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Abstract: Methane hydrates were studied in systems containing aqueous dissolved surfactants in oil
emulsions with a volume ratio of 40/60. Two commercial surfactants, named synperonic PE/F127
and cetyltrimethylammonium bromide, were evaluated at 0, 350, 700 and 1500 ppm. Experiments
were made by applying the cooling–heating path in an isochoric high-pressure cell at different initial
pressures of 5.5, 8.0, 10.0 and 12.0 MPa. The obtained parameters were induction time, temperature
onset, pressure drop, and dissociation conditions. The results revealed that the dissociation curve for
methane in water-in-oil emulsions was not modified by the surfactants. The crystallization (onset)
temperature was higher using synperonic PE/F127 in comparison with zero composition, while the
opposite occurred with cetyltrimethylammonium bromide. Both surfactants induced a delaying
effect on the induction time and a lesser pressure drop.

Keywords: methane; water-in-oil emulsion; hydrates; formation process; CTAB; synperonic PE/F127

1. Introduction

Gas hydrates are formed by gas encapsulation in a crystalline structure made up
of water. Three predominant factors intervene in its formation: the moisture presence
in the gas, low temperatures near or below the normal water freezing point, and high
pressure. Interest in gas hydrates began due to the clogging problem during oil and gas
transportation in flow assurance. Currently, the application of additives to prevent hydrate
formation continues and is still fundamental [1].

Regarding the mitigation of hydrate formation by chemicals, these are classified into
two broad categories: thermodynamic hydrate inhibitors (THIs) and low dosage hydrate
inhibitors (LDHIs). The latter in turn is divided into two groups: kinetic inhibitors (KHIs)
and anti-agglomerant agents (AAs). THIs are aimed on changing the temperature and
pressure conditions where gas hydrates are formed toward lower temperatures and higher
pressures. Then, the liquid–hydrate–gas (Lw-H-G) equilibrium line is moved to the left in
a pressure–temperature diagram. Nevertheless, the abovementioned conditions represent
a disadvantage since these are achieved at a high dosage of chemicals: methanol, ethylene
glycol and triethylene glycol are clear examples for THIs [1–3].

Conversely, KHIs have been applied due to their ability for delaying the hydrate nucle-
ation time, and more importantly, for slowing down the hydrate growth rate. Surfactants
such as Synperonic PE/F127 and cetyl-trimethyl-ammonia bromide (CTAB) are some cases.
Moreover, AAs, such as quaternary ammonium salts, are surface-active substances whose
action mechanism consists of producing a liquid current (slurry) that can be transported
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through the pipeline; hence, these chemicals allow for gas hydrate formation but decrease
the cohesive forces between particles, preventing the hydrate adhesion to the pipeline wall.
This causes the hydrate to travel along with the gas stream, until the current reaches higher
temperature and lower pressure conditions to allow for gas hydrate dissociation into its
original components [2–6].

The study of gas hydrates using different chemicals in systems containing water in
oil is necessary to develop technology for ensuring gas and oil transportation, as well as
the safe exploitation of gas hydrate sources. Some investigations about the formation and
dissociation process have been carried out elsewhere [6–21].

Lv et al. investigated the self-preservation effect of methane hydrates in water + oil
(represented by diesel sample) dispersion systems by using two inhibitors: tetra-n- buty-
lammonium bromide (TBAB) and Lubrizol. The experiments were carried out using low-
and high-water cuts. The addition of surfactants, able to lower hydrate particle size, could
weaken the self-preservation effect at low water cuts attributed to surface absorption,
as well as the structure and morphology alterations of ice film. Conversely, surfactants
enhanced the self-preservation effect in systems containing oil at high water cuts due to
kinetics and dispersion characteristics; however, the effect became increasingly suppressed
as the oil content increased [6]. Turner et al. studied methane hydrate formation in a water-
in-oil emulsion by controlling the water droplets size dispersed in crude oil. The Focus
Beam Reflectance Measurement Probe inserted in the autoclave validated the preservation
of the size distribution for water droplets in crude oil during the hydrate particle formation;
as a concluding remark, water droplets behaved as individual reactors, producing gas
hydrate particles. The primary mechanism for the conversion of droplets to hydrates
appeared to be the hydrate layer formation on the outside of the droplet followed by the
gradual conversion toward the core [15]. Shestakov et al. performed constant cooling ramp
and isothermal methods to appraise the temperature dependence on the methane hydrate
nucleation rate on a 50 wt% water-in-oil emulsion. The nucleation in the complex systems
occurred on different nucleation centers; thus, its mechanism could not be described by
the classical theory, and a new approach was proposed based on the analysis of isothermal
survival curves [16]. Tong et al. determined the effect of dissolved wax (less than 5%) on the
hydrate formation in water-in-oil emulsions (5:1). Wax crystals impeded the nucleation rate
rising and delayed nucleation since the mass transfer resistance reduced hydrate strength,
increased hydrate porosity, and inhibited heat transfer during hydrate decomposition [17].
Daraboina et al. analyzed the natural gas hydrate formation in gas–crude oil–water (with
and without dissolved salts) systems where the Luvicap Bio (a commercial formulation
based on PVCap polymer) was tested. Three different crude oils were used in the experi-
ments. The temperature of hydrate formation diminished in the presence of crude oil and
was affected by the crude oil type. In addition, the kinetic inhibitor effectiveness was not
affected by salts but decreased significantly in crude oil [18]. Stoporev et al. checked out
the nucleation rate for water in different oil samples via the analysis of survival curves
using the isothermal method. The results indicated that induction time was proportional to
oil density, and the opposite trend was obtained for nucleation rates [19].

Therefore, our contribution is centered in the flow assurance field, where the operating
pressure for offshore pipelines can reach 12 MPa [22], and there could be the risk of blockage
associated with gas hydrates and wax precipitation; furthermore, a high content of water
cuts can be reached from mature fields [23]. Two surfactants, synperonic PE/F127 and
CTAB, were evaluated in the methane hydrate formation–dissociation processes for systems
containing water-in-oil emulsions. Dissociation condition, temperature onset, induction
time and pressure drop were determined with a volume ratio of 40/60 water in oil at initial
pressures ranging from 5.5 to 12.0 MPa and surfactant concentration in the interval of
0–1500 ppm.
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2. Materials and Methods

Synperonic PE/F127 was acquired from Uniqema, and cetyltrimethylammonium
bromide (CTAB) was provided by Sigma-Aldrich (St. Louis, MO, USA). Both chemical
structures are depicted in Figure 1. CTAB is a cationic surfactant with positive charge
conferred by a hydrophilic head, while the hydrophobic tail is constituted by an alkyl
chain. The polymeric surfactant, synperonic PE/F127, has a polyethylene oxide (PEO)–
polypropylene oxide (PPO)–polyethylene oxide (PEO) structure with 212 PEO units and
67 PPO units. The hydrophilic group is assigned to PEO, and the hydrophobic group is
conferred to PPO. Deionized water has a resistivity of 18.2 MΩ-cm pretreated in a Barnstead
Easypure II RF, and high purity methane (99.99%) was supplied by Gas Innovations.
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Figure 1. Chemical structure for (a) CTAB and (b) synperonic PE/F127.

The oil sample was obtained from the Tekel reservoir located in the Campeche basin,
Gulf of Mexico. Oil was characterized, and the results are listed in Table 1. The ASTM
D2007-11 standard test [24] was applied to obtain the SARA analysis, and the API gravity
was determined according to the ASTM D1298-12b standard test method [25]; meanwhile,
salt content was determined by using the ASTM D3230-19 standard test [26]. Molecular
weight evaluation was carried out in a cryoscope (Precision systems Inc., 5009 Cryette, MA,
USA). Oil characterization results specified that the sample belonged to a heavy oil class.

Table 1. Characteristics of crude oil.

SARA wt%

Saturates 13.53
Aromatics 15.86

Resins 42.83
Asphaltenes 27.78

ρ15.56
15 (g·cm−3) 0.9863

◦API 14.63
MW (g·mol−1) 485.25

Salt content (ppm) 86

The experimental equipment for gas hydrate measurements is schematically shown
in Figure 2. It mainly consists of a high-pressure autoclave of 600 cm3 made of stainless
steel (1), a liquid bath controller (2), a pressure manometer (Crystal Engineering, XP2i) (3),
a PT-100-Ω probe (4), a temperature (ASL, F200) indicator (9)—the manometer and the
probe were calibrated and communicated to a data acquisition system developed with free
software—a computer (10), a stirring shaft with a propeller coupled to a motor (5), which
has a controller (6), as well as a piston pump (7) and a gas cylinder (8).
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Figure 2. Experimental equipment.

The procedure was categorized into the liquid phase emulsion formulation and gas
hydrate measurements. Water-in-oil emulsions were prepared with a volume ratio of 40/60,
respectively. The disperse phase, comprising the surfactant-diluted aqueous solution, was
previously prepared by successive loadings at 0, 350, 700 and 1500 ppm. First, 210 cm3 of
the continuous phase composed of heavy oil was placed into a glass beaker submerged
in a liquid bath at 298 K. Thereupon, the surfactant aqueous solution was dispersed drop
by drop into the oil until the volume ratio achieved 40/60 under mixing conditions at
20,000 rpm through a homogenizer (IKA, Ultra-Turrax) for 5 h. Droplet diameter was
measured in an optical microscope (Nikon LV100, NY, USA), with 50X objective and epis-
copic light illumination coupled to a Fluorescence Illumination System of 120 W (EXCITE
120 EXFO series). For instance, the water droplets were less than 5 µm after emulsion
preparation, as shown in Figure 3. Finally, 350 cm3 of water-in-oil emulsion was fed to the
high-pressure autoclave immersed in the recirculating liquid bath controller for the gas
hydrate experiments. These were performed by the isochoric method with cooling–heating
cycles.
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Figure 3. Microscope images for water-in-oil emulsions at 1500 ppm CTAB.

At the beginning, the data acquisition system was activated for monitoring variables
continuously as depicted in Figure 4. Air was expelled from the entire circuit and the
autoclave by degassing with a vacuum pump. Then, agitation was stated at 580 rpm
and temperature was set at 293.15 K by turning on the liquid bath regulator. Autoclave
pressurization was carried out by feeding methane from the gas cylinder, which flowed
through the pump to attain the required initial pressure. After stabilization by detecting
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variations less than 0.05 MPa and 0.1 K for at least 3 h, the system was cooled down by
setting the temperature to 273.15 K. The beginning of gas hydrate formation was detected
by the sudden pressure drop and increasing temperature. This process ended when the
pressure and temperature became stable. Thereafter, the system was heated at a rate of
2 K/h for formation process analysis; conversely, a slow constant rate of 0.2 K/h was
applied to ensure accurate dissociation conditions using fresh water. The run finished
when the temperature reached an initial value of 293.15 K [27–30].
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After 24 h, a new run was able to be performed. Experiments were evaluated thrice
to check for repeatability of nucleation, formation and dissociation processes. A new
fresh water-in-oil emulsion with the specific surfactant composition was loaded into the
autoclave at fixed initial pressure to start again with the new run.

3. Results and Discussion

Temperature, pressure and time were monitored in real time and recorded in files by
the data acquisition for all the experimental runs. These parameters were processed with the
aim of determining the induction time and pressure drop, as well as the hydrate formation
onset and dissociation conditions. In this work, the hydrate formation in water-in-oil
emulsions was hypothesized to occur by the proposed shell mechanism, valid for small
water droplets in the order of micrometers. Briefly, the nucleation took place around water
droplets at the gas-water interface. The porous hydrate shells wrapped the water drops
while these were slowly converted to a completely solid hydrate due to a perturbation
of the mass transfer in these emulsions [31,32]. The water droplets were less than 5 µm
after emulsion preparation. However, the apparatus setup limitations did not allow to
completely validate the size preservation of droplets in gas hydrates, and hence this
mechanism. Consequently, the profile for water droplets diameter in-situ must be verified
in further tests.

3.1. Dissociation

Temperature and pressure dissociation (liquid–hydrate–gas equilibrium) conditions
for gas–water-in-oil emulsions with surfactant were obtained by solving two equations:
the cooling path from 293.15 to 273.15 K was fitted to a first-order polynomial equation,
while the second equation was adjusted from selected data of the heating trajectory whose
trend agreed with a straight line. These in turn were taken from the beginning of the break
down for the hydrate crystal dissociation. The standard uncertainties from dissociation
conditions were within 0.5 K and 0.08 MPa, which were estimated by apprising the linked
errors from instrument calibration, linear equations and repeatability [33]. According to
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Figure 4, methane dissociation conditions for water-in-oil emulsions were not modified
in the presence of CTAB or synperonic PE/F127 since both surfactants were dissolved
at dosages lower than 1500 ppm. Therefore, CTAB or synperonic PE/F127 were not
thermodynamic additives but acted during nucleation and formation processes. The Lw-H-
G equilibrium conditions for the methane–water system gathered from a selection [34–44] of
the available data sets from the NIST databank [45] are also depicted in Figure 5. The trend
between both phase equilibrium curves agreed. Although the dissociation coordinates
for the methane–water-in-oil emulsion were observed to have a weak displacement on
the right-side with respect to the corresponding sets for the methane–water system, this
difference was suggested to belong to experimental error estimated for the uncertainties, in
which temperature presented the highest deviation.
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3.2. Temperature Onset

This property was estimated at the beginning of crystal growth while the system was
cooling. Temperature onset (To) was detected by the observation of a sudden change in the
pressure versus temperature trend. Results for temperature onset are depicted in Figure 6
for the experiments, which was performed as a function of the initial pressure, with error
bars corresponding to the standard deviation. Regarding the concentration for synperonic
PE/F127, the temperature onset was kept above the required one for hydrate formation,
beginning with the methane–water-in-oil emulsion, whose value was To = 278.56 K, run
1; thus, the highest temperature (To = 284.31 K) was attained at the lowest concentration
(350 ppm) of polymer and at 5.5 MPa. It was deduced that the polymeric surfactant seemed
to reduce the gas–liquid interface and facilitated the formation of the first crystalline
structures to assess the hydrate formation onset; this mechanism has been described in
detail for promoter agents elsewhere [46]. In contrast, systems with CTAB reached the
beginning of crystal formation at a lower temperature in comparison with the absence of
the surfactant. Similar to the system containing the synperonic PE/F127, the remarkable
effect on the temperature onset was achieved at a low concentration (350 ppm) of CTAB,
where To = 276.20 K. Therefore, CTAB retarded temperature onset. Run 2 and run 3 were
performed with the aim of obtaining repeatable results and calculating an average from
triplicated runs. It could be assumed that the same behavior was observed between fresh
and repeatable runs. Although temperature onset was random, To was high for the fresh
samples in comparison with runs 2 and 3. A possible blockage in the gas–liquid mass
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transfer process caused by CTAB due to the hydrophobic activity, which was provoked to
reach temperature onset at a lower condition compared with the absence of the surfactant.
The contrasting effect on temperature onset gathered with synperonic PE/F127 could be
explained with a reduction in the interfacial tension, a common mechanism for polymeric
surfactants [5,46,47], and the smaller water droplets observed during the preparation
of this emulsion contrasted with the absence of this surfactant. The temperature onset
increased as the initial pressure (stated at 5.5–10.0 MPa) increased by taking into account
the fixed composition of the surfactant; for instance, To is ordered as follows: 278.56–283.54,
280.88–288.11, and 279.91–282.57 K for compositions at zero, 1500 ppm PE/F127, and
1500 ppm CTAB, respectively.
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3.3. Induction Time (tind)

This parameter can be defined as the elapsed time to observe the beginning of a
massive methane–hydrate formation at macroscopical level; hence, it was calculated within
the cooling path between the dissociation (phase equilibrium) condition and the beginning
of the crystal formation, known as temperature and pressure onset. The latter was detected
by monitoring a sudden pressure reduction and a remarkable temperature rise due to
the exothermicity of the crystallization. Each period is shown in Figure 7 as a function of
initial pressure with its related standard deviation. The addition of synperonic PE/F127 at
1500 ppm (5.5 MPa) altered the nucleation period but with the most fragile performance
since it looked to be almost the same (tind = 7.46 min run 1, and 7.67 min on average) as the
systems in the absence of the surfactant (tind = 6.81 min run 1, and 6.08 min on average).
The same effect could be observed at 700 ppm of the surfactant at any initial pressure,
except for the experiments performed at 5.5 MPa where the induction time was retarded
(19.89 min) for the fresh sample. An unusual inhibition activity was noted at 350 ppm. The
parameter evolved as tind = 13.44, 21.73, 11.15 and 12.0 min for run 1 as the initial pressure
was rising. There was a strong delay from 5.5 to 8.0 MPa, but the inhibiting effectiveness
was diminished at higher pressures (10.0, 12.0 MPa).
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Regarding the activity of CTAB during the nucleation process, this surfactant delayed
the induction time at any composition or initial pressure; hence, the surfactant worked
out as an inhibitor, avoiding an early methane–hydrate formation. Based on the composi-
tion effect, CTAB did not exhibit systematic behavior due to the stochastic nature of the
nucleation process. This surfactant achieved an outstanding delayed effect at the highest
composition with tind = 28.10 min at 8.0 MPa; thus, the additive might be applied for
inhibition purposes. These findings could be associated with the excess of additive and its
cationic nature, whose hydrophilic–lipophilic balance number (HLB = 10 or 21.4) indicated
that the hydrophilic group is dominant on CTAB, and thus, the mass transfer of methane
within the water-in-oil emulsion suffered an alteration, since a feasible barrier built by the
additive around the water drops prevented the beginning of crystal growth [46–50].

In general, a considerable number of fresh samples (16 events of run 1) showed a
higher induction time compared with the repeatable runs (run 2 and run 3). Regarding
the stochastic phenomena within the 28 total experiments, contrasting run 2 and run 3,
21 repeatable events for run 2 were observed to have a high induction time against run
3. The influence of surfactant concentration and repeatable runs on the induction time
behavior was unusual and confirmed the high sensitivity of the nucleation processes to
small changes associated with the heat and mass transfer among the methane–water-in-oil
emulsions.

The additive effectiveness could also be estimated by the relative inhibition power
(RIP), it was related with the induction time measured with and without the additive (RIP
= (tind, additive − tind, water)/tind, additive). Therefore, the most powerful inhibition additive
was CTAB. The higher the concentration, the greater the restraint at 5.5 and 8.0 MPa; at
these pressures, RIP = 1.87 for run 1 and 2.20 on average, and RIP = 2.59 for run 1 and
2.14 on average, respectively. Moreover, the activity of some components in oil such as
asphaltenes, resins, paraffins and aromatics played an important role in the water-in-oil
emulsions as reported earlier, since asphaltenes interfered with the water–oil interface as
well as other chemicals. Nevertheless, the function of a specific individual chemical group
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on the nucleation and formation processes cannot be directly attributed since there are
different mechanisms that could be contrary to a specific behavior. For instance, n-heptane
(paraffin) formed an extra layer between the gas and aqueous solution, suggesting that the
hydrates were formed in the aqueous solution and liquid hydrocarbon interface and hence
prolonged the induction time [8,18,51].

Concerning the induction time at a fixed composition, the theoretical assumption was
confirmed for almost all cases following the changes at 5.5, 10 and 12 MPa. Nucleation time
tended to be slightly reduced as initial pressure increased because the increment of the
driving force was promoted by the pressure rising. Nevertheless, the other sets of induction
time reported at 8 MPa did not exhibit a systematic behavior, which could be ascribed to
the random mechanism involved on the nucleation process. Consequently, our findings
must be validated throughout sufficient measurements to check for the memory effect on
the nucleation process.

3.4. Pressure Drop

Pressure drop was calculated as the difference between the beginning of hydrate
formation indicated by an abrupt pressure depletion and the complete hydrate growth
noted as the minimum pressure during the cooling path in a pressure versus temperature
plot. Furthermore, this crystal growth phenomenon can be simultaneously confirmed by the
increasing temperature related to the exothermic reaction. The effect of each composition
and initial pressure on the pressure drop in the presence of the surfactant in the water-in-oil
emulsions is depicted in Figure 8. Contrasting both repeatable and fresh sample events, the
pressure drop was observed to be higher for runs 2 and 3 in 21 experiments in detriment of
the results observed in run 1; hence, the memory effect probably promoted an increase on
pressure depletion. Moreover, asphaltenes, resins and waxes have been reported as natural
surfactants in petroleum. These provided a certain stability for the water-in-oil emulsions
and created a hindering effect on methane–hydrate cohesion; thus, the formed methane
hydrate was reduced [8,14,52,53]. However, the effect of each fraction of each chemical
group was not meant to be deeply discussed in this work.

The presence of synperonic PE/F127 and CTAB exhibited an avoiding formation. The
pressure change was remarkable in some cases such as 1.32 MPa for run 1 (1.30 MPa on
average for zero composition at 5.5 MPa), whereas the values were restricted to 0.05 MPa
for run 1 (0.12 MPa on average for 1500 ppm of synperonic PE/F127 at 5.5. MPa). As for the
results at 12 MPa, the pressure reduced from 2 MPa for run 1 (2.05 MPa on average without
surfactant) to 0.99 MPa for run 1 (1.06 MPa on average at 1500 ppm CTAB). Conversely, the
surfactants also restricted pressure depletion with fewer effects for the case of synperonic
PE/F127 in some conditions. Values for this parameter in the first run were similar (2.47
and 2.48 MPa) contrasting zero and 350 ppm at 10 MPa, as well as 2.18 and 2.02 MPa in
the same order. Pressure drop behavior was proportional to the initial pressure conditions
whose values were more noticeable by contrasting 5.5 and 8.0 MPa. This performance was
supported based on the assumption that the supersaturation degree increased with the
initial pressure increments at a fixed composition. Furthermore, intrinsic phenomena were
taking part, such as mass and heat transfer, as well as kinetic mechanisms.

None of the additives promoted methane–hydrate gas consumption in contrast with
the absence of an additive. The detriment on pressure drop caused by CTAB was asso-
ciated with the following stepwise mechanism: the affinity of the hydrophobic tail with
the oil-continuous phase allowed for a better solubilization of methane into the oil, and
the formed hydrate crystals absorbed the surfactant by the hydrophilic head throughout
hydrogen bonds, building a barrier to reduce the contact area between the gas and wa-
ter [49]. The triblock copolymer functioning obeyed the abovementioned mechanism, but
the low inhibition effect on pressure drop observed for the polymeric surfactant could be
hypothesized to a lesser barrier (oxygen from PPO- and PEO-built hydrogen bonds with
water) and a high contact area contrasting with CTAB [54]. Therefore, a restriction of both
surfactants on the mass and heat transfer processes would be deduced since both were
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entailed on the reduction of hydrate formation after the water drops were covered by the
methane–hydrate shells for water in the crude oil systems with a high content of resins and
asphaltenes.
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4. Conclusions

Two surfactants, synperonic PE/F127 and cetyltrimethylammonium bromide, were
evaluated regarding methane–hydrate formation and dissociation processes within water-
in-heavy-oil emulsions at low surfactant concentrations. These were 350, 700 and 1500 ppm
in a 40/60 (W/O) volume ratio emulsion. Both surfactants did not alter the Lw-H-G phase
equilibrium conditions for the W/O system, and it was in agreement with the dissociation
curve for the methane–water system. Synperonic PE/F127 seemed to reduce the gas–liquid
interphase to boost hydrate formation onset at high temperatures; however, the induction
time during the nucleation process was not affected by contrasting with systems without
surfactant, apart from some experimental runs where the period was retarded. Conversely,
it was assumed that a barrier formed around the water drops limited mass transfer, causing
the onset temperature in the presence of CTAB to be perturbated and formed at lower
conditions, and which delayed the induction time compared to the methane–water system.
The memory effect must be verified in nucleation. During the formation process, CTAB
and synperonic PE/F127 induced a low pressure drop associated with a perturbation in
the hydrate growth rate. The cationic surfactant inhibited a pressure drop due to a better
arrangement for reducing the contact area.
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