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ABSTRACT: Gas hydrate interparticle cohesive forces are
important to determine the hydrate crystal particle agglomeration
behavior and subsequent hydrate slurry transport that is critical to
preventing potentially catastrophic consequences of subsea oil/gas
pipeline blockages. A unique high-pressure micromechanical force
apparatus has been employed to investigate the effect of the
molecular structure of industrially relevant hydrate antiagglomer-
ant (AA) inhibitors on gas hydrate crystal interparticle interactions.
Four AA molecules with known detailed structures [quaternary
ammonium salts with two long tails (R1) and one short tail (R2)]
in which the R1 has 12 carbon (C12) and 8 carbon (C8) and
saturated (C−C) versus unsaturated (CC) bonding are used in
this work to investigate their interfacial activity to suppress hydrate crystal interparticle interactions in the presence of two liquid
hydrocarbons (n-dodecane and n-heptane). All AAs were able to reduce the interparticle cohesive force from the baseline (23.5 ±
2.5 mN m−1), but AA-C12 shows superior performance in both liquid hydrocarbons compared to the other AAs. The interfacial
measurements indicate that the AA with an R1 longer alkyl chain length can provide a denser barrier, and the AA molecules may
have higher packing density when the AA R1 alkyl tail length is comparable to that of the liquid hydrocarbon chain on the gas
hydrate crystal surface. Increasing the salinity can promote the effectiveness of an AA molecule and can also eliminate the effect of
longer particle contact times, which typically increases the interparticle cohesive force. This work reports the first experimental
investigation of high-performance known molecular structure AAs under industrially relevant conditions, showing that these
molecules can reduce the interfacial tension and increase the gas hydrate−water contact angle, thereby minimizing the gas hydrate
interparticle interactions. The structure−performance relation reported in this work can be used to help in the design of improved
AA inhibitor molecules that will be critical to industrial hydrate crystal slurry transport.

■ INTRODUCTION
Gas hydrates belong to a class of compounds commonly
known as clathrates. Gas hydrates are crystalline inclusion
compounds composed of a three-dimensional lattice of
hydrogen-bonded water and gas molecules (e.g., methane,
ethane, carbon dioxide, etc.) formed under high-pressure and
low-temperature conditions.1,2 Gas molecules with appropriate
sizes can fit into the water cages of the hydrate structure. Gas
hydrates are classified into three crystal structures: cubic
structure I (sI), cubic structure II (sII), and hexagonal
structure (sH).1 Figure 1 shows the typical structures of sI
hydrates with small dodecahedral and large tetradecahedral
water cages.
Gas hydrates potentially provide a significant resource of

energy and have promising applications in energy recovery and
gas storage,3−5 because of their wide occurrence in deep ocean
sediments and permafrost environments and storage density of
around 164 volumes of gas per volume of hydrate,
respectively.6−9 However, gas hydrates can be formed in
subsea oil and gas flowlines because their operating conditions
include the high-pressure and low-temperature conditions at
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Figure 1. Conceptual illustration of (a) small dodecahedral and (b)
large tetradecahedral water cages for structure I (sI) hydrates with a
methane molecule occupying the cavity.1
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which gas hydrates are thermodynamically stable.1 The
formation, agglomeration, and deposition of gas hydrates can
subsequently plug the oil and gas flowlines, resulting in
disruption to production, economic losses, and adverse
environmental impacts.10−13 Therefore, hydrate inhibitors
were developed to treat the hydrate issues with chemicals.
Thermodynamic hydrate inhibitors (THIs) and low-dosage
hydrate inhibitors (LDHIs), kinetic hydrate inhibitors (KHIs)
or antiagglomerants (AAs), are the most commonly used
hydrate inhibitors to prevent hydrate or plug formation,
respectively.14,15 THIs (e.g., methanol and glycol) can prevent
hydrate formation by shifting the operating conditions outside
of the hydrate stability zone.16 However, large concentrations
(e.g., 30−40 vol %) of THIs are usually required. Therefore,
KHIs and AAs classified as LDHIs, typically effective at 0.5−2
vol %, are of significant interest.14,17−19 KHIs are used to delay
hydrate nucleation and growth times by affecting the
hydrogen-bonding network of water.14 Conversely, AAs work
by preventing hydrate particle agglomeration, managing
hydrate formation risks, and extending the lifespan of the
production assets.20−22 The prevention of hydrate particles
from agglomeration not only affects flow assurance in oil and
gas fields but also other technological applications, such as
energy storage (natural gas and hydrogen), gas separation,
desalination, and so forth.
AAs, while still allowing hydrate formation in the flowlines,

aim to reduce interparticle interactions to prevent agglomer-
ation into large masses. AAs are amphiphilic chemicals with
hydrophobic tails and hydrophilic headgroups that can interact
with hydrate particle surfaces and make them repulsive/less
attractive to other hydrate particles.18 Most AAs are surface-
active molecules and can be adsorbed at water−liquid
hydrocarbon or hydrate−liquid hydrocarbon interfaces.23

Previous studies suggested that the adsorption of AA molecules
is one mechanism that may help prevent gas hydrate
agglomeration.23,24

The interfacial properties of gas hydrate crystals are critical
to dictating how hydrates nucleate/form and interact with each
other; all energy applications can be controlled by the
interfacial interactions of hydrate crystals in water, liquid
hydrocarbon, and gas-continuous systems. In a liquid hydro-
carbon-dominated system, a water layer between gas hydrate
particles acts to minimize the free energy of the system.25 The
addition of chemical additives can significantly alter the
interfacial properties of hydrate/water/liquid hydrocarbon
systems, such as interfacial tension and contact angle, thereby
changing the interparticle and particle-surface forces.26,27

Three main mechanisms that can result in particle cohesive
force have been proposed: (1) solid−solid interaction between
hydrate particles; (2) capillary attraction in which a water
bridge connects two hydrate particles; and (3) hydrate
sintering.23 When AA polar headgroups are adsorbed on the
gas hydrate surface, the growth rate of gas hydrate could be
reduced.23 Other hypotheses suggest that an AA may reduce
the water−liquid hydrocarbon interfacial tension or prevent
hydrate growth within the water bridge.24,28−30

To further understand the mechanisms of AAs, recent
studies used molecular dynamics (MD) simulations to
investigate the particle−surfactant interactions at a molecular
level. Phan et al.31 investigated the coalescence between one
water droplet and one hydrate particle using MD simulation.
The study reported that the adsorption of surfactants on both
the droplet and the hydrate particle can prevent the water from

adhering to the hydrate surface. Bui and co-workers32

conducted equilibrium MD simulations to study how AA
molecules adsorbed at the hydrate−liquid hydrocarbon
interface. The study suggested that when the length of long
tails in AA molecules is comparable to the length of the liquid
hydrocarbon chains in the bulk mixture, the liquid hydro-
carbon and AA molecules can yield a densely ordered film that
covers the hydrate surface. Another interesting observation
from their simulation was that AAs with better performance
can yield densely ordered films at the hydrate−liquid
hydrocarbon interface, where methane molecules are excluded.
Additionally, AAs with long n-butyl tails can inhibit the hydrate
growth, while the AAs with short n-butyl tails may enhance
growth by stabilizing the cages near the growing hydrate.10

Naullage et al.7 also used MD simulations to study how the
AAs change the wettability of the gas hydrate surface. They
suggested that a compact, ordered barrier can only be formed
when dodecanal is placed in dodecane mixtures. The study also
revealed that the contact angle of a water droplet on the
hydrate surface, though significant, may be insufficient to
predict the AA performance ability.27 However, these previous
studies show that the surfactant-covered hydrate−liquid
hydrocarbon interfaces are hydrophobic.6,27

Solid hydrate particles can agglomerate through collisions
with other hydrates.27,33 Insight into the properties and
mechanisms of the agglomeration can be provided by the
cohesive forces.34,35 From previous studies,30,36,37 the capillary
liquid bridge (CLB) theory was shown to be the most
appropriate model to explain the hydrate particle cohesive
force phenomenon. This model describes the liquid bridge

present between particles (as shown in Figure 2), which is
shown in eq 1:

F R R2 sin sin( )
2 cos
1 H

d
A

2

πγ α θ α πγ θ= + *+
+

*
(1)

where FA is the cohesive force, γ is the interfacial tension
between the liquid bridge and the bulk fluid, θ is the contact
angle between the gas hydrate particle and the liquid bridge, α
is the embracing angle, H is the particle separation distance, d
is the liquid bridge immersion depth, and R* is the harmonic
mean radius of two gas hydrate particles.38

Previous experimental studies used an ambient pressure
micromechanical force (MMF) apparatus to study the cohesive
force (interparticle interaction) between CyC5 hydrate

Figure 2. Schematic of the gas hydrate particle−particle interaction
with the CLB, where θ is the contact angle between the gas hydrate
particle and the liquid bridge, α is the embracing angle, H is the
particle separation distance, d is the liquid bridge immersion depth,
and R is the radius of a gas hydrate particle.
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particles.17,26,27 Brown et al. showed potential correlations (in
some cases, but not all) between interfacial tension and
cohesive force in the presence of chemical additives26 and
between cohesive force and contact angle measurements.27

These results agreed with the CLB shown in eq 1. These
previous studies suggested that a correlation may be available
between the cohesive force and interfacial parameters, such as
the contact angle. It is difficult, however, to perform numerous
experiments and develop universal correlations that can cover
all different scenarios, particularly when the AA molecular
structures are not well defined.
Morrissy et al.39 observed that natural surface-active (AA)

components can reduce the film growth rate by at least one
order of magnitude. These AAs also reduced the cohesive force
by 80%.40 Li et al. used Span80 as a surfactant in the system
and showed that the adsorption of Span80 on the water
droplet surface made the interfaces more stable, thus
preventing hydrate agglomeration.41 They also showed that
the capillary forces decreased with a higher AA dosage.42

The high-pressure interparticle force device, known as the
HP-MMF, was initially described by Brown30 and Lee et al.43

This HP-MMF instrument was used to measure the cohesive
forces of ice particles and/or CH4/C2H6 hydrate particles in a
gas phase. Wang et al.33 then performed adhesive force
measurements with commercial coatings applied to carbon
steel surfaces in a gas phase. The coatings were observed to
reduce the interaction between hydrates and surfaces without
any corrosion.44 The adhesive force of a hydrate particle to an
uncoated carbon steel surface (in a gas phase) increased when
the carbon steel surface was precorroded.33 In addition, the
interparticle cohesive force was observed to decrease with the
addition of NaCl. A possible explanation of this cohesive force
observation was that the contact angle between hydrate
particles and the liquid bridge could have increased.33,45

Hu and Koh46 performed the first direct measurement of the
CH4/C2H6 gas hydrate cohesive and adhesive force measure-
ments in a model liquid hydrocarbon phase indicating an order
of magnitude force increase compared to CyC5 hydrates. It
was also observed that the cohesive force between gas hydrates
can be increased to greater than 150 mN m‑146 after a 12 h
shut-in, compared to around 10 mN m−1 for the atmospheric
pressure MMF.29 The cohesive force was found to decrease
with increasing concentrations of commercial AAs (with
unknown structures) in the model liquid hydrocarbon phase.
The cohesive force can increase with longer contact time even
with commercial AAs present, which can eventually result in a
system plugging. This phenomenon could be mitigated when
the concentration of the high-performance commercial AA was
above 1 vol %, where the cohesive force showed a
nonmeasurable value regardless of contact time.47 However,
in contrast to the current molecular structure AA study, the
lack of structure information for previous commercial AA
reports made it impossible to relate structure−function
properties.
In addition to the cohesive force studies, rocking cells are

also applied to investigate the effect of chemical additives on
hydrate agglomeration. It was observed that the addition of
these chemicals can effectively prevent hydrate particle
agglomeration and hence reduce costs in existing systems
and future processes.48−50 Bui et al.32 confirmed that the test
results from a rocking cell are consistent with those from MD
simulation. Rocking cell tests were also conducted to compare
the performance of different model chemicals,12,51−53 inves-

tigate the interactions between hydrates and other flow
assurance elements,54 and study the effect of synergists55,56

and salinities.57,58

While several hypotheses are reported, the structural effect
of AAs on determining gas hydrate cohesive force is not fully
understood. In this study, an HP-MMF instrument was
employed for direct measurements of gas hydrate cohesive
force under high-pressure and low-temperature conditions in
the presence of AA molecules of known structures dosed into
the model liquid hydrocarbon phase. The structural effect on
the cohesive force is experimentally revealed. The AAs used in
this work have also been tested in industry-standard laboratory
rocking cells. Compared to the results at the interfacial level
provided by HP-MMF, rocking cells offer the macroscopic-
scale evaluation and observation of AAs for their hydrate
dispersion performance under specific field conditions. Both
apparatuses provide information on the structure of AAs that
can effectively reduce gas hydrate agglomeration and show
consistent results on the overall performance of the selected
AAs.

■ MATERIALS AND EXPERIMENTAL METHOD
Materials. HP-MMF experiments utilized deionized (DI) water

during the water phase and three model liquid hydrocarbons: model
liquid hydrocarbon (see Table S1), n-dodecane (C12H26, ≥ 99%,
Sigma-Aldrich), and n-heptane (C7H16, ≥ 99%, Sigma-Aldrich). The
gas mixture used in these experiments comprised 75.7 mol % of
methane and 25.3 mol % of ethane provided by Specialty Gases of
America Inc. This gas mixture forms sII hydrate,59,60 which typically
forms in oil and gas flowlines.

The rocking cell tests used the Green Canyon gas mixture (the
composition is shown in Table 1) and two model liquid hydro-

carbons: n-dodecane (C12H26, ≥ 99%, Sigma-Aldrich) and n-octane
(C8H18, ≥ 99%, Sigma-Aldrich). Quaternary ammonium surfactants
are widely used as AAs in the gas hydrate systems.12,14 Therefore, four
quaternary ammonium surfactant molecules are used as AAs in this
study (provided by Multi-Chem, a Halliburton service). Figure 3
shows their structures. For simplicity, they are named as follows: (a)
AA-C8; (b) AA-C12; (c) AA-C18−1; and (d) AA-C18−2. The main
difference between AA-C8 and AA-C12 is their tail lengths. For AA-
C18−1 and AA-C18−2, the major differences are the number of
double bonds between two carbon atoms.

■ EXPERIMENTAL METHOD
HP-MMF. Figure 4 shows the schematic of the HP-MMF system,

including the testing section, aluminum cell, stirrer and stir bar (VWR
Model 230), feedthroughs, nanomanipulator (manufactured by
Klocke Nanotechnik), pressure transducer (OMEGA, PX309-
3KG5V, BSL accuracy of ±0.08%), and thermocouple (OMEGA,
TMQSS-032G-6, uncertainty consisting of >1 K or 0.75%). The
testing section was made of stainless steel to sustain pressures of up to
10.3 MPa; therefore, a broad spectrum of gas hydrate formers and

Table 1. Composition of the Natural Gas Mixture Used in
the Rocking Cell.

composition mol %

N2 0.39
n-C1 87.26
n-C2 7.57
n-C3 3.10
i-C4 0.49
n-C4 0.79
i-C5 0.20
n-C5 0.20
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conditions can be applied and studied. Based on this apparatus, gas
hydrate cohesive force measurements were performed between two
gas hydrate particles in model liquid hydrocarbon using the HP-
MMF. Further details of the experimental procedure of gas hydrate
cohesive force measurements in the presence of AAs are available in a
previous publication.46

Rocking Cell. A system of advanced high-pressure rocking cells at
Multi-Chem, a Halliburton service was used to test the performance
of the AA molecules61 at the macroscopic scale. Rocking cells are
primarily used to analyze and evaluate the performance of AAs. The
system enables the possibility to test the transportability of the

dispersed gas hydrate particles under fluid flow. The cells feature dual
sapphire windows and a powerful LED lighting system that allows for
the clear observation of oilfield fluids under hydrate conditions. The
dual-window design also features a center-ported transducer and gas
supply connections that eliminate issues with fluids contaminating the
connecting tubing and hydrating up. The design generates more
reliable and accurate pressure data. Each cell consists of a Hastelloy
cylindrical body of 4.5 inches in length and 0.7 inches in diameter.
The cell also houses two proximity sensors that detect and record any
obstruction in the movement of the metal sphere that is placed in
each cell for agitation. More details of the rocking cell system can be
found from previous publications.62,63

The system can be program-controlled to set temperatures,
temperature ramp rates, rocking rates, and rocking angles. Both
shut-in and restart scenarios can be simulated to mimic the flowline
operations. The shut-in period is performed by stopping the rocking
of the cell while maintaining a constant temperature. When the cells
are restarted to rock again, the restart period begins. The system is
rated up to 20 MPa and can be temperature controlled from 248 to
343 K via a glycol cooling bath. The pressure sensor has an accuracy
of 0.01 MPa, and temperature can be measured within ±0.1 K.

Figure 5 shows a close-up photograph of the rocking cell rigs.

The required amounts of liquid hydrocarbon, water, and inhibitor
were injected into the cells. In these experiments, n-dodecane or n-
octane was used as the liquid hydrocarbon phase, and 3.5 wt % NaCl
brine was used as the aqueous phase. Thereafter, the cells were
pressurized to 13.8 MPa with a natural gas mixture, a common Gulf of
Mexico Type II hydrate former. Testing was conducted at constant
volume after the initial saturation phase, and no additional gas was
added during the cooldown phase and thereafter.

After pressurizing the cells, a 2 h saturation period for liquid
hydrocarbon was followed by a 1 h cooldown period, where the
temperature was ramped down from 293 to 277 K. After reaching the
designated temperature, the cells were then rocked for 16 to 18 h and
shut-in horizontally for 6 h. The cells were then restarted for 0.5 h,

Figure 3. Detailed structures of the four AAs used in this study: (a)
AA-C8; (b) AA-C12; (c) AA-C18−1; and (d) AA-C18−2.

Figure 4. Schematic of the HP-MMF experimental setup (reprinted with permission from Hu and Koh46).

Figure 5. Close-up of a six-unit rocking cell rig with optical viewing
ports. Gas, liquid hydrocarbon, and water (or brine) are injected into
the cell before the test.61
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and particular attention was given to the critical restart period. Finally,
the cells were warmed back to 293 K while rocking. These tests were
conducted to simulate steady-state as well as transient conditions in
the field. The AA, after injection at the wellhead, would flow along
with the production fluids, and a subsequent shut-in would occur in
the field. This would be followed by a restart.

■ RESULTS AND DISCUSSION

The addition of AAs is commonly required during oil and gas
production in flowlines and transportation through umbilical
lines. AAs can alter the interfacial properties thereby changing
the gas hydrate interparticle interactions. As discussed
previously, the cohesive force can be used as a parameter to
determine the performance of AAs.33 In this section, the
cohesive forces in the presence of four AA molecules and two
liquid hydrocarbons, n-dodecane (C12H26) and n-heptane
(C7H16), are presented. The effect of salinity is also reported
in this study. Finally, rocking cell tests show qualitative
agreement with HP-MMF results on the performance of AAs.
Cohesive Force between Gas Hydrate Particles.

Cohesive force experiments were performed at 3.45 MPa
and 274 K with different AAs in the presence of n-dodecane or
n-heptane. The subcooling is estimated (using CSMGem49) at
9.4 K throughout the entire cohesive force study. In addition
to 10s contact between gas hydrate particles, this study also
shows the interparticle cohesive force when the contact time is
10 min to simulate the shut-in process in oil and gas flowlines.
A 0−7.5 wt % salinity is applied for AA-C8 and AA-C12.
Prior studies showed that 0.5 vol % high-performance

commercial AA was able to reduce the cohesive force to 0.9 ±
0.3 mN m−1 from 23.5 ± 2.5 mN m−1 (baseline) in a model
liquid hydrocarbon. A low-performance commercial AA
resulted in a higher cohesive force of 3.9 ± 0.9 mN m−1,
even when the concentration was increased to 1 vol %. The
structures of the commercial AAs were all unknown in previous
work.47 In comparison, cohesive force measurements of AAs
with known molecular structures are shown in Figure 6.
Compared to the baseline test results without any AAs (23.5 ±
2.5 mN m−1), all four AAs can decrease the cohesive force
between gas hydrate particles. However, when the liquid
hydrocarbon phase changes from n-dodecane to n-heptane, the

cohesive force values change. For example, the cohesive force
reduces from 16 ± 3.2 to 5.2 ± 1.9 mN m−1 when the liquid
hydrocarbon phase changes from n-dodecane to n-heptane for
AA-C8, while other operating conditions (e.g., pressure,
temperature, annealing time, contact time, etc.) remain the
same. Compared to AA-C8, AA-C12 shows lower cohesive
force regardless of the liquid hydrocarbon phase, hence
indicating higher antiagglomeration behavior.
In this study, the variations observed in cohesive force with

different liquid hydrocarbon phases can be explained by the
change in the antiagglomeration molecular effect of the AAs.
With the knowledge of the AA structures, AA-C8 has eight
carbon alkanes on long tails, which is closer to the chain length
of n-heptane compared to n-dodecane. When the long tails of
AA molecules have a similar length to the liquid hydrocarbon
chains, the AA molecules may form a densely ordered thin film
that can prevent water molecules from penetrating the gas
hydrate surface, yielding a low particle interaction.32 This
hypothesis is also supported by the experiments with the other
three AAs shown in Figure 6. AA-C12 shows a slightly higher
cohesive force in n-heptane compared to the nonmeasurable
force in n-dodecane because 12 carbon atoms in the AA tails
are closer to the length of n-dodecane. AA-C17−1 and AA-
C17−2 also show higher cohesive forces in n-heptane
compared to n-dodecane because the chain lengths of these
AAs are closer to the length of n-dodecane compared to n-
heptane.
The addition of surfactants into the system can lead to a

reduction of liquid hydrocarbon−water and/or hydrate−liquid
hydrocarbon interfacial tensions and can change the hydrate
surface wettability by increasing the contact angle of a water
droplet on the gas hydrate surface.27,64−66 To study these
effects, the interfacial tensiometer (IFT) was used to perform
the pendent drop interfacial tension measurements. Because of
the addition of AAs, all IFT values were obtained after the tests
reached equilibrium, indicating the completion of the
surfactant adsorption on the liquid hydrocarbon−water
interface. Figure 7 shows the IFT results for the four AAs in

both n-dodecane and n-heptane. The IFT for AA-C12 is
significantly lower compared to other AAs, which may lead to a
low cohesive force from eq 1, if other parameters remain
constant. However, the results for the other three AAs are not
consistent with the cohesive force results as indicated in Figure
6. This inconsistency between the cohesive force and liquid

Figure 6. Cohesive force measurements in systems with the four AAs
at contact times of 10 s and concentration of 0.5 vol %: n-dodecane,
red; n-heptane, blue. Gas hydrates were formed using a CH4/C2H6
gas mixture at 3.45 MPa and 274 K in n-dodecane or n-heptane. Each
bar represents at least 40 pull-offs for two or more particle pairs. Error
bars represent the 95% confidence interval of a t-distribution.

Figure 7. Interfacial tension measurements using the four AAs in n-
dodecane and n-heptane.
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hydrocarbon−water IFT is also observed in previous
publications, indicating that the liquid hydrocarbon−water
interfacial tension is insufficient to predict the performance of
AAs.17,29

According to the capillary bridge eq 1, when the contact
angle of a water droplet on the hydrate surface is obtained, the
measured cohesive force and the interfacial tension can be used
to estimate the curvature of the liquid bridge, which is
described by the embracing angle, α and the particle separation
distance, H. Previous studies showed the contact angle
measurements in the presence of AAs. The contact angle
was measured to be 180° when a high-performance AA was
present in the system, whereas the contact angle reduced to
around 88° when a low-performance AA was added.24 Based
on the cohesive force values, AA-C12 can be classified as a
high-performance AA and the other three AAs are classified as
low-performance AAs. When the cohesive force, interfacial
tension for AA-C12, and the contact angle for a high-
performance AA are used in eq 1, the estimated embracing
angle could be smaller than 0.05° and the separation distance
is greater than 1 μm, indicating that the water bridge is narrow
and the two hydrate particles are relatively far from each other.
However, if the cohesive forces and the interfacial tensions for
the other three AAs and the contact angle for a low-
performance AA are applied in eq 1, the embracing angle
increases by two orders of magnitude to 2° and the separation
distance can be smaller than 500 nm, resulting in a wider and
thinner water bridge. The latter result indicates that when a
low-performance AA is added, the contact area between the
hydrate surface and the water bridge increases, and the
separation distance, or the thickness of the water bridge, can be
reduced. Conversely, a high-performance AA aims to minimize
the hydrate contact to the water bridge and maximize the
distance between two hydrate particles to effectively reduce the
interactions between hydrate particles.
It has been proposed from previous MD simulations that the

similarity of chain lengths in surfactant AA molecules and
liquid hydrocarbons is essential to form an aligned film at the
hydrate−liquid hydrocarbon interface.32 However, these
experimental results reported for AA-C8 and AA-C12 are
inconsistent in part with the prior work:32 AA-C12 has a much
lower cohesive force in n-heptane compared to AA-C8 in n-
heptane, although the tail length of AA-C8 is much closer to
the length of n-heptane. This inconsistency can be explained by
the travel distance (the thickness of the barrier that is formed
by the AA molecules) of the water penetration (Figure 8) and
the destabilization of the water bridge (Figure 9). Assuming
that the number of AA molecules is the same on the hydrate−
liquid hydrocarbon interface, AA-C12 has a much longer alkyl
tail compared to AA-C8, which can lead to a thicker film on

the hydrate surface. When water molecules attempt to
approach the hydrate−liquid hydrocarbon interface, the
thicker barrier of the AA molecules can significantly increase
the travel distance and time for the water molecules to the
hydrate surface, leading to a reduction on the cohesive force
between gas hydrate particles.6 AAs can bind not only to the
hydrate−liquid hydrocarbon interface30,67 but also to the
hydrate−water interface.68,69 Figure 9 shows that the AAs may
be able to destabilize the water bridge between gas hydrate
particles by disrupting water molecules in the water bridge.
The capability of the destabilization depends on the length of
the hydrophobic group (alkyl tail) of the AA molecules. AA-
C12 has a stronger interaction with n-dodecane compared to
the AA-C8 with the same liquid hydrocarbon, if the binding
between the hydrophilic head and the water molecules is the
same for both AAs. Therefore, it is easier for AA-C12 to
disrupt or drag the water molecules toward the liquid
hydrocarbon phase compared to AA-C8, leading to a stronger
destabilization effect on gas hydrate cohesion.
However, lower cohesive force of AA-C12 compared to AA-

C8 also indicates that it may not be possible to form an
ordered dense barrier for short-chain AAs in short-chain liquid
hydrocarbons. Previous MD simulations have reported that
even high concentrations of short alkyl chain surfactants do not
result in the formation of a compact monolayer at the hydrate
surface. They showed that both pure and mixed hexanol−
hexane monolayers are not ordered and not densely
formed.6,32 Therefore, the compatibility of the length of AAs
and liquid hydrocarbons is not the only indicator to ensure the
formation of a compact, ordered AA film on the hydrate
surface or to evaluate the performance of AAs. The compact
barrier has more opportunities to be formed with longer-tail
AA molecules in longer-chain liquid hydrocarbons. The
observations in this study are in agreement with MD
simulation results in prior work.70

Effect of NaCl. It is known that salt can inhibit hydrate
formation and shift the hydrate equilibrium conditions,1,71−75

thereby affecting the performance of AAs.76−80 To further
investigate the effect of salt (NaCl in this study) on the gas
hydrate surfaces and interparticle interactions, experiments
were conducted at constant subcooling, which provides the
same driving force to form hydrates with and without NaCl.
Figure 10 shows the cohesive force measurements in the
systems with the AA-C8 and AA-C12 at 0, 3.5, 5, and 7.5 wt %
of NaCl in DI water. It was observed that the cohesive force
between gas hydrate particles was reduced with salinity. When
the salinity increased to 7.5 wt %, the cohesive force decreased
from 16 ± 3.2 mN m−1 to being nonmeasurable for 0.5 vol %
AA-C8, indicating that NaCl is capable of promoting AA
molecular performance at constant subcooling. However, AA-
C12 showed different behavior. Cohesive force with AA-C12
remained nonmeasurable regardless of the salinities, indicating

Figure 8. Conceptual illustration of the water molecule penetrating
the thin film of AA molecules formed by: (a) AA-C8 and (b) AA-C12
on the hydrate−liquid hydrocarbon interface. The sizes of the water
and AA molecules are exaggerated to improve visualization.

Figure 9. Conceptual illustration of how (a) AA-C8 and (b) AA-C12
molecules could destabilize the water bridge between two gas hydrate
particles. The sizes of the water and AA molecules are exaggerated to
improve visualization.
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no salt concentration dependence (at least for the AA
concentrations measured). As previously discussed, AA-C12
showed a nonmeasurable force when no NaCl was present in
the system, leading to superior performance compared to other
AAs. AA-C12 provides the same high performance at various
salinities.
Previous studies reported that the addition of salt in water

can lead to a reduction of the interfacial tension (when the
salinity is lower than 10 wt %) because the Na+ and Cl− ions
can interact with water molecules.65,81,82 When AAs are
present in the system, Na+ and Cl− ions can be hydrated on the
AA and water molecules, thereby reducing the interaction
between AA and water molecules, resulting in a reduction in
the liquid hydrocarbon−water interfacial tension.81,82
The addition of salt should not lead to a different conversion

of hydrate or unconverted water29 on the hydrate surfaces
because of the constant subcooling during each experiment.
The reason that NaCl can promote the performance of AAs
may be explained by the surface roughness of gas hydrate
particles. It has been proposed that the addition of NaCl in the
formation of hydrate can lead to rougher hydrate surfaces. To
test this hypothesis, here we examine the surface of gas hydrate
particles by visually observing them through the microscope.
Figure 11 presents the gas hydrate particle surfaces with (a) 0
wt %; (c) 7.5 wt % salinity immediately after the completion of
the hydrate formation process. It is obvious that the hydrate
formed using DI water shows a much smoother surface
compared to the hydrate formed with 7.5 wt % brine. A
previous study by Vetra  kova  et al. revealed that the amount of
salt precipitated on the ice surface is increasing with higher
salinity. Similarly, with more salt present the hydrate surface
roughness may increase.83 The higher roughness of the gas
hydrate surface may lead to a reduction of the contact area
between two solid particles, eventually resulting in a reduction
on cohesive force. Therefore, the addition of NaCl may
increase the surface roughness of gas hydrates and finally lead
to lower cohesive force between gas hydrate particles.
To test the effect of the contact/shut-in period, experiments

at various salinities were also performed at a contact time of 10
min compared to 10 s (this timescale is significant for this

experimental scale). Previous studies reported cohesive force
tests from 10 s to 24 h. contact time. Higher cohesive force was
observed with longer contact time in a model liquid
hydrocarbon phase without AAs and salt. After 18 h contact,
the cohesive force increased to greater than 150 mN m-1.
When commercial AAs (with unknown structures) were
introduced to the system, the cohesive force decreased
compared to the system without AA at the same contact
time. However, when AAs are under-dosed in the system, the
cohesive force increased with the contact time.46,47 Figure 12

shows the cohesive force measurements at 0, 3.5, 5, and 7.5 wt
% salinity using contact times of 10 s and 10 min. A 0.5 vol %
AA-C8 is applied throughout this entire part of the study. It
was observed that the cohesive force increased from 16 ± 3.2
to 22 mN m−1 (cohesive force measurement at 10 min contact
time was performed once because of the long contact period)

Figure 10. Cohesive force measurements in systems with the AA-C8
(black) and AA-C12 (red) at salinities ranging from 0 to 7.5 wt %.
Gas hydrates were formed using a CH4/C2H6 gas mixture at 3.45
MPa and 274 K in n-dodecane. Each data point represents at least 40
pull-offs. Error bars represent the 95% confidence interval of a t-
distribution.

Figure 11. Gas hydrate particles formed using 0.5 vol % AA-C8 with
(a) 0 wt % salinity at 10s contact time; (b) 0 wt % salinity at 10 min
contact time; (c) 7.5 wt % salinity at 10s contact time; and (d) 7.5 wt
% salinity at 10 min contact time; experiments used a CH4/C2H6 gas
mixture at 3.45 MPa and 274 K in n-dodecane.

Figure 12. Cohesive force measurements in systems with the AA-C8
at salinity from 0 to 7.5 wt % and contact time of 10s and 10 min. Gas
hydrates were formed using a CH4/C2H6 gas mixture at 3.45 MPa and
274 K in n-dodecane. Each data point at 10 s contact represents at
least 40 pull-offs. Error bars represent the 95% confidence interval of a
t-distribution.

Langmuir pubs.acs.org/Langmuir Article

https://dx.doi.org/10.1021/acs.langmuir.0c02503
Langmuir 2021, 37, 1651−1661

1657

https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02503?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02503?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02503?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02503?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02503?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02503?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02503?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02503?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02503?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02503?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02503?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02503?fig=fig12&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c02503?ref=pdf


as the contact time increases. However, when the salinity
increases from 0 to 7.5 wt %, the effect of contact time is
gradually eliminated, leading to nonmeasurable forces for 7.5
wt % NaCl regardless of contact time. It should be noted that
the change in hydrate particle morphology during the contact
time period from 10s to 10 min is negligible when the salinity
remains constant (as shown in Figure 11a,b for 0% salinity and
c,d for 7.5 wt % salinity). Even though the performance of AA-
C8 is lower than that of AA-C12 at 0 wt % salinity, the higher
salinity promotes the performance of AA-C8 and eventually
leads to nonmeasurable forces at various contact times. This
observation demonstrated that the addition of NaCl can
further enhance the effect of AAs.
Rocking Cell Tests of AA Molecule Performance in

Different Liquid Hydrocarbons. To test the reliability of
the results from HP-MMF, industry-standard rocking cell tests
were performed. During these tests, AA typical dosing was
based on the total amount of water present in the system.
Hydrate agglomeration and plugging tendency increase with
increasing the total amount of water. To determine the amount
of water present in the system, watercut (the volume of water
with respect to the total volume of liquid in the system) is
generally used.84,85 Each of the four AAs was directly applied in
the rocking cell system to evaluate the performance. Rocking
cell experiments were conducted at constant volume and water
volume percentage under fluid shear. It should be noted that
the rocking cell experiments are performed with 30 vol %
water, whereas the HP-MMF experiment was conducted at 10
vol % watercut (because of the water volume percentage
limitation of the HP-MMF).
The performance of AAs was evaluated both quantitatively

and qualitatively. Quantitatively, the viscosity of the testing
fluid under pressure at 277 K should allow for a magnetic ball
to travel from one end of the cell to the other. In addition,
besides viscosity, observations of the testing fluid throughout
the test (i.e., during cooldown, after cooldown, before shut-in,
after shut-in, and restart) were highly crucial. Any notable
hydrate particle agglomeration, deposition onto the walls of the
sapphire tube, or settling of agglomerates at the bottom of the
tubes would constitute a “fail” in the rocking cell test.
Table 2 summarizes the experimental data obtained using

the four AAs with n-dodecane or n-octane (C8H18). It is worth
noting that although n-heptane was used in the HP-MMF
instead of n-octane, the alkane chain length of n-heptane is
only shorter by one carbon atom. Therefore, the effect of the
alkane chain length should be insignificant in terms of AA
performance. From the experimental results, AA-C12 main-

tains ultrafine hydrate particles and a fully flowable system
(graded as a “pass” in Table 2) for both n-dodecane and n-
octane, while other AAs are evaluated as failures (system plugs
with visible deposits and a stuck ball) for either liquid
hydrocarbon. These results are in qualitative agreement with
the HP-MMF experiments, where the AA-C12 shows superior
performance compared to the other three AAs in both liquid
hydrocarbons. Table 2 illustrates that the grading criterion is 5
for AA-C12 in n-dodecane and 4 for AA-C8 in n-octane. This
interesting observation is quantitatively consistent and strongly
supported by the data shown in Figure 6, where the
nonmeasurable cohesive force was obtained for AA-C12 in
n-dodecane and slightly increased (1 mN m−1) for AA-C12 in
n-octane.

■ CONCLUSIONS
This study provides insights into gas hydrate interparticle
interactions at both interfacial and macroscopic levels using
HP-MMF and industry rocking cells. We observed that the
AA-C12 molecule has superior performance compared to other
AA molecules in both n-dodecane and n-heptane by evaluating
the cohesive force. It was experimentally suggested that the AA
molecule with a longer alkyl chain length can lead to a thicker
barrier, and the AA molecules may have higher packing density
when the AA alkyl tail length is comparable to that of the
liquid hydrocarbon chain on the gas hydrate surfaces. The
superior performance of AA-C12 in both liquid hydrocarbons
could be explained by the reduction of water penetration and
the destabilization of the water bridge. NaCl was observed to
promote the performance of AA-C8, whereas AA-C12 gives
nonmeasurable force regardless of salinity (at the AA
concentrations tested). Increasing salinity can also eliminate
the effect of contact and shut-in time. This work provides
investigations of the structural effect on the known molecular
structure AAs. The results show that these molecules are able
to reduce the interfacial tension and increase the gas hydrate−
water contact angle, thereby minimizing the gas hydrate
interparticle interactions. In addition, the combination of HP-
MMF and rocking cell results reveals similar behaviors when
evaluating the performance of AAs, although the experimental
conditions are different. These results also show that the
experiments at the interfacial scale (HP-MMF) can be
transferred to macroscopic-scale apparatuses, such as rocking
cells. The combination of HP-MMF and rocking cell
evaluations reveals similar behavior and trends when evaluating
the length effect of AA tails compared to that of solvent. Both
apparatuses show agreement on the overall performance of the
AA molecules, although the experimental conditions are
slightly different. The structure−performance relation reported
in this work can be used to help improve understanding of the
molecular mechanisms and properties of AAs. Understanding
the AA structure is a critical step to developing improved AAs
for preventing hydrate particle agglomeration and ultimate
plug formation. The results reported in this work can help in
advancing new AA chemistry for flow assurance strategies of
maintaining slurry flow. Future work could study the
interaction intensity between salt and AA molecules by
utilizing ion chromatography analysis, where the ions can be
hydrated differently at various salinities.78 The presence of AAs
may alter the capillary pressure and hydrate surface
wettability.86 Therefore, the direct relationship between the
capillary pressure and the cohesive force would be also
interesting for future studies in the presence of AAs.

Table 2. Summary of the Results of the Four AAs with
Variations in Alkyl Tail Lengths in n-Dodecane or Octane as
the Liquid Hydrocarbon Phase: 3.5 wt % Salinity, 2 vol %
Dosage of AAs, and 30 vol % Watercut.

AAs
liquid

hydrocarbon
rocking cell (pass/

fail)
cohesive force (mN

m−1)

AA-C12 n-dodecane pass 1 ± 0.1
n-octane pass N/A

AA-C8 n-dodecane fail 5.2 ± 1.9
n-octane fail N/A

AA-C18−1 n-dodecane fail 15 ± 2.6
n-octane fail N/A

AA-C18−2 n-dodecane fail 12 ± 3.0
n-octane fail N/A
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