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Anti-agglomerants (AAs), both natural and commercial, are currently being considered for gas hydrate risk

management of petroleum pipelines in offshore operations. However, the molecular mechanisms of the

interaction between the AAs and gas hydrate surfaces and the prevention of hydrate agglomeration

remain critical and complex questions that need to be addressed to advance this technology. Here, we

use molecular dynamics (MD) simulations to investigate the effect of model surfactant molecules

(polynuclear aromatic carboxylic acids) on the agglomeration behaviour of gas hydrate particles and

disruption of the capillary liquid bridge between hydrate particles. The results show that the anti-

agglomeration pathway can be divided into two processes: the spontaneous adsorption effect of

surfactant molecules onto the hydrate surface and the weakening effect of the intensity of the liquid

bridge between attracted hydrate particles. The MD simulation results also indicate that the anti-

agglomeration effectiveness of surfactants is determined by the intrinsic nature of their molecular

functional groups. Additionally, we find that surfactant molecules can affect hydrate growth, which

decreases hydrate particle size and correspondingly lower the risk of hydrate agglomeration. This study

provides molecular-level insights into the anti-agglomeration mechanism of surfactant molecules, which

can aid in the ultimate application of natural or commercial AAs with optimal anti-agglomeration properties.
1. Introduction

Natural gas hydrates (NGHs) are crystalline ice-like solids in
which certain natural gas molecules (e.g., methane, ethane,
hydrate formers) can stabilize the interconnected polyhedral
cages formed by hydrogen-bonded (H-bonded) water mole-
cules.1 Although NGHs are considered a potential future energy
resource because of their abundance in permafrost regions and
deep oceans,2,3 their formation and agglomeration in offshore
petroleum transmission pipelines can cause serious ow
assurance problems, resulting in safety issues, environmental
h on Deep Earth Drilling and Resource
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concerns and signicant economic losses4 in the oil and gas
industry. Gas hydrate inhibitors have been widely used to
mitigate hydrate plugging risks and lower the operating costs.
Traditionally, thermodynamic hydrate inhibitors (THIs), such
as methanol and ethylene glycol, are added to shi the hydrate
equilibrium boundary to lower temperatures and higher pres-
sures.5–7 However, this method may present both economic and
environmental concerns because high doses of THIs are oen
required (typically 30–40 vol%).8 The utilization of low-dose
hydrate inhibitors (LDHIs) is an alternative approach. There
are two subcategories of LDHIs, kinetic hydrate inhibitors
(KHIs) and anti-agglomerants (AAs), which can be used to
manage hydrate plugs via different mechanisms at much lower
doses (typical dose of 0.5–2 vol%) than used for THIs.1 The KHIs
can delay hydrate nucleation and usually adsorb strongly onto
the hydrate surface and retard crystal growth.1 However, KHIs
may be ineffective in deep water operations due to the high
subcooling conditions for hydrate formation. In contrast, AAs
can prevent the agglomeration of small hydrate crystallites in
pipeline uids; therefore, hydrates are transported as a owable
slurry, which can be effective for higher subcooling and over
prolonged pipeline shut-in periods. Therefore, AAs are
becoming increasingly popular agents for hydrate risk
management of oil and/or gas industry operations.9 It should be
noted that there are natural (as well as commercial) AAs, i.e.,
RSC Adv., 2020, 10, 31027–31038 | 31027
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View Article Online
some oils contain naturally occurring surfactants that can
prevent hydrate particles from agglomerating, such as surfac-
tants in asphaltene or acid fractions of the oil.10,11 The poly-
aromatic carboxylic acid surfactant molecules used in this study
could be considered model molecules for these natural surfac-
tants,12,13 although it should be noted that the complexity of
natural oils make it difficult to isolate the molecular structure of
the active components.

Understanding the intrinsic mechanism of surfactant anti-
agglomeration is of great importance for advancing hydrate
risk management strategies. Generally, AAs (both natural and
commercial) are surfactants with a hydrophilic head and
a hydrophobic tail that can adsorb onto the hydrate particle
surface, thereby changing the hydrate surface morphology,
wettability and interactions to prevent hydrates from agglom-
erating and forming large plugs.14–21 In addition, some reports
have shown that AAs could also potentially affect hydrate
formation and growth processes.22–25 To evaluate the effective-
ness of AAs, one frequently used method is to measure model
(cyclopentane, CyC5) hydrate interparticle cohesive forces in the
presence of AAs using an ambient pressure micromechanical
force (MMF) apparatus,26 because the capillary liquid bridge
between hydrate particles was proposed to be another essential
feature dominating hydrate particle cohesion in oil continuous
systems.27–29 Interestingly, one crucial result of MMF studies of
surfactants indicated that polynuclear aromatic carboxylic acids
can be highly effective in reducing hydrate cohesion forces by
up to 87� 9% for a four-ring conjugated hydrophobic group,16,30

thereby subsequently preventing hydrate particles from
agglomerating. In practical applications, this nding indicates
that the acid fraction in crude oil plays a role in naturally
dispersing hydrate particles,10,31 similar to the function of these
LDHI–AAs in terms of reducing the force between hydrate
particles. Thus, these surfactants (acid molecules) are consid-
ered a new potential type of AA molecule, as the usually
commercial AAs tend to be based on quaternary ammonium
salts.1,6,15 This observation was explained by the activity of
carboxylic acid molecules, which could change the wettability of
the hydrate surface from hydrophilic to lipophilic, leading to
a reduction in hydrate agglomeration;16 however, this explana-
tion lacks theoretical support at the molecular level. The
previous experiment yielded another interesting result: the anti-
agglomeration effectiveness of the carboxylic acid surfactants
increases with the number of polynuclear aromatic rings even if
these surfactants are homologues.30 Therefore, an under-
standing of the molecular intrinsic characteristic (especially
molecular functional groups) on anti-agglomeration properties
is necessary and important for the development of a new
potential category of LDHI–AAs with optimal properties, as well
as new insight into the role natural surfactant (acids) can play in
hydrate anti-agglomeration.

Previous simulation reports indicated that the adsorption of
AA surfactant molecules on the hydrate/liquid interface is one
of the most important anti-agglomeration mechanisms.25,32,33

However, few works discuss if this adsorption of AA molecules
can also affect the cohesion force of the capillary water bridge
between attracted hydrate particles at the molecular level,
31028 | RSC Adv., 2020, 10, 31027–31038
which is regarded as the primary reason for hydrate particle
agglomeration.34,35 In this paper, we built a molecular adsorp-
tion model and capillary water bridge model at the molecular
level to reveal the intrinsic mechanism of model AA surfactant
performance. In addition, the effect of molecular structure and
characteristics on anti-agglomeration of this type of surfactant
are also discussed.
2. Method and models
2.1 Simulation tool and system denition

To identify and quantify the surfactant mechanism at the
molecular level, we report single surfactant molecule adsorp-
tion onto a hydrate seed and the interaction of the surfactant
molecule with the capillary liquid bridge using a classical
molecular dynamics (MD) simulation, which has been widely
and successfully used in previous investigations of hydrates,
including AAs.15,17,21,24,36 In this paper, we used the general
Amber force eld37 to describe three different surfactant mole-
cules: (1) 1-phenylacetic acid, (2) 2-napthylacetic acid and (3) 1-
pyreneacetic acid. Using this approach, atom types of each
surfactant were taken from the AMBER library. Moreover, the
RESP charges were calculated for the atomic charges of the
AMBER forceeld at the HF/6-31G(d) level, and the RESP atomic
charges of the three surfactants were obtained at the same
level.37 In addition, the water molecules in our simulations were
described by the TIP4P/2005 water model,38 which has been
demonstrated to accurately reproduce hydrate properties using
MD simulations.39,40 For methane, propane and decane, OPLS
all-atom potentials were used.41

Temperature coupling was implemented using velocity
rescaling with a stochastic term,42 and Parrinello–Rahman
extended-ensemble pressure control was utilized to rescale the
simulation box vectors.43 The thermostat and barostat constants
were 0.2 and 2.0 ps, respectively. The particle-mesh Ewald
(PME) summation method44 was used to handle the long elec-
trostatic interactions calculation. The van der Waals interac-
tions between atoms were described by the Lennard-Jones
potential, and the cut-off distance was 10 Å, which should be
less than half the length of the simulation box. The leap-frog
algorithm was used to integrate Newton's motion equation
with a 2 fs time step.45 Periodic boundary conditions were taken
into account in three directions.
2.2 Surface adsorption model

For the simulated system, three initial congurations of
surfactant adsorption have been constructed.15 Initially, we
selected the structure II (sII) hydrate polymorph, which is one of
the three typical structures of NGHs and the predominant
structure formed in oil and gas transmission pipelines. For the
sII hydrate, the polyhedral cages formed by hydrogen-bonded
water were occupied by methane (in small pentagonal dodeca-
hedron cages) and propane (in large hexacaidecahedral cages)
guest molecules in our simulations.39 The lattice parameters
and all the coordinates of atoms in the sII unit cell were taken
from Takeuchi's work,46 and a 3 � 3 � 3 supercell of the sII
This journal is © The Royal Society of Chemistry 2020
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crystal was built. The (111) face of the sII hydrate has been
conrmed to have the slowest growth rate47 and to usually be
well developed; therefore, the (111) face is considered the most
relevant crystal surface for the study of surfactant molecule
adsorption. The crystal structure was extracted from the
methane–propane binary sII crystal supercell, leading to expo-
sure of the (111) face in the z-direction. The intersected unit cell
has periodic dimensions of 12.23 � 7.06 � 10.00 Å with
orthogonal lattice vectors oriented along the directions of the
original unit cell [11�2], [�110] and [111], and the simulated
hydrate phase consists of 4 � 3 � 4 repetitive cubic cells. Aer
the hydrate crystals with the (111) surface were created, we
extended the simulation box in the z-direction, resulting in
a width of 80 Å of unlled space.

Subsequently, we placed a surfactant molecule on the
surface of the hydrate phase in the z-direction, and the unlled
space was lled by the hydrocarbon phase (decane molecule).
During the equilibration simulation stage, the hydrate phase
near the interface dissociated due to the mismatch of the two
phases, leading to diffusion of the methane and propane
molecules near the hydrate/hydrocarbon phase interface into
the hydrocarbon phase. This diffusion behaviour leads to the
same fugacity for guest molecules in the hydrate and hydro-
carbon phases and ensures the systems reach an equilibrium
state during this simulation stage. Therefore, the liquid
hydrocarbon phase adopted in the initial congurations con-
sisted of only decane molecules at rst, and methane and
propane molecules were dissolved aer the equilibration
simulations. The nal congurations of the surface adsorption
model, including the hydrate phase, liquid hydrocarbon and
one surfactant molecule, resulted in 147 methane molecules, 83
propane molecules, 227 decane molecules, 1236 water mole-
cules and 1 surfactant molecule in the initial simulation
systems, with periodic dimensions of 49 Å � 21.5 Å � 125 Å.

To rapidly equilibrate the system under a certain tempera-
ture–pressure condition before the MD simulation, a 200 ps
single annealing simulation was implemented to optimize the
initial systems (including clathrate hydrate phase, hydrocarbon
phase and surfactant molecule) by heating the systems from 236
K to 276 K in increments of 2 K at a pressure of 10 MPa, rapidly
leading to systems with a reasonable volume and temperature.
Following the annealing simulation, 100 ns simulations were
performed in the NPT ensemble to equilibrate the system
(10 MPa and 276 K). During this stage, the hydrate decomposed,
and a number of guest molecules, including methane and
propane, were released from the broken hydrate cages and
diffused into the liquid hydrocarbon phase. Finally, the simu-
lation system reached equilibrium, and the last snapshot was
used as the initial simulation conguration to calculate the
binding energy and binding free energy. These two parameters
can be used to characterize surface adsorption.

2.2.1 Binding energy calculation. The binding energy of the
surfactant to the hydrate surface was computed using the
following equation, which is the same as that used in Bellucci's
work.15

DE ¼ [hEAA,HS,LPi � hEHS,LPi] � [hEAA,LPi � hELPi] (1)
This journal is © The Royal Society of Chemistry 2020
As shown in the above equation, energies of the four systems
derived from the adsorption model are necessary: (1) the system
described in the surface adsorption model consists of the AA
surfactant molecule, hydrate phase and liquid hydrocarbon
(dened as AA, HS, and LP); (2) the system consists of the
hydrate phase, liquid hydrocarbon (dened as HS and LP); (3)
the system of the AA surfactant solvated in the bulk hydro-
carbon phase (dened as AA and LP); and (4) the system
including only the bulk hydrocarbon phase (dened as LP).
EAA,HS,LP, EHS,LP, EAA,LP and ELP represent the energy of the four
systems, and hi represents an ensemble-average. [hEAA,HS,LPi �
hEHS,LPi] and [hEAA,LPi � hELPi] represent the average energy
change when surfactant is adsorbed on the hydrate phase
surface site and the average energy change when surfactant is
introduced into the liquid hydrocarbon phase, respectively. The
binding energy is equal to the energy difference (as shown in
eqn (1)) between these two quantities because the difference
represents the change in system energy when the surfactant
molecule is bound to the hydrate/hydrocarbon phase interface
versus being introduced into the hydrocarbon phase. This
approach for binding energy calculations (eqn (1)) can
adequately sample the unbound state and is not dependent on
the unbound state denition;15 therefore, the reference states
EHS,LP, EAA,LP, and ELP utilized in this work could improve the
accuracy of the binding energy calculation. The reference
systems (HS, LP), (AA, LP), and (LP) are all independent simu-
lations, and the ensemble-averaged energies hEHS,LPi, hEAA,LPi,
and hELPi correspond to the three systems. All simulation
parameters were used as mentioned above, and the ensemble-
averaged energies hEi were calculated over 100 ns production
simulations aer a 100 ns equilibration simulation for each
system at a pressure of 10 MPa and a temperature of 276 K.

2.2.2 Binding free energy calculation. To calculate the
binding free energy, large-scale sampling was simulated using
MD simulation. Following equilibration, the binding free
energy calculation began with a “pulling” simulation because
the potential mean force of adsorption is a function of the
distance r between surfactants and the hydrate phase. For each
of the hydrate–surfactant–hydrocarbon systems, the surfactant
molecule was pulled away from the initial location in the z-
direction (Fig. S1†) over 300 ps, with a 1000 kJ mol�1 nm�2

spring constant and a 0.01 nm ps�1 (0.1 Å ps�1) pull rate. The
centre of mass (COM) of the hydrate phase was used as a refer-
ence, and the COM distance between the reference and
surfactant molecule was approximately 23 Å at the beginning of
the “pulling” simulation and approximately 53 Å when the
simulation was completed. The starting congurations (snap-
shots) for the umbrella sampling48 windows were chosen from
these trajectories, and each snapshot corresponded to a COM
distance of 24 Å to 49 Å at an interval of 1 Å. A series of 200 ns
MD simulations were performed for each window in the initial
conguration at 276 K and 10 MPa; thus, a total of 5000 ns
simulation trajectories can be used for umbrella sampling. The
binding free energy for each surfactant molecule to the hydrate
surface from the hydrocarbon phase was calculated with the
weighted histogram analysis method (WHAM).49
RSC Adv., 2020, 10, 31027–31038 | 31029
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2.3 The capillary liquid bridge model

For the capillary water bridge model, three initial congura-
tions were constructed for the three surfactants. The same (111)
face of the hydrate was selected to connect the capillary bridge
water, and each hydrate particle consisted of 4 � 6 � 4 rect-
angular unit cells separated by 40 Å. Subsequently, we added
2422 water molecules to the middle layer as a liquid water
bridge with a hydrocarbon phase on both sides. The hydro-
carbon phase consisted of 122 decane molecules and 60
surfactant molecules, and the nal conguration had dimen-
sions of 84.8 Å � 48.9 Å � 76.9 Å. Here, in theory, 60 1-pyr-
eneacetic acid molecules could almost fully occupy the water/oil
interface on two sides on the basis of the molecular area.
Additionally, we constructed a simulation system without
surfactants for comparative purposes. The simulation process
was the same with that of the capillary water bridge model, the
only difference is that the 60 surfactant molecules were replaced
by decane molecules. A 50 ns NVT ensemble was performed
with a 20 ns equilibration simulation, and the cut-off distance
of van der Waals interactions for the Lennard-Jones potential
was changed to 12 Å.
2.4 Quantum chemical calculations

The structures of the three model surfactants were optimized at
the B3LYP/6-311G level in water using the integral equation
Fig. 1 Main stages of the MD simulation to investigate the effect of surf

31030 | RSC Adv., 2020, 10, 31027–31038
formalism polarizable continuum model (IEFPCM),50 and then
the total energy of the three acids with or without water mole-
cules was calculated. Under the same conditions, for the three
acid molecules, a relaxed total energy surface scan was per-
formed involving an O]COH dihedral angle from 0� to 180� in
increments of 3�. The van der Waals surface of a molecule is
dened as the electron density 0.001 e Bohr�3 contour,51

a property directly related to the van der Waals radius.
3. Results and discussion
3.1 Surfactant adsorption on hydrate particle surface

Our choice of surfactants is polynuclear aromatic carboxylic
acids, including 1-phenylacetic acid, 2-napthylacetic acid and 1-
pyreneacetic acid, which were suggested to have anti-
agglomeration behaviour according to previous experimental
work.30 Each surfactant has one hydrophilic head group
(carboxyl) and one large hydrophobic tail group (aromatic ring)
(Fig. 1). The surfactants those show good performance have
a four-ring conjugated hydrophobic group; those with poor
performance have only one ring group, according to the exper-
imental results.30 In our simulations, we start by focusing on
surfactant molecule surface adsorption at the oil–hydrate
interface by quantifying the evolution of the adsorption process
in the system using binding free energy and binding energy
calculations. We proposed another conguration tomonitor the
actants on gas hydrate anti-agglomeration.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Molecular structures of the three model surfactants: (a) 1-phenylacetic acid, (b) 2-napthylacetic acid, (c) 1-pyreneacetic acid, and (d) the
simulation configuration for the surfactant surface adsorption model after 100 ns equilibration simulation (methane and propane molecules are
not shown in the figure). Methane–propane binary sII hydrates are used in the system; the hydrocarbon phase is composed of methane, propane
and decane (liquid hydrocarbon phase) molecules. During the equilibration process, the cage structure on the hydrate surface collapsed, leading
to the presence of guest molecules (methane and propane) in the hydrocarbon phases, as well as the quasi-liquid layer (QLL) at the hydrate
surface, and the QLL was also shown in previous simulations.15,25 In addition, carboxylic oxygen (O1 and O2) and hydrogen (H) atoms are labelled
(e).
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interaction between surfactant and water molecules within the
capillary liquid bridge. The sII hydrate adopted in our simula-
tion is the predominant structure occurring in oil and gas
pipelines.39 Fig. 2d shows a schematic of the simulated system.
In order to calculate the binding free energy and binding
energy, the quasi-liquid phase in Fig. 2d is well equilibrated
according to the rotational correlation function and the
Fig. 3 Potential mean force (PMF) profiles obtained for the three
surfactants as they travel from the sII hydrate (111) surface to the liquid
hydrocarbon phase. Error bars were estimated from bootstrap analysis
implemented in GROMACS.52

This journal is © The Royal Society of Chemistry 2020
intermediate scattering function calculations (details calcula-
tions are described in the ESI†).

The binding free energy (DG) could provide surface adsorp-
tion process information about the surfactant on the hydrate
surface. One-dimensional potential mean force (PMF) curves
were computed for the adsorption process of each model AA
surfactant (Fig. 3) using the umbrella sampling technique48 with
the weighted histogram analysis method49 at 10 MPa and 276 K,
yielding the DG of binding to the sII hydrate (111) surface, and
the values of DG are shown in Table 1. The negative free ener-
gies for the three surfactants demonstrate that the processes of
carboxylic acid molecules binding to the hydrate–oil interface
from the hydrocarbon phase are spontaneous, leading to a high
concentration of surfactant binding and occupying the hydrate/
liquid hydrocarbon interface. Due to the lipophilicity of the
hydrophobic aromatic ring, surfactants can effectively prevent
hydrate agglomeration. Furthermore, there is a noticeable trend
of the magnitude of the binding free energy for each surfactant
molecule in Table 1. The quantitative calculation of the free
binding energy implies an increased adsorption and a higher
Table 1 Binding free energy and binding energy values for the
surfactants in liquid hydrocarbon solution at 10 MPa and 276 K

Surfactants
Binding free energy

(kcal mol�1)
Binding energy
(kcal mol�1)

1-Phenylacetic acid �6.68 � 0.06 �17.52 � 3.04
2-Napthylacetic acid �8.17 � 0.16 �32.07 � 2.38
1-Pyreneacetic acid �12.86 � 0.31 �67.64 � 3.73

RSC Adv., 2020, 10, 31027–31038 | 31031
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Table 2 van der Waals surface area and van der Waals volume of the
three surfactants (surfactants) calculated by the DFT method

Surfactant Area (Å2) Volume (Å3)

1-Phenylacetic acid 178.27 176.58
2-Napthylacetic acid 225.51 236.33
1-Pyreneacetic acid 279.70 315.42
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attraction favourability of the 1-pyreneacetic acid to the hydrate/
liquid hydrocarbon interface in oil continuous systems
compared to the other two acids.

The binding energy (DE) is the minimum energy required to
separate particles (binding affinity) and can be used to indicate
the strength of the connection between different components.
The binding energies shown in Table 1 demonstrate that the
surface adsorption for a surfactant from the liquid hydrocarbon
phase to the hydrate surface is an exergonic process. All the
binding energy values of the three acids are relatively high,15

especially that of 1-pyreneacetic acid (DE ¼ �67.64 kcal mol�1;
considering large uctuations of systems with the large 1-pyr-
eneacetic acid molecule, the ensemble-averaged energies were
calculated over 100 ns production simulations aer a 200 ns
equilibration simulation for the corresponding four systems),
which suggests that the binding is energetically favourable. The
remarkable trend of binding energy for the three surfactants
presented in Table 1 is similar to that of the binding free energy,
which shows that the adsorption of 1-pyreneacetic acid to the
hydrate surface by intermolecular interactions (mainly H-bond
effects) is the most stable process, and compared to those of the
other two surfactants, such a strong binding affinity also indi-
cates increased surface adsorption of the 1-pyreneacetic acid in
the liquid hydrocarbon phase.
3.2 Interactions between the surfactants and liquid water
bridge

Our analysis of surfactant surface adsorption is in agreement
with the binding models developed for the AA mechanism in
previous experimental studies.15,53 Although the surfactant
molecules were scattered in the oil continuous system in pipe-
lines with low concentrations, surfactants could accumulate
around the forming hydrate particles. The hydrophilic head
group (carboxyl) of the surfactant bound to the hydrate surface,
and the hydrophobic group (aromatic benzene ring) of the
surfactant formed a barrier/lm (steric hindrance) that could
effectively decrease the amount of water (water bridge) between
two contacted hydrate particles, thereby reducing hydrate
particle agglomeration. Generally, surfactant's efficiency is
related to not only its adsorption rmness, hydrophobic force
and hydrophile lipophilic balance, but also geometric proper-
ties of surfactants. If just considering the differences in the
geometric properties among the three surfactants, 1-pyrene-
acetic acid may not be as efficient as suggested by the experi-
mental results (1-pyreneacetic acid can signicantly decrease
the cohesion force between hydrate particles by up to 87 � 9%,
while the effectiveness of 2-napthylacetic acid was only slightly
better than that of 1-phenylacetic acid)30 because the molecular
area of 1-pyreneacetic acid was only 24.0% larger than that of 2-
napthylacetic acid, and the molecular area of 2-napthylacetic
acid was 26.5% larger than that of 1-phenylacetic acid; the
difference in molecular area is not as large as the discrepancy in
the observed cohesion force reduction measured for the corre-
sponding surfactants (Table 2).

Although the concentration of surfactants in the liquid
hydrocarbon phase was low, a large number of surfactants
31032 | RSC Adv., 2020, 10, 31027–31038
molecules accumulated at the hydrate crystallite surface due to
the adsorption process. In addition, in all simulations, it was
observed that a thin quasi-liquid water lm (thickness of 4–7 Å)
formed near the interface of the hydrate/hydrocarbon phase in
the liquid hydrocarbon system (Fig. 2d).15 Previous work sug-
gested that this quasi-liquid layer at the hydrate surface and free
water can lead to hydrate particle agglomeration through the
formation of capillary liquid bridges between hydrate parti-
cles.20,54 The existence of capillary liquid bridges between
hydrate particles is considered an essential mechanism for
hydrate cohesion in oil continuous systems.26

Fig. 4 shows a capillary liquid bridge model generated using
MD simulations. This model was applied to study the intrinsic
interactions between surfactants and H-bond networks those
form in liquid bridges. Three similar initial congurations were
built (as described in Section 2.3). In the following MD simu-
lations, hydrate crystals were used to mimic hydrate particles in
the liquid bridge model. To stabilize the conguration and
decrease the interactions between gas hydrate particles and
surfactants, all molecules within the hydrate crystal were
frozen, including the guest molecules. Water molecules can
form a H-bond with both the carboxyl oxygens and hydrogen of
model surfactants. We dene the H-bond between donor and
acceptor as follows: the distance between donor oxygen and
acceptor hydrogen is <2.45 Å, and the angle of :H–O/O is
<30�.55–57 We categorize the conguration into three different
groups (O1, O2 and H are shown in Fig. 1): (1) carboxylic O1 H-
bonded with water molecules (O1-WH), (2) carboxylic O2 H-
bonded with water molecules (O2-WH), and (3) carboxylic H
H-bonded with water molecules (H-WO).

The simulations were performed with a limited number of
capillary liquid bridge water molecules, which form a hyperbola
shape between two hydrate particle hydrophilic surfaces sepa-
rated by 40 Å; additionally, the number of surfactants molecules
in the liquid bridge model was determined by this hyperbola
shape surface area. During the simulations, surfactant mole-
cules gradually moved closer to the hydrate particles and
eventually bound to the water–oil interface (Fig. 4b). We clearly
observed that the average number of H-bonds in the water
liquid bridge tended to decrease with increasing number of
aromatic rings of the surfactant (shown in Fig. 4c). This
phenomenon is caused by the increase in interactions between
the hydrophilic group of surfactant and water molecules
(Fig. 4d, it shows the average number of H-bonds in which the
donor/acceptor is from the surfactant molecule). The cohesion
force between two hydrate particles is determined by the
capillary liquid bridge,19,31,58 while at the molecular level, the
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Initial (a) and final (b) snapshots of the capillary liquid bridge model at the molecular level taken for the systemwith 1-pyreneacetic acid as
an example (1-phenylacetic acid and 2-napthylacetic acid systems are shown in Fig. S6†). The simulation cell is composed of three layers, with
bridge water molecules in the middle of the hydrocarbon phase between the hydrate slabs at the top and bottom (in blue), and the hydrocarbon
phase in the middle layer is composed of decane molecules with surfactants dispersed within it. The average number of H-bonds in the capillary
bridge water molecules (c); the average number of H-bonds between surfactant molecules and bridge water molecules (d).
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cohesion force is mainly attributed to the intensity of the H-
bond network in the capillary liquid bridge. As shown in
Fig. 4c and d, the surfactants can destabilize the capillary liquid
bridge by the binding of the hydrophilic group on the surfactant
to the liquid bridge, thus allowing for more H-bonds to form
between the water molecules in the liquid bridge and the
surfactants. This behaviour further disrupts the H-bond
network, decreasing the number of H-bonds in the water
liquid bridge, thereby weakening the cohesion force of two
hydrate particles and eventually preventing agglomeration
under the action of the produced uid. It is noted that 1-pyr-
eneacetic acid can form over 25% more H-bonds with water
molecules in the bridge than the other two acids according to
our statistical data (Fig. 4d), therefore, the anti-aggregation
effectiveness of 1-pyreneacetic acid is more outstanding. In
addition, the presence of surfactant molecules at the oil/water
interface could also change the interface tension. And the
interface tension and system pressure are different for the three
surfactants. In our simulations, the both factors could have
some relationship with the H-bond network intensity but the
effects are not obvious (detail results are shown in ESI†).
This journal is © The Royal Society of Chemistry 2020
From Fig. 4c, it can be found that the reduction in the
average H-bond number from 4186.92 to 4142.45 seems a little
small (about 1.1% of the total number). This result mainly
attributes to the simulation setting in which the surfactant
number in the three simulation systems is the same and keep at
a small set value during our simulations. However, in actual
system, more surfactant molecules could interact with water
molecules in liquid bridge compared to those in the MD
simulation systems due to the favourable adsorption effect of
the surfactants discussed above. With the increasing surfac-
tants number, the bridge weakening effect from surfactant
molecules could be enhanced.

The next question is why do the three surfactants show
different interactions with the liquid bridge water even though
their hydrophilic groups are all comprised of carboxyl groups?
To better investigate the difference in the H-bond interaction,
we placed eight acid molecules (surfactant molecules) labelled
no. 1–8 into liquid water and performed 20 ns MD simulations
at 276 K and 0.1 MPa (details regarding simulation models and
algorithms are described in the ESI†). Two conformers (cis/
trans-COOH59 shown in Fig. 5) are found in the 1-pyreneacetic
RSC Adv., 2020, 10, 31027–31038 | 31033
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Fig. 5 Two conformations of 1-pyreneacetic acid: (a) cis and (b) trans, the distribution of the two conformations of the three acids in water (c),
and the energy variation with the torsion angle of the carboxyl of 1-pyreneacetic acid (d).

Table 3 Parameters of the carboxyl proton transfer probability
calculation

n (cm�1) DG (kcal mol�1) G

1-Phenylacetic acid 589.43 10.296 0.35
2-Napthylacetic acid 584.80 8.580 0.35
1-Pyreneacetic acid 560.26 10.012 0.37
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acid/water phase system by the dihedral carboxyl group torsion
but rarely found in the other two surfactant systems (Fig. 5c).
The internal rotational degrees of freedom of 1-pyreneacetic
acid led to two low-energy conformers. We optimized the
structure and computed the total energy of 1-pyreneacetic acid
with a carboxyl COOH dihedral acid angle ranging from 0� to
180� and an angle interval of 3� at the B3LYP/6-311g level
(Fig. 5d) in the water phase using the integral equation
formalism variant (IEFPCM).50 It was known that both cis-COOH
and trans-COOH belong to the ensemble of possible confor-
mations,59 but analysis of the energies revealed that the cis-
carboxyl was intrinsically more favourable than the trans-
carboxyl by approximately 3.1 kcal mol�1, with a barrier of
10.9 kcal mol�1 (Fig. 5d). Besides, the energies of the other two
acids corresponding to the torsion angle were also scanned
using the same method, and the results present the same
tendency as observed for 1-pyreneacetic acid but with higher
energy barriers (Fig. S10†). The energy barriers seem closely
correlated with the intramolecular proton transfer between cis-
COOH and trans-COOH.

Furthermore, we estimated the carboxyl proton transfer
tunneling probability by the transition state theory at room
temperature.60,61

G ¼ k
kB

h� n
e�DG=RT (2)

where k represents the Wigner term correction and can be
calculated by k ¼ 1 + h2|v|2/24R2T2; R, kB, and h are the ideal gas
constant, Boltzmann's constant, and Planck's constant respec-
tively; DG is the Gibbs free energy of activation for the intra-
molecular proton transfer process and has been calculated at
the B3LYP/6-311g level in the water phase using IEFPCM;50 v is
31034 | RSC Adv., 2020, 10, 31027–31038
the vibrational frequency along the proton transfer reaction
coordinate; G represents the tunneling probability. Calculation
results are shown in the Table 3.

It is shown obviously that the intramolecular proton transfer
tunneling probability of 1-pyreneacetic acid is large than those
of two other molecules. However, the difference of tunneling
probability is not signicant among the three surfactants. We
think there are two reasons, one is that the temperature used in
the transfer probability calculation is higher than that in our
MD simulation, and the other is that the calculation is only
based on the molecular itself and we have not taken the effects
(intermolecular H-bond) from water molecules into
consideration.

In addition to the nature of the surfactants themselves, it is
evident that intermolecular H-bonds play a vital role in deter-
mining the conformational energies. Carboxylic oxygen or
hydrogen atoms of surfactants can form intermolecular H-
bonds with the oxygen or hydrogen atoms of water molecules.
As a result, the cis-COOH and trans-COOH conformations may
coexist simultaneously in the aqueous solution. We analysed
the molecular surface by electrostatic potential maps (EPMs) for
which polar molecules reveal well sites those are most electron-
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Electrostatic potential surfaces of the three surfactants: (a) 1-phenylacetic acid, (b) 2-napthylacetic acid, (c) 1-pyreneacetic acid, and (d)
H-bond lifetime (ps) formed by carboxylic oxygen or hydrogen atoms for the three acids.
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rich and most electron-poor. The molecular EPM of polar
molecules generally performed well in predicting the possibility
of charge–dipole, dipole–dipole, and quadrupole–dipole inter-
actions.62 As seen from Fig. 6, the quantied electrostatic
potential surface determined using quantum chemistry calcu-
lations suggests that the polar hydrogen/oxygen in surfactant
molecules can be involved in hydrogen bonding. The molecular
polarity was generally enhanced by increasing the number of
aromatic rings, which may be induced by the resonance of two
p-delocalized bonds in the surfactant molecule. This implies
that H-bonds formed by carboxylic oxygen/hydrogen and water
molecules for surfactants with more aromatic rings become
more stabilized than those of surfactants with fewer aromatic
rings. This nding is also veried by the H-bond lifetime
Fig. 7 The count of the carboxylic torsion angles of the 8 1-pyreneacetic
pyreneacetic acid corresponding to the COOH torsion angle in the simu
water (WO) and the total number of H-bonds (Total); the red boxes high

This journal is © The Royal Society of Chemistry 2020
calculated by correlation function (Fig. 6d).63 H-Bonds with
a donor or acceptor provided by 1-pyreneacetic acid have the
longest lifetime in comparison with those formed at the same
site using the other two surfactants. The intrinsic structural
preferences of 1-pyreneacetic acid are relatively easy to alter in
aqueous solution due to intrinsic properties and the interaction
energy caused by the intermolecular H-bond effects.

cis-COOH and trans-COOH are two conformations of poly-
nuclear aromatic carboxylic acidmixtures with water molecules.
Although the conformation energy is relatively high, the
proportion of the trans-COOH conformation increases due to
the H-bond effect. In the 1-pyreneacetic acid/water system, this
torsion in turn impacts the number of H-bonds formed by
carboxylic oxygen or hydrogen. Fig. 7a shows the number of 1-
acid molecules (labelled no. 1–8) (a) and H-bond number formed by 1-
lations, including carboxylic oxygen (O1 or O2) and hydrogen (H) with
light the number of O1-WH H-bonds (b).

RSC Adv., 2020, 10, 31027–31038 | 31035
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pyreneacetic congurations corresponding to the COOH torsion
angle. It shows that molecules 1–3 have trans-COOH confor-
mation preferences, and molecules 4–8 have cis-COOH confor-
mation preferences. Fig. 7b provides the number of H-bonds
formed by each acid molecule and water molecule. Compared
with the cis-COOH conformation, the trans-COOH conforma-
tion can facilitate the formation of H-bonds (the number of O1-
OW H-bonds signicantly increases), which may contribute to
decreasing steric hindrance of the carboxylic oxygen atom and
increase the probability of the donor and acceptor of intermo-
lecular H-bond interactions. Thus, we studied the interactions
between each of the three polynuclear aromatic carboxylic acids
and the liquid water molecules by rst changing the confor-
mation preferences and then facilitating H-bond formation.
3.3 Effects of surfactants on the growth rate of hydrate

Surface adsorption can also occur in KHIs those inhibit the
formation and growth kinetics behaviours of hydrate crys-
tals.23,64 Based on previous studies, some AAs exhibit the same
kinetic effects in the petroleum industry.17,25 Therefore, addi-
tional simulations and experiments were performed to investi-
gate whether the adsorption of the model surfactants could
Fig. 8 Initial snapshot of the growth configuration (a), methane propane
figure both in the hydrate phase and bulk phase. The bulk phase was di
which was used to characterize the system behaviour during binary hydr
time for different layers perpendicular to the x-direction for simulation w

31036 | RSC Adv., 2020, 10, 31027–31038
affect gas hydrate growth, and the initial simulation congu-
ration is shown in Fig. 8.

The system can be divided into two parts along the x-direc-
tion: the le part is the sII methane–propane binary hydrate
crystal, which generates 1 � 2 � 2 unit cells from sII unit cell
data.46 This crystal is used to induce the growth of hydrate; the
right part is the bulk phase, which is mixed with water, methane
and propane molecules at a molecular ratio of 17 : 2 : 1, which
agrees with the methane–propane binary hydrate. The bulk
phase was equally divided into twenty layers perpendicular to
the x-direction in the gure, named L1 to L20. The congura-
tion consists of six 1-pyreneacetic acid molecules placed onto
the hydrate crystal surface, and the conguration of the hydrate
growth systems had dimensions of 117.31 Å � 34.62 Å � 34.62
Å and consisted of 6 surfactants, 434 methane molecules, 221
propane molecules, and 3687 water molecules.

To compare the effect of surfactants (with AA properties) on
the growth (fast or slow) of hydrate crystals, we removed the
surfactant molecules in the growth system and simulated the
growth without surfactants as a reference. All the other simulation
details are similar to the above system. A 50 ns NPT ensemble was
performed, and the temperature and pressure were kept at 260 K
and 10 MPa, respectively. In addition, the MD simulation
molecules are randomly placed in the bulk phase and not shown in this
vided into twenty layers perpendicular to the x-direction in the figure,
ate growth. F3, Li order parameter for water molecules as a function of
ithout (b) or with (c) surfactants.

This journal is © The Royal Society of Chemistry 2020
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procedures were as described above. The F3 order parameter
developed by Baez and Clancy65 was used to describe the local
states of the water molecules, which can be used to distinguish
the water molecules in simulation systems belonging to the
hydrate phase or aqueous phase during the hydrate growth
processes.

F3;i ¼
D�

cos qjik
��cos qjik��þ cos2 104:25

�2E
j;k

¼
�� 0:1 liquid water

� 0:0 solid water ðice; hydrateÞ
(3)

where qjik is the angle constituted by three adjacent water
oxygen atoms (i,j,k), and the ith water oxygen atom is in the
centre. The evolution of the local structure of the bulk phase in
both systems without or with surfactants is shown in Fig. 8b and
c by calculating the average local water order parameters F3 for
each layer of Li. The gures show that only the average F3 of
layers L1 and L2 decrease within the simulation time scale for
both systems. Additionally, the rate of decrease of F3 is quite
different, which is related to the rate of growth behaviours;
apparently, when the system includes surfactants on the surface
of the hydrate crystal, the rate of decrease of F3 is slower, which
means that the surfactants adsorbed on hydrate surface could
inhibit the growth behaviours.

In addition, hydrate formation experiments also conrmed
that surfactants with AA properties (napthylacetic acid) could
delay hydrate growth in an oil system with 20 vol% water (the
materials, experimental procedure and results are reported in the
ESI†). The existence of surfactants could delay hydrate growth,
leading to the hydrate particle in a relatively small size. This effect
would contribute to preventing hydrate particle agglomeration in
pipeline because of the reduction of force between particles.66

Both the simulation and experiment show that polynuclear
aromatic carboxylic acids (as model surfactants) may have some
commonalities with KHIs in the mechanism of hydrate inhibi-
tion behaviour, and this phenomenon may be attributed to the
mass transfer limit in the oil and gas system induced by surface
adsorption.67,68 Therefore, this class of surfactants could be
considered kinetic hydrate inhibitor-like AAs (KHI-like AAs).
4. Conclusions

In conclusion, we employed MD simulations to elucidate the
essential origin of the cohesion force reduction at the molecular
level for polynuclear aromatic carboxylic acids as model AAs,
which was observed (on the mesoscale) from previous experi-
ments to reduce the hydrate cohesion forces in liquid cyclo-
pentane. The results demonstrate that the model surfactant
molecules with AA properties can play a role to prevent hydrate
particle aggregation in two processes. The rst is the known
adsorption effect where the surfactant molecules can approach
and bind to the hydrate surface from the hydrocarbon phase
when the hydrate crystal nucleus forms. The second is the
weakening of the capillary liquid bridges formed between
hydrate particles by the model AAs, which interact with water
molecules in these bridges by H-bonding, thus, disrupting the
internal H-bond network. The simulation results also indicate
This journal is © The Royal Society of Chemistry 2020
that 1-pyreneacetic acid is the most benecial for adsorption
process and can change the intrinsic structural preferences due
to the solvent effect in the aqueous solution, in turn, the
induced conformation can enhance the H-bond interaction
between the carboxylic acids and the water liquid bridge.
Therefore, 1-pyreneacetic acid shows better AA performance
than the other two acids, which is in agreement with the
experimental measurements.

Finally, we nd that surfactants with AA properties can delay
hydrate growth, which could contribute to the dispersion of
hydrate particles. This phenomenon that AAs affect the hydrate
growth is similar to that of a kinetic hydrate inhibitor. Therefore,
this type of AA could be considered a KHI-like AA. Future studies
may aim to summarize the universality and individuality among
different classes of AAs and discover or synthesize environmen-
tally friendly KHI-like AAs across a range of water vol%.
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10 J. Sjöblom, B. Øvrevoll, G. Jento, C. Lesaint, T. Palermo,
A. Sinquin, P. Gateau, L. Barré, S. Subramanian, J. Boxall,
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