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Abstract

Although inhibiting hydrate formation in hydrocarbon-water systems is paramount in preventing pipe
blockage in hydrocarbon transport systems, the molecular mechanisms responsible for antiagglomerant
performance are not completely understood. To better understand why macroscopic performance is affected
by apparently small changes in the antiagglomerant molecular structure, we perform molecular dynamics
simulations. We quantify the cohesion energy between two gas hydrate nano-particles dispersed in liquid
hydrocarbons in the presence of different antiagglomerants, and we achieve excellent agreement against
experimental data obtained at high pressure using the micromechanical force apparatus. This suggests that
the proposed simulation approach could provide a screening method for predicting, in silico, the
performance of new molecules designed to manage hydrates in flow assurance. Our results suggest that
entropy and free energy of solvation of AAs, combined in some cases with the molecular orientation at
hydrate-oil interfaces, are descriptors that could be used to predict performance, should the results presented
here be reproduced for other systems as well. These insights could help speed up the design of new

antiagglomerants and guide future experiments.
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Introduction

Gas hydrates are ice-like crystalline solids composed of polyhedral hydrogen-bonded water cages in
which small gas molecules, e.g., methane and carbon dioxide, are encapsulated. Gas hydrates are relevant
for a variety of sectors, including energy, environment, and sustainability. With the goal of increasing the
sustainability of our society, recent research advances have extended the utilization of gas hydrates in
various applications, including but not limited to hydrogen and energy storage,}* CO, capture and
sequestration,>’ water desalination,®® gas separation,’®! refrigeration and transport,'? etc. Naturally
occurring gas hydrates attract considerable attention for their potential role in providing an alternative
energy source, as well as in environmental impacts.>*3 On the other hand, safety in the energy sector is
frequently associated with the prevention of hydrate agglomeration in oil/gas pipelines.}* The formation,
agglomeration and deposition of gas hydrates can cause flowline blockages, affecting deep-water drilling,
oil/gas transport, and processing facilities, potentially leading to severe environmental and economic
impacts.t>17

In this context, flow assurance activities are experiencing a remarkable change from “hydrate avoidance”
to “hydrate management”, towards reducing capital and operational costs.’*? Hydrate inhibitors are
commonly used to prevent the agglomeration of solid hydrate particles or their deposition on pipe walls.
Depending on the expected inhibition mechanism, low-dosage hydrate inhibitors can be categorised as
kinetic hydrate inhibitors (KHIs) and/or antiagglomerants (AAs).1*1% 21 KHIs and AAs can be effective at
dosages in the range 0.5-2 vol%, while thermodynamic hydrate inhibitors require dosages of as high as 30-
40 vol%.2+2 However, the AA performance and their minimum effective dosage in specific applications
vary, thereby affecting significantly the production costs. Although numerous studies have focused on
understanding hydrate—hydrocarbon/water systems in the presence of AAs,?*3 many experimental?8-2% 34
and computational®>-32 efforts are conducted at conditions somewhat far from those relevant in practice.

Insights regarding AA mechanisms of action have been obtained by measuring cohesive and adhesive
forces.®3¢ The MMF apparatus has shown great practical and fundamental potential, because it measures

directly hydrate interparticle cohesive forces.?® 3% For example, Dieker et al.** and Aman et al.**
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investigated the effect of carboxylic acids and crude oils on cyclopentane (CyC5) hydrate particle
interactions. Assuming that capillary cohesion governs hydrate interparticle forces, the results suggest that
surfactants could disturb the liquid bridge formed between hydrate particles, potentially reducing the
cohesive forces.*4! Most previous studies were conducted using hydrates that are stable at atmospheric
pressure, for example using hydrates of THF?” and CyC5,2 28 3839 4243 glthough the conditions are
significantly different compared to those realistically experienced in typical flow assurance applications
(high pressures and low temperatures). To probe realistic conditions, the High-Pressure Micromechanical
Force Apparatus (HP-MMF)* was designed to quantify cohesive forces between ice particles and natural
gas hydrate particles in both gas*® and liquid hydrocarbons.**® Recently, Koh et al.*® employed the HP-
MMF apparatus to measure CH4/C;Hs hydrate cohesive forces in the presence of AAs. The flow assurance
performance of those AAs was assessed using a rocking cell apparatus, as frequently done in industry.
Comparing the datasets obtained, it was found that those AAs that substantially decrease the cohesive forces
can show good overall performance in the rocking cell.*® Of note, the molecular structure of the AAs used
in these experiments was known, and in fact it had been used in prior atomistic molecular dynamics (MD)
simulations by Striolo and his collaborators.3! 3% 4950 Those simulations suggested that AAs that yield an
ordered structure at the hydrate-oil interface can exhibit good practical performance. If MD simulations
were consistent with HP-MMF experiments, then a seamless workflow could correlate AA molecular
structure, their self-assembly at the hydrate-oil interface, their effect on hydrate-hydrate cohesive forces,
and their macroscopic flow assurance performance, thereby providing a tool for the in silico design and
screening of new potential AA molecules. The goal of this manuscript is to test whether such correlations
are possible. While new MD simulation results are presented in this manuscript, the experimental data are

taken from Koh et al.*®
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Figure 1. A) Representative simulation snapshot for the final configuration for a system composed of two slI hydrate
particles covered with thin water films and AAs, immersed in a mixture of gaseous (CHs-C2Hs) and liquid hydrocarbons. Blue
dotted lines symbolise water molecules in the hydrate. Purple and green spheres symbolise methane/ethane in the liquid and
hydrate phases, respectively. Silver lines represent liquid hydrocarbons, e.g., n-dodecane and n-heptane. Red and white spheres
represent water oxygen and hydrogen atoms, respectively. Cyan, blue, red, white, and yellow spheres represent carbon, nitrogen,
oxygen, hydrogen atoms in AA molecules, and chloride ions, respectively. B) Molecular structures of the AAs considered: AAC8
(R1=C8), AAC12 (R1 = C12), AAC121 (R1 = C4-C-C=C-C-C4), and AAC171 (R1 = C7-C-C=C-C-C6).

Simulation Methodology

Model Setup. One representative simulation set up (see Figure 1A) mimics the measurements of
hydrate particle cohesive forces conducted in experiments.*® Each simulated system contains two hydrate
nano-particles immersed in a hydrocarbon mixture. Each hydrate nano-particle was carved out of the bulk
structure of sll CH4/C,Hs hydrates®® which were used in the High-Pressure Micromechanical Force
Apparatus (HP-MMF) and are expected to form within rocking cell experiments*® to test the AA
performance. The X, Y and Z dimensions of each hydrate nano-particle were 5.193, 3.462, and 1.731 nm,
respectively. The hydrate substrates were parallel to the X-Y plane. On top of the hydrate particles, we
deposited a thin water film with thickness of ~0.5 nm and a layer of quaternary ammonium surfactants AAs

along the Z-direction.3 42 4950 Thereafter, we duplicated the hydrate nano-particle covered with water and



AAs and placed the two hydrate nano-particles in a mirror-symmetric way along the Z-direction. The two
hydrate nano-particles were then immersed in the hydrocarbon phase, yielding a simulation box length of
11.193, 3.462 and 16 nm in the X-, Y- and Z-directions, respectively. The hydrate substrates are infinite
along the Y-direction due to the periodic boundary conditions applied in three directions.

In our simulations, the hydrocarbon phase contains either n-dodecane or n-heptane and CH4/C;Hs gas
mixtures with a molar ratio of 10:7.5:2.5. The gas mixture used in this study consists of 75 mol % of
methane and 25 mol % of ethane, similar to the Green Canyon gases used in experiments.® The AAs
considered are AAC8, AAC12, AAC121, AACL71 (their structures are shown in Figure 1B) at the AA
surface density of 0.44 molecule/nm?. The AAC171 was also simulated at the surface density of 0.28
molecule/nm?, which in our approximation (based on the ratio of the reciprocals of two quantities, e.g., the
number of AA molecules and the molecular weight of AAs) corresponds to similar bulk AA concentration
(in liquid hydrocarbons) as systems with AAC8, AAC12, and AAC121 at the surface density of 0.44
molecule/nm?. It should be noted that experimental data are not available for the AAC121 surfactant, which
was considered here, for illustration purposes, as a potential new AA, designed in silico. In Table 1, we

report the compositions of the simulated systems.

Table 1. Compositions of the simulated systems.

Nchasi Nconsst Nr2osi Nh2o Naas Nc12:Ncra:Necans  Nez7:Ncha:Neows
AAs-0.44 216 72 1632 600 16 1160:870:290 1800:1350:450
AAC171-0.28 216 72 1632 600 10 1160:870:290 1800:1350:450

Force Fields and Implementation. Water molecules were represented by the TIP4P/Ice model,>? which has
been proven successful to simulate hydrate nucleation and growth® 2 as well as to study the effectiveness of potential
hydrate antiagglomerants.®> © AAs were modelled using the General Amber Force Field (GAFF),>*% often

employed to study organic and pharmaceutical molecules containing H, C, N, O, S, P, and halogens.**



Hydrocarbons (e.g. methane, ethane, n-dodecane, and n-heptane) were described by implementing the
united-atom version of the TraPPE-UA force field,*® which accurately characterizes the vapor-liquid
coexistence curves and critical properties of linear alkanes from methane to dodecane. We added chloride ions
(CI") represented as charged Lennard-Jones spheres> to maintain system charge neutrality. The chloride ions (CI")
were modelled using the potential parameters taken from Dang without polarizability,®” because this force
field is compatible with various water models.®®*® All non-bonded interactions were characterized by
dispersion and electrostatic forces using the 12—6 Lennard-Jones (LJ) and Coulombic potentials,
respectively. We employed the particle—particle particle-mesh (PPPM) method for treating long-range
corrections® and the Lorentz—Berthelot combining rules to characterize the unlike LJ interactions.5! The
cutoff distance of 14 A was used for all interactions.

Equilibrium MD simulations were conducted using the GROMACS package,? version 2016.3. We
implemented simulation procedures similar to those used in our previous study.3! “ First, we performed a
NVT canonical ensemble simulation for 1 ns to relax the initial configuration while the hydrate layer was
kept fixed. Subsequently, the simulations were carried out within the NPT ensemble under conditions
similar to the experiments (T = 274 K and P = 3.45 MPa) using Nose-Hoover thermostat and
Berendsen/Parrinello-Rahman barostat.> We implemented the pressure coupling only along the Z-
direction, which enables us to keep X and Y dimensions of the simulation box constant. The equations of
motion were solved using the leapfrog algorithm with the time step of 1.0 fs.52 We applied a harmonic
restraint force (k = 2000 kJ/mol.nm) on water, methane and ethane molecules in the two hydrate nano-
particles to tether them to their initial positions ¢ while other molecules in the system were allowed to move
in the NPT simulations. We conducted each NPT simulation for > 200 ns. To check whether the simulations
reach equilibrium, we analyzed the convergence of system density and energy as well as density profiles of
n-dodecane (or n-heptane) along the direction of the simulation box perpendicular to the hydrate particles.

Once equilibration was reached, we conducted umbrella-sampling (US) simulations® to examine the
interaction forces between the two hydrate nano-particles in the presence of various AAs, which have been
investigated experimentally. The results from the US simulations were reconstructed to calculate the
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Potential of Mean Force (PMF) experienced by the one hydrate nano-particle moving towards the other one
along the Z-direction. The center of mass of the pulling hydrate particle was tethered by a harmonic spring
of elastic constant 2000 kJ/mol.nm. During the US simulations, water, methane, and ethane molecules in
the pulling hydrate particle were allowed to move freely while water—-methane and water—ethane distances
were constrained within the hydrate particles to maintain the sll hydrate structure. In each sampling
window, an US run of 20 ns was conducted in the NVT ensemble. The Weighted Histogram Analysis
Method (WHAM) algorithm was used to reconstruct the PMF profiles.®® The bootstrap analysis employed

in GROMACS was conducted to estimate the error bars.5

Results and Discussion
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Figure 2. Potential of mean force profiles along the Z-direction (perpendicular to the hydrate surfaces) as experienced by one
hydrate particle moving towards the other one in the presence of n-dodecane (left) and n-heptane (right). Results were obtained
for the hydrate particles covered with AAC8 (green), AAC12 (red), AAC121 (grey), AAC171 (dark blue) at the surface density
of 0.44 molecule/nm? and AAC171 at the surface density of 0.28 molecule/nm? (bright blue). The distance | is that between the

planes formed by the water oxygen atoms of the surfaces of bottom and top hydrate nano-particles, which are in contact with thin
water films and AAs.

Potential of Mean Force. In Figure 2 we present the PMF profiles experienced by the two hydrate
particles as they approach each other in the direction perpendicular to the hydrate-hydrocarbon interface.
The results are shown for two liquid hydrocarbons: n-dodecane (left) and n-heptane (right). The PMF

profiles were obtained as functions of the distance | between the surfaces of the two hydrates (see Fig. 1A).
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The results depend strongly on the AAs used. Specifically, in the presence of AACS (green) the PMF profile
shows an effective attraction between the two hydrate particles. On the other hand, the PMFs obtained in
the presence of AAC12 (red), AAC121 (grey), and AAC171 (at both surface densities considered — dark
and bright blue, respectively) show, as distance decreases, one repulsive barrier at intermediate I, a
subsequent minimum, and a monotonic increase as | decreases. The repulsive barrier represents the work
needed to compress and disperse the AA layers, which is dependent on the structural conformations of the
AAs, e.g., tail length, tail configurations (e.g., inclusion of double bonds), packing density (AA surface
density at 0.44 and 0.28 molecules/nm?), and the properties of solvents.®* Much higher repulsive barriers
are obtained in the presence of AAC12 (red) and AACL71 (dark blue), at the surface density of 0.44
molecule/nm?, in both n-dodecane and n-heptane. Analysis of the density profiles for the AA films confined
between the two hydrate particles when they are at a relative distance | = 2.51 nm, where the PMF shows a
repulsive barrier for the system with AAC12, indicates a more pronounced density peak for the system with
AAC12 compared to the results obtained the systems with AAC8 and AAC121 (as shown in Figure S1in
the Supporting Information (SI)). One significant feature in the PMFs seems to strongly depend on the
liquid hydrocarbon; specifically, the hydrates covered with AAC12 in n-heptane experience stronger
attraction than those in n-dodecane when they begin to interact, whereas the interactions between the
hydrates covered with AAC8 in n-dodecane are more attractive than those in n-heptane.

Varying AAs and the liquid hydrocarbon alters significantly the maximum distance at which the two
hydrates experience an effective attraction (the PMF decreases below 0) (see Table S1 in the Sl).
Specifically, effective attraction between two hydrate particles covered with AAs in both n-dodecane and
n-heptane is felt at a distance | which increases in the following order: AAC171-0.44 < AAC12-0.44 <
AAC171-0.28 < AAC121-0.44 < AACB-0.44. The hydrate particles covered with AAC12, AAC121 and
AAC171 in n-heptane seem to attract each other at distances further than when they are in n-dodecane.
These results offer qualitative understanding of the dispersion behaviour of hydrate particles under the

effect of various AAs and liquid HCs and provide some insights into the AA performance.
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Figure 3. Simulated force—distance curves obtained for the hydrate particles in n-dodecane (top) and n-heptane (bottom). Red

lines represent the fitting of data points to a mathematical function (Eq. (1)). Results were obtained for the hydrate particles
covered with AACS (green), AAC12 (red), AAC121 (grey) at the surface density of 0.44 molecule/nm? and AAC171 at the

surface density of 0.28 molecule/nm? (bright blue).

Force — Distance Profiles. By differentiation of the PMF profiles, we can obtain effective force—

distance curves by (F(l)) = -dPMF(I)/dl. The differentiation is conducted numerically by implementing a

backward difference approximation. The resultant force—distance profiles are reminiscent of a Lennard-

Jones force (with parameters ¢ and o, which illustrate the depth of the attractive well and the distance at

which the interaction potential is zero, respectively) superimposed to a repulsive force between the hydrate

particles (with parameters ro, b, and n, which control position and height of the repulsive peak), yielding

the following expression:®®

F = 4¢ (120‘12 _

r13

60°

) (1 e [F52] x)

M)
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Fitting simulated force data points to Eq. (1) via adjusting the parameters ¢, o, ro, b, and n (values
reported in the SI) employing a non-linear regression with the Levenberg-Marquardt algorithm and
removing outliers following the protocol suggested by Motulsky and Brown (details about the numerical
procedure are described in the SI),%® we observe that the force—distance profiles for the systems with AAC12
in the presence of n-dodecane and n-heptane (see Figure 3, top and bottom, respectively) present mid-range
moderately repulsive peaks. These repulsions could prevent coalescence if strong enough, which is the aim
of using AAs for hydrate management. The results present a different situation for the systems with AAC8
(green) as well as AAC121 (grey) and AAC171 at AA surface density of 0.28 molecule/nm? (bright blue)
in n-dodecane (Fig. 3, top) and n-heptane (Fig. 3, bottom). For these systems, the force profiles are
consistent with an effective attraction between the two hydrates, even in the presence of the AAs. These
simulation results suggest that AAC12 might exhibit good anti-agglomerant performance in n-dodecane
and n-heptane compared to the other AAs at the same vol% in the hydrocarbon phase. These expectations

are indeed qualitatively consistent with experimental observations.*®
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Figure 4. A) Schematic of particle—particle capillary cohesion with parameters: particle radius (R), particle separation distance
(H), liquid bridge immersion depth (d), capillary bridge width (), embracing angle (o), external contact angle (&), and contact
angle (), adapted from Aman et al.®® B) Schematic of the calculation for cohesive work attributed to hydrate-hydrate cohesion
(blue shaded region under the line of zero-value of force). C) Experimental and simulated cohesive force data between two
hydrate particles covered with AAs immersed in n-dodecane (yellow) and n-heptane (blue). Simulation results were obtained in
the presence of AAC8, AAC12, AAC121 at the surface density of 0.44 molecule/nm? and AAC171 at the surface density of 0.28
molecule/nm?. Results from MD simulations (left, this work) and HP-MMF experiments (right, adapted from Koh et al.*%) are
shown. In the experimental data, the surface density of AAs is not known, although all experiments were conducted at the AA
concentration of 0.5 vol %. Pressure and temperature conditions considered in the experiments are the same as those used in the
simulations: 3.45 MPa and 274 K.
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Hydrate Particle Cohesive Forces. To quantitatively compare the simulation results with the
experimental data reported by Koh et al.,*® we quantify the cohesive force. The hydrate interparticle

cohesive force measurements are interpreted using the capillary bridge theory.57-68 69 36

F . .
R—f = 2mysin(a)sin(6, + 6) +

2mycosty,
1+H/,

)

In Eq. (2), Fa is the hydrate interparticle cohesive force, R is the harmonic mean radius of the particle
pair, and other relevant parameters are described in Figure 4A.

Assuming that the pressure difference between the bulk phases and the bridge (capillary pressure) is
extremely small for the systems considered in the current investigation, the cohesive force between two
nano-particles can be described by the following expression, where the first term of Eq. (2) is modified to

take into account only the particle—particle contact area and the second term of Eq. (2) is removed:®

F _ Wsep
= 3)

In Eq. (3), Fis hydrate—hydrate cohesive force, Wsep is work of separation of two hydrate nano-particles
or also the hydrate-hydrate cohesive work (illustrated as blue shaded region in Figure 4B), L” is the

harmonic mean circumference of the hydrate particle pair, and A is the surface area of the interface.

Table 2. Work of cohesion for the systems with AAC8, AAC12, AAC121 at the AA surface density of 0.44
molecule/nm? and AAC171 at AA surface density of 0.28 molecule/nm? in the presence of n-dodecane and n-
heptane.

Work of Cohesion (kcal/mol)

n-dodecane n-heptane
AAC8-0.44 74.35+ 3.40 48.23+9.44
AAC12-0.44 -2.58 £-0.70 37.54 £ 8.08
AAC121 - 0.44 41.14 +6.06 74.15+8.18
AAC171-0.28 65.94 + 5.57 79.61 +£5.88
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In Table 2, we report the work of cohesion Wse, for the systems with AAC8, AAC12, AAC121 at the
AA surface density of 0.44 molecule/nm? and AAC171 at AA surface density of 0.28 molecule/nm? in the
presence of n-dodecane and n-heptane. Wsep is determined by the integration of the force—distance curves
under the reference line at F = 0 until the force approaches the zero value.” The results show negative Wsep
only for the case in which the two hydrate nano-particles covered with AAC12 in n-dodecane are brought
closer together. This suggests that the cohesive force measurement for this system is inaccesible, which
shows excellent agreement with the recent experimental observation.® On the other hand, we observe
positive values of W, for all the other systems.

When values for the work of cohesion are known, we further quantify the cohesive force (F/L) in Eq.
(4). In Figure 4C, left, we show the cohesive force calculated for the systems with AAC8, AAC12,
AAC121 at the surface density of 0.44 molecule/nm? and AAC171 at the surface density of 0.28
molecule/nm? in n-dodecane and n-heptane. The cohesive force found in the presence of AACS8 in n-
dodecane is larger than that obtained in n-heptane, suggesting that AAC8 performs better as an AA in the
latter than in the former hydrocarbon, whereas the results obtained for AAC12, AAC121 and AAC171
show the opposite trends. Our previous MD study also suggested that AAC12 might perform better in n-
dodecane than in n-octane and in n-hexane.! Because our simulation results are quantitatively comparable
to experimental measurements (see Figure 4C, right),”® we propose that the simulation protocol
implemented here could be used to predict AA performance. For example, the AAC121 surfactant was not
considered in the experimental campaign reported by Koh et al.*® The MD results presented in Fig. 4C
suggest that this molecule might not be a good AA candidate in either liquid hydrocarbon for use in flow

assurance, as it yields measurable and rather high cohesive forces between the hydrates.
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Figure 5. A) Probability distributions of orientational angle ¢ for AAC8 (green), AAC12 (red), AAC121 (grey) at 0.44
molecule/nm? and AAC171 at 0.28 molecule/nm? (bright blue). Results were obtained in n-dodecane (left) and n-heptane (right).
The inset in the left panel shows a diagram describing the orientational angle ¢ formed by the vector connecting the first to the
last carbon atoms of the AA long tails and the direction perpendicular to the hydrate surface. B) Fitting data points of the
probability distribution of the orientational angle with a skew-Gaussian curve. C) The global maximum of the Gaussian hills ¢
obtained from fitting the probability distribution of the orientational angle for all systems considered.

AA Orientation. In an attempt to identify molecular features that correlate with the cohesive force data
shown in Fig. 4C, we examine the orientation of AAs adsorbed on the hydrate surfaces. Previous studies
suggested that the orientational ordering of AAs could help predict AAs performance in hydrate
management (the more uprightly AAs orient, the better they perform),® " as a well-ordered AA film can
effectively exclude CH4/C;Hs from the interfacial layer, which possibly hinders hydrate growth.3:* To
guantify the AA orientation, we calculate the probability distribution of the orientational angle ¢ formed
between each surfactant tail and the surface normal, e.g. Z-direction. For all AAs, we observe wide
probability distributions at the low AA surface densities considered here (see Figure 5A), consistent with

previous results.: 3 These results suggest that the AAs remain orientationally disordered at the conditions
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probed in the present study. Fitting the probability distributions with skew-Gaussian curves (see Figure
5B), we obtained the global maximum of the Gaussian hills ¢ for all systems considered (see Figure 5C).
The ¢ for AACS in n-heptane (39°) is smaller than in n-dodecane (51°), which means AAC8 molecules
orient their long hydrocarbon tails more vertically in n-heptane than in n-dodecane, possibly explaining
why AACS yields larger cohesive force in n-dodecane than in n-heptane. Nevertheless, the ¢ for other AAs
considered here do not correlate with the corresponding cohesive forces. For example, the ¢ for AAC12 in
both liquid hydrocarbons are rather comparable (36°-37°) despite the fact that AAC12 shows much better
performane in n-dodecane. This suggests that, although the interfacial orientation might be important in
explaining the AAs performance at high AA surface densities, it might not be sufficient to explain cohesive

energy data. Other mechanisms are likely affecting AAs performance.
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\Figure 6. Simulated cohesive force (bars) between two hydrate particles covered with AAs immersed in n-dodecane (yellow) and

n-heptane (blue) with free energy (panel A), entropy change (panel B) and sum of free energy and entropy change (panel C)
associated with solvation of AA molecules in the presence of n-dodecane and n-heptane (yellow and blue, filled circles,

respectively) at 274 K and 3.45 MPa. The computational results were obtained for the systems with AAC8, AAC12, AAC121

and AAC171.
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Free Energy and Entropy Changes on Solvation of AAs. To determine which other molecular factors
might affect the effectiveness of AAs in hydrate management, we recall the suggestion that hydrocarbons
provide more favourable solvation free energy to longer hydrophobic AAs tails.?® Using the perturbation
method coupled with the Bennett acceptance ratio protocol,%? we analysed the free energy changes upon
solvation of the AACS8, AAC12, AAC12 at 0.44 molecule/nm? and AAC171 at 0.28 molecule/nm? in both
n-dodecane (yellow) and n-heptane (blue), as shown in Figure 6A, filled circles. The results show the AA
solvation free energies computed in both liquid hydrocarbons are similar, although the corresponding
cohesive forces are rather different (columns shown in Figure 6A). The solvation free energy of AAC12 is
also comparable to that of AAC121 in n-dodecane and n-heptane, possibly because these surfactants have
the same tail length, despite the fact that AAC12 shows much better performance than AAC121. Therefore,
we conclude that solvation free energy alone cannot explain the correlation between simulated and
experimental data presented here, regarding AA flow assurance performance.

Because of the significant contribution of the entropy coupled with the conformational degrees of
freedom to the thermodynamics of solvation of molecules,”>"® we computed the configurational entropy,
S, of AAs in liquid hydrocarbons via the method developed by Schlitter and others.”*’” Note that the
configurational entropy corresponds to the entropy associated with the intramolecular vibrations of a
molecule™ and thus analysis of configurational entropy of a molecule will provide insights into the degree
of its flexibility.”® S, is quantified by calculating the covariance of the Cartesian coordinates of atoms of

one AA molecule with the following expression:”

S, =~k In det [1 +

2
: kTe Ml/zaMl/Z] . (4)

h

In Eqg. (4), M is the 3N-dimensional diagonal mass matrix for one AA of N atoms; ois the covariance in
positions of the AA atoms; e is the Euler number; T is the simulation temperature; and k is the Boltzmann
constant. The entropy change because of the reorganization of AAs in the presence of solvent at density o

can be estimated as A4S, = Si(p) — Su(p=0).
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We report the entropy change TAS, (as shown in Fig. 6B, filled circles) associated with solvation of
AACS8, AAC12, AAC12 at 0.44 molecule/nm? and AAC171 at 0.28 molecule/nm? in n-dodecane (yellow)
and n-heptane (blue) at 274 K and 3.45 MPa. Note that the larger the entropy change upon solvation is, the
more inflexible the AAs become when dissolved in the hydrocarbons, perhaps suggesting higher efficiency
in preventing CH4/C;Hs from entering the interfacial layer. The results show that TAS. for AAC12,
AAC171 and AAC121 in n-dodecane are larger than the corresponding values in n-heptane, suggesting that
the AAs considered here are less flexible in n-dodecane than in n-heptane, which possibly explains why the
cohesive forces between two hydrate particles measured are smaller in n-dodecane. Contrarily, while TAS,
for AAC171 in both liquid hydrocarbons are larger than the results obtained for AAC121, the cohesive
forces between two hydrate particles covered with AAC171 are greater. In addition, TAS. for AAC171 in
n-heptane is higher than that calculated for AACS, albeit the cohesive forces between two hydrate particles
covered with AAC171 in n-heptane are larger. Thus, our results suggest no correlation between the entropy
change upon solvation of AAs and their flow assurance performance, at least within our dataset.

However, combining free energy and entropy changes associated with solvation of AAs, which
represents the enthalpy of solvation (AG + TAS.), we observe a direct correlation with AA performance,
i.e., AG + TAS, data for AAs in n-dodecane follow the order: AAC12 > AAC121 > AAC171 > AACS,
which is consistent with the order obtained for the cohesive forces (see Fig. 6C). To support our results, we
note that Lynden-Bell et al.®! previously identified a correlation between the solvation free energy of a non-
polar molecule and its hydration structure. We note that AG + TAS_ for AACS8 in n-heptane is comparable
to values calculated for AAC171 and AAC121 (~ -30.1+0.6 kcal/mol), although AAC8, AAC171 and
AAC121 in n-heptane show significant differences in orientation (see Fig. 5C). Similarly, AG + TAS, values
for AACS8 in the two hydrocarbons considered here are equivalent, while the respective molecular
orientation is different. This suggests that, when AG + TAS, values predicted for two AAs are similar, the
AA orientation at the hydrate-hydrocarbon interface might correlate with macroscopic performance.

Comparing the results obtained for AAC171 and AAC121, we conclude that including one double bond in
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the tails of these AAs increases their degree of flexibility and thereby reduces their effectiveness in
preventing hydrate agglomeration. These observations suggest that the quantification of AG + TAS, changes
on solvation of AA coupled with the AA orientation at hydrate-oil interface, as well as with cohesion force
between hydrate particles could be used to predict AA performance. Certainly, more extensive datasets
should be used to test whether this correlation has predictive capabilities.

One might wonder why AAC12 molecules orient their n-dodecyl tails more uprightly and become less
flexible in n-dodecane than in n-heptane compared to the other AAs (see Fig. 5). Employing neutron and
X-ray diffraction techniques, Clarke and his coworkers®? found out that dodecane forms additional phases
with parallel and upright molecular structures, even at high temperature (290 K), at both low and high
coverages, as opposed to other hydrocarbons. This could help us understand previous observations
according to which mixtures of surfactants with n-dodecyl tails with dodecane could yield ordered
interfacial monolayers, while ordered interfacial films could not be observed for mixed n-octyl-octane®! or

n-hexyl-hexane® monolayers.
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Figure 7. Diffusion profiles along the Z-direction for one hydrate particle moving towards the other one in the presence of n-
dodecane (left) and n-heptane (right). Results were obtained for the systems in the presence of AAC8 (green), AAC12 (red),
AAC121 (grey) at the AA surface density of 0.44 molecule/nm? and AAC171 at AA surface density of 0.28 molecule/nm? (bright
blue). Each line represents the diffusion profile for a hydrate particle with one AA obtained by smoothing data points of

diffusivity using adjacent-averaging filter.
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Dynamic Properties. To complement the thermodynamic analysis, we estimated the position-
dependent diffusion profiles, thereby obtaining molecular-level understanding of the transport of hydrate
particles covered with AAs across the hydrocarbon phase. The variation of the hydrate particle diffusivity
can be affected by variation of the frictional environment as the particle moves from the bulk hydrocarbon
phase towards the other particle. Due to the heterogeneity of simulated systems, the calculation of position-
dependent diffusion constant is more reliable than the quantification of mean square displacements.? It is
worth noting that the ability to suspend/disperse hydrate particles in a liquid hydrocarbon phase is important
for hydrate slurry transport. We extended the standard scope of the US framework considering the method
originated by Straub et al.®® and elaborated by Hummer,8 where the position-dependent diffusion
coefficient is calculated from the position autocorrelation function (PACF) obtained from harmonically

restrained simulations:32 7.8

2
Do = (D)) = Tog o (5)
0 ZZ

In Eq. (5), {z)x is the average of the Cartesian position of the hydrate particle along the Z-direction in the
US window k, C(t) = (5z(0)z(t)) the PACF calculated directly from the time series, and var(z) = (z?) —
(z)? is its variance.

Our results, in Figure 7, show that the hydrocarbon phase strongly affects the diffusion profiles of the
hydrate particles. In particular, the hydrate particles diffuse in bulk n-heptane (~ 3.5x10° m?/s) faster than
in n-dodecane (~ 3.0x107° m?s), probably due to the smaller viscosity of n-heptane. Varying AAs
moderately alters the diffusion of the hydrate particles. Specifically, the diffusivities of the hydrate particles
covered with AAC12 and AAC121 in n-heptane are smaller than those obtained for AAC8 and AAC171
when the two hydrate particles start approaching each other. While these results could be useful for
modelling of transport of hydrate particles at large length scales, they do not seem to be strongly correlated

with the performance of the AAs.
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Conclusions

Employing classic molecular dynamics simulations, we investigated the interactions between gas
hydrate nano-particles immersed in hydrocarbons in the presence of AAs under industrially relevant
conditions, and we correlated the results with the performance of the AAs for hydrate management. The
simulated results of hydrate particle cohesive forces for the systems with AAC8, AAC12 and AAC171 in
n-dodecane and n-heptane are quantitatively comparable to those measured from HP-MMF experiments.
Excellent agreement between simulated and HP-MMF experimental data suggests that a practical workflow
might be possible to predict the performance of AAs. Further, our simulation results reveal, for the first
time, some of the key factors that might determine the performance of AAs for the prevention of hydrate
agglomeration. These include the orientation of AAs adsorbed at the hydrate-oil interface as well as free
energy and entropy changes associated with solvation of AAs, the latter indicating the degree of AAs
molecular flexibility upon AA solvation. Our analysis not only explain why the liquid hydrocarbons can
affect the AA performance, but, once extended to other relevant systems, could provide a workflow for the

accelerated design of new antiagglomerants.
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Figure S1. Density profiles of AA layers confined between two hydrate particles when they are further away from each
other (panel A) and when they are brought at distance | = 2.51 nm (panel B), where the repulsive barrier is located in the
PMF profile obtained for systems with AAC12, as shown in Figure 2 of the main text. Results are shown for N* atom (blue),
middle (green) and ending (red) carbon atoms of AAC8 (left), AAC121 (middle), and AAC12 (right) tails along the Z-
direction (perpendicular to the hydrate surfaces). C) Density profiles of middle (left) and ending (right) carbon atoms of
AACS (green), AAC121 (grey), and AAC12 (red) tails along the Z-direction when the two hydrate particles are brought
close near one another at distance | =2.51 nm

In Figure S1, we report the results of density profiles of AA layers confined between the two hydrate
particles when they are far from each other (panel A) and when they are at distance | = 2.51 nm (panel
B). Results are shown for N* atom (see Figure 1B in the main text) (blue), middle (green) and end (red)
carbon atoms of AACS8 (left), AAC121 (middle), and AAC12 (right) tails along the Z-direction
(perpendicular to the hydrate surfaces). We do not observe significant differences in the density profiles
for different AAs, e.g., AAC8, AAC121, and AAC12 when the two hydrate particles are far from each
other (panel A). However, when the two hydrate particles are at | = 2.51 nm, the density peak obtained

for the system with AAC12 is noticeably more pronounced and narrower compared to those found for



systems with AAC8 and AAC121 (left, panel C). Note that the total number of middle carbon atoms of
tails of AAC8, AAC121 and AAC12 are the same. This suggests that AAC12 might not be as flexible
as the other AAs considered, i.e., AAC8 and AAC121; the presence of pronounced density peak for the
middle carbon atoms of AAC12 tails when the two hydrate particles are near each other could be related
to the free energy barrier in the PMF results. We do not observe significant differences in the results for
density profiles obtained for the ending carbon atoms of tails of AAC8 (green), AAC121 (grey) and

AAC12 (red) when the two hydrate particles are brought near one another.

In Table S1, we report data extracted from the PMF profiles, shown in Figure 2 of the main text.

Table S1. Locations of minimum and local maxima in the PMF profiles and locations where attraction initiates.

Minimum (A) Local Maximum (A)  Coalescence Initiation (A)
C12 C7 C12 C7 C12 Cc7
AACS8-0.44 12.5 13.6 26.9 26.9
AAC12-0.44 135 11.1 21.6 23.7 17.2 20.6
AAC121-0.44 13.3 115 255 26.5 24.4 24.9
AAC171-0.28 10.5 11.5 235 254 20.0 24.5
AAC171-0.44 10.8 13.6 20.2 21.6 144 174

The force—distance profiles shown in Figure 3 of the main text are reminiscent of a Lennard-Jones force
(with parameters ¢ and o) superimposed to a repulsive peak (parameters ro, b, and n), yielding the

following expression:!
= te (25 ) (1= e [ xn) ()
The procedure of fitting simulated force data points while removing outliers follows three steps:
1. Fit simulated force data points to Eq. (1) via adjusting the parameters ¢, o, ro, b, and n employing a
non-linear regression with the Levenberg-Marquardt algorithm.

2. Examine the residuals of the fit and identify whether one or more values are outliers. To do this, we

applied the method of outliner identification developed by Motulsky and Brown? based on the False



Discovery Rate (FDR) approach of testing for multiple comparisons. The details about the numerical
procedure to detect outliers follows these steps are described by Motulsky and Brown.?

3. Remove the outliers and implement non-linear regression on the remaining data.

4. Employ the chi-squared test and degrees of freedom for fitting parameters to perform a ‘goodness
of fit’ test. An iterative procedure that minimizes the reduced chi-square value to obtain the optimal
parameter values is implemented during the nonlinear curve fitting performance. The reduced chi-
square was calculated by dividing the residual sum of squares by the degrees of freedom.

5. Complete the fitting with a minimal value of reduced chi-square and a high value of the coefficient

of determination (R?) for the model parameters.

In Table S2, we report the resultant fitted parameters.

Table S2. Values of the fitting parameters of the force — distance curve model described in Eq. (1) for all systems considered

¢ (kcal.molt.nmt) o (nm) fo (NM) b (nm?) n
AAC8 - C12 0.115 + 0.005 1.108 £0.009 1.950 £ 0.016 0.190 + 0.002 -1.45E6 +0.07E6
AAC12 -C12 0.008 + 0.002 1.934 +£0.024 2.500 +£0.031 0.150 + 0.002 -1.15E3 + 0.31E3
AAC121 -C12 0.015 +0.002 1.190 £ 0.003 1.950 + 0.005 0.190 + 0.001 -1.84E6 + 0.27E6
AAC171-C12 1.137 £ 0.096 0.854 +0.002 1.950 + 0.005 0.230 £ 0.001 -1.09E1 + 0.09E1
AAC8 - C7 0.324 +£0.064 1.212 £ 0.005 1.950 + 0.008 0.190 £ 0.001 -1.10E2 +0.22E2
AAC12 - C7 0.466 +0.100 1.005 £ 0.008 1.950 + 0.016 0.190 £ 0.002 -2.07E2 £ 0.45E2
AAC121 -C7 0.098 +£0.011 1.032 + 0.006 1.950 £+ 0.011 0.190 £ 0.001 -1.28E3 + 0.14E3
AAC171-C7 0.046 + 0.003 1.133+£0.004 1.950 + 0.007 0.190 +0.001 -1.39E3 + 0.10E3
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