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INTRODUCTION

Gas hydrates are crystalline clathrate solids that are formed

from a network of hydrogen-bonded water molecules which

can encapsulate suitably-sized gas molecules at high pressures

and low temperatures1. For the most part, two main types of

gas hydrates exist in the world: natural gas hydrates and air

gas hydrates. Natural gas hydrates are primarily comprised of

methane and reside throughout the globe in the sea floor and

permafrost; air gas hydrates are mostly contained in the

sedimentary ice of the circumpolar region. These gas hydrates,

however, have both good and bad capabilities. For example,

they have the potential to cause serious damage by blocking

transportation along both oil and natural gas pipelines, espe-

cially as the oil and natural gas industries have been recently

focusing their efforts towards deep water exploration and

production12,3. Furthermore, there’s reason to believe that the

uncontrolled dissociation of gas hydrates in the ocean floor

can potentially lead to global warming and climate change4-6.

Alternatively, natural gas hydrates are also regarded as a

potential energy resource7,8 and air hydrates could play a role

in revealing paleoclimatic changes by analyzing guest species.

However, determining both the kinetic and thermodynamic

properties of hydrates is a necessary first step prior to carrying

out in any in situ explorations9 and though they are comprised
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of differing compositions, the thermodynamic and kinetic

characteristics of the formation and dissociation processes are

similar for both the methane hydrates and the nitrogen hydrates.

Natural gas hydrate samples are difficult to acquire and

require a special apparatus to properly preserve them, which

makes this type of work expensive and potentially dangerous.

Therefore, simulating experimental research is a successful

way to by-pass these risks while still effectively investigating

hydrates. The experimental studies that have been conducted

thus far on the kinetic and thermodynamic characteristics of

hydrates10-13 have typically made use of traditional PVT reactors.

Usually, these types of experiments require heavy instrumen-

tation and result in a lack of precision. Differential scanning

calorimetry (DSC) is a thermo-analytical technique in which

the difference in the amount of heat required to increase the

temperature of a sample and reference is measured as a function

of temperature. Traditional DSC has been used to study hydrate

properties since the 1980’s, including the enthalpies of

dissociation and heat capacities, etc.

Recently, a new high pressure differential scanning calori-

metry (HP DSC) technique has been introduced into the

hydrates research field14-16. Not only is it faster and more sensi-

tive, but it can also measure samples under high pressures17-18.

DSC was first applied to the study of hydrates by Koh et al.19,

who performed experiments on a model hydrate at ambient
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pressure, quantify and compare the effect of various kinetic

inhibitors. DSC coupled with X-rays diffraction was applied

as a complementary technique to elucidate the complex thermal

events during ice crystallization and melting20. The first appli-

cation of HP DSC to gas hydrates was developed to charac-

terize the thermodynamic stability limits of methane and

natural gas hydrates in solutions of inhibitors21.

This new technology has made more precise studies

possible, such as improving the precision of studies conducted

on kinetic and thermodynamic properties. In this paper, HP

DSC is used to analyze the characteristics associated with

nitrogen hydrates formation and dissociation. With these experi-

ments, the hydrate phase transition conditions, nucleation,

crystal growth speed and dissociation enthalpies have been

studied.

EXPERIMENTAL

The HP DSC equipment (µDSC VII) that was used in this

experiment was manufactured by Setaram Inc. The pressure

was controlled by a gas panel that compressed the gas to a

0.1-40 MPa range by a piston. It can be operated at a tempe-

rature range of -45 to 120 ºC and has a resolution of 0.04 µW

for measuring heat flow.

The gas tight, high pressure vessels with a 0.5 mL capacity

are designed to work up to a pressure of 400 bar. These vessels

are made of Hastelloy C276 for corrosive fluids analysis. They

are also equipped with doughnut rings coupled to an antiex-

trusion ring at the screwed top so as to maintain the high

pressure conditions.

Before starting any scientific program, the HP DSC must

be calibrated to ensure data qualification. The temperature

calibrations were performed annually according to the Setaram

manual with reference samples of Napthalene. After calibra-

tion, a similar procedure was applied to measure the deionized

water produced in our lab. Table-1 illustrates the comparison

between the NIST data and the results of the temperature and

enthalpy obtained by the DSC apparatus. The measured data

agreed well with the standard data.

TABLE-1 

DSC TEMPERATURE AND ENTHALPY DATA VALIDATION 

Material 
NIST 

transition 
temp. (ºC) 

NIST 
enthalpy 

(J/g) 

DSC 
transition 
temp. (ºC) 

DSC 
enthalpy 

(J/g) 

Water 0 333.33 0.469 336.366 

Napthalene 80.23 147.6 80.312 148.499 

 
Procedure: The empty sample vessel was measured using

an analytical balance. Then, about 30 µL of distilled water

was added to the vessel using a micro-volume syringe and

the vessel’s total mass was recorded again on the analytical

balance. Doing so gives the water’s total mass; this number

will be used for later quantitative analysis. The whole system

was then vacuumed by a mechanical pump for about 1 min

before the high pressure gas was charged into the vessels by

the gas panel.

In this study, nitrogen hydrates were synthesized in the

sample vessel under different pressures as the temperature was

decreased from 20 to -40 ºC with a constant cooling rate of

0.2 K/min controlled by the DSC. To measure the hydrates

dissociation enthalpies and phase equilibrium points, the

temperature was slowly raised from -40 to 20 ºC at a constant

rate change of 0.05 ºC/min.

RESULTS AND DISCUSSION

Heat flow responds to the hydrate phase transition:

The basic principle of the DSC technique is that when the

sample undergoes a physical transformation or chemical

reaction, either more or less heat will need to flow to it than to

the reference in order to maintain both at the same temperature.

One of the most important properties of the hydrate reaction

is heat exchange. The formation of hydrates through the

encapsulation of gas molecules by water lattices is obviously

accompanied by a release of heat, typically generating 1.5-

3.0 times more energy than freezing ice29 and conversely, the

dissociation process exhibits an endothermic reaction. There-

fore, it is reasonable to use the DSC technique to study hydrates.

Fig. 1 illustrates the typical shape of a heat flow curve that has

been acquired by HP DSC during an in situ formation and

dissociation of hydrates. The reaction material contains

deionized water and nitrogen gas. As clearly demonstrated,

there are two exothermic peaks during the cooling and two

endothermic peaks during the heating, which correspond to

water freezing and melting and the hydrates’ formation and

dissociation. It is easy to differentiate ice from a hydrate as

the melting point of ice is always near 0 ºC regardless of the

pressure.
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Fig. 1. Heat flow variation during cooling and heating processes

Phase equilibrium of nitrogen hydrates: After the

hydrates had been synthesized in the high pressure sample

vessel, a constant heating ramp was set to warm the samples.

As the temperature increased to certain points, the sample

would suffer some sort of physical or chemical reaction, such

as a melting or dissociation with a heat exchange and conse-

quently, there should be a corresponding peak shown on the

heat flow curve. Fig. 2 shows the phase transition peaks that

were obtained from heating the sample from -40 ºC to 30 ºC

at 0.05 K/min under different pressures. Two kinds of endo-

thermic peaks can be identified: one corresponding to the ice

melting and a second corresponding to hydrate dissociation.

The exothermic peak located at the beginning is simply a

response to the intersection of the cooling to heating process.

As shown in the Fig. 2, the hydrates’ dissociation peaks

are very pressure-sensitive, meaning that the hydrates need a

lower temperature to remain stable if the pressure is low. In
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Fig. 2. Heat flow curve of nitrogen hydrates dissociation at different pressures

the DSC experiment, the ramp rate is very slow (usually 0.05

ºC/min), which ensures there is adequate time for the phrase

transition process to occur. Therefore, the temperature corres-

ponding to the onset point of the hydrates’ endothermic peak

is usually considered to be the phase equilibrium point.

Fig. 3 illustrates the phase equilibrium data for the nitrogen

hydrates. The data obtained by the HP DSC was compared

with literature22,23 and they were found to agree well with one

another. Therefore in the bulk phase, the onset point, defined

as the intersection of the base line with the tangent to the linear

part of the peak, can be considered an effective mark for deter-

mining hydrate phase equilibrium points.
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Fig. 3. Phase equilibrium point of nitrogen hydrates (Reference value: van

Cleff,A., Diepen, G.A.M.24)

Dissociation heat of nitrogen hydrates: The peak area

on the heat flow curves is representative of the amount of heat

during the phase transition. In these experiments, the total water

added to the sample vessel (mt) is already known. By integra-

ting the peak areas of both the ice and the hydrate, we know

the total heats for the ice (Qi) and hydrate (Qh). As the heat of

ice per gram can be easily measured (336.366 J/g), the ice’s

mass (mi) can also be calculated. Then, the nitrogen hydrate’s

dissociation heat per gram (Hh ) can be calculated by the

following equation:

)mm(

Q

g

J
H

it

h

−
=








(1)

Table-2 lists the nitrogen hydrates’ dissociation heats. The

results indicate that the nitrogen hydrates’ dissociation heats

are slightly larger than those of the ice, but they do not signifi-

cantly change under different pressures. The average disso-

ciation heat value is 369.158 J/g.

Kinetics properties of hydrates formation

Nucleation study in water-gas-hydrate system: Nucle-

ation is the first step of hydrate formation. Though there is a

certain phase equilibrium temperature for each pressure, further

conditions need to be met before hydrate synthesis will occur.

Nucleation not only relies on a probabilistic scheme, but it

also has to overcome a potential barrier for the reaction to start.

The driving force is defined as the energy needed to initiate

hydrate synthesis and is usually considered to be related to

sub-cooling. After simplifying, the driving force can be expre-

ssed by the following equation25:

TSe)TeT(Seu ∆∆=−∆=∆ (2)

where ∆u is the driving force, ∆Se is the system’s enthalpy

change, Te is the phase equilibrium temperature, T is the

hydrate formation temperature and ∆T is sub-cooling.

According to this equation, greater sub-cooling provides

a larger driving force. Fig. 4 shows that during the DSC cooling

stage, hydrate formation occurs at a temperature that is much

lower than the equilibrium. The largest sub-cooling is about

18 ºC while the smallest one is about 6 ºC. However, during

these experiments, the pressure did not appear to have any

clear relationship with the sub-cooling. This confirmed that,

although the proper conditions were met, nucleation was still

a stochastic process. For example, due to the random distri-

bution of dissolved gas in the water, the interfacial tension

and the water activity were not equal throughout the whole

system. Furthermore, if there was a free gas phase, it would

have lead to a different fugacity on the water-gas interface

and the stochastic behaviour would have been more significant

in the sample vessel.

The heat signal that is recorded during the hydrate

formation process perhaps represents the sum of the elementary

heat releases from lots of tiny nuclei. Therefore, the time scale

of the formation peak can be treated as a statistical analysis of

the hydrates nucleated duration.

TABLE-2 

DISSOCIATION HEAT OF NITROGEN HYDRATES UNDER DIFFERENT PRESSURES 

Dissociation (bar) mt (mg) Qi (mJ) mi (mg) Qh (mJ) mh (mg) Hh (J/g) Havg (J/g) 

300 30.3 9536 28.35 700.2 1.949 359.29 

270 30.3 9422 28.01 856.6 2.289 374.24 

250 30.3 9648 28.68 588.5 1.616 364.25 

220 30.3 9549 28.39 701.2 1.912 366.67 

200 30.3 9681 28.78 578.8 1.518 381.34 

369.158 
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Fig. 4. Sub-cooling versus pressure during hydrate nucleation

In present experiments, there was more than one exo-

thermic peak during the nucleation stage, which means that

hydrate nuclei occurred at a different time and position. Here,

the nucleation time is defined as the duration between the onset

point of the first exothermic peak and the endpoint of the last

one. As shown in Fig. 5, the sub-cooling degree plays an impor-

tant role in controlling the nucleation time. Typically the larger

the sub-cooling is, the longer the reaction time and therefore,

the likelihood of hydrate synthesis increases. However, there

are two abnormal values at very high sub-cooling. An analysis

of the heat flow curves may help interpret these abnormities.
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Fig. 5. Nitrogen hydrate nucleation time as a function of sub-cooling

As seen from the curve shape of 300 bar (Fig. 6), two

exothermic peaks at 238 and 382 mJ energy, located at the

beginning, suggests that the nucleation was both drastic and

fast. For the 270 bar experiment (Fig. 7), although the energy

was also very large, it contained more than four peaks through-

out the whole process and the first peak area was not very

large. This implies that the nucleation started at a normal speed

and lasted a long time. Many studies26 have proven that hydrates

are more likely to form at the interface between water and gas

in the bulk system (Fig. 8). The sample vessel used in the
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DSC test is a relatively small cylinder with a radius of about 4 mm.

Therefore, it was highly probable that, during the 300 bar test,

a large amount of the hydrates formed at the water-gas interface

and consequently blocked the gas passage way into the bulk

phase, which then stopped the hydrates’ continuous formation.

As exhibited by the heat flow curve, there was no other obvious

exothermic peak after the beginning of nucleation. In contrast,

in the 270 bar test, the hydrates nucleated gently at the begin-

ning and did not cover the whole interface, so gas was able to

reach the bulk phase and continue reacting with the water

molecules. Additionally, the initial nucleated crystals can act

as a heterogeneous nuclei27which promotes the hydrate forma-

tion. Correspondingly, there were four significant exothermic

peaks distributed along a relatively long time scale on the heat

flow curve, which was also the greatest total energy release.

Growth speed of hydrates crystal: The energy released

from the hydrates’ formation as a function of time can be

obtained by integrating the exothermic peaks. As a series of

experiments were carried out using the same bulk phase, these

curves represented a semi-quantitative result of hydrate crystal

growth speed (Fig. 9).

The slope of the energy curve reflected the growth speed

at a certain time. The steeper the curve became, the faster the

hydrates growth. As expected, the hydrate growth speed is

extremely dependent upon the sub-cooling. Moreover, the total

released energy also increased with sub-cooling, except for in

some cases when the kinetics processes were interfered with

by other factors, such as gas supply.
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Fig. 8. Hydrates formation in water-gas-hydrates system. (Hydrates were

synthesized in a transparent high pressure vessel)
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Conclusion

In this paper, an HP DSC was used to investigate the

kinetic and thermodynamic characteristics of nitrogen hydrates.

The HP DSC is a reliable and convenient tool28-30, especially

when compared with classical PVT techniques that require

larger sample volumes and are more time-consuming.

Any heat that is during a hydrates reaction can be sensi-

tively detected by the DSC and then reflected as a heat flow

curve in response to time or to a furnace temperature. There

were exothermic or endothermic peaks during the system

cooling or heating process, corresponding to the water phase

transition and the hydrates reaction. Because of the stochastic

behaviour of the hydrates nucleation, there may be more than

one hydrates exothermic peaks that appeared during the system

cooling. Therefore, they were suitable for studying hydrate

kinetics. In contrast, a hydrates dissociation peak was always

stable at the phase equilibrium condition and can be conve-

niently used to analyze the thermodynamics properties.

In this study, the nitrogen hydrates phase equilibrium

points from 150 to 300 bar were determined and fit very well

with reference values. Dissociation heats were also calculated

by integrating the endothermic peak area and showed relative

stable data as a function of pressure.

The nucleation duration and the hydrate growth speed

were related to the total peaks’ width and the slope of the energy

increasing curve. As expected, sub-cooling in the bulk phase

played an important role on the kinetic process of hydrates.

Larger sub-cooling increased the driving force, which in turn,

caused the nucleation process to be more drastic. However,

the stochastic behaviour still existed due to the gas supply

method and experimental apparatus.
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