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Abstract  12 

The climate system is changing globally, and there is substantial evidence that subsea 13 
permafrost and gas hydrate reservoirs are melting in high-latitude regions of the Earth, 14 
resulting in large volumes of CO2 (from organic carbon deposits) and CH4 (from gas hydrate 15 
reserves) venting into the atmosphere. Here, we propose the formation of flue gas hydrates 16 
in permafrost regions and marine sediments for both the geological storage of CO2 and the 17 
secondary sealing of CH4/CO2 release in one simple process, which could greatly reduce the 18 
cost of CO2 capture and storage (CCS). The kinetics of flue gas hydrate formation inside frozen 19 
and unfrozen sediments were investigated under realistic conditions using a highly accurate 20 
method and a well-characterized system. The results are detailed over a wide range of 21 
temperatures and different pressures at in situ time scales. It has been found that more than 22 
92 mol% of the CO2 present in the injected flue gas could be captured under certain 23 
conditions. The effect of different relevant parameters on the kinetics of hydrate formation 24 
has been discussed, and compelling evidence for crystal-structure changes at high pressures 25 
has been observed. It has also been found that temperature rise leads to the release of N2 26 
first, with the retention of CO2 in hydrates, which provides a secondary safety factor for stored 27 
CO2 in the event of a sudden temperature increase. 28 
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Introduction 36 

Increasing atmospheric CO2 concentrations, owing to the continuous use of fossil fuels as the 37 
main energy source for humans, pose a hazard to human life1, possibly have a major role in 38 
global warming2, may change environmental life cycles3,4, and have long-term importance for 39 
the foreseeable future5. The increase in temperature in high-latitude regions of the Earth in 40 
particular appears to be occurring twice as fast as the global average6, notably where vast 41 
volumes of CH4 in the form of clathrates exist under permafrost7 and where a significant 42 
amount of organic carbon is accumulated in perennially frozen soil over millennia8—a 43 
situation that will exacerbate climate change by extensive methane venting to the 44 
atmosphere9 (which mainly comes from decomposition of gas clathrates) and by conversion 45 
of the stored carbon to CH4 and CO2 through decomposition by soil microbes10. Accordingly, 46 
urgent11 action is required to scale-up CO2 capture and storage to limit CO2 emissions and 47 
return to a “safe”6 level (1987) of 350 ppm CO2 in the atmosphere. Although the efficiency of 48 
different techniques for CCS have been improved considerably in recent years12, large-scale, 49 
economical solutions are still lacking5. 50 

In the past decade, a number of studies13 have been undertaken to develop realistic CCS 51 
methods, one of which is using gas hydrate-related technologies. Gas hydrates, or clathrate 52 
hydrates, are an ice-like group of crystalline inclusion compounds characterized by a host 53 
lattice of hydrogen-bonded water molecules that enclose suitably sized guest gas molecules 54 
without chemical bonding, usually at low temperatures and elevated pressures14–16. 55 
Capturing and storing CO2 in the form of gas hydrates has been previously suggested as a 56 
possible approach to reduce CO2 emissions, which can be categorized into two main 57 
approaches: First, methane hydrate reservoirs that exist under permafrost and in continental 58 
and margin sediments7 can be used to store CO217 by replacement of injected CO2 molecules 59 
with CH4 molecules18, controlling the emissions of CO2 while simultaneously allowing for a 60 
more economical and more efficient19 deployment of methane hydrate sources with respect 61 
to the exothermic20 nature of CO2 replacement in the hydrate lattice (This is due to the greater 62 
relative thermodynamic stability of CO2 hydrate than both methane hydrate structure-I (sI) 63 
and structure-II (sII)). Furthermore, the optimization and development of this method have 64 
been extensively studied in the past two decades21–23, and several successful field-scale 65 
applications, such as those located at the Alaska North Slope24, have been reported. More 66 
recently, we have suggested direct injection of power plant flue gas (mainly N2 and CO2) into 67 
CH4 hydrate reservoirs as a promising approach to reduce the cost by eliminating CO2 capture 68 
from the atmosphere25,26. Second, efforts have been made to form gas hydrate from power 69 
plant flue gas27, with the expectation that more CO2 than N2 will enter the hydrate phase28–70 
30, providing the possibility to separate and capture CO2 after hydrate formation31. 71 

Here, we introduce a new approach to scale-up and reduce the cost of the CCS operation. The 72 
idea is that power plant flue gas, mainly consisting of N2 and CO2, can be directly injected into 73 
either simulated or natural (temporary and permanent storage, respectively) water/ice-74 
saturated sediments at high pressures to store CO2 in a solidified form, providing a realistic 75 
and efficient CCS method. Despite the promising prospects of hydrate-based CCS, a natural 76 
time-scale evaluation of flue gas hydrate formation kinetics inside mesoporous media does 77 



  

not yet exist. This work details the results of an experimental investigation into the kinetics 78 
of flue gas hydrate formation in well-characterized water/ice-saturated sediments from 261.1 79 
K to 283.1 K, covering the temperature range of subglacial, permafrost, subpermafrost, and 80 
subsea sediments32. Using the newly measured formation kinetics data, we discuss the 81 
characteristics of flue gas hydrate formation kinetics with a particular focus on the effect of 82 
relevant parameters on CO2 capture rate, capture efficiency and clathrate stoichiometry. 83 

This study documents a method that could slow or even stop the rise of the CO2 content in 84 
the atmosphere. While direct formation of CO2-rich hydrates from power plant flue gas will 85 
reduce CO2 emissions, the hydrate cap formed in sediments could also provide a safety33 86 
mechanism by blocking the pathway of those greenhouse gases released in response of 87 
permafrost to global warming. Additionally, we address the challenges regarding the effect of 88 
global warming on the stored CO2-rich hydrates by investigating the kinetics of hydrate 89 
dissociation during temperature increase, ultimately showing that the CO2 level in the 90 
atmosphere could be sustainably reduced or at least kept at the same level using the 91 
proposed method. 92 

Methods 93 

Materials 94 

A well-characterized silica sand from Fife (Scotland) was used as the mesoporous media, and 95 
a detailed analysis can be found in the Supporting Information. Deionized water was 96 
produced using an ELGA DV 25 Integral Water Purification System. For simulating flue gas, a 97 
gas mixture composed of 85.4 mol% nitrogen and 14.6 mol% CO2 (both with certified purities 98 
of 99.9995 vol%) purchased from BOC Limited was used. 99 

Experimental apparatus 100 

Experiments were carried out using a stainless steel cylindrical cell setup. The setup is 101 
composed of a high-pressure cell (with a maximum inner volume of 802 cm3 and a maximum 102 
working pressure of 40 MPa), movable piston, data measurement and monitoring system, 103 
and pressure/temperature maintaining system, as shown in Fig. 1. The top cap of the cell is 104 
fixed, while the bottom cap has a movable piston, moving by injection or withdrawal of 105 
hydraulic fluid using a hand pump for initial overburden pressure and a Quizix pump for 106 
maintaining constant pressure. The piston movement enables an increase or reduction in the 107 
pore pressure within the cell without injecting or removing fluid from the cell, thus 108 
maintaining a closed system. A linear variable differential transformer (LVDT) is mounted to 109 
the tail rod of the piston to measure the piston displacement, enabling measurement of the 110 
exact volume of the cell in real time. The cell is located in a cooling jacket, and its temperature 111 
is maintained by circulating water/monoethylene glycol ((60/40, vol/vol) from the temp bath 112 
(Julabo MA-4) through the shell side of the module. The temperature is measured using a 113 
platinum resistance thermometer (PRT), located inside the top cap, with a precision of +/- 0.1 114 
K. The cell pressure and overburden pressure are measured by means of Quartzdyne pressure 115 
transducers (model QS30K-B, Quartzdyne Inc., U.S.A., pressure range 0-207 MPa) with an 116 
accuracy of +/- 0.0005 MPa. Pore pressure, temperature, pump pressure, overburden 117 
pressure, and piston displacement are recorded on a computer via a data acquisition system 118 



  

(LabVIEW software from National Instruments). Test fluids and samples for analysis are 119 
injected and collected through valves on the bottom cap, top cap, and side valves. The molar 120 
composition of the gas samples was analyzed using a gas chromatograph (GC) (Varian 3600, 121 
Agilent Technologies) (with calibration errors of ±0.5% for CO2 and ±1.2% for N2). 122 

 123 

 124 
Fig. 1 Schematic of the high pressure autoclave setup 125 

 126 

Procedure 127 

The following general procedure was used for all experiments. The cell was filled with partially 128 
water-saturated sand (1076.6 g sand/155.6 g water or 12.63 mass% water) and vacuumed 129 
after adjusting the piston level to control the volume of simulated sediment (approximately 130 
148.94 mm height and 75.00 mm diameter or porosity of 37.9%). The fluid behind the piston 131 
was then maintained at a constant pressure (3.45 MPa) using the Quizix pump and the 132 
temperature bath was set at the target temperatures (see Table 1) for several days to ensure 133 
stabilization of the system. Then, the piston fluid inlet valve was closed, and flue gas was 134 
injected at the desired pressures. Gas samples for GC were collected at determined intervals 135 
according to the pressure decrease rate of the system. The sampling process was continued 136 
until hydrate formation finished, as evidenced by both the final stable CO2 concentration in 137 
the gas phase and the pressure reading of the pressure transducer28, except for Exp1, in which 138 
the test was stopped after 72 days because of the very slow formation rate. Finally, the bath 139 
temperature was set at 294.15 K, and the composition of the gas phase was analyzed during 140 
gas hydrate dissociation. The initial conditions for each experiment are shown in Table 1. 141 

Table 1 Experimental temperature, initial pressure conditions, and quantity of injected gas 142 

Exp. No 1 2 3 4 5 6 7 8 9 
Temperature (K) 261.2 264.8 268.6 273.4 278.2 283.2 273.4 278.2 283.2 
Start Pressure (MPa) 20.82 20.79 20.81 20.79 20.75 20.80 27.95 27.91 33.21 
Injected Gas (mol) 1.0198 0.9974 0.9761 1.0009 0.9476 0.9111 1.2574 1.1974 1.3137 



  

Methodology 143 

Pure CO2 forms simple (single guest) cubic sI clathrate hydrates with a formula of 2MS•6MLI•46H2O 144 
(where MS is a small 512 (pentagonal dodecahedron) cavity and MLI is a large 51262 (tetrakaidecahedron) 145 
cavity) with compositions between 5 3

4
 and 7 2

3
 waters/guest, which are stable at considerably lower 146 

pressures when compared with simple N2 hydrates. CO2 occupies all the large MLI cages (size ratio of 147 
0.83) and some of the MS cages (size ratio of 1). Additionally, N2 can stabilize cubic s-II hydrates with 148 
a unit cell formula of 16 MS•8MLII•136H2O (where MLII is a large 51264 (hexakaidecahedron) cavity), 149 
occupying a fractionally higher number of MS cavities (single guest)34. In addition, owing to the small 150 
molecular size, two N2 molecules can fit into a large MLII cavity35,36. While several powder X-ray 151 
diffraction, NMR spectroscopy, and Raman spectroscopy studies37–39 (mainly on 10% and 20% CO2 in 152 
N2+CO2 mixtures) at limited pressure and temperature ranges suggest that these mixtures only form 153 
s-I hydrate (except for 1% CO2-99% N2 mixture where the s-II hydrate is more stable), structures of 154 
CO2+N2 mixed hydrates have yet to be investigated to reveal the underlying physics. At the same time, 155 
the presence of mesoporous media can change the characteristics of hydrate equilibria40. Accordingly, 156 
this is another key parameter to be analyzed in order to understand the properties of CO2+N2 hydrate 157 
formation inside sediments. 158 

Fig. 2 provides the predicted results of sI and sII HSZs of gas-water systems for different combinations 159 
of CO2 and N2 together with the pressure/temperature conditions of the experiments. To understand 160 
the effect of temperature under real conditions32, Exp 1-6 were started at the same pressure, which 161 
was selected to represent ocean floor pressure according to the average depth of the oceans41,42. Exp 162 
7-9 were performed to investigate the pressure effect. It should be noted that as all planned results 163 
were obtained using these 9 experiments, we performed only one experiment at very low 164 
temperature due to the length of time required to perform experiments at lower temperatures and 165 
higher pressures. The pressures for Exp 1-4 and 7 were well inside the N2 HSZ, whereas the pressures 166 
for Exp 5 and 9 were between the flue gas and N2 HSZs, the pressure for Exp 8 was just on the N2 HSZ, 167 
and the pressure for Exp 6 was outside of the flue gas hydrate formation region. Accordingly, in Exp 168 
1-5 and Exp 7-9, there is the possibility of CO2 or CO2-N2 mixed hydrate formation, and in Exp 1-4 and 169 
7, there is also possibility of N2 hydrate formation. The sole purpose of Exp 6 was to observe CO2 170 
dissolution kinetics in the system. For some combinations of flue gas (sometimes up to ~8% CO2 at 171 
lower temperatures), the pressures of sII HSZs are lower than those of sI, indicating the greater 172 
stability of sII hydrates from a thermodynamic perspective. Accordingly, Exp-5 and 9 were selected to 173 
be out of this region, whereas other experiments (except Exp 6) cross this region or finish (Exp 1 and 174 
7) in this region. Several experimental obserevations20, all of which were performed outside of this 175 
region, suggest that CO2 will go into large cages and N2 will occupy small cages (for sI hydrates) in CO2-176 
N2 mixed hydrates. 177 



  

 178 

Fig. 2 The predicted hydrate stability zones of CO2, N2, and their mixtures and the experimental 179 
conditions. The HSZs are predicted for both sI and sII. The paired phase boundaries of sI and sII of a 180 
CO2-N2 mixture are drawn in the same pattern of lines, blue (sI) and red (sII). An in-house software 181 
was used for prediction of the HSZs43–45. Thermodynamic behavior of the fluid system at different 182 
pressures, temperatures and compositions were modelled using CPA equation of state for the non-183 
solid phase, with the Peng-Robinson equation of state as the non-association part, and a modified van 184 
der Waals and Platteeuw method for the solid phase. 185 

 186 

Results and Discussion  187 

Formation kinetics 188 

The pressure profile of the system after gas injection is illustrated over all of the experimental 189 
periods in Fig. 3. A rapid pressure drop was observed just after gas injection, mainly as a result 190 
of gas solubility and gas contraction. This mechanism is clearer in the Exp 6 results, where the 191 
system pressure was outside the flue gas HSZ. However, in the other experiments, hydrate 192 
nucleation/growth was an additional reason for this initial reduction. As the gas was 193 
consumed by hydrate formation, the gas pressure showed a strongly negative decreasing 194 
slope. Here, the rate of gas pressure change decreased with time, corresponding to a 195 
reduction in the gas consumption rate. This is because the consumption of the gas molecules 196 
moves the system pressure closer to stable conditions, reducing the main driving force of 197 
hydrate formation. Furthermore, early hydrate crystal formations accumulate on the surface, 198 



  

reduce the surface contact of components and limit the mass/heat transport in the system. 199 
In addition, the free water content in the system reduces with hydrate formation, which could 200 
limit the hydrate formation rate by slowing down the adsorption of the CO2/N2 molecules at 201 
the crystal interface46. With regard to the pressure decrease during hydrate formation in Exp 202 
3-5, it is slightly faster at lower temperatures, as the distance from stable conditions is 203 
relatively higher in terms of pressure difference (higher sub-cooling). However, the opposite 204 
trend was observed in Exp 1-2. This could be explained by the presence of less unfrozen 205 
(quasiliquid) water at lower temperatures. The quasiliquid water content acted as a limiting 206 
factor for hydrate formation and gas diffusion in the system, and consequently, a reduction 207 
in the hydrate formation rate at lower temperatures can occur. In addition, the gas diffusion 208 
rate is reduced at lower temperatures, which, in turn, increases the time required for gas 209 
molecules to contact the quasiliquid water. Furthermore, hydrates can directly form from ice 210 
crystals, which is slower at lower temperatures. Comparing the graph for Exp 3 with those for 211 
Exp 1 and 2 in Fig. 3 suggests that there was enough quasiliquid water and sufficient surface 212 
contact between components in Exp 3, weakening the limiting effects on hydrate formation 213 
at this temperature. As seen, except for Exp 1, the pressure graphs for all experiments 214 
reached a plateau after the initial decrease, which was faster at higher temperatures. This can 215 
be attributed to the fact that the differences between hydrate formation rates are not large 216 
enough to cover the difference between stable pressure values. In Exp 1, as the hydrate 217 
formation rate decreased considerably after a few months, the tests were stopped when the 218 
pressure versus time slope reached less than 0.0015 MPa/hr. 219 

A comparison between the pressure decreases in Exp 4 and 5 with those of Exp 7 and 8 reveals 220 
that experiments at higher pressure take more time to stabilize. The first apparent reason for 221 
this observation is the pressure drop and consequently more hydrate formation at higher 222 
pressures. This can also increase the force required for diffusion through formed hydrate 223 
shells. As the same amount of water was present in all experiments, the second reason for 224 
this observation could be the previously discussed limiting role of free water, lowering the 225 
water to gas molar ratio at higher pressures. This is potentially the main reason for the very 226 
slow hydrate formation during the final stages of the higher pressure experiments. The faster 227 
hydrate formation in Exp 9 compared to Exp 7 and 8, considering its higher pressure and 228 
higher temperature, provides additional support for the above two explanations. 229 



  

 230 

Fig. 3 Changes in system pressure after flue gas was injected during clathrate formation inside water 231 
saturated sediments with the early phase magnified.  232 

 233 

CO2 capture 234 

Fig. 4 presents the CO2 concentration changes in the gas phase throughout all experiments. 235 
An insertion of the initial stage is also shown in Fig. 4. It should be noted that all samples were 236 
analyzed at least three times to reduce the GC measurement uncertainty, which was 237 
calculated to be at most 0.1%. As shown in Fig. 4, there is always an initial decrease in CO2 238 
concentration in all cases due to the higher solubility of CO2 relative to N2 in the aqueous 239 
phase at temperatures higher than 273.15 K (Exp 4-9) and higher stability of CO2 relative to 240 
N2 in the ice phase at temperatures under 273.15 K (Exp 1-3). Furthermore, it is clear that the 241 
relative rate of diffused CO2 to N2 into the ice phase is similar in Exp 1-3, indicating an 242 
insignificant role of temperature on the diffusion of gas into the ice crystals, at least in the 243 
early stages. However, for experiments above the freezing point of water (Exp 4-9), the 244 
relative rate of CO2 to N2 solubility in water increases at lower temperatures, due to hydrate 245 
formation requiring an induction time because there is always a time lag for hydrate 246 
formation after flue gas injection. As shown in the magnified part of Fig. 4, clear downward 247 
peaks were observed for Exp 4, 5, 7, 8, and 9 just after flue gas injection was complete. 248 
Previously, we reported28 this behavior for the same gas mixture under bulk conditions and 249 
attributed it to the effect of hydrate formation on water solubility and the presence of 250 
relatively more CO2 to N2 in the aqueous phase than in the hydrate phase. Regarding Exp 6, 251 



  

following approximately 200 hrs of initial logarithmic reduction, it reaches equilibrium at 252 
approximately 10.5% CO2 in the gas phase. 253 

The curves shown in Fig. 4 provide other interesting information. The curves show that the 254 
CO2 concentration in the gas phase reduced considerably faster in Exp 4 and 5 than in Exp 1-255 
3. At the same injection pressures for higher temperatures, the CO2 concentration reached a 256 
stable value faster. However, the final CO2 concentration in the gas phase is smaller at lower 257 
temperatures, indicating a higher occupancy ratio of CO2/N2 in the hydrate phase. Slower 258 
changes in the CO2 concentration were observed at higher pressures, which could be 259 
attributed to the same reason for the slower pressure change in these systems. In addition, 260 
the presence of more gas in the system leads to a reduced effect of hydrate formation on the 261 
changes in the composition of the gas phase. Although Exp 9 was conducted under higher 262 
pressure than Exp 6, there was a higher rate of CO2 capture in Exp 9, indicating the efficiency 263 
of hydrate-based CO2 capture compared with dissolution methods alone. Comparing Exp 4 264 
with Exp 7 and Exp 5 with Exp 8, it should also be noted that the injection of gas at higher 265 
pressures caused a greater reduction in pressure, which in turn led to more hydrate formation 266 
and consequently a larger change in the CO2 concentration. Accordingly, experiments at 267 
higher injection pressures in this method also have higher final equilibrium pressures. This is 268 
because binary N2/CO2 gases have higher HSZs at higher N2 concentrations. 269 



  

 270 

Fig. 4 Changes in CO2 concentration in the gas phase during clathrate formation inside water saturated 271 
sediments after flue gas was injected. To reduce the GC measurement uncertainty for each point, all 272 
samples were analyzed at least three times. 273 

 274 

Structural change 275 

Next, we investigated the CO2 concentration change during hydrate formation to further 276 
quantify the kinetics of flue gas hydrate formation. The important observation from 277 
comparison of the graphs in Fig. 4 is that there are concavities (circled parts) on CO2 278 
concentration in Exp 2-4 and 8. The possible explanation for these concavities is that these 279 
experiments were started inside the N2 HSZ and finished outside of the N2 HSZ, covering a 280 
wide range of HSZs in terms of concentration changes, which reduces the stability of hydrates 281 
formed at higher pressures. With this in mind, initially formed hydrates with relatively more 282 
CO2 possibly dissociated, and new hydrates with less CO2 formed. Curiously, the presence of 283 
more CO2 at higher pressures indicates that there is an optimum pressure under which there 284 
is maximum CO2 capture, which is consistent with our previous results26. Furthermore, a 285 
wider concavity in Exp 2 could show limited heat or mass transfer for dissociating hydrogen 286 
bonds at lower temperatures. 287 

More interestingly, as shown in Fig. 4, HSZ zones of sII hydrates with CO2 concentrations less 288 
than approximately 8% are more stable than those of sI, and the trend is opposite after 289 



  

passing approximately 8% CO2 in the gas phase. In addition, these concavities are observed 290 
only in Exp 2-4 and 8 that passed this region (Exp 1, 5, and 7 were above or inside this zone). 291 
On the basis of the two above explanations, for Exp 2-4 and 8 sII hydrate formation is the only 292 
plausible hypothesis that could be offered to explain the reason behind the concavities 293 
observed in Fig. 4. This does not conflict with other studies37–39 on this subject that denied 294 
the presence of sII hydrate for more than 1% CO2 concentration in the gas phase because the 295 
presented pressure-temperature conditions in our study for sII hydrate were not investigated 296 
in other studies. To confirm the structural changes, these experiments could be coupled with 297 
different spectroscopy techniques such as NMR to be able to measure the composition of the 298 
hydrate phase during formation.  299 

Pressure effect on CO2 capture 300 

The rate of CO2 capture is highly sensitive to variations in pressure at each temperature. Fig. 301 
5 summarizes the changes in CO2 concentration in the gas phase versus pressure under the 302 
conditions presented in the experimental section. Different parts of this figure were discussed 303 
in the previous sections. However, there are some interesting observations to be further 304 
addressed. The changes in the fraction of CO2 in the gas phase is a measure of the relative 305 
stability of CO2 to N2 in the hydrate phase with respect to the pressure under which they form. 306 
The CO2 concentration stays at approximately 14% in Exp 3 before reaching N2 HSZ, whereas 307 
it begins reduction earlier in Exp 1 and 2. This could be explained by the presence of less 308 
quasiliquid water at the gas-water interface in Exp 1 and 2 and significantly higher stability of 309 
CO2 than N2 in the process of hydrate crystals accumulation at the gas/water interface, and 310 
the diffused gas contains a higher concentration of CO2, in turn, leading to the formation of 311 
CO2-rich hydrates. Because of the intensity of the lower temperature in Exp 1, the hydrate 312 
formation rate is very slow (Fig. 5), whereas the slope of CO2 concentration versus pressure 313 
is high (Fig. 5). Furthermore, the CO2 concentration significantly changes at the final pressure 314 
in Exp 2-5 and 7-9, which is most clear in Exp 3. Recently, we suggested28 three different 315 
mechanisms for this behavior. In support of our above claims about the presence of sII CO2-316 
N2 hydrates at higher pressures, the concavities of the curves in Fig. 5 are consistent with the 317 
stability regions of sII hydrates in Fig. 2. 318 



  

 319 

Fig. 5 CO2 concentration in the gas phase versus system pressure during clathrate formation 320 
inside water saturated sediments. The changes in the fraction of CO2 in the gas phase is a 321 
measure of the relative stability of CO2 to N2 in the hydrate phase with respect to the 322 
pressure under which they form 323 

 324 

Quantitative analysis 325 

Because the initial and final pressures and CO2 concentrations in each test were different, 326 
there was a need to define a parameter to be able to comparatively quantify the amount of 327 
captured CO2. Accordingly, the capture ratio, C-value, is defined as the percentage of 328 
captured CO2 moles inside the hydrate and water phase divided by the moles of initially 329 
injected CO2. The C-values for each experiment were calculated and plotted in Fig. 6 330 
(quantities of the CO2 concentration in the gas phase and hydrate/water phase are provided 331 
in the Supporting Information). As noted before, in Exp 1, the test was stopped before 332 
reaching the final pressure, so the C-value for this test does not reflect equilibrium conditions. 333 
It is clear from the graph that either an increase in the pressure or a reduction in the 334 
temperature caused an increase in the efficiency of the CO2 capture, confirming the results 335 
shown in Fig. 4. Hence, lower temperatures and higher pressures are more favorable for CO2 336 
capture if the hydrate formation time is not important, which is applicable in this case. An 337 
apparent trend of C-values indicates that it is possible to store more than 92% percent of the 338 
injected CO2 by controlling pressure and by choosing an appropriate area for storage. The 339 
separation of CO2 from flue gas before injection does not seem to have any significant impact 340 



  

in this method on increasing the capture ratio, while the separation of CO2 from flue gas has 341 
a major13 cost in typical CCS operations. Another interesting observation from Fig. 6 is that 342 
injection of flue gas into frozen sediments could even capture and store more CO2 from the 343 
injected flue gas, which suggests that hydrate formation plays a dominant role over CO2 344 
solution in water. 345 

 346 

 347 

 348 

Fig. 6 C-value variations under different experimental conditions. An apparent trend of C-values 349 
indicates that it is possible to store more than 92% percent of the injected CO2 by controlling pressure 350 
and by choosing an appropriate area for storage. 351 

 352 

Dissociation of CO2-N2 mixed hydrates 353 

To further understand the effect of environmental temperature changes during natural cycles 354 
or the effect of any sudden climate changes such as the hypothesis of Late Quaternary climate 355 
change47 on the stored hydrates, the composition of the gas phase during dissociation of the 356 
formed hydrates was examined at the end of the tests after setting the cryostat to room 357 
temperature (294.15 K). As the temperature increased, the gas started to expand and hydrate 358 
dissociation began, causing CO2 concentrations to change in the gas phase, as shown in Fig. 359 



  

7. Under frozen conditions (Exp 1-3), a constant CO2 concentration was maintained and even 360 
slightly decreased at initial pressures after initiation of hydrate dissociation, which was 361 
followed by a fast release period. The decrease in the CO2 concentration and relative stability 362 
of the CO2 concentration range in terms of pressure change are both greater at lower 363 
temperatures. Especially for Exp 1, the CO2 concentration in the region of relative pressure 364 
stability region is more than 60% of the total pressure rise by heating. The relative stability of 365 
CO2 at early stages under frozen conditions suggests that more energy (in the form of heat) is 366 
required to overcome energy barriers and destabilize the CO2 than N2 inside clathrate cages. 367 
The rate of CO2 concentration change for this experiment, however, is considerably higher 368 
during the second phase. This supports the conclusion that after the formation of N2-rich gas 369 
hydrate at the water-gas interface, CO2-rich gas hydrate formed inside the initially formed 370 
hydrate shells, which is in agreement with the above results of hydrate formation. 371 
Furthermore, the trends of CO2 concentration change during hydrate dissociation generally 372 
follow the opposite pressure path from that in which they formed. During dissociation, the 373 
CO2 concentration changes have a less steep slope at lower pressures and generally increase 374 
at higher pressures. This is one of the strongest advantages of this method because during 375 
small temperature changes, considerably more N2 than CO2 will be released, reducing the 376 
hazard from CO2 release and increasing the safety associated with temperature changes. As 377 
an additional support for clathrate structural change in Exp 2-4 and 8, there are sharp changes 378 
in the slope of the curves (circled part) only for these experiments, which are missing for the 379 
other ones. Finally, sharp drops in the CO2 concentration at the end of the dissociation 380 
experiment are clearly from the dissolution of CO2 in the water phase. 381 



  

 382 

Fig. 7 CO2 concentration in the gas phase versus system pressure during hydrate dissociation after 383 
bath temperature was set to 294.15 K. 384 

 385 

In summary, we proposed an innovative approach for geological CCS by direct injection of flue 386 
gas into water/ice-bearing sediments in the absence of initial methane gas hydrates in place, 387 
integrating CO2 capture and storage into one simple process, and consequently reducing the 388 
cost of CCS significantly by comparison with conventional gas hydrate-based CCS methods. 389 
Here, the presence of N2 in the feed gas facilitates the movement of the gas and reduces the 390 
corrosion of facilities in comparison with supercritical CO2. The proposed method shows very 391 
high efficiency, with greater than 92% stable CO2 capture under certain conditions, meeting 392 
the technical requirements of typical industrial-scale geological CO2 storage operations 393 
reported in the literature. These results indicate that injection of a binary CO2-N2 composition 394 
is a promising approach to further push CO2 into the clathrate phase. The kinetics of the 395 
proposed process were fully investigated under simulated natural conditions and on real-time 396 
scales. This is the first study to analyze the binary gas hydrate formation kinetics in both frozen 397 
and unfrozen mesoporous media under realistic conditions. Additionally, the results 398 
demonstrate the first experimental evidence backed by thermodynamic modeling results for 399 
the formation of sII clathrates by CO2-N2 mixed gas with high CO2 content. Moreover, 400 
considering the sudden temperature rise, we found that the presence of N2 in the system 401 
provides a considerably wider safety net for the stability of CO2 in the clathrate phase. 402 
Accordingly, this CCS method reduces the risk of leakage for stored CO2 into nature, making 403 



  

it highly attractive for large-scale CCS. Finally, effect of the presence of different salts, and 404 
effect of impurities in the injected gas on both hydrate formation and dissociation, and effect 405 
of the application of this method on life cycle in the injection environment could be 406 
investigated following this work. 407 
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Synopsis 594 

More than 92 mol% of the CO2 present in power plant flue gas could be stored without pre 595 
capture by formation of flue gas hydrates in permafrost regions. 596 
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