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ABSTRACT: Carbon dioxide (CO2) hydrates, which contain a
relatively large amount of captured CO2 (almost 30 wt % of CO2
with the balance being water), represent a promising CO2
sequestration option for climate change mitigation. To facilitate
CO2 storage via hydrates, using chemical additives during hydrate
formation might help to expedite formation/growth rates, provided
the additives do not reduce the storage capacity. Implementing
atomistic molecular dynamics, we study the impact of aziridine,
pyrrolidine, and tetrahydrofuran (THF) on the kinetics of CO2
hydrate growth/dissociation. Our simulations are validated via
reproducing experimental data for CO2 and CO2 + THF hydrates
at selected operating conditions. The simulated results show that
both aziridine and pyrrolidine could perform as competent thermodynamic and kinetic promoters. Furthermore, aziridine seems to
exceed pyrrolidine and THF in expediting the CO2 hydrate growth rates under the same conditions. Our analysis unveils direct
correlations between the kinetics of CO2 hydrate growth and a combination of the free energy barrier for desorption of CO2 from
the hydrate surface and the binding free energy of chemical additives adsorbed at the growing hydrate substrate. The detailed
thermodynamic analysis conducted in both hydrate and aqueous phases reveals molecular-level mechanisms by which CO2 hydrate
promoters are active, which could help to enable the implementation of CO2 sequestration in hydrate-bearing reservoirs.

■ INTRODUCTION
Climate change is one of the major challenges of our time. To
mitigate excessive greenhouse gas emissions, countries and
regions have proposed various plans.1 The Kyoto Protocol2

and the Paris Agreement3 are the two best examples of
cooperation among humans. Different mitigation strategies
have been mapped, which necessitate various combinations of
reduced energy use, low-carbon energy supplies, and carbon
dioxide (CO2) removal. Although the most effective strategies
can aggravate socioeconomic inequalities between rich and
poor countries, a risk to be alleviated, all approaches require
long-term sequestration of CO2.

1 According to the Inter-
governmental Panel on Climate Change (IPCC) Fifth
Assessment Report,4 CO2 storage is crucial to hold CO2
concentrations in the atmosphere below 450 ppm by 2100.
It has been noted that the current lack of utilization of CO2
storage will intensify the expense of future CO2 storage
operations by 138%, or more.5

Clathrate hydrates, discovered in 1811 by Sir Humphrey
Davy,6 form because of a balance between guest−host (e.g.,
methane−water, CO2−water) dispersive interactions and
hydrogen bonds among water molecules.7 Gas hydrates have
attracted extensive industrial and scientific attention with the
early stage of gas hydrate-related research focusing on flow
assurance to avoid oil and gas pipeline blockage.8−17 Gas

hydrate applications have expanded toward the water−
energy−environment nexus including water desalination,18,19

gas separations,20−22 and gas storage.23−25 In addition, current
research interests are focused on methods to alleviate global
warming through long-term CO2 capture and storage.25 Even
though CO2 storage, in the form of clathrate hydrates, is a
promising technology, its practical implementation requires
innovations to enable CO2-hydrate stability at near-ambient
conditions, and to overcome the current kinetic limitations in
hydrates’ decomposition due to well-known self-preservation
effects.26 To date, a lack of knowledge of hydrate fundamentals
has hindered attempts to make (near-) ambient storage a
functional technology. Recent experimental and computational
studies suggest that some promoters, such as tetrahydrofuran
(THF), could stabilize CO2 hydrates at near-ambient
conditions.25,27,28 Pyrrolidine is a cyclic secondary amine
having a similar structure to THF whose five-membered ring

Received: February 13, 2023
Revised: March 25, 2023
Published: April 10, 2023

Articlepubs.acs.org/EF

© 2023 The Authors. Published by
American Chemical Society

6002
https://doi.org/10.1021/acs.energyfuels.3c00472

Energy Fuels 2023, 37, 6002−6011

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 C

O
L

L
E

G
E

 L
O

N
D

O
N

 o
n 

A
pr

il 
25

, 2
02

3 
at

 1
1:

08
:1

8 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anh+Phan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alberto+Striolo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.energyfuels.3c00472&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c00472?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c00472?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c00472?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c00472?fig=abs1&ref=pdf
https://pubs.acs.org/toc/enfuem/37/8?ref=pdf
https://pubs.acs.org/toc/enfuem/37/8?ref=pdf
https://pubs.acs.org/toc/enfuem/37/8?ref=pdf
https://pubs.acs.org/toc/enfuem/37/8?ref=pdf
pubs.acs.org/EF?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.energyfuels.3c00472?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/EF?ref=pdf
https://pubs.acs.org/EF?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


contains four carbon atoms and one heteroatom. While the
heteroatom in THF is oxygen, the one in pyrrolidine is
nitrogen. Pyrrolidine not only has an analogous structure to
THF, but its amine group is reminiscent of amino acids.
Because some amino acids have been found to act as
promoters for hydrate growth, pyrrolidine might act both as
a thermodynamic and kinetic promoter.29,30 In fact, conduct-
ing experiments, Rangsunvigit et al.29 recently found that
pyrrolidine has the potential to enhance the formation of
methane (CH4) hydrates thermodynamically and kinetically.
Having a N−H functional group embedded in a ring structure
similar to pyrrolidine, aziridine�a three-membered nitrogen-
containing heterocyclic compound�could also be a promising
potential candidate for facilitating CO2 hydrate formation/
growth. Since initially described by Gabriel in 1888,31 aziridine
has attracted chemists due to its biological properties, mainly
as an antitumor agent, or by its bond strain that makes it an
effective prototype of more complex molecules.32,33 At present,
there are no microscopic-level studies on aziridine or
pyrrolidine used as promoters for CO2 hydrates.
Employing atomistic molecular dynamics (MD) simulations,

we probe here the impact of aziridine, pyrrolidine, and THF, at
various operating conditions, on CO2 hydrate growth/
dissociation processes. We report CO2 hydrate growth/
dissociation rates and conduct thermodynamic analysis upon
the interactions between these chemical additives, CO2, and
water molecules in the hydrate and aqueous phases. The
simulation results are consistent with the experimental
observations as interpreted in the literature; in addition, the
insights available from the simulated trajectories identify the
molecular mechanisms that could be prompted to advance the
technologies for the implementation of CO2 capture and
sequestration in hydrates. In the remainder of the manuscript,
we first present the methodologies used for this study, then
discuss the results, and conclude by summarizing the
important observations and their practical implications.

■ SIMULATION METHODOLOGY
Model Setup. We implemented the “direct coexistence

method,” which is the common computational approach to
examine hydrate growth/dissociation within the aqueous
phase.34−36 Thus, liquid−hydrate two-phase models were
built to study the growth/dissociation of CO2 hydrates. It is
known that, thermodynamically, structure sI is stable for CO2
guest molecules;7 hence, we employed a unit cell of sI CO2
hydrates37 to construct the solid substrate for CO2 hydrates.
The sI CO2 hydrate unit cell was replicated four times in all
directions (4.812 × 4.812 × 4.812 nm3) to generate the
hydrate slab. The hydrate slab was surrounded by water and
CO2 molecules, yielding a simulation box length of 4.812,
4.812, and 16 nm in the X-, Y-, and Z-directions, respectively.
Applying periodic boundary conditions in three directions, the
hydrate substrate model is effectively infinite along the X and Y
directions.
Four systems are considered: CO2 hydrates without and

with chemical additives, e.g., aziridine, pyrrolidine, and THF,
as illustrated in the left and right panels of Figure 1,
respectively. The number of chemical additives and CO2
molecules inserted into the bulk aqueous phase was 100 and
240, yielding the initial mole fractions of ∼1.42 and ca. 3.27−
3.45%, respectively. The mole fraction of the chemical
additives (∼1.42%) was chosen to be consistent with
experimental observations reporting no large differences in
the dissociation boundaries in the range of 3−6 mol % of THF
for THF + CO2 hydrates.

38,39 It should be noted that, because
THF is a thermodynamic stabilizer for CO2 hydrates, for all
THF concentrations considered here, the dissociation
conditions of the THF + CO2 hydrates were shifted to lower
pressures and higher temperatures compared to those of pure
CO2 hydrates.

38,39 The initial mole fractions of CO2 (∼3.27 to
3.45%) correspond to the solubility of CO2 in bulk aqueous
phase at the chosen conditions.25

Figure 1. Representative simulation snapshots for the configurations for systems composed of solid CO2 hydrate substrate, water, and CO2 without
(left) and with (right) chemical additives, e.g., aziridine, pyrrolidine, and THF molecules in the aqueous phase. Blue and red dotted lines symbolize
water molecules in the hydrate and aqueous phases, respectively. Cyan and yellow spheres symbolize CO2 carbon and oxygen atoms, respectively.
Orange, red, white, and blue spheres represent nitrogen, oxygen, hydrogen, and carbon atoms in chemical additive molecules, respectively.
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Force Fields. Water molecules were simulated by the
TIP4P/Ice model, which has been proven successful to study
hydrate nucleation and growth40,41 and to describe the
properties of liquid state at ambient conditions.42 CO2 was

modeled using the EPM2 force field,43 which is appropriate for
quantifying the growth/dissociation mechanisms of CO2 gas
hydrates.25,34,44 Aziridine, pyrrolidine, and THF were modeled
employing the General AMBER Force Field.45,46 All non-

Figure 2. Number of various types of hydrate cages, e.g., 12-hedron (512, green) and 14-hedron (51262, blue), and total number of both cages (512 +
51262, red), as a function of time for systems composed of the sI CO2 hydrate without additives, in the presence of aziridine, pyrrolidine, or THF at
various temperatures, such as 269.1 K (a), 279.1 K (b), 284.1 K (c), and 289.1 K (d). (e) Representative simulation snapshots of a 51264-cage filled
with pyrrolidine and a 51262-cage holding aziridine. The results were obtained at 269.1 K during 500 ns of simulations.
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bonded interactions were described by electrostatic and
dispersion forces. The Coulombic potential was used to
characterize electrostatic interactions, with the particle−
particle particle−mesh (PPPM) method47 for treating long-
range corrections. The 12−6 Lennard-Jones (LJ) potentials
were used to model dispersive interactions. The Lorentz−
Berthelot combining rules were employed to describe the LJ
parameters for unlike interactions from the values of like
components.48 The cutoff distance of 14 Å was used for all
interactions.
Implementation. Equilibrium MD simulations were

carried out using the package GROMACS.49 Initially, we
performed an energy minimization protocol to relax high-
energy initial configurations using the steepest descent
method.49 The simulations were then conducted in the NVT
canonical ensemble for 250 ps to relax the initial configuration,
while the hydrate layer was kept fixed at the chosen
temperatures. Subsequently, the simulations were performed
within the isothermal−isobaric ensemble (NPT) under
conditions appropriate for CO2 hydrate growth/dissociation
studies (T = 269.1, 279.1, 284.1, and 289.1 K and P = 25.5
bar). The temperatures were kept constant by a Nose−́Hoover
thermostat.49 We set 0.5 ps as the time constant for coupling
between the system and the thermostat, which guarantees to
remove latent heat from the growing hydrate surface rather
quickly.50 The Parrinello−Rahman barostat49 was used to
maintain the pressure at 25.5 bar, with the pressure coupling
applied only along the Z direction of the simulation box
(perpendicular to the hydrate−liquid interface). Hence, the
simulation box lengths in the X and Y directions were
maintained constant, which maintains the crystalline structure
of the hydrate particle, and the hydrate surface area was kept
the same for all systems. The leapfrog algorithm with 1.0 fs
time step was used to integrate the equations of motion.49 All
molecules in the system, including water and CO2 molecules
within the hydrate surface, were allowed to move during the
NPT simulations. We conducted each NPT simulation for 500
ns. To quantify the uncertainty in our results, we performed
two additional simulation runs for all systems with the same
hydrate composition at various temperatures.
Potential of Mean Force (PMF) Calculations. We

employed the umbrella sampling (US) technique49 to compute
the PMF profiles experienced by one CO2 molecule migrating
from the hydrate substrate to the bulk aqueous phase across
the growing hydrates. The configurations for systems at the
beginning of hydrate growth simulations at 269.1 K were used
as the initial configurations for conducting US calculations.
The outermost layer of the hydrate slab comprises filled small
cages (512 cages) and open large cages (51262 cages) on its
surface. One CO2 molecule in such an open large cage at the
outermost layer of the hydrate substrate was tagged. The
tagged CO2 molecule was allowed to oscillate around given Z
positions along a trajectory perpendicular to the hydrate
surface using a harmonic tether with a force constant of 2000
kJ/(mol·nm2),49 while the movements along the X and Y
directions were not allowed. We applied a harmonic restraint
force constant of 2000 kJ/mol/nm49 on the rest of the carbon
atoms of the CO2 molecules in the hydrate phase to tether
them to their initial positions. Before conducting US
simulations, we first performed NVT simulations for 1 ns to
relax the initial configuration and then NPT simulations at
269.1 K and 25.5 bar. Because CO2 hydrates grow significantly
within the first 100 ns of simulations (as shown, e.g., in Figure

2a), we conducted the NPT simulations for 40 ns before US
simulations to examine the interactions between chemical
additives, CO2, and water molecules during the growth. Once
the 40 ns NPT simulations were completed, we constructed
the PMF profiles as a function of the Z distance between the
tagged and a reference CO2 molecule in the hydrate substrate
(distance l); both the tagged and reference CO2 molecules are
allowed to rotate while being tethered to its initial positions
with a force constant of 2000 kJ/(mol·nm2). The reference
CO2 molecule in the hydrate substrate is located at Z = 9.6 nm.
Details regarding the algorithm are described elsewhere.51

Thirty-three independent NVT simulations were conducted to
produce the corresponding 33 windows for each PMF profile,
with two adjacent windows separated by 0.1 nm to achieve
overlaps of the correspondent density profiles. The PMF
profiles were reconstructed implementing the weighted
histogram analysis method (WHAM) technique.52 Errors are
estimated from bootstrap analysis implemented in GRO-
MACS.49 We employed this US procedure to construct PMF
profiles for one chemical additive molecule (e.g., aziridine,
pyrrolidine, and THF) as it travels from the growing hydrate
surface to the bulk aqueous phase.

■ RESULTS AND DISCUSSION
Hydrate Growth Kinetics. To quantify hydrate structural

growth, the cage occupancy and cage type were assessed using
the topological-algorithm-assisted cage identification.53 In
Figure 2, we report the number of various types of hydrate
cages, e.g., 12-hedron (512, green) and 14-hedron (51262, blue),
and the total number of these two types of cages (512 + 51262,
red), as a function of simulation time for systems composed of
sI hydrate without additives, in the presence of aziridine,
pyrrolidine, or THF at various temperatures, e.g., 269.1 K (a),
279.1 K (b), 284.1 K (c), and 289.1 (d) K. The system
conditions were chosen, based on the prior work,25 to prevent
the integration of the chemical additives into the hydrate cages.
Analysis of the simulation trajectories confirms that additive
molecules were barely trapped in the hydrates at the end of the
simulation. It is concluded that, at the conditions chosen here,
the additives do not compromise the storage capacity of the
hydrates. The number of hydrate cages grows exponentially at
269.1 K in all systems considered (see Figure 2a). Fitting the
results with an exponential curve, we extract cage growth rates.
Our analysis revealed that the values of fitting exponents
increase in the following order: no additives (21 × 10−3) <
THF ∼ pyrrolidine (42 × 10−3) < aziridine (56 × 10−3). This
suggests that while pyrrolidine and THF show similar
performance in enhancing the kinetics of CO2 hydrate
formation/growth, aziridine could outperform both THF and
pyrrolidine as an effective CO2 hydrate promoter at 269.1 K.
Visual inspection of simulation snapshots for the systems at
269.1 K (see Figure 2e) shows that while pyrrolidine occupies
51264 hydrate cages forming the mixed CO2 + pyrrolidine sII
hydrates, similar to results obtained for the mixed CO2 + THF
sII hydrates,25 aziridine could be trapped in 51262 cages
maintaining the CO2 + aziridine sI hydrate structure, possibly
due to the smaller molecular size of aziridine. However, based
on identification obtained via the cage identification
algorithm,53 we point out that these cages are short-lived,
with lifetimes of ∼10 ns. In fact, analysis of our simulation
trajectories shows that the chemical additives promote the
formation of hydrate cages but move further when the cage is
filled by CO2.
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In Figure 2b, the results show that for the system without
chemical additives at 279.1 K, the CO2 hydrates grow, but they
quickly reach a plateau, and then gradually dissociate as the
simulations progress. When the chemical additives are present,
the hydrates grow linearly at 279.1 K, with the growth rate
increasing in the following order: THF < pyrrolidine <
aziridine, suggesting that both aziridine and pyrrolidine could
expedite the kinetics of CO2 hydrate growth more effectively
than THF does. The results presented in Figure 2c show that
at 284.1 K, the hydrates dissociate for the systems without
chemical additives and even in the presence of aziridine and
pyrrolidine; however, the hydrates still grow slowly when THF
is present. When the temperature is further increased to 289.1
K, the CO2 hydrates simulated here dissociate following
exponential trends even in the presence of THF (see Figure
2d). Fitting the results for the number of hydrate cages
obtained at 289.1 K with exponential functions, we find that
the values of fitting powers increase in the following order: no
additives (−0.23) < THF (−0.14) < pyrrolidine ∼ aziridine
(−0.1). These results suggest that the chemical additives help
to delay the CO2 hydrate dissociation process in comparison to
the case when no additives were used. Aziridine and
pyrrolidine seem to be slightly more effective in impeding
the dissociation of CO2 hydrates compared to THF.
Note that from experimental phase equilibrium data, the

CO2 + THF hydrates are stable at temperatures <∼288.5 K at
∼1.42 mol % THF while pure CO2 hydrates are not stable at
temperatures ≥279.1 K at 25.5 bar.39,54 This confirms that our
simulated results reproduce accurately the thermodynamic
stability of CO2 + THF and pure CO2 hydrates at the selected
pressures and temperatures.25 Recently, Shirts et al.55 were able
to predict temperature-mediated polymorphic transformations
for 12 organic small-molecule systems using alchemical free
energy calculations;56 this promising result suggests that
alchemical free energy calculations could be a useful algorithm
for investigating of thermodynamic stability of hydrates, and
especially the transformation of hydrate structure during
growth. We also found that both aziridine and pyrrolidine
shift the dissociation boundary of pure CO2 hydrates to higher
temperatures in the range between 279.1 and 284.1 K at 25.5
bar at ∼1.42 mol % aziridine/pyrrolidine. This means that
these chemical additives have the potential to be thermody-
namic promoters for the CO2 hydrates. However, neither
aziridine nor pyrrolidine could alter the equilibrium curve as
much as THF does. Rangsunvigit et al.29 recently conducted
experiments to examine the morphology, thermodynamics, and
kinetics of CH4 hydrates in the presence of 5.56 mol %
pyrrolidine. They showed that even though pyrrolidine cannot
be as effective as THF, it could move the phase equilibrium
curve of pure sI CH4 hydrates to milder conditions, which
means pyrrolidine could be a thermodynamic promoter for
CH4 hydrates.29 Conventional wisdom suggests that thermo-
dynamic promoters are likely to function more effectively if
they themselves can form hydrates without any support from
other guest gas molecules,57 which is the case for THF;58 on
the contrary, pyrrolidine fails to form clathrate hydrates with
host water but instead needs to associate with other guest
molecules.59 Rangsunvigit et al.29 also examined the effects due
to subcooling on the CH4 hydrate growth in the presence of
pyrrolidine and THF. They reported that the average final CH4
uptake with different promoters at the same subcooling degree
is comparable to the one obtained by conducting the
experiments at the same operating conditions (i.e., slightly

different subcooling).29 This suggests that the investigation of
the kinetics of CO2 hydrate growth/dissociation without and
with the chemical additives at the same subcooling degree
would provide similar results to those reported here.
In addition, Rangsunvigit et al. also found that pyrrolidine

could be a kinetic promoter for CH4 hydrate formation/
growth.29 Specifically, under certain conditions, e.g., P = 80 bar
and T = 285.2 K, the presence of 5.56 mol % of pyrrolidine
shortens the induction time of CH4 hydrates formation in
comparison to THF.29 Investigating the dissociation processes
of CH4 + THF and CH4 + pyrrolidine hydrates, the
experimental results showed that the CH4 + THF hydrates
dissociated faster than the CH4 + pyrrolidine hydrates under
the same driving force.29 These experimental observations
could be attributed to the fact that pyrrolidine is able to form
hydrogen bonds with water through its nitrogen and hydrogen
atoms,60 while THF interacts with water as a hydrogen-bond
acceptor through its oxygen atom only.61 Our simulation
results also show that pyrrolidine increases the CO2 hydrate
growth rates more effectively than THF does at 279.1 K and
25.5 bar. We also observe that pyrrolidine helps to slow down
the CO2 hydrate dissociation somewhat more effectively than
THF at 289.1 K. Qualitatively consistent with literature
experiments,29 these results suggest that pyrrolidine can also
perform as a thermodynamic and kinetic promoter for the CO2
hydrates. However, because the experimental data just referred
to were obtained for CH4 hydrates, further experimental
studies for CO2 hydrate formation in the presence of
pyrrolidine should be conducted to verify our observations.
Our computational findings suggest that both aziridine and

pyrrolidine could perform as efficient thermodynamic and
kinetic promoters for CO2 hydrate growth. Furthermore,
aziridine exceeds both pyrrolidine and THF in facilitating the
kinetics of CO2 hydrate formation/growth under the same
conditions, e.g., T = 269.1 K (see Figure 2a). One fundamental
question emerges from the quantitative analysis for CO2
hydrate growth at 269.1 K: what are the molecular mechanisms
by which these chemical additives affect CO2 hydrate growth?
To tackle this question, we perform detailed thermodynamic
calculations because an interplay of chemical additives, CO2,
and water molecules in the bulk and hydrate phases seems to
promote different CO2 hydrate growth rates.
To quantify whether interactions between guest CO2

molecules with the hydrates in the presence of chemical
additives (e.g., aziridine, pyrrolidine, and THF) relate to the
hydrate growth rates, we calculated PMF profiles as
experienced by one CO2 molecule moving from the hydrate
surface to the bulk aqueous phase across the growing hydrates
(see illustration in Figure 3a). In Figure 3b, we present the
resultant PMF profiles. Results were obtained for systems
composed of sI CO2 hydrate without chemical additives
(gray), in the presence of 1.42 mol % aziridine (blue),
pyrrolidine (green), or THF (red) at 269.1 K. In general, the
results show an attractive free energy well when the tagged
CO2 is placed in an open 51262 cage at the outermost layer of
the hydrate surface. As the distance l increases, the PMF
profiles show one moderate repulsive barrier at intermediate
distances l, a subsequent minimum, and a small repulsive
barrier as l increases. The results also show that there are no
long-range interactions between the CO2 guest molecules and
the hydrate surface, which is qualitatively consistent with the
results reported by Yagasaki et al.62 (Note that macroscopic
effects such as concentration gradient might exist; these effects
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are not accounted for in our PMF analysis). To quantify the
molecular mechanisms triggered by the presence of chemical
additives on the PMF profiles, we calculated the free energy
barrier for the desorption of CO2 from the hydrate surface, ξ,
highlighted in Figure 3b. The results show that the presence of
chemical additives alters ξ in the following order: pyrrolidine
(32.3 ± 0.8 kJ/mol) < no additives (35.3 ± 0.8 kJ/mol) ∼
THF (35.6 ± 0.8 kJ/mol) < aziridine (38.7 ± 0.9 kJ/mol).
One would expect that the more difficult it is for CO2
molecules to desorb from the growing hydrate surface (higher
ξ), the faster the CO2 hydrate growth rates could be.63

However, the values for ξ do not correlate with the
corresponding CO2 hydrate growth rates at 269.1 K reported
in Figure 2a.
Previous experimental and computational studies indicate

that THF significantly facilitates the diffusivity of CO2 at
hydrate−aqueous interfaces,25,64 probably because the stronger
THF−water hydrogen-bonding interactions weaken the CO2−
water interactions, enabling CO2 to travel larger distances. This

enhanced diffusivity might contribute to the speed-up of CO2
hydrate formation/growth.25,64 Because of the significant
contribution of synergistic interactions of CO2−host water−
chemical additives at interfaces in facilitating CO2 guest
transports,64 which could lead to expedite CO2 hydrate
growth, we computed the binding free energy (ΔGbind) for
one chemical additive molecule at the growing hydrate−
aqueous interface as the difference of free energies in the
bound and unbound states16

G k T l

k T l

ln e d

ln e d

k T

k T

bind B
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where φi is the PMF value associated with the ith bin along the
path (with distance l) where one chemical additive molecule
travels from the growing hydrate surface to the bulk aqueous
phase.
To obtain the values of φi as shown in eq 1, we construct

PMF profiles for one chemical additive (e.g., aziridine,
pyrrolidine, and THF) molecule as it travels from the growing
hydrate surface to the bulk aqueous phase. Note that the
computation of binding free energy requires the inclusion of
only one adsorbate molecule of interest at solid−liquid
interfaces.16,62,65−67 Hence, in these PMF calculations, no
chemical additives are present in the bulk aqueous phase,
except for the one considered for the calculations. The additive
molecule considered for the calculations is allowed to rotate at
a given Z position to which its center of mass is tethered. We
employed the simulation procedures analogous to those used
in the previous section. In Figure 4, the results for PMF
profiles are shown for the tagged aziridine (a), pyrrolidine (b),
and THF (c). We also present the PMF profile for the tagged
CO2 molecule (d) for comparison. The results show an
effective strongly attractive interaction when the tagged
chemical additive/CO2 molecule is located at the growing
hydrate surface (next to the filled 51262 cage at the outermost
layer of the hydrate substrate considered in the PMF
calculations for the tagged CO2 molecule). As the distance l
increases, the PMFs first show one extremely small repulsive
barrier, and then a subsequent small minimum.
Employing eq 1 for the PMF profiles shown in Figure 4, we

obtain the values of ΔGbind for the systems considered in the
following order: CO2 (10.5 ± 0.2 kJ/mol) < THF (20.8 ± 0.5
kJ/mol) < aziridine (22.6 ± 0.5 kJ/mol) < pyrrolidine (25.0 ±
0.6 kJ/mol). These results show that CO2 is less strongly
adsorbed at the growing hydrate substrate than all of the
chemical additives considered here, probably because of
weakened CO2−water hydrogen bonding. The preferential
adsorption of aziridine and pyrrolidine over THF at the
growing hydrate surface is likely due to the fact that both
aziridine and pyrrolidine are heterocyclic compounds having
N−H functional groups, which could interact with water as
both hydrogen-bond donor and acceptor simultaneously.60

Our simulation results suggest no correlation between the
ΔGbind and the corresponding CO2 hydrate growth rates at
269.1 K (reported in Figure 2a).
However, by combining the free energy barrier for

desorption of CO2 from the hydrate surface (ξ) and the
binding free energy of chemical additives adsorbed at the
growing hydrate substrate (ΔGbind) (see the representative
snapshot shown in Figure 5a), we observe a direct correlation

Figure 3. (a) Representative simulation snapshot illustrating the
configuration for one CO2 molecule traversing the growing hydrates
to the bulk aqueous phase along the Z direction (perpendicular to the
hydrate surface). (b) PMF profiles obtained for the tagged CO2
molecule as it moves from the hydrate surface to the bulk aqueous
phase across the growing hydrate layer. Results were obtained for
systems composed of the sI CO2 hydrate without chemical additives
(gray), in the presence of 1.42 mol % aziridine (blue), pyrrolidine
(green), or THF (red) at 269.1 K.
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for all systems considered: i.e., the higher the value of ξ +
ΔGbind (bars), the higher the CO2 hydrate growth rates at
269.1 K and 25.5 bar (filled circles) (see Figure 5b). This
suggests that quantifying ξ for CO2 molecules occupying the
hydrate cages in the outermost layer of the hydrate substrate
and ΔGbind for chemical additives adsorbed on the growing
hydrates could be useful for predicting changes in the kinetics
of CO2 hydrate formation/growth. More comprehensive
studies should be carried out for a variety of chemical
additives, possibly led by a design of experimental setup, to
determine whether this correlation is general.

■ CONCLUSIONS
Employing classical molecular dynamics simulations, we
investigated CO2 hydrate growth/dissociation processes in
the presence of nitrogen-containing heterocyclic compounds,
e.g., aziridine and pyrrolidine, at the pressure of 25.5 bar and at
temperatures 269.1, 279.1, 284.1, and 289.1 K. The results
obtained for these chemical additives were also compared with
those obtained in the presence of THF, an effective
thermodynamic CO2 hydrate promoter. Using cage identi-
fication algorithms, our simulation results reproduce the
experimental phase equilibrium data for CO2 + THF and
pure CO2 hydrates at the selected pressure and temperatures;
particularly, CO2 + THF hydrates are found to be stable at
temperatures <∼288.5 K at ∼1.42 mol % THF, while pure

CO2 hydrates are not stable at temperatures ≥279.1 K at 25.5
bar.
In addition, our simulation results show that both aziridine

and pyrrolidine could perform as effective thermodynamic
promoters for CO2 hydrate formation, although they cannot
shift the coexistence curves as effectively as THF does. Indeed,
according to our simulations, at 284.1 K, the CO2 hydrates
dissociate in the presence of aziridine and pyrrolidine, while
the hydrates grow when THF is present. Of note, at 269.1 K
and 25.5 bar, the chemical additives considered scarcely adsorb
within the hydrate cages. This implies that, under these
conditions, the storage capacity of CO2 hydrates would not be
compromised by the use of these additives. This study also
suggests that aziridine and pyrrolidine could be kinetic
promoters for CO2 hydrates, with aziridine outperforming
pyrrolidine and THF in the enhancement of CO2 hydrate
growth rates at 269.1 K and 25.5 bar.
Perhaps more significantly toward the possibility of

identifying new effective chemical additives, this study reveals
phenomenological correlations between the kinetics of CO2
hydrate growth and a combination of the free energy barrier
for desorption of CO2 from the hydrate surface and the
binding free energy of chemical additives adsorbed on the
growing hydrates. Further computational studies should be
conducted for other chemical additives, when possible with the
aid of experimental observations, to evaluate whether this
correlation is generalizable. Our results highlight the

Figure 4. Potential of mean force (PMF) profiles obtained for one aziridine (a), pyrrolidine (b), or THF (c) molecule as it travels from the growing
hydrate surface to the bulk aqueous phase. Results were obtained for the systems in which no chemical additives are present in the bulk aqueous
phase (except for the tagged one) at 269.1 K. The PMF profile obtained for the tagged CO2 (d) was also shown for comparison.
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significance of molecular thermodynamics in unraveling the
molecular mechanisms responsible for the chemical promoter
performance in the implementation and optimization of CO2
capture and sequestration in clathrate hydrates.
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