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Abstract  -  Hydrates are crystalline structures formed by water and substances with low molar mass molecules. 
Hydrate formation can occur during oil production when oil, gas and water flow through the same lines in 
conditions of high pressure and low temperatures. The deposition of hydrate crystals in production lines can 
severely jeopardize the safety of operations, being one of the biggest issues of the oil and gas industry. The 
present work describes a study carried out on the formation of cyclopentane hydrates. Cyclopentane forms - at 
atmospheric pressure - type II-structure hydrates, which are similar to those formed by natural gas. In this study, 
hydrate formation was induced in two different systems, one obtained with the cationic surfactant DODAC 
(dioctadecyldimethylammonium chloride), water, mineral oil and cyclopentane, and the other with the anionic 
surfactant AOT (di-(2-ethylhexyl) sulfosuccinate of sodium), water and cyclopentane. The surfactants used can 
form emulsions or self-associated systems, depending on compositions and concentrations of the substances that 
are present in the samples. The stability of the hydrates formed in the different structures was analyzed. Moreover, 
we also perform a study of the stability of the structures obtained when the hydrate formation is induced.
Keywords: Cyclopentane hydrate; Hydrate in emulsions; Hydrate in lamellar structures; Rheology of emulsions; 
Lamellar structures with hydrate.

INTRODUCTION

The transport of multiphase fluids is a critical task 
in deep water and cold weather conditions (Gao et al., 
2008). The cost-effectiveness of fluid transportation 
under such conditions involves the precipitation 
of hydrates, asphaltenes and paraffins, and their 
deposition in the production lines represents one of the 
main problems of flow assurance. Hydrate crystals can 
agglomerate, forming plugs that resemble ice blocks. 
They can block flow lines increasing production costs, 
damaging equipment, reducing the efficiency of the 
extraction process, and compromising the safety of 
the operations (Vincent, 2010). For these reasons, the 
knowledge on hydrates has been expanded rapidly 
(Sloan, 2004).

Hydrates are known since at least before the beginning 
of the nineteenth century. In 1811, Davy (1811) detailed 
the composition of a hydrate as 27.7% chlorine and 
72.3% water, in a molecular ratio of chlorine to water 
of 1:17. In 1823, Faraday and Davy (1823) synthesized 
chlorine hydrate in the laboratory, and proposed that 
water molecules form structures that act as hosts where 
chlorine molecules (guests) are housed. Hydrates 
formed by several other gases were discovered in the 
following years (Parrish and Prausnitz, 1972). Despite 
the fact that hydrates are found in nature, and that it is 
estimated that large volumes of natural gas are stored 
in this form (Sun and Englezos, 2017; Kvenvolden, 
1995), the study of hydrates was only boosted in the 
early twentieth century, when it was detected as the 
cause of oil pipeline clogging (Hammerschmidt, 1934). 
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Hydrates are now described as water molecules bonded 
by hydrogen bonds, forming polyhedral volumes of 
regular hexagonal and pentagonal faces, within which 
low molar mass molecules are housed (Koga and Tanaka, 
1996). These polyhedra are the basic building blocks 
of hydrates, and are found in three different structures: 
Type I (cubic body centered, usually formed from small 
molecules of natural gas), Type II (cubic face centered, 
usually formed by oils composed of small hydrocarbon 
molecules) and H-Type (hexagonal, whose cavity may 
contain large molecules such as naphtha) (Sloan, 1998).

Hydrate formation usually requires high pressures 
and low temperatures. However, cyclopentane 
(C5-cyclic) and tetrahydrofuran hydrates form at 
atmospheric pressure (Nakajima et al., 2008; Raman 
et al., 2016a). C5- cyclic is widely used in the study 
of hydrate formation, since the structure of the hydrate 
formed is type II, which is similar to the hydrate 
structure obtained with natural gas (Raman et al., 
2016a; Jhaveri and Robinson, 1965). Furthermore, at 
atmospheric pressure, the C5-cyclic hydrate forms at 
temperatures as high as 7 oC (Nakajima et al., 2008). 
Such conditions are easily attainable in the laboratory.

An emulsion is a colloidal dispersion of two 
phases (immiscible liquids), where small droplets 
of one phase are dispersed in a continuous phase 
(Becher, 1965; Tadros and Vincent, 1983). Emulsions 
are thermodynamically unstable, but kinetic stability 
can be achieved with the aid of surfactants, which 
adsorb and form a layer at the interface between the 
dispersed phase and the continuous phase (Forgiarini 
et al., 2001). Since the interfacial energy of the 
system decreases with the droplet coalescence, the 
stability of an emulsion depends on the coalescence 
rate (Borwankar et al., 1992). The coalescence rate, 
however, depends on the height of the potential energy 
barrier that prevents two droplets from approaching. 
When this barrier is much higher than the thermal 
energy, the coalescing rate is almost zero and the 
emulsion remains stable (Borwankar et al., 1992).

In oil-in-water emulsions, the surfactant molecules 
are positioned so that the tail interacts with the oil 
droplets, and the head interacts with the water, as if 
they were charged oil-droplets in water. The potential 
energy barrier arises from the electrostatic interactions 
between the droplets (Shaw, 1992). The stability of 
the charged particles in water can be explained by the 
DLVO theory. According to this theory, the height of the 
barrier is determined by van der Waals and electrostatic 
forces (Hall et al., 1991; Yu and Xie, 2012). In water-
in-oil emulsions, surfactants or polymer molecules 
adsorbed at the interface prevent droplet coalescence 
by a steric effect (Yu and Xie, 2012). Furthermore, 
the adsorbed surfactant layer decreases the tangential 
mobility of the droplet surfaces and decelerates the 
collisions between them, because it causes adsorption 

and interfacial tension gradients along the surfaces of 
two droplets as they approach – the Marangoni effect 
(Walstra, 1993).

Lachance et al. (2008) observed that hydrate 
formation and dissociation destabilize water emulsions 
in crude oil. It has also been observed that the hydrate 
formation may depend on properties of the crude oil, 
since it contains natural surfactants such as asphaltenes, 
resins and carboxylic acids, with concentrations that 
vary from one oil to another. Raman et al. (2016b) 
compared the effect on emulsion stability of the use 
of surfactants and emulsion-stabilizer solid particles, 
after hydrate formation. They concluded that water-in-
oil emulsions stabilized with moderately hydrophobic 
solid particles resist destabilization to a greater extent 
than the ones stabilized with surfactants. The same 
was not observed in systems with highly hydrophobic 
particles. Kalogerakis et al. (1993) compared 
macroscopic characteristics of hydrate formed in 
a reactor containing methane gas and water with 
cationic, anionic or non-ionic surfactants. Hydrate 
formation was verified in the three systems. However, 
in the system with nonionic surfactat no aggregation 
of hydrate crystals was observed, in contrast to what 
happened with the cationic and anionic surfactant 
systems. Karaaslan and Parlaktuna (2000) also 
compared hydrate formation in reactors with natural 
gas and water with cationic, anionic and nonionic 
surfactants through the consumption of natural gas at 
different concentrations of each surfactant. In systems 
containing cationic and anionic surfactants, the gas 
consumption was higher compared to that in the 
absence of surfactant. However, in the system with 
higher concentration of cationic surfactant, the gas 
consumption was lower than the gas consumption in 
the system without surfactant. At all concentrations 
of non-ionic surfactant tested, gas consumption was 
lower than in the non-surfactant system.	

In the present work, hydrates are formed from 
systems composed of water and oil. Experiments are 
carried out for a range of pH of the aqueous phase 
and for different temperatures, inside and outside 
the temperature range where hydrate formation 
can be observed. In this manner, the influence of 
these parameters on hydrate formation, and the 
effect of hydrates on the stability of the systems are 
determined and discussed. The effect of the seeding 
procedure, which consists of the introduction 
of a small amount of previously formed hydrate 
crystals, on the rate of hydrate formation and on the 
stability of the formed hydrate is also investigated. 
A cationic (dioctadecyldimethylammonium chloride, 
DODAC) and an anionic surfactant (di-(2-ethylhexyl) 
sulfosuccinate of sodium, AOT) are used. Depending 
on the compositions and concentrations of the 
substances in the samples, these surfactants can form 
emulsions or self-assembled structures.
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MATERIALS AND METHODS

Two surfactants are used: Arquad 2HT-75 
(dioctadecyldimethylammonium chloride, DODAC), 
registered trademark of Akzo Nobel Chemicals, and 
Aerosol OT (sodium di-(2- ethylhexyl) sulfosuccinate, 
AOT). Other materials used are cyclopentane (C5-
cyclic) and mineral oil (Nujol, density: 0.872 g cm-3, 
viscosity: 0.023 Pa.s, at 20 oC). Sulfuric acid (H2SO4) 
and sodium hydroxide (NaOH) were used in very low 
amounts, only to modify the pH of the aqueous phase 
of the systems. All reagents were purchased from 
Sigma-Aldrich and used without prior treatment.

EXPERIMENTAL PROTOCOL

Two sets of samples are studied. The formulations 
are prepared as described in Table 1. The stoichiometric 
molar ratio of water to C5-cyclic for the formation of 
type II hydrate is equal to 17:1. One of the samples 
contains excess water (“D” samples), and the other 
contains excess C5-cyclic (“A” samples). Sample 
formation is done using an ULTRA TURRAX IKA T 
25 high performance disperser at 8000 rpm. During 
blending the samples are placed in a Thermo NESLAB 
RTE 17 thermal bath at 10 oC to minimize evaporation 
of C5-cyclic (which is highly volatile).

The samples prepared with excess water contained 
mineral oil to maintain the oil ratio higher than that of 
water, but with the stoichiometric ratio of excess water 
in the hydrate formation. The amount of surfactant 
determined for the preparation of the systems was the 
smallest amount in which the stability of the samples 
was verified. Samples with excess water remained 
stable for several weeks. Samples with excess 
C5‑cyclic remained stable for approximately one 
week.	

The rheological experiments were performed using 
an Anton Paar Physica MCR501 stress-controlled 
rheometer. This rheometer is equipped with two 
fixtures, a concentric cylindrical cup and a bob. The 
sample is positioned in the gap between the outer 
cylinder and the inner bob. The diameter of the inner 
bob is 26.6 mm and the length is 40.0 mm. The 

diameter of the outer cylinder is 28.92 mm and the 
length is 65.0 mm. Therefore, the geometry has a 2.32 
mm gap. Both the outer cylinder and the inner bob are 
rough. They have rectangular vertical grooves, with a 
depth of 0.50 mm and a width of 2.60 mm, as shown 
in Figure 1. The dimensions of the grooves are larger 
than the dimensions of the structures present in the 
colloidal systems (1 nm - 1 μm) and larger than the 
emulsion droplets (which usually have a maximum size 
in the micrometer range). That is, the wall slip effect 
between the walls of the geometry and the sample is 
avoided with the use of the rough cylinders. In the 
rheometer used in the experiments, the outer cylinder 
is stationary, while the inner bob is part of the rotor. 
The outer cylinder seats into a Peltier jacket, which is 
mounted on the rheometer. A Thermo Haake DC 10 
thermal bath with ethylene glycol solution supplies 
the Peltier jacket. The emulsion prepared at 10 °C is 
gently transferred to the outer cylinder, previously set 
to the same temperature. After the sample is added 
to the outer cylinder and the inner cylinder is fitted 
into the measurement position, a Teflon cap with a 
silica gel addition compartment is wrapped around the 
geometry to minimize evaporation of C5-cyclic and 
moisture ingress. The temperature of the samples was 
varied to the temperature at which the experiments 
were conducted at a heating/cooling rate of 0.5 oC/
min. The experiments started only after the desired 
temperature was reached. Experiments performed 
with the D 7.0 system were conducted at 1.0, 4.0, 6.0, 
8.0, 12.0, 15.0 and 20.0 oC. The seeding procedure was 
performed in some experiments by introducing into the 
sample, after the temperature stabilization step, a few 
externally prepared C5-cyclic hydrate seed crystals 
(approximately 0.5 g). The rheological measurements 
were performed by applying a constant stress of 2.0 Pa 
to the sample and measuring the viscosity as a function 
of time. Experiments with the D 8.5, D 10.0, D 12.0 
and D 14.0 systems were conducted at 1.0 and 8.0 oC, 
without the seeding procedure. Experiments with the 
A 1.0, A 3.0, A 5.0 and A 7.0 systems were conducted 
at 1.0 oC without the seeding procedure.

The difference between the structures formed in the 
systems with DODAC and in the systems with AOT, 

Table 1. Compositions of the systems in which hydrate formation was induced.
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without the presence of hydrate crystals, was obtained 
using X‑ray diffraction (XRD) and dynamic light 
scattering (DLS). XRD can provide information about 
crystal structures and liquid crystals (Azároff, 1980). 
Through processed data provided by the XRD we 
obtain the light scattering intensity, I, as a function of 
the modulus q of the scattering vector q. The vector q is 
established from the relation between the wavelength 
of the incident electromagnetic radiation and the size 
of the object (Kittel, 2004). In this case, it represents 
a characteristic distance of the sample that is related 
to the repeat distances d between the planes of the 
structure, according to the equation d = 2π/q, whose 
constructive interference is described by Bragg’s Law, 
as nλ = 2d sin(θ/2), where n is an integer and θ/2 is the 
Bragg diffraction angle (Kittel, 2004). The experiments 
were carried out using a Bruker Nanostar equipment, 
with an area detector Vantec 2000. The start and end 
angles (2θ) used were 1 and 14o, respectively. The step 
size was 0.02o, and the time per step was 10 seconds. 
The wavelength of the equipment is 1.5418 Å. The 
measurements were made at 20 oC.

The dynamic light scattering experiments were 
performed using a HORIBA SZ-100 equipment, 
where the scattered light intensity (at short intervals) 
is recorded as a function of time. Variations in 
the scattered light intensity are observed due to 
concentration fluctuations in one given volume of the 
solution, caused by the Brownian motion (Berne and 
Pecora, 2000). The time required for fluctuations to 
occur in scattered light intensity is the most important 
characteristic of the signal, since it contains information 
about the dynamic properties of the solute molecules 

(Berne and Pecora, 2000). The simplest information 
obtained is the translational diffusion coefficient, which 
for a spherical particle is related to the hydrodynamic 
radius Rh according to the Stokes-Einstein relation D 
= kBT/6πηsRh; where kB is the Boltzmann constant, T is 
the absolute temperature and ηs is the solvent viscosity 
(Berne and Pecora, 2000). The detector angle used was 
173o. The viscosity of cyclopentane, used as solvent 
in the preparation of the A 1.0, A 3.0, A 5.0 and A 7.0 
systems, is 4.2 x 10-4 Pa.s. The viscosity of the solution 
of mineral oil and cyclopentane 5:1 is 0.1 Pa.s. The 
measurements were made at 20 oC.

The experiments of viscosity as a function of time 
were done on five replicates (as well as the DLS and 
XDR experiments). Only one of these five replicates 
will be represented in the figures that will show the 
viscosity as a function of time, and light scattering 
intensity as a function of the scattering vector in the 
next section (Results and discussion). The figures that 
show time as a function of temperature and time as a 
function of pH refer to the average measures obtained 
from the five replicates and the error bars represent 
one standard deviation.

RESULTS AND DISCUSSION

The influence of the presence of hydrates on the 
emulsion stability is verified experimentally through 
viscosity measurements. Figure 2 shows the viscosity 
as a function of time for the system D 7.0 (see Table 1 
for details), for a constant shear stress equal to 2.0 Pa 

Figure 1. Scheme of the rough surface concentric 
cylinder rheometer geometry: the outer cylinder (left) 
and the inner cylinder (right). In detail, the dimensions 
of the grooves, where a = 0.50 mm and b = 2.60 mm.

Figure 2. Viscosity as a function of time for: D 7.0 
system at 1.0  oC without seeding (triangles); D 7.0 
system at 1.0 oC with seeding (circles); D 7.0 system 
at 4.0 oC without seeding (line); and D 7.0 system at 
4.0  oC with seeding (stars). Detail of the curves in 
the region where the destabilization of the sample is 
observed is shown in the insert. The arrow indicates 
the time when the viscosity of the system without 
seeding starts to decrease.
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and two temperatures, namely 1.0 and 4.0  oC. These 
temperatures fall within the range where the C5-cyclic 
hydrates are formed at atmospheric pressure - T ≤ 7 oC 
(Nakajima et al., 2008). The imposed shear stress 
or shear rate may have an influence on the hydrate 
formation dynamics, as discussed by Silva et al. (2017). 
To investigate the effect of hydrate induction, results 
are presented for cases with and without the seeding 
procedure. This procedure consists of inserting a small 
amount of previously formed hydrate crystals into the 
system whose conditions are favorable for hydrate 
formation. Seeding allows the growth of crystals in 
metastable systems, where spontaneous homogeneous 
nucleation may not occur or may take a long time 
to occur, but the growth of crystals from seeds may 
occur. That is, the addition of seeds to a metastable 
system can cause the formation of larger crystals. 
The seeding procedure increases the likelihood of a 
successful crystallization experiment. In the curves 
of Figure 2 referring to the experiments done without 
the seeding procedure it is possible to observe a slight 
increase in viscosity. Ahuja et al. (2018) and Chen et 
al. (2019) verified that the gentle viscosity increase of 
water-in-oil emulsions containing C5-cyclic, observed 
in experiments of hydrate slurry rheology is related 
to the precipitation of water droplets in the bottom of 
the outer cylinder of the geometry of the rheometer. 
Since the geometry of concentric cylinders has a gap 
between the bottom of the outer cylinder and the 
base of the inner bob, the precipitated water droplets 
may concentrate in that space. And the portion of the 
sheared sample between the walls of the cylinders 
would have a higher concentration of mineral oil, 
which could justify the higher viscosity. This gentle 
increase in viscosity may also be related to the 
formation of hydrate crystals. Sample aliquots were 
taken every hour from the beginning of the experiments 
and placed under a microscope. The presence of 
hydrate crystals was observed after three hours from 
the beginning of the experiment (see Figure 3a). On 
the other hand, Figure 2 illustrates that the seeding 
procedure induced the rapid formation of hydrate, 
leading to an abrupt increase of the viscosity. Ahuja et 
al. (2018) and Karanjkar et al. (2016) observed that the 
formation of hydrate in water-in-oil emulsions could 
result in the formation of a plug in the geometry of 
the rheometer, which caused the stress to rise above 
the equipment limit and, consequently, the interruption 
of the experiment by determination of the equipment 
software. These experiments were done keeping the 
shear rate constant. However, once the experiments 
shown in Figure 2 were done maintaining the stress 
constant, the increase of the viscosity caused by the 
formation of the plug in the geometry of the rheometer 
was compensated by the reduction of the shear rate, 
which avoided the interruption of the experiment by 

determination of the equipment software. Figure 3b 
shows the hydrate plug formed in the geometry of 
concentric cylinders.

For the systems without seeding, it is possible 
to observe in Figure 2 a viscosity decrease after 
approximately 17 h in the experiment conducted at 
1.0 oC, and after approximately 19 h in the experiment 
conducted at 4.0 oC. This viscosity decrease is attributed 
to the destabilization of the hydrate, which seems to be 
accelerated by the coalescence of the droplets of the 
emulsion induced by the approximation between them 
due to the agglomeration of the crystals, since the 
hydrate formation in emulsions occurs on the surface 
of the droplets (Karanjkar et al., 2012; Sakemoto et al., 
2010). After 35 hours of tests, both systems showed 
visible phase separation.

Lachance et al. (2008) proposed a destabilization 
model of crude oil emulsions due to the presence 
of hydrates. This model is divided into two steps: 
formation and dissociation. The formation step can 
occur by two routes. If the interface around the water 
droplets is weak, the droplets may get too close together, 
leading to agglomeration. If the interface around the 
water droplets is strong, as it occurs for example in 
emulsions with high asphaltene content, they remain 
segregated. However, after hydrate dissociation, the 
guest molecules leave the aqueous medium and thus 
break the interface, causing coalescence of adjacent 
droplets.

In Figure 2 it can also be seen that the hydrate 
crystals formed with the seeding procedure at 1.0 oC 
remained stable over the 35 hours of test, when 
the experiment was interrupted. However, in the 
experiment conducted at 4.0  oC with the seeding 
procedure, the viscosity remained stable only until 
approximately 13 hours. At this point, the system 
destabilizes and the viscosity drops to values lower 
than those presented in the test carried out without 
the seeding procedure. This difference in behavior is 

Figure 3. (a) Hydrate crystals observed in an aliquot of 
the D 7.0 system at 50× magnification. (b) C5-cyclic 
hydrate deposited on the rough surface of the upper 
bob of the geometry of concentric cylinders.
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probably due to the stronger hydrate agglomeration at 
the lower temperature.

Previous studies (Lingelem et al., 1994; and Parent 
and Bishnoi, 1995) have shown that the induction-
time of hydrate formation is stochastic, that is, as 
long as the system is maintained under metastable 
thermodynamic conditions, it is not possible to predict 
the hydrate nucleation. However, the results shown in 
Figure 2 illustrate that the hydrate formation process 
was much slower in both experiments carried out 
without the seeding procedure, as indicated by the fact 
that the viscosity level remains orders of magnitude 
lower than the one observed in experiments with 
the seeding procedure. Moreover, it seems that the 
presence of hydrate crystals destabilizes the emulsion 
before the crystals grow or agglomerate. In other 
words, in these emulsions there is a competition 
between two processes, the formation of hydrate 
and the coalescence of the droplets, which hinders 
the formation of the hydrate, since it reduces the 
contact area between water and C5-cyclic. When the 
seeding process is not carried out, the coalescence of 
the droplets predominates and causes the viscosity 
reduction.

Similar experiments (Figure 4) were also performed 
at 6.0, 8.0, 12.0, 15.0 and 20.0 oC without the seeding 
procedure, for the same shear stress of 2.0 Pa. The 
times at which the viscosity begins to decrease are 
plotted in Figure 4. In the temperature range between 
8 and 20 oC, the time at which the viscosity begins to 
decay decreases with increasing temperature, which is 
in accordance with the literature (Schick and Hubbard, 
2006). However, for temperatures within the range 
where C5-cyclic hydrates can be formed - T ≤ 7  oC 
(Nakajima et al., 2008), the stability of the system 
increases with increasing temperature. Leopércio et 
al. (2016) verified in strain sweep experiments that, 
within a temperature range of 1.0 to 7.0 °C, the hydrate 
film formed at the interface between water and C5-
cyclic is more structured the higher the temperature. 
That is, the increase in stability of the D 7.0 system 
with increasing temperature within the hydrate zone 
may be related to the formation of stronger hydrate 
films on the surfaces of the emulsion droplets.

The increase in viscosity with time, which can be 
observed with a lower intensity at 8.0, 12.0 and 15.0 
oC (Figure 4a), may be related to the volatilization of 
C5‑cyclic; however, it may also be related to packaging 
of water droplets in the system caused by the shear 
stress (Larson, 1999).

The stability of Systems D 7.0, D 8.5, D 10.0, 
D 12.0 and D 14.0 can be analyzed with the aid of 
Figure 5a, which shows the times at which a viscosity 
decrease is observed (for an applied constant stress 
equal to 2.0 Pa). The experiments were done at 1.0 
and 8.0 oC. It can be noted that at both temperatures 

the systems D 8.5, D 10.0 and D 12.0 are more 
stable than the systems D 7.0 and D 14.0. Figure 5b 
shows that the diameters of the structures formed in 
systems D 8.5, D 10.0 and D 12.0 are smaller than 
the diameters of the structures formed in systems D 
7.0 and D 14.0. Since the same procedure was used to 
prepare all the samples, it can be concluded that the 
higher stability of the systems D 8.0, D 10.0 and D 
12.0 is related to the smaller structures observed in 
these systems, which is in agreement with Abismail 
et al. (1999) XRD experiments have shown that these 
systems do not have self-organized structures, that 

Figure 4. (a) Viscosity as a function of time for: D 7.0 
system at 1.0  oC (line); D 7.0 system at 4.0  oC (full 
circles); D 7.0 system at 6.0 oC (full triangles); D 7.0 
system at 8.0 oC (stars); D 7.0 system at 12.0 oC (empty 
circles); D 7.0 system at 15.0 oC (empty triangles); and 
D 7.0 system at 20.0  oC (empty squares). (b) Time 
when the viscosity of System D 7.0 without seeding 
starts decreasing as a function of temperature. The 
experiments were done with replicates. Error bars 
represents one standard deviation. The gray region 
represents the temperature range at which the hydrate 
formation was observed. The lines are just guides for 
the eyes.
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Figure 5. (a) Time when the viscosities of the systems 
D 7.0, D 8.5, D 10.0, D 12.0 and D 14.0 start decreasing, 
at temperatures of 1.0 and 8.0  oC. (b) Measurements 
of the diameter of the structures obtained by DLS at 
room temperature (20 oC). The experiments were done 
with replicates. Error bars represents one standard 
deviation. The lines are just guides for the eyes.

is, the presence of peaks was not observed in the 
curves of light scattering intensity as a function of the 
scattering vector (Figure  6). So, the systems formed 
are emulsions, with the structure similar to the one 
shown schematically in Figure 7.

Menezes et al. (2018) has verified that the formation 
of methane hydrate by crystallization is limited by the 
interface area between the water and the gas. This 
interfacial area may change according to the size and 
disposition of the water droplets.

Figure 8 shows the viscosity at 1.0 oC and τ = 2.0 
Pa, for systems containing excess C5-cyclic with and 
without seeding. When seeding is applied, the viscosity 
increases at early times to quite high values, indicating 
the fast formation of large quantities of hydrate. When 
there is no seeding, it is possible to observe, under the 
microscope, that hydrate crystals begin to form after 
three hours of experiment, as in the experiments with 
the emulsions with excess water. After approximately 
23 hours from the beginning of the experiment, an 

Figure 6. Light scattering intensity as a function of the 
scattering vector measured for systems (line) D 7.0, 
(full circles) D 8.5, (full triangles) D 10.0, (stars) D 
12.0 and (empty squares) D 14.0, at room temperature 
(20 oC).

Figure 7. Representative scheme of an emulsion of 
water in C5-cyclic and mineral oil, prepared with the 
DODAC surfactant.

abrupt increase in viscosity is observed, due to the 
formation of larger amounts of hydrate and/or crystal 
agglomeration. Further on, both systems remain stable 
until the end of experiment at t 46 h.

The same viscosity experiments have been 
performed for the systems A 1.0, A 3.0 and A 5.0, and 
it was observed that these systems, as well as System 
A 7.0, present an increase in viscosity due to hydrate 
formation. Figure 9 shows the time when the viscosity 
of these systems increases as a function of the pH. It is 
seen that hydrate formation occurs earlier in samples 
with higher pH values (A 5.0 and A 7.0). The results 
shown in Figure 8 showed that the hydrate formation 
time of these structures is also not stochastic. The 
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in XRD curves is an indication of the presence of 
organized systems. The higher and narrower a band, 
the more organized is the system. When the second 
peak occurs at a scattering vector modulus equal 
to twice the one of the first peak, it is likely that the 
present organized system is lamellar (Bernardes et al., 
2006; Bernardes et al., 2011). Moreover, the distance 
d between the surfactant layers oriented in the same 
direction can be obtained through the relation D = 2π/q; 
where qmax is the value of modulus of the scattering 
vector of the first peak (Bernardes et al., 2006; 
Bernardes et al., 2011). The curve for the system A 1.0 
presents two bands, the first one at q1

max = 2.9 nm‑1, and 
the second one at q2

max = 5.8 nm-1. Then, the formed 
structure should be lamellar, and the distance between 
the surfactant layers oriented in the same direction in 
this system is dA 1.0 = 2.2 nm. The curve referring to the 
system A 3.0 presents two bands: q1

max = 3.3 nm‑1 and 
q2

max = 6.6 nm-1. So, the formed structure is likely to be 
lamellar, and the distance between the surfactant layers 
oriented in the same direction in this system is dA 3.0 = 
2.0 nm. The curve for the system A 5.0 also presents 
two bands, with q1

max = 3.8 nm-1 and q2
max = 7.6 nm-1. 

Again, the formed structure should be lamellar and the 
distance between the surfactant layers oriented in the 
same direction in this system is dA 5.0 = 1.6 nm.

The system A 7.0 presented only one narrow 
band at approximately 4 nm-1. This may indicate that 
this system has a high organization; however, the 
distance between the layers may not be homogeneous 
throughout the sample. The size of a molecule of the 
surfactant AOT is estimated to be between 7 and 15 Å 
(Eskici and Axelsen, 2016). Therefore, the distance 
obtained between the layers of surfactant is consistent, 
since the tails of the surfactants, positioned in opposite 
directions covering a C5-cyclic layer, can intertwine.

Figure 8. Viscosity as a function of time for system 
A 7.0. The black line represents the data obtained 
without seeding, and the gray line represents the data 
obtained with seeding.

Figure 9. Time at the point of viscosity increase for A 
1.0, A 3.0, A 5.0 and A 7.0, for temperature equal to 1.0 
oC. The experiments were done with replicates. Error 
bars represents one standard deviation. The lines are 
guides for the eyes.

different pH values of the aqueous phase may affect 
the stability of the systems and the amount of water 
in the droplets of the emulsions or layers of the self-
associated systems, which may cause the nucleation of 
the hydrate crystals not to be stochastic.	

It is known that AOT surfactant can form lamellar 
structures (Boissière et al., 2002), i.e., alternating 
layers of water and oil separated by layers of 
surfactant. Therefore, the characterization of the 
systems containing AOT was done through XRD and 
DLS experiments. Figure 10 shows the light scattering 
intensity I as a function of the modulus of the scattering 
vector q, obtained by XRD experiments.

The curves for the systems A 1.0, A 3.0 and A 5.0 
present two bands. The presence of peaks (or bands) 

Figure 10. Light scattering intensity as a function of 
the scattering vector measured for systems (line) A 
1.0, (circles) A 3.0, (triangles) A 5.0 e (stars) A 7.0, at 
room temperature (20 oC).
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Unlike the emulsions, the lamellar structures are 
thermodynamically stable, which may explain why the 
systems A 1.0, A 3.0, A 5.0 and A 7.0 remain stable, 
while the systems D 7.0, D 8.5, D 10.0, D 12.0 and 
D 14.0 destabilize.

Figure 11 shows the diameter of the structures of 
the aqueous solution used in the preparation of the 
systems, as a function of the pH. The measurements 
were obtained using DLS, and applying the Stokes-
Einstein relation for the translational diffusion. From 
largest to smallest, the order of diameters measured 
for the systems was: A 3.0, A 1.0, A 5.0 and A 7.0, 
which is the same sequence observed for the time of 
the beginning of viscosity increase due to the hydrate 
formation. Since the amount of the aqueous solution, 
C5-cyclic and AOT are the same in all samples, then 
systems with smaller structures seem to contain more 
structures and therefore the interfacial area is larger, 
leading to more nucleation sites for hydrate formation. 
The results shown in Figure 9 showed that the pH of 
the aqueous phase of the systems can affect the hydrate 
formation time, since it affects the organization of the 
structures. 

The structures formed in the systems A 1.0, 
A 3.0, A 5.0 and A 7.0 are shown schematically 
in Figure 12. According to the results obtained in 
the XDR experiments, the distance between the 
surfactant layers oriented in the same direction in the 
A 1.0 system is 2.2 nm. And according to the results 
obtained in the DLS experiments, the diameter of the 
structures present in the A 1.0 system is approximately 
640 nm. Figure  12a shows a representative scheme 
of the structures present in the A 1.0 system. The 
distance between the surfactant layers oriented in the 
same direction in the A 3.0 system is 2.0 nm. And 

the diameter of the structures present in the A 3.0 
system is approximately 680 nm. Figure 12b shows a 
representative scheme of the structures present in the A 
3.0 system. The distance between the surfactant layers 
oriented in the same direction in the A 5.0 system is 
1.6 nm. And the diameter of the structures present 
in the A 5.0 system is approximately 550 nm. Figure 
12c shows a representative scheme of the structures 
present in the A 5.0 system. The XDR experiments 
showed that the distance between the surfactant layers 
oriented in the same direction in the A 7.0 system is 
indefinite. This may indicate that this system has a 
high organization, however, the distance between 
the layers may not be homogeneous throughout the 
sample. And the diameter of the structures present 
in system A 7.0 is approximately 285 nm. Figure 
12d shows a representative scheme of the structures 
present in system A 7.0. That is, comparing the systems 
A 1.0, A 3.0, A 5.0 and A 7.0, the distance d between 
the surfactant layers oriented in the same direction 
decreases in the following sequence: dA  1.0  >  dA 3.0 > 
dA 5.0. The distance dA 7.0 could not be determined. The 
diameter of the structures decreases in the following 
sequence: LA 3.0 > LA 1.0 > LA 5.0 > LA 7.0.

Figure 11. Diameter of the structures formed in 
Systems A 1.0, A 3.0, A 5.0 and A 7.0, obtained with 
DLS, at room temperature (20  oC). The experiments 
were done with replicates. Error bars represent one 
standard deviation. The lines are just guides for the 
eyes.

Figure 12. Representative scheme of lamellar 
structures formed by C5-cyclic, AOT and (a) aqueous 
solution with pH 1.0, (b) aqueous solution with pH 
3.0, (c) aqueous solution with pH 5.0, and (d) aqueous 
solution with pH 7.0. XDR experiments indicated that 
dA  1.0  >  dA 3.0 > dA 5.0. The distance dA 7.0 could not be 
determined. DLS experiments indicated that LA 3.0 > LA 

1.0 > LA 5.0 > LA 7.0.

FINAL REMARKS

A study was carried out about the behavior of 
systems containing C5-cyclic, water and two different 
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surfactants, submitted to favorable conditions for 
hydrate formation. The effect of temperature, pH, and 
hydrates on the stability of the systems was evaluated 
through rheological measurements. The results 
indicate that the presence of hydrate crystals reduce the 
emulsion stability. The results also indicate that the pH 
affects the diameter of the structure and, consequently, 
the stability of the systems. It was also observed that 
intermediate pH values lead to more stable systems, 
because their structure diameters are smaller. It was 
also shown that hydrates form earlier as the pH 
increases. Light scattering measurements were also 
performed and revealed that systems with excess C5-
cyclic tend to form more organized lamellar structures, 
which are thermodynamically stable, in contrast to 
the emulsions, which are the structures formed in the 
systems with excess water. This should explain why 
systems with excess C5‑cyclic remain stable for longer 
times, even in the presence of hydrates.
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