Ca(OH)2, the CO2 consumption is approximately 0.01 mol 

higher than that of the system with 0.05 g Ca(OH)2 alone. This 

enhancement is attributed to the addition of SDS, which pro-

motes hydrate formation and increases CO2 consumption. 

http://www.sciencepg.com/journal/ijeee


International Journal of Economy, Energy and Environment http://www.sciencepg.com/journal/ijeee 

 

55 

However, the maximum CO2 consumption rate under this con-

dition is only 0.2 mmol·min-1, mainly occurring during the 

cooling stage. This is likely due to the low Ca(OH)2 dosage, 

resulting in a limited number of CaCO3 particles available for 

SDS adsorption, thereby restricting hydrate growth. With in-

creasing Ca(OH)2 dosage, the hydrate formation behavior 

changes significantly. When 0.05 g SDS is combined with 0.1 

g Ca(OH)2, a peak gas consumption rate of 0.9 mmol·min-1 

appears at approximately 500 min, which is much higher than 

that observed during the cooling stage, indicating rapid hy-

drate formation. This can be attributed to the presence of abun-

dant hydrophobic particles, which facilitate the formation of 

cage-like water structures near the particle surface. In addition, 

the adsorption of CO2 molecules on the particle surface pro-

vides sufficient guest molecules, thereby significantly enhanc-

ing the hydrate formation rate. Under this condition, hydrate 

formation is essentially completed at around 600 min, after 

which the system stabilizes, with minor hydrate formation oc-

curring between 150 and 400 min, corresponding to relatively 

low gas consumption rates. When the Ca(OH)2 dosage in-

creases to 0.5 g, the total CO2 consumption reaches 0.0784 

mol, which is significantly higher than that in single-additive 

systems and pure water. The gas consumption rate exhibits 

two distinct peaks, at 0.44 mmol·min-1 and 0.79 mmol·min-1, 

resulting in a longer time to reach equilibrium. The overall 

hydrate formation process takes approximately 250 min, 

slightly longer than the 150 min observed at 1 g Ca(OH)2. 

With further increases in Ca(OH)2 dosage, the total CO2 con-

sumption no longer increases and remains at approximately 

0.0784 mol. However, the maximum gas consumption rate 

further increases to 1.4 mmol·min-1, which is about 5.8 times 

higher than that of the system with Ca(OH)2 alone. Meanwhile, 

the duration of the rapid hydrate formation stage is shortened 

to approximately 150 min. These results demonstrate that the 

Ca(OH)2 dosage simultaneously influences both the total hy-

drate formation and the formation kinetics. 

In the composite system, the total CO2 consumption shows 

little variation under different SDS concentrations. Although 

some differences are observed in the CO2 consumption rate, the 

maximum rate reaches 1.93 mmol·min-1, which is approxi-

mately 6.4 times higher than that in the system with SDS alone. 

In addition, the duration required for the rapid hydrate for-

mation stage is nearly the same across different conditions, at 

around 200 min. Overall, the influence of SDS concentration on 

CO2 hydrate formation in the composite system is relatively 

limited. Even at low SDS concentrations, the surface of CaCO3 

particles can be effectively rendered hydrophobic, thereby pro-

moting hydrate formation. Although this may slightly prolong 

the induction time, it does not significantly affect the final hy-

drate formation rate or the total CO2 consumption. 

Cheng et al. found that CaCO3 and Ca(HCO₃)2­ formed from 

the reaction between Ca(OH)2 and CO2 in solution can provide 

additional nucleation sites, thereby promoting rapid hydrate nu-

cleation and growth [27]. In addition, Cui et al. reported that 

CaCO3 particles in aqueous solution are typically positively 

charged but do not exhibit significant surface activity. In the 

presence of SDS, SDS molecules adsorb onto the surface of 

CaCO3 particles, neutralizing their surface charge and rendering 

the particles hydrophobic [33]. Farhang further demonstrated 

that hydrophobic particles can significantly enhance the kinet-

ics of CO2 hydrate formation. This is attributed to the reorgani-

zation of water molecules near hydrophobic surfaces into cage-

like structures, as well as the enhanced adsorption and accumu-

lation of gas molecules at the particle surface, which together 

facilitate hydrate nucleation [24]. Therefore, in the composite 

system investigated in this study, the significant enhancement 

in both CO2 hydrate formation rate and yield can be attributed 

to the synergistic effects of increased nucleation sites and hy-

drophobic interfaces. On the one hand, CaCO3 and Ca(HCO₃)2­ 

particles generated from the reaction between Ca(OH)2 and CO2 

provide abundant nucleation sites, thereby accelerating hydrate 

nucleation. On the other hand, SDS induces hydrophobization 

of CaCO3 particle surfaces, promoting the rearrangement of 

surrounding water molecules and facilitating the accumulation 

of gas molecules near the particle surface. Through the syner-

gistic effects of these two mechanisms, the composite system 

significantly enhances both the formation rate and the total 

amount of CO2 hydrate. 

 
Figure 8. Variation of CO2 consumption and consumption rate under combined Ca(OH)2–SDS systems with different mass combinations: (a) 

fixed Ca(OH)2 (1 g) with varying SDS mass; (b) fixed SDS (0.05 g) with varying Ca(OH)2 mass. 
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Table 4. Maximum rate of carbon dioxide consumption and final consumption. 

Experiment Maximum carbon dioxide consumption (mmol·min-1) carbon dioxide final consumption (mol) 

Case11 1.32 0.078 

Case12 1.71 0.078 

Case13 1.4 0.078 

Case14 1.93 0.079 

Case15 1.26 0.078 

Case16 0.19 0.035 

Case17 0.9 0.071 

Case18 0.79 0.078 

 

Figure 9 presents the water conversion ratio, gas consump-

tion ratio, and gas absorption capacity of CO2 hydrates in the 

composite system. The results show that both the gas con-

sumption ratio and water conversion ratio increase with in-

creasing Ca(OH)2 dosage. This is mainly attributed to the for-

mation of more CaCO3 and related species, which provide ad-

ditional nucleation sites and thus promote hydrate formation. 

However, further increasing the Ca(OH)2 dosage does not 

lead to significant improvements in water conversion ratio or 

gas consumption ratio. This is mainly due to the formation of 

a hydrate layer at the gas–liquid interface, which hinders ef-

fective contact between CO2 and water. In addition, the lim-

ited solubility of CO2 in water restricts further gas consump-

tion. Moreover, since the experiments were conducted under 

water-rich conditions, the continuous consumption of CO2 

leads to a decrease in system pressure, which also suppresses 

further hydrate formation. 

Under the present experimental conditions, the maximum 

water conversion ratio and gas consumption ratio reach 17% 

and 62%, respectively, which are approximately 13% and 46% 

higher than those in the pure water system. The gas absorption 

capacity exhibits a similar trend, reaching a maximum value 

of 35.68 v/v, significantly outperforming the pure water sys-

tem. Furthermore, when the Ca(OH)2 dosage exceeds 0.5 g, 

the experimental results show good repeatability with small 

fluctuations, indicating excellent system stability and promis-

ing potential for practical applications. 

In addition, the results indicate that SDS concentration has 

a relatively minor effect on water conversion ratio, gas con-

sumption ratio, and gas absorption capacity in the composite 

system. Only a small amount of SDS is sufficient to achieve 

effective promotion, suggesting that SDS primarily plays a 

role in interfacial regulation rather than being a dominant con-

trolling factor. 

 
Figure 9. Influence of Ca(OH)2–SDS composite systems with varying mass combinations on water conversion ratio, gas reaction ratio, and 

gas absorption capacity: (a) fixed Ca(OH)2 (1 g) with varying SDS mass; (b) fixed SDS (0.05 g) with varying Ca(OH)2 mass. 
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5. Conclusion 

CO2 hydrate is considered an efficient method for carbon 

sequestration. In this study, the synergistic promotion of 

CO2 hydrate formation by Ca(OH)2 and SDS was investi-

gated based on the chemical reaction between Ca(OH)2 and 

CO2, which generates CaCO3 as an intermediate promoting 

agent. 

The results show that the addition of Ca(OH)2 alone can 

shorten the induction time; however, it has a limited effect on 

enhancing hydrate formation rate and total gas consumption. 

Similarly, when SDS is used alone, the induction time de-

pends on the SDS dosage, with the shortest induction time ob-

served at 0.05 g SDS, but SDS alone does not significantly 

improve hydrate formation kinetics or capacity. 

Compared with single-additive systems, the composite sys-

tem of Ca(OH)2 and SDS exhibits a markedly enhanced per-

formance in CO2 hydrate formation. Although the induction 

time is slightly prolonged, the hydrate formation rate and total 

CO2 consumption are significantly improved. The results also 

indicate that variations in SDS dosage have a negligible effect 

on the overall promotion performance, whereas the dosage of 

Ca(OH)2 plays a more critical role. At low Ca(OH)2 loading 

(0.05 g), the hydrate formation amount is relatively limited. 

With increasing Ca(OH)2 dosage, the hydrate formation is sig-

nificantly enhanced; however, further increasing Ca(OH)2 

does not lead to additional improvement, indicating the exist-

ence of an optimal dosage range. Overall, the synergistic ef-

fect between Ca(OH)2 and SDS enables simultaneous en-

hancement of nucleation and interfacial properties, thereby 

significantly improving both the kinetics and capacity of CO2 

hydrate formation. 
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