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Hypothesis

Additives like Tetrahydrofuran (THF) and Sodium Dodecylsulfate (SDS) improve Carbon Dioxide (CO2) hydrates 
thermal stability and growth rate when used separately. It has been hypothesised that combining them could 
improve the kinetics of growth and the thermodynamic stability of CO2 hydrates.

Simulations and Experiments
We exploit atomistic molecular dynamics simulations to investigate the combined impact of THF and SDS under 
different temperatures and concentrations. The simulation insights are verified experimentally using pendant 
drop tensiometry conducted at ambient pressures and high-pressure differential scanning calorimetry.
Findings

Our simulations revealed that the combination of both additives is synergistic at low temperatures but 
antagonistic at temperatures above 274.1 K due to the aggregation of SDS molecules induced by THF molecules. 
These aggregates effectively remove THF and CO2 from the hydrate-liquid interface, thereby reducing the driving 
force for hydrates growth. Experiments revealed that the critical micelle concentration of SDS in water decreases 
by 20% upon the addition of THF. Further experiments in the presence of THF showed that only small amounts 
of SDS are sufficient to increase the CO2 storage efficiency by over 40% compared to results obtained without 
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promoters. Overall, our results provide microscopic insights into the mechanisms of THF and SDS promoters on 
CO2 hydrates, useful for determining the optimal conditions for hydrate growth.

1.

m

he

of

in

CO

oc

co

vi

in

st

tiv

te

bi

th

le

bl

an

oc

po

eff

ch

na

an

of

lo

su

gr

in

a 
ni

ca

hy

in

w

si

Li

co

liq

th

tr

at

dr

th

CO

m

TH

ta

[2

pr

sm

in

co

fe

an

[2

ki

te

di

st

Ye

st

st

gr

of

ni

M

te

th

of

as

na

in

la

th

si

th

ce

eq

hy

in

ie

m

de

le

m

th

m

si

im

ou

w

re

po

2.

2.

2.

in

ph

×
ca

[3

of

m

m

of
 Introduction

Clathrate hydrates are crystalline compounds. They comprise water 
olecules that are hydrogen-bonded to each other and guest molecules 
ld by weak Van der Waals forces [1]. There are commonly three types 
 hydrate structures, namely sI, sII and sH [2]. sI is the most predom-
ant hydrate structure on earth and contains small molecules such as 
2 and methane [3]. Larger molecules such as Tetrahydrofuran (THF) 
cupy larger cages and lead to the formation of sII hydrates [4]. These 
mpounds (sII hydrates) are commonly found under anthropogenic en-
ronments [3].
Recent studies reported that CO2 hydrates display great potential 

 carbon capture [5], storage [6] and sequestration [7] due to their 
ability at mild operating conditions at which they can achieve rela-
ely high gas storage [8,9]. The main obstacles for these hydrate-based 
chnologies are slow formation rate and low thermal stability at am-
ent conditions [10]. For completeness, it should be pointed out that 
e formation of gas hydrates, when undesired and uncontrolled, can 
ad to negative consequences. For example, hydrates can cause flow 
ockage, reducing CO2 injectivity during sequestration [11], blocking 
d sometimes rupturing pipelines and other equipment [12]. As these 
currences are frequently managed with the use of chemicals, it is im-
rtant to understand and quantify possible synergistic and antagonistic 
ects among various chemicals used in the energy sector.
CO2 hydrate formation, growth and stability can be modulated using 
emical additives. These additives can be classified into thermody-
mic and kinetic promoters. Thermodynamic promoters such as THF 
d Tetrabutylammonium Bromide (TBAB) shift the melting conditions 
 hydrates to milder operating conditions (higher temperature and/or 
wer pressure) [13,14]. On the other hand, kinetic promoters, usually 
rface active materials such as SDS or amino acids, accelerate hydrate 
owth [15–17]. Despite significant research efforts aimed at elucidat-
g the mechanisms responsible for SDS promotion of hydrate growth, 
consensus has not yet been reached. Among the numerous mecha-
sms proposed are the reduction of interfacial tension [18,19] and the 
pillary effect [20].
It has also been observed that SDS alters the surface morphology of 
drates. When SDS is present, hydrates exhibit upward growth (growth 
to the gas side) above the gas-liquid interface. In contrast, in systems 
ithout SDS, hydrates tend to grow downward (growth into the liquid 
de). These differences could affect mass transfer phenomena [21,22]. 
ang et al. observed that lumps of xenon hydrates formed at low SDS 
ncentrations, whereas a centric layer of hydrates formed at the gas-
uid interface at high concentrations [22]. They also observed that 
e gas uptake increases with increasing SDS concentration, but this 
end ceased once the critical micelle concentration (CMC) of SDS was 
tained.

While promoters can enhance the formation and stability of CO2 hy-
ates, they can also have negative impacts. One major drawback is 
at they may lead to the formation of mixed hydrates leading to lower 
2 occupancy since the hydrate cages may be occupied by the pro-
oters instead. For example, it has been proven experimentally that 
F occupies the large cavity of sII cages hence lowering CO2 gas up-
ke, especially when the THF concentration is higher than 5.56% mol 
3]. However, Phan et al. [24] identified a range of temperature and 
essure conditions at which CO2 hydrates can grow in the presence of 
all amounts of THF, achieving fast growth rate without compromis-
g CO2 storage capacity. Several experiments also reported an optimal 
ncentration for promoters, and it has been noted that adding more or 
2

wer promoters reduces their performance [25–27]. is
Few studies investigated the interactions between thermodynamic 
d kinetic promoters on hydrate growth. For example, Torre et al. 
8] reported that the combination of thermodynamic (e.g., THF) and 
netic (e.g., SDS) promoters enhances the kinetics of CO2 hydrates bet-
r than when only a single promoter is used. Veluswamy et al. [15] also 
scovered that combining low concentrations of THF and SDS in an un-
irred system dramatically improves the gas uptake of CO2 in hydrates. 
t such synergistic effect only occurs under specific conditions. For in-
ance, Wang et al. indicated that 2 mol% THF with 0.1 wt% SDS under 
irring could improve hydrate formation by 12.7% as compared to the 
owth in a pure THF solution. However, at a higher SDS concentration 
 0.2 wt%, the improvement drops to 11.7% [29]. The precise mecha-
sm underlying these observations remains a topic of ongoing debate. 
any argue that the interaction between the two additives and the in-
rface enables the diffusion of CO2 molecules [28,30]. Some attribute 
e compromised performance at high concentrations to the formation 
 SDS micelles [31,32].
In recent years, computer simulations have gained wide popularity 

 they offer a cost-effective and efficient way to predict thermody-
mic and kinetic properties. By simulating the complex molecular 
teractions between water, CO2 and promoters, computational simu-
tions provide insights into the fundamental mechanisms that govern 
e stability and growth of the hydrates. Furthermore, computational 
mulations can provide a level of detail that is difficult to achieve 
rough experimental methods alone. For instance, Phan et al. [24] re-
ntly proved, using the direct coexistence method, that THF shifts the 
uilibrium curve of CO2 hydrates and facilitates CO2 diffusivity into 
drate cages [24]. Several groups also used Monte Carlo simulations to 
vestigate the growth of gas hydrates [33,34]. These simulation stud-
s achieved remarkable agreement with experiments while elucidating 
olecular phenomena that were previously only hypothesised.
Within this landscape, we utilised atomistic MD simulations to un-
rstand hydrate growth in the presence of promoters at the molecular 
vel. By simulating CO2 hydrates at different temperatures and pro-
oter concentrations, we aim to decipher the microscopic mechanism 
at allows THF and SDS to promote or inhibit hydrate growth. The re-
ainder of the manuscript is organised as follows: we first introduce the 
mulation methodology and report a few details concerning the exper-
ental techniques used to validate our predictions. We then discuss 
r results, starting from the computing simulations and continuing 
ith the experimental validation ones. We conclude by generalising our 
sults within the context of hydrates application in CO2 capture, trans-
rt, and storage.

 Methodology

1. Methodology

1.1. Simulation setup
The initial configuration of the simulation box is set up as shown 

 Fig. 1, where the hydrate phase is sandwiched by the bulk liquid 
ase along the z-direction. The hydrate slab, 4.812 nm × 4.812 nm 
4.812 nm in three dimensions, is constructed using sI CO2 hydrate 
ges as it is the most stable structure under our simulation conditions 
5]. The structure of the hydrate cages was built based on the work 
 Takeuchi [36]. In addition to the 6948 water molecules, 240 CO2
olecules, 8 SDS molecules and different amounts of THF (0/50/100) 
olecules were inserted into the bulk liquid phase. The concentration 
 THF in the bulk would thus range from 0 mol% to 1.37 mol%, which 

 expected to stabilise hydrates growth [37]. Periodic boundary condi-
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g. 1. Snapshot of one representative initial configuration used for molecular 
ulations. The cyan and grey lines represent water from the hydrate and liq-
d phases, respectively. Black molecules are SDS, green molecules are THF and 
an and red spheres are carbon and oxygen atoms, respectively, that together 
rm CO2. The chemical structure of SDS is shown on the left, where the cyan, 
d and yellow spheres represent Carbon, Oxygen and Sulfur atoms, respec-
ely. (For interpretation of the colours in the figure(s), the reader is referred 
 the web version of this article.)

ns are applied in all directions. This renders the hydrate slab infinite 
 the xy direction, presenting two flat interfaces to the liquid phase 
rpendicular to the z-direction.

1.2. Molecular models and force fields
We used the TIP4P/Ice model to describe water molecules as it has 
en shown that this water model reproduces results that are within 
variation of 5K with experimental values [38,39]. Conde et al. com-
red the three-phase coexistence curve for methane hydrates using 
P4P, TIP4P/2005 and TIP4P/Ice water model [40]. The coexistence 
mperature obtained using TIP4P/Ice agrees best with experimental 
sults, with only a 5K difference. Miguez et al. also compared the three-
ase coexistence of CO2 hydrates. TIP4P/Ice predicts a melting point 
ly 2K away from the experiment value [39]. The EPM2 [41] force 
ld was used to model CO2 molecules as several studies have shown 
 capability to predict CO2 hydrates growth and dissociation [42,39]. 
e general AMBER force field [43] was used for modelling THF due 
 its prior success in THF hydrate simulations [24]. SDS molecules 
ere modelled by implementing the TraPPE force field for the hy-
ocarbon tail [39] and the Berkowitz model for the headgroup [44]. 
on-bonded interactions are modelled using electrostatic and disper-
on forces. We used Coulomb interaction for electrostatic forces with a 
t-off at 1.4 nm, and the particle mesh Ewald method was chosen for 
ng-range corrections. Lennard-Jones interactions were used for mod-
3

ling the dispersion forces with a cut-off of 1.4 nm. Lorentz-Berthelot co
Journal of Colloid And Interface Science 658 (2024) 1–11

mbining rules were used to estimate the LJ interactions between dis-
milar atoms.
Numerous studies have substantiated the reliability of these force-
lds [39,40,42]. For instance, Phan et al. [24] utilised TIP4P/ice, 
M2 and general AMBER forcefields to simulate CO2 hydrates. Using 
ese forcefields, the hydrates grow at 269.1 K and 274.1 K but initiate 
ssociation at a temperature of 279.1 K. This dissociation temperature 
nforms to experimental observations.

1.3. Algorithm
We employed the direct coexistence method to simulate the growth 
d dissociation of CO2 hydrates where the solid hydrate phase is in di-
ct contact with the bulk liquid phase [45]. We describe the systems 
ith atomistic resolution and integrate the equations of motion using 
e software package GROMACS 2021 [46]. The leapfrog algorithm is 
ed to solve the equation of motion with a 1 fs timestep. Once the ini-
l configuration is prepared (see Fig. 1), our protocol initiates with 
 energy minimisation via the steepest descent method. The system is 
mulated under NPT constraints for 5 ns to equilibrate the pressure util-
ing Berendsen’s pressure coupling [47] with a time constant of 5 ps. 
e temperature is controlled using the Nosé-Hoover thermostat with a 
e constant of 0.5 ps [48]. As shown in Supplementary Information 
igure S2), analysis of the simulation results confirms that both the 
essure and the volume of the simulation box converged during the 
uilibration phase of our simulations. Finally, 600 ns NPT simulations 
ere performed using Nosé-Hoover thermostat and Parrinello-Rahman 
rostat [49] to produce the results presented. The temperature and 
essure were coupled at a time step of 0.5 ps. This ensures the rapid 
moval of latent heat released to the system by the phase transition 
0]. By using a semi-isotropic pressure coupling while maintaining the 
 interfacial area constant, the system maintained the pressure normal 
 direction) to the hydrate-liquid interface constant. This approach is 
mmonly implemented to avoid anisotropic pressure distributions due 
 the fact that the hydrate substrate is solid, hence its dimensions can-
t be changed to maintain the desired constant pressure [51]. The 
elting temperature of CO2 hydrates at a pressure of 25.5 bar is ex-
rimentally determined to be 279.1 K [52]. Our system is simulated 
 269.1 K, 274.1 K, 279.1 K and 284.1 K and a pressure of 25.5 bar. 
e extracted the configuration at every 50 ns interval as the input and 
mulated it for a production phase of 1 ns used for analysis. The av-
age box size during the simulation run was found to be 4.812 nm, 
812 nm, 14.83 ± 0.15 nm in the x, y and z directions, respectively.

1.4. Thickness analysis
The growth and dissociation of the hydrate slab are calculated by 
antifying its thickness as a function of simulation time. Whether wa-
r molecules are organised within the crystalline hydrate or are instead 
sordered in a liquid film is determined by quantifying the F4 order pa-
meter using equation (1) [53] applied every 50 ns of simulations

4 = 1
𝑘

𝑘∑

1
𝑐𝑜𝑠3𝜙 (1)

In equation (1), 𝜙 refers to the H-O ... O-H torsional angle and k re-
r to the number of H-O...O-H bond pairs with bond length < 0.35 nm. 
e F4 value for water molecules embedded in a hydrate environment 

 approximately 0.7, while that for water molecules in the liquid phase 
 close to 0 [54,55]. This difference allows us to discriminate between 
drate and liquid phases, as illustrated in Figure S5 in supporting ma-
rials. The region between the bulk liquid and hydrate is the interfacial 
ansition region, where partial hydrate cages are formed. The hydrate 
ickness is attained by measuring the width of the region when F4 
0.3. The F4 value is computed from 1 ns simulations initiated from 
ructures extracted at 50 ns intervals. Each of the 1 ns simulations is re-
ated 5 times by running MD simulations in series with the same initial 

nfiguration to attain an error bar associated with hydrate thickness. 
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Table 1

Heat of formation and hydration number for CO2 and CO2-THF hydrate.
- Heat of Formation (kJ/mol) Hydration Number Reference

CO2 Hydrate 70.8 5.9 [37,59]

CO2-10wt% THF 126.21 20 [37,60]

1 There is a wide spread in heat of formation predictions for THF-CO2 hydrates. This 
value was selected as it was calculated at nearly identical conditions to the present studies.
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 the Supporting Information (Figure S4) we provide a representative 
t of simulation results in which prominent changes in system size ap-
ar to have minimal impact on the growth or dissociation of hydrates.

1.5. Clustering analysis
An algorithm was implemented using PLUMED to identify and anal-
e the largest cluster of SDS molecules in solution. To this aim, we 
ploit the contact matrix to define a graph of connected SDS molecules 
d then determine the largest SDS cluster corresponding to the largest 
nnected component of the graph [56,57]. This is done by computing 
e distance between the centre of mass of each SDS molecule and defin-
g them as bonded when the distance between their centres of mass is 
0.8 nm. Once the molecules belonging to the largest cluster are iden-
ed, we compute the centre of mass of the cluster and its diameter. 
2 and THF molecules are considered trapped in the SDS cluster when 
und within the identified cluster radius. This procedure allows us to 
tain aggregate size, aggregation number, and composition within an 
gregate as the simulations progress.

1.6. Experimental - pendant drop tensiometry
An ambient condition pendant drop tensiometer (KSV instruments) 

as utilised to determine the CMC of SDS and SDS-THF solutions. A 
etch of the experimental set-up is presented in Figure S6. CO2 satu-
ted de-ionised (DI) water was first prepared by bubbling CO2 through 
beaker of DI water for 12 hours. SDS solutions were then prepared 
om 0.001M to 0.015M by dissolving SDS into the CO2 saturated wa-
r. These solutions were allowed 24 hours to reach equilibrium. The 
tire series was tested via the pendant drop technique with the drop 
spended in an open cuvette and monitored for 5 mins for each con-
ntration tested. A total of 3 drops were tested for each concentration 
 produce an average surface tension value. The surface tension (ST) 
 each solution was calculated by solving the Young-Laplace equations 
r each droplet and plotted against the log of concentration to deter-
ine the switchover from the concentration-dependent ST region to the 
ncentration-independent region. A similar methodology was used to 
tain the ST of SDS in a SDS-THF-CO2 solution. 0.476M of THF was 
ded to SDS solutions ranging from 0.001M to 0.038M SDS, and ST 
as tested after a 5 min equilibration period which would minimise 
F evaporation but still allow equilibrium to be reached.

1.7. Experimental - high-pressure differential scanning calorimetry 
P-DSC)

A high pressure - low temperature Differential Scanning Calorimetry 
P-DSC) apparatus (Setaram microDSC VIIa) was utilised for hydrate 
owth testing. The experimental setup is illustrated in Figure S7. Pure 
2 hydrates and CO2 hydrates formed with a combination of THF 
d SDS were examined to determine the effect of the combination of 
omoters on hydrate growth and CO2 uptake.
For the pure CO2 hydrate experiments, approximately 15 mg of DI 

ater was added to the DSC cell, which was then sealed and placed 
to the apparatus. The cell was pressurized to 25.5 bar using CO2 gas 
9.998%, General Air). The sample was cooled to 253.15 K and then 
ated to 293.15 K at a rate of 1 K/min for the first cycle to form ice and 
drate and induce the memory effect, then three repeat experiments 
ere performed with the same limits and a cooling rate of 0.2 K/min to 
easure the heat released during dissociation.
For the CO2-SDS tests, the same procedure was followed except that 
4

001M and 0.038M solutions of SDS (>99.0%, Sigma Aldrich) in DI pr
ater were loaded into the cell. For the tests that involved the usage of 
F, 10wt% solutions of THF (>99.9%, Sigma Aldrich) and DI water 
ere loaded into the cell along with different concentrations of SDS 
lutions if needed. In these THF-related tests, the lower temperature 
it was increased to 263.15 K to maintain the same subcooling as 
r the CO2 and CO2-SDS tests. All other parameters were the same. 
nversions for CO2 containing hydrates from each test were calculated 
 the same manner as [58] utilising the constants in Table 1.
For the conversion calculations, all hydrates containing THF and 
2 were assumed to have a heat of dissociation similar to the 10wt% 
F system. In cases where multiple peaks were discerned, the peaks 
ere first identified and separated by the onset temperature and peak 
aximum temperature to determine which phase was likely present 
O2 or CO2-THF hydrate). The heat of dissociation corresponding to 
at phase was utilised for the estimates provided herein. Subsequently, 
e conversion was computed for each isolated peak, and the resulting 
lues were summed up to determine the overall total conversion.

 Results and discussions

1. Simulated hydrate growth/dissociation

Fig. 2 presents the simulation results obtained for the hydrate 
owth profiles at all temperatures and THF concentrations considered. 
e trend line for the growth profile is computed using logistic regres-
on via Python’s sklearn linear regression library. As seen in Fig. 2, the 
drates grow or dissociate quickly within the initial 100 ns and their 
ickness reaches a plateau after that. This is due to the change in the 
mposition of CO2 in the bulk liquid, which alters the concentration 
iving force for hydrates growth/dissociation.
From the analysis of the growth profile, we observed that hydrates 
ow when T < 279.1 K. The melting temperature for systems with-
t a thermodynamic promoter (THF) can be inferred as 279.1 K, as 
e hydrate thickness stays roughly constant during our simulations at 
is temperature. This agrees well with experimental results where the 
elting temperature is determined to be around 279.1 K [52]. For the 
stems with THF present at T = 279.1 K, there is a minor growth at the 
ginning, but the thickness soon reaches a plateau. The plateau could 
 due to the reduction in driving force as CO2 hydrates are formed 
 to the formation of micelle-like aggregates that will be discussed 
 section 3.3. Above 279.1 K, our results show signs of hydrate dis-
ciation, which conforms with experiments [61,52]. Noticeably, the 
gistic regression fits the growth profile well at low temperatures. As 
mperature increases beyond 279.1 K, the hydrate growth becomes un-
able, and the logistic regression model underfits the simulation data, 
pecially when no THF is present. This behaviour is expected, as ex-
riments have shown that the hydrate structure fluctuates between 
ssociation and formation at moderately high temperatures [62]. In 
is study, we focus on hydrate growth at low temperatures, where 
gistic regression is effective in describing hydrate growth. We next 
scuss the results obtained in the presence of SDS.

2. Aggregate formation

Visual analysis of the simulation trajectories reveals that SDS 
olecules aggregate at high temperatures (T ≥ 274.1 K). To further 
alyse the aggregation content, we plot the component concentration 

ofiles at the end of each simulation, i.e. at 600 ns.
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Fig. 2. Comparison of hydrate thickness evolution over time with 0/50/100 THF molecules in the system at a) T=269.1 K, b) T=274.1 K, c) T=279.1 K and d) 
T=284.1 K. The error bars at 0 ns represent the variations of hydrate thickness from 0 ns to 1 ns.

Fig. 3. Concentration profiles of CO2 , THF and SDS molecules within the simulation box with 100 THF molecules at a) T=269.1 K, b) T=274.1 K, c) T=279.1 K, 
d)T=284.1 K. The highlighted regions indicate the position of the aggregate containing SDS, THF and CO .

lu

gr

tr

tifi
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w

TH
There is no discernible concentration peak at T=269.1 K as il-
strated in Fig. 3 (a), which reinforced the observation that no ag-
egation occurred at this temperature. The lines from Fig. 3 (b) are 
anslated to the right along the x-axis by 0.25 nm for a clearer iden-
5

cation of the aggregation cluster. In Fig. 3 (b), (c) and (d), the SDS sn
2

ncentration peaks shown in the bulk liquid phase indicate the position 
 the aggregates. The alignment of THF and CO2 concentration peaks 
ith those of SDS indicates that the aggregates also contain CO2 and 
F molecules. This is confirmed by visual analysis of the simulation 

apshots. There is also a significant reduction of H2O within the ag-
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Fig. 4. Snapshot of SDS aggregates at T = 284.1 K where the black molecules are SDS molecules.
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Table 2

Summary of SDS aggregates formation under different 
temperatures and THF concentrations. In this table, ‘mi-
celle’ stands for surfactant aggregate.
Temperature 0 THF 50 THF 100 THF

269.1 K No micelle No micelle No micelle

274.1 K No micelle No micelle Micelle

279.1 K No micelle Micelle Micelle

284.1 K No micelle Micelle Micelle

egates, which indicates that a hydrophobic environment would have 
rmed. A closer look at the simulation snapshots using the software 
D (Fig. 4) confirmed that the SDS hydrophobic tails always point to-

ards the centre of the aggregates. In contrast, the hydrophilic head 
oups face towards the aqueous phase. Such characteristics suggest 
at the SDS molecules within the system have formed a micelle-like 
ructure.

The aggregates observed in our simulations appear to be roughly 
herical in shape, which is typical of an SDS micelle in water at low 
ncentrations [63]. However, SDS micelles in water at ambient con-
tions are usually between 3.5 to 4 nm in size, much larger than the 
gregates obtained within our system, whose size is approximately 2.5 
. Additional simulations have been performed, from which it can be 
en (Figure S3) that a bigger simulation box would result in a larger 
S aggregate, but the increase is minimal. Such minor differences also 
ve insignificant impact on the overall thickness of the hydrate as seen 
 Figure S4.
To understand why SDS molecules in the simulated system yield 
gregates at conditions where micelles are not expected in bulk liq-
d water, we conducted a systematic study in which temperature and 
mposition were changed.
As seen in Table 2, we did not observe aggregation in the sys-
ms with no THF, even at the highest temperature considered. The 
gregate phase transition temperature increased when the number of 
F molecules added to the system was halved. Such observation im-
ies that THF reduces the CMC of SDS. The potential reason for this 
enomenon is that THF may become more insoluble as temperature 
creases due to the closed-loop miscibility gap within the THF-water 
nary system [64]. Should this be the case, then the insolubility of 
F in water at the simulation temperature creates an entropic driving 
rce that induces the formation of micelle-like aggregates [65]. Prior 
udies also established that the CMC of SDS surfactants decreases lin-
rly with a higher concentration of ethers [66], further reinforcing our 
6

pothesis. pa
Figure S8 shows the number of THF molecules trapped within the 
S aggregates over the entire trajectory at 274.1 K (smallest aggre-
te) and 284.1 K (largest aggregate). The results are obtained using 
e clustering algorithm described in the Methods section. The number 
 molecules adsorbed increases initially and reaches a constant value 
hen the aggregate is saturated, which is in line with typical micellar 
haviour. Noticeably, the aggregates trapped more THF molecules at 
gher temperatures.
At the pressure and concentration conditions used in our set-up, THF 

ill become insoluble between T = 368 K to 404 K [67], which is 
armer than the temperature within our system. However, the misci-
lity behaviour of THF in water is highly sensitive to contamination, 
d therefore the presence of CO2 and SDS may alter the miscibility 
rve [64].

3. Aggregates effects on hydrates growth

The effect of the SDS aggregates on the growth of hydrates can be 
duced from Fig. 2. At T=269.1 K (Fig. 2(a)), where no SDS aggre-
te is formed in any of the three systems, the hydrates have a higher 
owth rate with increasing THF concentration. Similar phenomena are 
so observed at T=279.1 K (Fig. 2(c)), where systems with THF form 
S aggregates and agree well with previous studies by Phan et al. 
4]. However, at T=274.1 K, the aggregate is formed only in the sys-
m with 100 THF. The hydrate growth profile in this system (Fig. 2(b)) 
ows a slower hydrate growth rate than the system without SDS ag-
egate, despite having more THF. This implies that the SDS micellar 
gregate impedes hydrate growth.
Though SDS is generally regarded as a kinetic promoter for gas 
drates, several studies reported that increasing SDS concentration be-
nd certain limit compromises hydrates growth [25,32]. Experiments 
owed that the promotion effect of SDS drops beyond its CMC [31]. 
though our observations are obtained at very low SDS concentrations 
.11 mol%), it should be pointed out that the simulated SDS molecules 
e initially placed near the hydrate-liquid interface (Fig. 1). This is be-
use the time scale accessible to atomistic MD simulations is on the 
der of hundreds of nanoseconds, while the typical exchange rate be-
een surfactants in the bulk and those adsorbed at interfaces or within 
icelles is of the order of microseconds. Nevertheless, the simulation 
d the experimental results just summarised are in qualitative good 
reement.

To identify the molecular mechanism responsible for the observa-
ns, we hypothesise a kinetic or thermodynamic effect. In the next 

ragraphs, we discriminate between the two possibilities.
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Fig. 5. Comparison of hydrate growth removing SDS and CO2 within SDS aggregates with literature value with no SDS at T=284.1 K [24].
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3.1. Hypothesis 1: kinetic effects
Lv et al. [32] identified an optimal concentration of surfactant pro-
oters concerning the growth of methane hydrates. Adding promoters 
yond the optimal amount leads to a decrease in hydrate growth rate 
d gas storage capacity. They hypothesised that such phenomena can 
 ascribed to micelles forming cages that will trap the gas molecules, 
ndering mass transfer from the liquid to the hydrate. Stimulated by 
is hypothesis, we delved further into understanding micelles’ kinetic 
d thermodynamic influences on hydrate growth.
If the SDS aggregates reduce the kinetics of hydrate growth by re-
oving CO2 from the system, it is plausible that the aggregation would 
ad to a decrease in the concentration of CO2 at the interface, which 
 the rate-limiting step for hydrate growth [68]. Since we observe 
e presence of SDS aggregates in our systems alongside CO2, it is 
asonable to assume that these aggregates have an impact on the con-
ntration of CO2 at the interface. Hence, the concentration of CO2 at 
e hydrate-liquid interface is analysed at T=284.1 K, at which condi-
ns our simulations identify the largest SDS aggregate. The results are 
ustrated in Figure S9. We acquired interfacial concentrations by iden-
ying the interface using the F4 order parameter and calculated the 
ncentration within the interfacial region (≈1 nm thick). It can be in-
rred from the graph that there are somewhat fewer CO2 molecules at 
e interface when the SDS aggregate is present (when THF is present), 
hich agrees with the mass transfer limitation hypothesis by Lv and 
lleagues [32]. However, statistical analysis reveals a different con-
usion. We conducted a two-sided t-test between the 100 THF system 
hich has the largest SDS aggregate) and the 0 THF system using 
thon’s scipy library. The p-value obtained is 0.076, which is slightly 
gher than 0.05, suggesting that the difference in CO2 concentration 
 the interface is not statistically significant. As such, though it is pos-
ble that mass transfer limitation could be a factor in the observed 
haviour, this hypothesis cannot be conclusively verified.

3.2. Hypothesis 2: thermodynamic effects
Because the aggregates adsorb and trap a significant amount of THF 
d CO2 molecules, impacts could be exerted on hydrate growth. First, 
apping the THF molecules will reduce their promoting capability. Sec-
d, trapping CO2 will reduce supersaturation and hence the driving 
rce for hydrate growth.
Fig. 5 demonstrates the difference in hydrate growth between our 
stems and the results reported by Phan et al. [24]. Their work em-
oyed an identical simulation framework to the one considered here, 
cept no SDS was present. In other words, no aggregate formed in 
e systems studied by Phan et al. We obtained the hydrate thickness 
ta from two of their systems: one with 100 THF and one without 
7

 T=284.1 K. Our THF and CO2 concentration and simulation con- of
tions are also identical. Their results indicated that THF shifts the 
uilibrium curve to milder conditions, as the hydrates with THF pro-
oters (blue) did not dissociate as much as those with no THF (green). 
ur system with 100 THF and SDS at T=284.1 K lies in between the 
her two datasets. It is, therefore, apparent that the SDS molecules 
have like thermodynamic inhibitors. Figure S8 shows that approxi-
ately 50 to 60 THF molecules are trapped within the SDS aggregate. 
 such, Fig. 5 can be viewed as the hydrate growth comparison be-
een systems with 100 THF, 50 THF and 0 THF. The trend illustrated 
 Fig. 5 agrees well with our simulation results at T=269.1 K and 
279.1 K, where more THF leads to faster growth, as shown in 

g. 2. This observation supports the hypothesis that SDS aggregate 
aps THF molecules, removing them from the hydrate-liquid interface. 
is mechanism could only partially explain the slower hydrate growth 
te obtained for the system with 100 THF compared to 50 THF at 
274.1 K, as illustrated in Fig. 2 (b). The SDS aggregate in the 100 
F system only traps 20-30 THF molecules, which means there are 
ill more free THF in this system than in the one built to contain 50 
F molecules. This leads us to the second thermodynamic hypothe-
s: that the aggregates reduce the driving force by sequestering CO2
olecules.

To test this possibility, we conducted additional simulations to un-
rstand the significance of reduced CO2 concentration in the bulk 
uid on hydrate growth. We used the same conditions and configu-
tions as the 100 THF system at T=274.1 K, but we removed the CO2
d THF content trapped in the aggregate. To prevent SDS from ag-
egating, we reduced the hydrocarbon tail to only 5 carbon chains 
 as to increase its CMC. Though this would cause a slight devia-
n in chemical properties from SDS, the change in tail length has a 
ited impact on hydrate growth at a concentration above 0.1wt% 
9], which is significantly lower than the concentration of SDS used 
 our simulations. The growth profile obtained is presented in Fig. 6. It 
n be deduced from the graph that reducing CO2 concentration slows 
wn hydrate growth. However, the data sets are within statistical un-
rtainty from each other, suggesting that reducing CO2 concentration 
 not the only mechanism by which the aggregates affect hydrates 
owth.

 Experimental validation

The simulation studies discussed above reveal two significant ob-
rvations. Firstly, it is observed that THF decreases the CMC of SDS. 
condly, the occurrence of SDS aggregates adversely affects the growth 

 hydrates. These conclusions were validated using experiments.



Journal of Colloid And Interface Science 658 (2024) 1–11X. Cai, J. Worley, A. Phan et al.

Fig. 6. Comparison of hydrate growth removing SDS and CO2 within SDS aggregates with literature results in the presence of no SDS at T=284.1 K.

Fig. 7. Surface tension vs log concentration for a) pure SDS solutions in CO2 saturated water from 0.001M to 0.015M SDS with CMC determined as 7.93mM SDS, and 
b) THF-SDS solutions in CO2 saturated water from 0.001M to 0.038M SDS with 0.476M THF with CMC determined as 6.17mM SDS. CMC is calculated by equating 
the fit lines and solving for the point of intersection. Error bars represent 1 standard deviation and are calculated from three repeat experiments per solution across 
an average of 10 points per repeat.
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1. Interfacial tension measurements

The CMC for each series was determined from the intersection of 
e concentration-dependent section of the ST graph with the horizontal 
oncentration-independent) section of the graph. Below the CMC, ST is 
early dependent on the log of concentration, whereby an increase in 
ncentration leads to a concurrent decrease in ST. Such a relationship 
curs because the surfactant adsorbs to the droplet’s water-air interface 
d creates a surfactant monolayer. Eventually, at the CMC, the inter-
ce is saturated with surfactant molecules and the minimum ST for that 
rfactant system is reached. Above the CMC, additional surfactant ad-
rption to this interface is deterred by the established adsorption layer, 
d surfactant molecules associate into micelles in solution, resulting in 
tle to no further change in ST.
The CMC can be interpolated by fitting lines through the concentra-
n-dependent and independent regions, respectively, and by then de-
rmining the intercept of the two lines. In the case of pure SDS, as 
own in Fig. 7 (a), a CMC value of 7.93 mM was extracted, which is 
nsistent with literature values of 8-8.25 mM at 298 K [70,71].
When THF was added to the SDS-CO2 solutions, as shown in Fig. 7
), the measured CMC decreased by 22.2% to 6.17 mM at 298 K and at-
ospheric pressure. The decrease in CMC with both promoters present 
dicates that THF and SDS interact in solution and that this interaction 
uses a decrease in the amount of SDS that can adsorb to the hydrate 
rface. Such a significant decrease in CMC confirmed our simulation 
8

sults. 26
2. HP-DSC results for CO2 hydrate conversion

The effect of promoters (THF, SDS, and the combination of both of 
em) on CO2 hydrates properties was inferred by quantities measured 
ring our High-Pressure DSC experiments, such as the percentage of 
2 hydrate conversion, onset temperatures, and heat released during 
2 hydrate formation and dissociation.
Pure CO2 hydrates were first used in our experiments to establish a 
seline heat release and conversion. The pure CO2 hydrate experiment 
oduced a single peak with an average dissociation onset temperature 
 6.29 ± 0.11 ◦C and heat of dissociation of 124.36 ± 1.53 J/g as 
oduced in Figure S10 (A). This onset temperature is similar to what 
as obtained by Anderson [59], thereby substantiating the accuracy 
d validity of our experimental set-up.
Hydrate conversion was compared between CO2 with SDS at con-
ntrations below and above the CMC, respectively. CO2-0.001M SDS 
periments (below the CMC) produced an average dissociation onset 
mperature of 6.39 ± 0.11 ◦C, similar to the pure CO2 system. This 
plies that SDS did not affect the thermodynamics of the system. As 
en from Figure S10 (B), a single peak was obtained from the DSC 
ofile, indicating a CO2 hydrate phase with increased conversion due 
 the kinetic promotion. CO2-0.038M SDS (above the CMC) experi-
ents showed a similar DSC profile, with a single peak and an average 
ssociation onset temperature of 6.38 ± 0.10 ◦C. The hydrate con-
rsion percentages below and above the CMC are 27 ± 1.97% and 

 ± 2.07%, respectively, with no significant difference, as shown in 
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Fig. 8. Conversion determined from DSC experiments for CO2 containing hydrate phases. The experiments were repeated in triplicates to ensure repeatability and 
reliability of the results.
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g. 8. These results indicate that, with SDS alone present in the system, 
e presence of SDS micelles does not affect the performance of the ki-
tic promoter towards sI CO2 hydrates. Such observation is consistent 
ith the simulation results shown in Figure S9, according to which the 
netic hindrance and reduction of concentration driving force of the 
icelles are insignificant.
Next, 10wt% THF was added to the CO2 hydrate system to deter-
ine the effect of THF alone. The DSC profile shown in Figure S10 (D) 
vealed two distinct peaks corresponding to the formation of THF hy-
ates and THF-CO2 hydrates, respectively. The blue curve plotted in 
gure S10 (D) is more likely to be THF hydrates as the onset tempera-
re is 3.38 ± 0.21 ◦C, which is closer to that of a THF hydrate rather 
an a CO2 hydrate [37]. The presence of multiple peaks suggests that 
e addition of THF can cause the formation of mixed hydrate phases, as 
own in other works [60,72–74]. The THF-CO2 hydrate (highlighted 
 orange in Figure S10 (D) has a higher dissociation onset tempera-
re of 12.63 ± 0.82 ◦C as compared to CO2 and CO2+SDS systems 
own earlier. The temperature shift conforms to the current under-
anding of the thermodynamic promoter role of THF. The broad peak 
ith multiple maxima indicates that there may be CO2-THF hydrates 
 different THF compositions formed and dissociated during the exper-
ent, which aligns with previous studies [60,72]. The conversion for 
e THF hydrate phase was not calculated as it likely did not contain 
2 [60,72] and thus would not factor into the total CO2 conversion. 

s such, the CO2 hydrate conversion was estimated to be 36 ± 0.61%.
THF-SDS mixtures were tested to determine the effect of the com-
ned promoter system. At both SDS concentrations with THF present, 
o distinct peaks appeared, indicating hydrates of different compo-
tions may have formed due to THF. The larger, narrow peaks (high-
hted in blue) shifted well above the THF hydrate equilibrium temper-
ure and towards the CO2 hydrate equilibrium temperature, indicating 
at a pure CO2 hydrate phase formed in place of the pure THF hydrate 
ase. The SDS in the system appears to have encouraged the growth 
 a pure sI CO2 hydrate phase which did not exist when THF alone 
as present. This agrees with the conclusion drawn for methane hy-
ates by Kumar and colleagues [73]. In both systems, as both hydrates 
ould contain CO2, the conversion was estimated by adding the indi-
dual conversions for the CO2 and CO2-THF hydrate. At 0.001M SDS, 
low the CMC (Figure S10 (E)), the total conversion is 65 ± 6.76%. 
t 0.038M SDS above the CMC (Figure S10 (F)), the amount of CO2
drate formed decreased, indicated by the lower average heat of dis-
ciation of 83.84 ± 46.56 J/g at 5.73 ± 0.09 ◦C, while the CO2-THF 
drate peak remained almost unchanged. The total CO2 conversion in 
is system is computed to be 44 ± 7.09%.
The comparison of CO2 conversion in all systems tested experimen-
9

lly is presented in Fig. 8. The results first reaffirmed the discovery that ab
combination of THF and SDS can be synergistic. However, more im-
rtantly, while SDS added in addition to THF can increase CO2 hydrate 
rmation, the presence of SDS above its CMC detrimentally impacts the 
erall growth and conversion of the hydrate, as shown from the lower 
nversion. Below the CMC, the combined application of SDS and THF 
astically increases conversion compared to SDS or THF alone; how-
er, above the CMC, SDS and THF detrimentally interact, and the total 
nversion decreases.

 Conclusions

1. Key findings

The synergism vs antagonism between THF and SDS on CO2 hy-
ates was investigated using atomistic MD simulations conducted 
ithin various temperatures and system compositions. The results show 
at carbon dioxide hydrates grow faster with more THF at T=269.1 K 
d T=279.1 K at 25.5 bar. Increasing the temperature to 274.1 K and 
yond, SDS micellar aggregates could appear, likely due to the in-
easing entropic driving force [65]. Lowering THF concentration can 
event the formation of SDS aggregates, which indicates that THF low-
s the critical micelle concentration (CMC) of SDS. This is confirmed 
 results obtained from IFT experiments. Simulation results reveal that 
 T = 284.1 K with 100 THF molecules, the hydrates dissociated when 
S micelles existed but grew when no SDS was present at the same 
nditions. The HP-DSC experiments also indicate a decrease in the dis-
ciation temperature when both THF and SDS are present.

2. Key improvements compared to findings in literature

The synergistic influence of THF and SDS on CO2 hydrates has been 
tensively observed through various experimental investigations [15,
]. It has been observed that the addition of an excessive amount of 
omoters can have a detrimental effect on their overall performance 
9,75]. The present research findings shed light on the existence of 
 optimal surfactant concentration associated with promoting efficient 
drate growth.

3. Highlight of hypothesis, new concepts and innovations

The simulation and experiment results indicate that the SDS aggre-
tes behave like thermodynamic inhibitors as they trap THF molecules, 
sentially removing them and the SDS themselves from the hydrate-
uid interface. Removing THF reduces its thermodynamic stabilisation 

ility. This phenomenon explains the presence of optimal surfactant 
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ncentration related to promoting hydrate growth. CO2 conversion re-
lts obtained from DSC experiments also reinforced this hypothesis. 
 addition to being consistent with the simulation results, the experi-
ents also show that the CO2 uptake in hydrates strongly depends on 
e synergism among the two promoters, with the best results obtained 
re showing 21% to 46% increase in CO2 uptake compared to systems 
ithout promoters, as well as with system with a sub-optimal composi-
n of the promoters cocktail.

4. Vision for future work

These results provide insights into understanding the microscopic 
haviours of promoters on hydrate growth and how promoters can 
teract synergistically and/or antagonistically depending on their rela-
e concentrations and the system conditions. Because our results show 
e possibility of SDS forming aggregates at very low concentrations, fu-
re research should aim at uncovering the molecular mechanisms by 
hich SDS acts as a kinetic promoter at low concentrations, below the 
C.
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