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INTRODUCTION

Gas hydrates are supramolecular host-guest 
compounds, wherein the hydrate framework is 
formed by water molecules, and gas-hydrate 
species are placed in cavities of this frame [1]. 
The detailed information on the structure and 
properties of gas hydrates can be found in [1–3].

Nowadays, one of the main areas of gas hy-
drates research is the issue of prevention and 
combat with their formation during natural 
gas and oil production [4–6]. Thus, for exam-
ple, the primary understanding of the mecha-
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nism for the formation of hydrate suspensions 
is considered in [6. 7]. Apart from combating 
hydrate plugs, hydrate formation processes in 
oil emulsions are suggested to be used for com-
bined transportation along oil and associated 
petroleum gas pipelines as suspended hydrate 
particles [8, 9]. For example, as demonstrated 
in [10, 11], the size of the formed hydrate par-
ticles is almost equal to the dimensions of the 
initial drops of oil emulsions, which eliminates 
their coalescence during hydrate formation 
and makes it possible to produce gas hydrates 
suspended in oil.
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Lately, the DSC method is widely used to 
explore hydrate formation in water emulsions 
in oils [12–17]. As demonstrated in reference 
[12], equilibrium conditions of hydrate forma-
tion in oil suspensions correspond to those for 
bulk phases, however, a large surface of the 
contact of water – a hydrating agent solution 
in oil ensures a high rate of hydrate formation. 
Hydrate formation from water emulsions in 
model muds was experimentally investigated in 
papers [13, 14] and an assumption was given 
that each of the drops in the emulsion presented 
an independent microreactor, what and ensured 
the symmetric shape of the DSC signal.

Furthermore, it was also demonstrated that 
according to the shape of exothermic effects, 
one might judge on the dispersion of the freez-
ing phase. Thus, an asymmetric exothermic 
peak with a sharp beginning and an expanded 
completion is typical for freezing the continuous 
phase. A large number of small exothermic sug-
gest freezing large drops of the disperse phase. 
The exothermic peaks similar to the Gaussian 
curve in shape are typical for freezing samples 
of finely dispersed emulsions, in which the 
freezing of each drop proceeds independently 
from other drops. The authors of [15] found that 
the greater the asymmetry of the exothermic 
DSC peak was, the greater was the trend of 
hydrate particles towards agglomeration in the 
investigated water-in-oil emulsion. 

Thus, as demonstrated by literature analysis 
on this issue, both abroad [10–17] and in Russia 
[18, 19], most of the DSC experiments of hydrate 
formation in water-oil emulsions deal with the in-
vestigation of the formation of hydrates of simple 
gases, for example, methane., In practice, the in-
vestigation of hydrate formation from complex 
gas mixtures in emulsion systems, such as oil/wa-
ter and ARPD/water has not been carried out.

Our paper presents research results of the ki-
netics and mechanisms of formation of natural gas 
hydrates in oil emulsions and asphaltene-resin-
paraffin deposits (ARPD). The research is a con-
tinuation of the earlier published works [20, 21].

EXPERIMENTAL

Natural gas hydrates produced in inverted 
oil emulsions were research objects. Oil with a 
density of 0.855 g/cm3 from the Irelyakhskoye 
oil-gas field of the Republic of Sakha (Yakutia, 

Russia) containing 1.47 mass % of paraffins, 
0.45 mass % of asphaltenes, 12.5 mass % of res-
ins and ARPD of the same deposit with the 
average composition (20.0 mass % of paraffins, 
4.1 mass % of asphaltenes, 12.6 mass % of res-
ins, and 3.7 mass % of mechanical impurities, 
with a density of 0.882 g/cm3) was used as an 
organic phase. 

The emulsions were produced by the me-
chanical mixing of oil or ARPD with a mass 
fraction of water of 20, 40, 60, and 80 mass % 
without the addition of any synthetic surfac-
tants using a rotary stirrer with a free rate of 
the rotation of the blades of 11000 rpm for 
30 min. In such a manner, compositions of water-
in-oil emulsions of 80/20, 60/40, 40/60, and 
20/80 for oil/water, and 60/40, 40/60, and 20/80 
for ARPD/water were received. A composition 
20/80 for ARPD/water was not received be-
cause of the impossibility of complete mixing or-
ganic and aqueous components, as the maximum 
possible ratio of masses yielding a homogeneous 
and stable emulsion was reached already in a 
composition of ARPD/water of 40/60.

As a gas-hydrating agent, there was used nat-
ural gas from the Srednevilyuy gas condensate 
field of the Republic of Sakha (Yakutia) with a 
composition, vol. %: CH4 92.87, C2H6 5.25, C3H8 
1.21,  i-C4H10 0.12, n-C4H10 0.12, N2 0.38, СО2 0.05. 

In order to investigate phase transforma-
tions proceeding during cooling and subse-
quent heating, the high-pressure differential 
scanning calorimeter 204 HP Phoenix (Netzsch) 
was used. Samples of emulsions with a mass of 
30 mg were loaded into steel crucibles with per-
forated caps. The formation and decomposition 
kinetics of natural gas hydrates in emulsions 
was analyzed in the following  temperature 
mode: a temperature range of –22...+25 °C, 
natural gas pressure of 50 atm, a rate of cooling 
of 0.15 °C/min, of heating of 0.2 °C/min, and 
the temperature measurement error of ±0.1°.

Curves of degrees of water transformation 
into hydrate-containing phase or the process of 
melting hydrates α(t) (Fig. 1) were plotted by 
the acquired signals of phase transitions in DSC 
thermograms according to the expression: 
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where H is the heat released during crystalli-
zation (melting) by time t; t0 is crystallization 
(melting) beginning time; t∞ is the total dura-
tion of the crystallization process.

The curves of transformation degrees (α) 
generated in such a way were processed ac-
cording to the Erofeev – Kolmogorov – Avra-
mi equation, by which kinetic parameters of the 
crystallization process of emulsion systems and 
the melting of hydrates were computed [22]:

–ln (1 – α) = ktn

where k is the rate constant of crystallization 
(melting), n is the Avrami parameter charac-
terising the predominant mechanism of the 
crystallization process.

Reference [23] demonstrates an opportunity 
to use the Avrami equation under nonisothermal 
experiment conditions in the description of the 
crystallization process at its early stages, with 
transformation degrees ranging from 0.05 to 0.7. 

Fig. 1. Kinetic curves of transformation degrees during crystallization (α) and melting (b) in water-in-paraffin (a) and 
water-in-oil (b) emulsions.
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Figure 2 presents the resulting logarithmic ana-
morphoses of kinetic curves in the coordinates 
ln[– ln(1 – α)] – ln t. It can be seen that the ana-
morphoses are straightened in the investigated 
area of transformation degree values, and thus, 
the validity of the application of the Avrami 

equation for these experimental conditions has 
been proven. 

The true rate constant of the process K 
(min–1) was found by the Sakovich formula ac-
cording to [24]:
Ki = nk1/n

Fig. 2. Logarithmic anamorphoses of transformation degree curves during crystallization (α) and melting (b) in water-in-
paraffin (a) and water-in-oil (b) emulsions.
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Fig. 3. DSC thermograms of samples of oil and ARPD emulsions with different water content: 80/20 (a), 60/40 (b), 40/60 (c), 20/80 (d).
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ilar fashion, as with oil emulsions: in the emul-
sion with a composition of paraffin/water 
80/20, water crystallization peak has a very 
gentle curve of Gaussian shape, and the pro-
cess takes place independently in each drop, 
and in the ARPD/water 60/40 composition, 
the peak is already asymmetric, in other words, 
a portion of water droplets are crystallized into 
a continuous phase and in the paraffin/water 
40/60  emulsions, the peak has a very sharp 
beginning. Moreover, the crystallization pro-
cess in this sample proceeds both during cool-
ing and heating the emulsion.

Relying on the analysis of the resulting DSC 
thermograms of emulsions, kinetic parameters 
of processes of the formation of a hydrate-con-
taining mixture in oil and ARPD emulsions 
were computed. Table 1 presents them. For 
comparison, the table also gives the results of 
the analysis of the crystallization process of 
natural gas hydrates in distilled water. It was 
found that crystallization processes the aque-
ous phase in both emulsions and distilled water 
had parameter values n > 1. Thus, phase trans-
formations in emulsions proceed in the kinetic 
region. It can be seen that the values of the 
parameter ncr for oil emulsions are 1.6–2.6 
times higher, and are 1.4–1.9 times greater in 
ARPD ones compared to those for distilled wa-
ter. It was found that with increasing water 
content of the emulsions, the ncr parameter 
increased, which was probably due to an in-
crease in degrees of freedom of the crystalliza-
tion process and the acquisition of additional 
flow paths by it – with the transition from the 
microreactor mechanism of crystallization of 
the aqueous phase to the relay one. Thus, it 
was demonstrated that formation processes of 
natural gas hydrate in oil emulsions proceeded 

along a more complex path than in distilled 
water, and also with increasing water content, 
their mechanism became more complicated. 

As demonstrated by calculations, the crys-
tallization rate (Kcr) of hydrates in oil emul-
sions is on average 15 times higher than in 
ARPD ones, which is related to a denser and 
more viscous consistency of the ARPD emul-
sion compared to liquid oil emulsion. As dem-
onstrated, Kcr of oil emulsions decreases with 
crystallization temperature increasing (Fig. 4). 
This fact is in agreement with paper [13] that 
determined that an increase in overcooling oil 
emulsion determined as a difference between 
equilibrium temperature of hydrate formation 
and system crystallization temperature ob-
served in the DSC experiment causes forma-
tion rate increase for methane hydrates. 

Table 2 presents DSC analysis results for 
melting rates of natural gas hydrates in oil and 
ARPD emulsions.

It was determined that melting rates of hy-
drates acquired in the emulsions was 2–2.5 
times lower than those synthesized in distilled 
water. It was found that hydrates in ARPD 
emulsions decomposed with about the same 
rate, regardless of the emulsion composition.

Furthermore, their stability is close to hy-
drates growing in oil/water 60/40 and 40/60 
emulsions. As can be seen from Table 2 data, 
decomposition constants of gas hydrates ac-
quired in oil emulsions reduce with water frac-
tion increase in emulsion composition. Just to 
name a few, for the hydrate synthesized from 
the emulsion of composition 80/20, the melting 
rate (MR) is 2 times higher than such for the 
hydrate obtained from the emulsion of composi-
tion 20/80. In such a way, hydrates derived from 
highly watered oil emulsions are decomposed 

TABLE 1

Kinetic parameters of crystallization processes of natural gas hydrates in different composition emulsions (n is process 
mechanism indicator; Kcr is crystallization rate constant, R2 is approximation accuracy value

Ratio of phases Organic phase type 
organic phase/water Oil   ARPD 

 ncr Kcr, min–1 R2 ncr Kcr, min–1 R2 

80/20 2.5 2.9 0.998 2.1 0.04 0.999 

60/40 2.5 2.3 0.999 2.5 0.32 0.996 

40/60 2.7 3.4 0.997 2.8 0.24 0.992 

20/80 3.9 3.2 0.984 – – –
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In order to explore the morphology of natu-
ral gas hydrates growing in emulsion media, 
synthesis of aged emulsion samples was car-
ried out using the original installation de-
scribed in [25]. For that purpose, the emulsion 
sample weighing 30 g was placed in a 0.5 L 
polypropylene container that was loaded into a 
high-pressure steel cell. After sealing, the cell 
was vacuumed and pumped with natural gas 
to a pressure of 75 atm. The synthesis was car-
ried out in a mode similar to that used in DSC 
analysis of emulsion samples and described in 
detail in [26].

RESULTS AND DISCUSSION

Figure 3 presents the thermograms of the 
formation of natural gas hydrates in oil/water 
and ARD/water samples. All the thermograms 
consist of two segments: one segment of cool-
ing and the other one of heating with produc-
ing formation exotherms and melting endo-
therms of the hydrate.

It can be seen that thermograms of samples 
of emulsion systems, except for the ARPD/
water 80/20 system are of similar nature. 
Thus, when the samples are cooled, there is an 
asymmetric effect of water crystallization into 
hydrate-containing phase, and two endother-
mic effects that are ice melting and hydrate 
decomposition are recorded in melting endo-
therms. There is no peak of ice melting in the 
ARPD/water 80/20 sample, which evidences 
that natural gas hydrate is formed from liquid 
water when cooling this emulsion.

It was found that the exothermic peak in all 
samples of oil/water emulsions was a sum var-
ious crystallization peaks with one common 
base stand. The shape of this peak has an 
asymmetry that increases with increasing wa-
ter portion in emulsion composition. It can be 
seen that the crystallization peak of the oil 
emulsion sample with a composition of oil/wa-
ter 20/80 has a sharp beginning and an ex-
tended end, which is typical for the heat effect 
of freezing the continuous phase. It was deter-
mined that with a decrease in the water con-
tent in the emulsion, the asymmetry of the 
crystallization peak decreases, and was mini-
mum in the oil/water 80/20 emulsion sample. 
This suggests the freezing of mostly fine emul-
sion, in which crystallization of each drop of 
water occurs independently from each other. 
Thus, in oil and water emulsions, the crystal-
lization process takes place at low water con-
tent independently on each drop of water indi-
vidually – in microreactors, or, at high water 
content – as in a continuous phase, according 
to the relay type.

It was determined that depending on aque-
ous phase content, the crystallization process 
of ARPD/water emulsions proceeded in a sim-

Fig. 4. Crystallization rate constants (Kcr) of natural gas 
hydrates in oil emulsions versus crystallization temperature.

TABLE 2

Melting rates of natural gas hydrates in different composition emulsions  
and distilled water 

Organic phase/water Organic phase type 
ratio Oil  ARPD 

 MR, min–1 R2 MR, min–1 R2 

80/20 0.28 0.999 0.16 0.998 

60/40 0.16 0.991 0.18 0.999 

40/60 0.16 0.996 0.18 0.999 

20/80 0.12 0.999 – –

Note. MR is the melting rate; R2 is approximation accuracy value.
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slower and therefore their stability is higher. 
Apparently, increasing the stability of hydrates 
may be due to changes in the dispersibility of 
the forming hydrates from different water con-
tent emulsions. Finely dispersed low-melting hy-
drates are generated in low water content emul-
sions, whereas hydrate agglomerates that de-
compose more slowly grow in highly watered 
emulsions. On the other hand, this is driven by 
the difference in the density of oil emulsions. For 
example, emulsions with high water contents 
are characterised by a viscous, dense texture, 
which reduces the efficiency of heat-mass-ex-
change during hydrate decomposition. In such a 

way, as demonstrated in [27], the most stable 
water-in-oil emulsions are those of chocolate 
mousse type, of specific emulsion-gel structures 
and water contents of about 80–85 mass %.  

In order to explore morphological peculiari-
ties of natural gas hydrates growing in emul-
sion systems, their synthesis was carried out in 
high pressure chamber cells. Figure 4 presents 
photos of the resulting natural gas hydrates in 
the emulsion systems under study.

It can be seen that hydrates in oil emulsions 
are generated along the whole volume of the 
liquid oil phase (Table 3). When the water con-
tent is high, hydrates agglomerate and form 

Fig. 5. Graphic images of samples of natural gas hydrates in oil emulsions (a) and ARPD (b) taken in a high-pressure cell.
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TABLE 3

Suggested mechanism of hydrate formation in the medium of oil/water and ARPD/water emulsions  
with different water content degrees

Oil/water ARPD/water 

 I. With water content of less than 40 mass % 

Micro-reactor  mechanism – simple (ncr = 2.5)  Micro-reactor “ mechanism – simple  (ncr = 2.1), 
proceeding at a low rate (Kcr = 2.3–2.9 min–1),  proceeding with a very low rate (Kcr = 0.4 min–1), 
producing formation of low-melting hydrates (MR = 0.28 min–1) producing formation of medium stability hydrates  
 (MR = 0.16 min–1)

                                                                         II. With water content 40–60 mass % 

Mixed mechanism (ncr = 2.7, Kcr = 2.9–3.2 min–1) Mixed mechanism (ncr = 2.5–2.8; Kcr = 0.24–0.32 min–1), 
 with formation of hydrates of medium stability  
 (MR = 0.18 min–1) 

 III. With water content over 80 mass %

 

Relay mechanism – complicated (ncr = 3.9),  – 
proceeding at a high rate (Kcr = 3.2–3.4 min–1)   
with formation of stable agglomerates (MR = 0.12 min–1)  

layered structures, from which hydrophobic 
oil is pushed. Hydrates in ARPD emulsions are 
generated as dispersed particles uniformly dis-
tributed in the mass of sediments due to the 
limitation of the free displacement because of 
dense emulsion consistency and large drop-
shaped fragments probably resulting from un-
even mixing the emulsion.

Thus, the consistency and density of the latter 
have an effect on the morphology of hydrates grow-
ing in emulsions. Furthermore, hydrates in oil emul-
sions agglomerate into large structures, whereas in 
dense ARPD emulsions with a rigid structure hy-
drate species are produced in the whole volume not 
sticking together among themselves.

CONCLUSION 

Thus, relying on the performed research, 
one may suggest a probable proximate 
mechanism of formation of hydrate parti-
cles in oil/water and ARPD/water emul-
sions.

In this manner, the route of relay transfer 
of the crystallization procedure is added to the 
microreactor mechanism of crystallization of 
water drops, whereas the main technique of 
hydrate particle nucleation in ARPD emulsions 
is of individual nature and relay motion is not 
implemented due to the dense rigid structure 
of the ARPD emulsion.
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