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Ranking anti-agglomerant efficiency for gas hydrates 
through molecular dynamic simulations

PRODUCTION TECHNOLOGY: FLOW ASSURANCE

Computational methods 
were used to assess the 
capacity of four surfactant 
molecules. The experimental 
assessment, based on 
rocking cell measurements, 
determined the minimum 
effective dose necessary 
to inhibit agglomeration, 
enabling an efficient funnel 
for molecular optimization 
and customization.
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Gas hydrates,1 or clathrates, are inclu-
sion compounds that comprise water and 
low molecular weight molecules (termed 
guests) enclathrated in crystalline three-
dimensional cages that the water mol-
ecules form around them by hydrogen 
bonding. Depending on the size of the 
guest and its interactions with the water, 
different crystal structures can form, the 
most well-known being sI, sII and sH, 
which differ in the type and ratio of cages.

Gas hydrates play a crucial role in the oil 
and gas industry, especially in deepwater 
environments where they can form spon-
taneously under common operational 
conditions, causing potentially catastroph-
ic pipeline and equipment blockages. This 
importance has led to the development 
of low dosage additives2,3 that can either 
delay hydrate nucleation (kinetic hydrate 
inhibitors (KHI)) or prevent the agglom-
eration of formed hydrate particles (anti-
agglomerants, AA). Compared to kinetic 
inhibitors, AAs have the advantage of 
being applicable in a larger sub-cooling 
range, shut-ins and are, therefore, better 
suited for deepwater applications.4

Although several commercial AA prod-
ucts exist, there is an increasing need to 

improve the understanding of the under-
lying mechanisms and to produce more 
efficient and environmentally-acceptable 
AAs. Computational approaches, such as 
atomistic simulations, can accelerate the 
discovery of new molecules, as they allow 
going beyond the traditional trial-and-er-
ror-based experimental methods.

In this study, atomistic simulations 
based on molecular dynamics (MD)5 were 
used to get direct insights into the funda-
mental processes of anti-agglomeration at 
a molecular level. This technique uses pa-

rametrized atomistic interactions, termed 
force fields, to simulate the real time evo-
lution of system. We have examined four 
different AA molecules with clear differ-
ences in their chemistries, and focused on 
their collective behavior, namely whether 
a layer of AA molecules pre-assembled on 
the surfaces of a hydrate crystal and a wa-
ter droplet could prevent the agglomera-
tion between these two particles.

Moreover, we also tested the molecules 
in the laboratory concerning their hydrate 
anti-agglomeration potency, enabling a 

Fig. 1. Two representative snapshots of the initial (top) and equilibrated (bottom) 
configurations. The water molecules and the AAs are represented by spheres and 
colored according to the atom type. The hydrocarbon molecules are represented by 
orange lines.
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quantitative comparison of this exper-
imentally-based ranking and the com-
putational ranking obtained via the MD 
simulations. The goal was to assess the 
capability of computational methods to 
predict the anti-agglomeration behavior of 
different molecules, intending to serve as a 
basis for further and rapid in silico molecu-
lar innovation to create more sustainable 
and environmentally acceptable solutions.

Computational methodology. The 
simulated system consisted of three main 
components: 1) a slab of sII methane-
propane hydrate (dimensions 8.7 nm × 
8.7 nm × 3.5 nm), with all small cages be-
ing filled with methane molecules and all 
large cages with propane molecules, and 
the surfaces on both sides being covered 
with the desired number of AA oriented 
perpendicular to the surface; 2) a water 
sphere of a 1.5 nm radius centered at a dis-
tance of 4.5 nm above the AA layer, also 
covered with a layer of AAs oriented per-
pendicular to the droplet surface; and 3) 
a hydrocarbon mixture (50 mol% dodec-
ane, 4 mol% propane, 6 mol% ethane and 
40 mol% methane) as solvent. Figure 1 
shows a snapshot of the initial configura-
tion for a particular system, along with a 
snapshot of the same system after its equil-
ibration (100 ns), using MD at 277K and 
100 bar. The basic idea behind the mod-
eling approach was to study whether the 
surfactants are capable of inhibiting the 
agglomeration of the water droplet with 
the hydrate surface.

Four AA candidate molecules, shown 
in Table 1, were investigated. AA1 and 
AA2 are identical, except for the coun-
terion; AA3 and AA4 have a simpler 
structure (no spacer group) but contain 
three alkyl substituent on the head group, 
instead of two, and a smaller counterion. 
AA4 has not been designed as a hydrate 
anti-agglomerant, but it was included, due 
to its structural similarity with the other 
AAs and to ensure that the study contains 
both well-performing and poorly per-
forming molecules.

Since the anti-agglomeration potency 
of the surfactants presumably depends 
on their concentration, we studied three 
different coverages (on both the hydrate 
and the droplet) for each of the four AA 
molecules: low (0.65 molecules/nm2), 
medium (1.62 molecules/nm2) and high 
(2.62 molecules/nm2). This yields three 
setups for each AA, i.e. in total, there were 
12 systems.

All simulations were carried out with 
the GROMACS MD simulation pack-
age (version 2018.3).9 The water mol-
ecules were described, using the TIP4P/
ice model,6 the hydrocarbon molecules 
with TraPPE-UA7 and the inhibitors 
with GAFF.8 Temperature and pres-
sure were maintained at 277K and 100 
bar, respectively.

Before starting the production runs, all 
systems were equilibrated at the aforemen-
tioned conditions. Apart from providing a 
realistic description of the involved inter-
faces (e.g. formation of a small liquid wa-

ter layer on the hydrate surface), this initial 
step allowed the AA molecules to arrange 
on their respective surfaces. 

Experimental methodology. The ex-
perimental assessment of the four AA 
molecules was performed on a rocking 
cell unit. This approach, which is com-
mon practice for testing the performance 
of anti-agglomerant chemistry in the oil 
and gas industry,2 evaluates the mole-
cules, based on their ability to effectively 
disperse small hydrate particles into the 
hydrocarbon phase. The results were clas-
sified as pass or fail, based on whether 
hydrate blockages were detected, and the 
performance of the AA was evaluated by 
determining the minimum effective dose 
(MED) required to register as a pass.

The rocking cell apparatus (rack) con-
sists of a set of sapphire tubes, each as-
sembled within a stainless steel support 
cage (hereby referred to as a rocking cell). 
Each tube (volume 20mL) was filled with 
5 mL of dodecane and 5mL of 5% NaCl 
brine (watercut 50 vol.%), along with a 
stainless steel ball for mixing; the inhibitor 
was added as a 60 wt.% active solution at 
dose rates in percent, by volume of water 
(vol.%); and Green Canyon gas was used 
to pressurize the cells. The outer positions 
of the rack were moved up and down ver-
tically (“rocks”), leading to a tilting of the 
rocking cells and causing the steel ball to 
move from one end of the cell to the other.

To determine the effectiveness of the 
various concentrations of anti-agglom-
erants, the following test procedure was 
executed:

1.	 Saturation step: At a temperature 
of 49°C and a pressure of 138 bar 
(the latter will be kept constant 
throughout the test), the apparatus 
is set to rock at five rocks per 
minute for 2 hrs, to ensure that the 
fluids have been saturated with gas.

2.	 Cooling step: The system is 
cooled from 49°C to 4°C over 6 
hr, while maintaining a rocking 
rate of five rocks per min.

3.	 Steady-state mixing step before 
shut-in: While keeping the 
temperature at 4°C, the apparatus 
is kept rocking at five rocks 
per min. for 12 hrs, to ensure 
complete hydrate formation.

4.	 Shut-in step: The apparatus stops 
rocking, and the cell position is set 
to horizontal and kept at a constant 
temperature of 4°C for 12 hrs.

Fig. 2.  Number of coalescence events as a function of the simulation time, for all four 
AAs at low surface coverage (0.65 molecules/nm2). For each system, 10 independent 
runs were carried out.
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5.	 Steady-state mixing step 
after shut-in: The apparatus 
is restarted at the rate of five 
rocks per min. at the constant 
temperature of 4°C for 4 hrs.

Visual observations during the shut-in 
period, correlated with an interpretation 
of the time required for the ball within the 
cell to travel between two magnetic sen-
sors, allowed to classify an experiment as 
pass or fail. Each experiment was conduct-
ed in duplicate to confirm reproducibility.

RESULTS

Brute force simulations. The compu-
tational investigation started with non-
steered MD simulations, i.e. the mol-
ecules of the systems could move freely 
according to the forces acting on them. 
For each of the 12 systems, an extended 
simulation (up to 600 ns) was performed, 
during which the water droplet was ob-
served to diffuse freely inside the liquid 
hydrocarbon phase until it irreversibly 
coalesced with the hydrate surface. Dur-
ing coalescence, a capillary water bridge 
can be observed, especially at low surface 
concentrations. Coalescence is observed 
to proceed with the wetting of the hydrate 
surface and, given enough time, the water 
molecules of the droplet spread evenly on 
the hydrate surface. The average time that 
the droplet can freely diffuse until it co-
alesces depends on the type of the AA and 
the surface coverage. However, this is an 
inherently stochastic process, and the time 

required for coalescence can vary substan-
tially, even for identical systems.

The results of the 12 runs are shown 
in Table 2. In the medium- and high-
concentration scenarios, no coalescence 
was observed, i.e. all examined candidate 
chemicals can act as an AA at high surface 
concentrations. In the case of low concen-
trations, there were differences between 
the different AA molecules; for some AAs, 
coalescence did happen, while for others, 
it did not.

Evidently, this is the most interesting 
setup, and therefore ten independent runs 
for each AA were carried out. By count-
ing how many times coalescence was 
observed, a ranking of the AAs could be 
obtained. As can be seen from Fig. 2, the 
results indicate that AA1 and AA2 were 
the best-performing molecules, as coales-
cence only took place 2 out of 10 times in 
the independent runs (2/10). Worse per-
formance was obtained for AA4 (7/10), 
followed closely by AA3 (8/10).

Apart from such performance figures, 
the molecular simulations also permit ad-
ditional insights into the behavior of the 
AAs at the interface. For instance, as an ad-
ditional analysis, we determined the den-
sity profiles to get insights into the local 
arrangement of the surfactants on the hy-
drate surface. These density profiles reveal 
that methane is typically excluded from 
the AA film, with this effect being more 
pronounced as the surface concentration 
increases. Moreover, the distribution of 
the long tails gets more pronounced and 

is located farther away from the surface, 
the higher the coverage is, indicating more 
ordered films. Most interestingly, there are 
important differences between the long 
tail distributions between the AAs. For 
instance, the distribution for AA4 turned 
out to be much more pronounced, com-
pared to AA3 at high densities, indicating 
a considerably stronger ordering.

Steered simulations. As has been seen, 
the agglomeration between the water 
droplet and the hydrate surface is a highly 
stochastic process, and several extended 
independent runs are required to extract 
significant information. The steered MD 
simulation can accelerate this process by 
actively pulling the water droplet toward 
the surface and forcing it to coalesce. Nev-
ertheless, there is still some stochastic-
ity, since the AA molecules are allowed to 
move freely. This is important, as interac-
tions between the AAs on the hydrate sur-
face and the droplet are fundamental for 
coalescence inhibition. Therefore, again 
focusing on the case of low AA concentra-
tion, ten independent steered runs (each 
one lasting 120 ns) were performed for 
each of the four AAs. While pulling the 
droplet toward the surface, the instanta-
neous force experienced by the droplet 
was determined, yielding the force-dis-
tance profile along the pulling direction.

If the hydrate surface and the water 
particle are far apart, there is no interac-
tion between them, resulting in the force 
being zero. However, as the two particles 

Table 1. The four surfactants investigated in this study.

Structure

IUPAC name
dibutyl-[3-

(dodecanoylamino)propyl]
ammonium acrylate

dibutyl-[3-
(dodecanoylamino)propyl]

ammonium formate

tributyl-(dodecyl)- 
ammonium chloride

dodecyl-(2-hydroxyethyl)-
dimethyl-ammonium 

chloride
Short name AA1 AA2 AA3 AA4

Table 2. Results of the non-steered MD runs, to study the coalescence between the hydrate slab and the water droplet, for all four AAs 
and the three different setups. The simulations were stopped at 600 ns, or earlier, if coalescence had occurred.
System AA1 AA2 AA3 AA4

Time [ns] Result
Coal.  

time [ns] Time [ns] Result
Coal.  

time [ns] Time [ns] Result
Coal.  

time [ns] Time [ns] Result
Coal.  

time [ns]
Low coverage 600 inhib n/a 600 inhib n/a 200 coal 90 200 coal 138

Medium coverage 600 inhib n/a 600 inhib n/a 600 inhib n/a 600 inhib n/a
High coverage 600 inhib n/a 600 inhib n/a 600 inhib n/a 600 inhib n/a
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get closer, the interaction between the 
AAs on their surfaces increases until it 
reaches a maximum. Once this repulsive 
barrier has been crossed, the water mol-
ecules come close enough to the hydrate 
surface, and the coalescence process 
starts. In order to discriminate between 
the four AAs, we integrated the force-dis-
tance profiles between two bounds cover-
ing the region of the barrier. The resulting 
integral represents the energy barrier cre-
ated by the AAs that inhibits the agglom-
eration process.

The averaged results for the calculated 
energy barriers are shown in Table 3. Even 
though the standard deviations are rather 
large, there is a clear separation between 
AA1 and AA2 (11.6 kJ/mol and 10.8 kJ/
mol, respectively), and AA3 and AA4 (3.5 
kJ/mol and 1.8 kJ/mol, respectively). One 
can consequently draw the conclusion 
that AA1 and AA2 are better-suited to pre-
vent agglomeration than AA3 and AA4. 
This is in excellent agreement with the 
ranking obtained from the non-steered 
simulations.

Experimental results. To characterize 
the performance of the four candidate 
AA molecules in the experimental rock-
ing cell tests, the AA concentration was 
increased until the system showed no ag-
glomeration. This yielded the MED that 
was required to prevent agglomeration, 
shown in Table 4. AA1 and AA2 are the 
best performers, with MEDs of 1.17% 
and 1.00%, respectively. AA3 and AA4, on 
the other hand, performed poorly and did 

not inhibit hydrate agglomeration even at 
the highest concentration tested (3.00%). 
Overall, the experimental results confirm 
the predictions made by the simulations: 
AA1 and AA2 are very similar and show 
good anti-agglomeration performance, 
whereas AA3 and AA4 are clearly worse.

CONCLUSION
The utility of four surfactant molecules 

as hydrate agglomeration inhibitors was 
assessed, using both computational (mo-
lecular dynamics) and experimental (rock-
ing cell) methods. An excellent agreement 
between both approaches was observed, 
demonstrating that simulations have be-
come mature enough to accurately predict 
the performance of such molecules. More-
over, the simulations performed at the at-
omistic level can provide many additional 
insights into the agglomeration process 
and the way in which the inhibitors pre-
vent it that could not be obtained with a 
purely experimental approach.

Even though the simulations are not 
yet capable of yielding quantitative predic-
tions (e.g. to directly calculate the MED) 
and are limited to qualitative statements, 
this does not belittle their utility. Relative 
comparisons between several molecules, 
in combination with a few quantitative 
experimental reference points, allows rea-
sonable quantitative predictions.

Once such a reference framework has 
been set up, the possibility to perform sys-
tematic computational high-throughput 
screenings of many molecules, exploit-
ing scalable computational resources, 

allows to implement an efficient funnel 
approach, where only the most promising 
candidates will eventually be synthesized 
and tested in the laboratory. This allows 
us to go beyond a purely experimental 
approach where one has to synthesize 
and test every molecule in the labora-
tory, making research more efficient 
and scalable. 
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Table 3. Approximate free energy barriers for the coalescence between the water 
droplet and the hydrate slab, for all four AAs.

Molecule Average (kJ/mol) Std Dev (kJ/mol)
AA1 11.6 5.8
AA2 10.8 7.2
AA3 3.5 12.2
AA4 1.8 9.7

Table 4. Results of the experimental evaluation of the anti-agglomeration performance. 
The concentration is indicated as volume percentage, with respect to the volume of the 
water phase.

Concentration AA1 AA2 AA3 AA4
0.00% Fail Fail Fail Fail
0.50% – Fail – –
0.67% Fail – – –
0.83% Fail – – –
1.00% Fail Pass Fail Fail
1.17% Pass – – –
1.33% Pass – – –
1.50% – Pass Fail –
2.00% – Pass Fail Fail
2.50% – Pass Fail –
3.00% – – Fail Fail
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