Heat Capacity and Heat of Dissociation of

Methane Hydrates

The objective of this study was to determine the heat capacity and
heat of dissociation of methane hydrates. A technique has been
devised which circumvents the two major problems encountered in mea-
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suring gas hydrate heat capacity: the need to impose a mechanical

pressure during the measurement and the need to have an absolutely
pure hydrate sample. The technique was shown to be successful uti-
lizing high-pressure, constant-volume cells in a differential scanning cal-

orimeter.

Introduction

Natural gas hydrates are clathrate inclusion compounds.
They are nonstoichiometric solid solutions in which gas mole-
cules are trapped inside of cages formed from water molecules.
The gas molecules are called the “guest” species, and the water
molecules form the “host” lattice.

Gas hydrates may form in either of two solid structures. Both
structures are based on the pentagonal dodecahedron. This is a
cage of 12 pentagonal faces with a water molecule oxygen atom
at each vertex of each pentagon. There are 20 water molecules in
this fundamental cage structure.

Pure methane, the basic component of natural gas, forms
structure I hydrates. This hydrate structure consists not only of
pentagonal dodecahedra but also of tetradecahedra (14-faced
cages, two faces of which are hexagonal). Some pure compo-
nents of natural gas (e.g., propane) form structure II hydrates.
This structure contains both pentagonal dodecahedra and hex-
adecahedra (16-faced cages, four faces of which are hexagonal).
Natural gas mixtures may form either structure [ or structure II
hydrates, depending on the composition of the gas and the
hydrate formation conditions.

In recent years, researchers have discovered that gas hydrates
exist in nature in quantities large enough to constitute a major
energy resource potential. (Makogon, 1981; Judge, 1982; Bily
and Dick, 1974; Weaver and Stewart, 1982; Makogon, 1982).
They exist not only in Arctic permafrost regions of the world but
in ocean bottom sediment near the equator as well. Conse-
quently, much of the recent gas hydrate research has been
directed toward determining economic production schemes for
natural gas from the solid hydrate deposits. (Makogon, 1982;
McGuire, 1981; McGuire, 1982).
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Fundamentally, all scenarios for producing gas from natu-
rally occurring hydrates depend on disturbing the natural equi-
librium in the hydrate deposit. This means changing the pres-
sure of the deposit, injecting an inhibitor, or heating the deposit
to break the lattice and free the gas. To realistically model either
scheme it is necessary (but not sufficient) to know the heat
capacity of the hydrate mass, the heat of hydrate dissociation,
and the pressure-temperature relationship governing hydrate
equilibrium. Many measurements have been made of the condi-
tions of pressure and temperature required for gas hydrate sta-
bility. Actual measurements of hydrate heat capacity and heat
of dissociation, on the other hand, are scarce. The only measure-
ments that exist, in fact, for the heat of dissociation of high-pres-
sure gas hydrates are those of Cherskii et al. (1982), Stackel-
burg (1949), Villard (1897), and Nagayev et al. (1979). The
heat of gas hydrate dissociation is usually obtained by inference
from hydrate vapor pressure data. This method utilizes modified
forms of the Clausius-Clapeyron equation. It has been used by
many researchers to determine the ratio of water molecules to
gas molecules in hydrates formed from different types of gases
(Deaton and Frost, 1946; Deaton and Frost, 1947; Harris, 1943;
Holder et al., 1980; Sortland and Robinson, 1964; Saito et al.,
1964).

Measurements of gas hydrate heat capacity are also rare.
Several researchers have measured the constant pressure heat
capacity of hydrates formed from cyclic eithers (e.g., tetrahy-
drofuran, ethylene oxide, trimethylene oxide) (Leaist et al.,
1982; Callanan and Sloan, 1982; Rueff, 1983). These sub-
stances are miscible with water and form hydrates easily at con-
ditions not far removed from ambient temperature and pressure.
Hydrates formed from them have a very low vapor pressure. The
only heat capacity data that exists for hydrates with significant
vapor pressure, however, are those of Cherskii et al. (1983) who
report the dependence of gas hydrate heat capacity on tempera-
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ture at 9 MPa. They also report the heat capacity pressure
dependence of the same hydrate at 243 K. The hydrates used in
their experiments were formed from natural gas produced from
the Mastakh field in Yakutia, USSR.

It is the goal of this work to present new methods of experi-
mentally determining gas hydrate heat capacity and heat of dis-
sociation. These data will eventually be useful in modelling gas
hydrate recovery scenarios.

Major Probiems in Determining Hydrate Heat
Capacity

There are two major problems which must be overcome to
measure the heat capacity of natural gas hydrates by conven-
tional calorimetry methods.

The first problem is that the vapor pressure of natural gas
hydrate increases greatly with temperature. Unless the pressure
of the hydrate sample mass is maintained above its vapor pres-
sure mechanically, some of the hydrate mass will dissociate as
the sample temperature increases. The heat required to disso-
ciate the hydrate will render the apparent heat capacity of the
hydrate much higher than the actual heat capacity.

The second problem is that the sample mass must be com-
posed entirely of pure gas hydrate. If the sample contains excess
ice, for instance, the apparent heat capacity of the sample will
contain contributions from both the ice and the hydrate mass.
This is a particularly severe problem above the ice point where
water, rather than ice, can coexist with the hydrates. The heat
capacity of water is about twice that of ice, and any excess water
in the sample mass will greatly inflate the apparent heat capac-
ity of the hydrate.

This study presents a new method for determining the heat
capacity of gas hydrates. The procedure circumvents both of the
major problems listed above. It requires only that:

1. The calorimetry experiments be performed in vessels of
constant volume.

2. It be possible to determine the composition and size of the
sample when the experiment is complete.

In this work, the procedure outlined above was used to deter-
mine the heat capacity at constant volume of pure methane
hydrate. The results of this study indicate that this method rep-
resents a valid approach to obtaining gas hydrate heat capacity.
Since this procedure circumvents the two major problems asso-
ciated with hydrate heat capacity measurements, it represents
the best method available for such measurements. This paper
also presents a technique by which to measure the average inter-
nal energy of hydrate dissociation above the ice point by differ-
ential scanning calorimetry.

Theory

Consider a closed system of constant volume which is filled
with a pure material. The rate of change of specific entropy of
the system with respect to temperature may be expressed as,

) _, (OP) _(Tn
aT v~ " \aT)y  \oT?*)v

where the subscript V indicates that the derivatives are taken
with respect to constant total system volume. The heat capacity
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of the system at constant volume is, therefore,

&p au
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If the system is in the two-phase region, then it has only one
degree of freedom. The differentials in Eq. 2 are ordinary in that
case, and it becomes possible to write Eq 2. as

(2)

Cyan(T) = ki (T vy, + ky(T) 3)
where,
d’p
(T) - T(ﬁ)y )
and
d*u
kAT) - - T(ﬁ)y )

The change in internal energy of the system from T, to 7} is,

Au = A + By, (6)
where the constants A and B are simply the integrated forms of
Egs. 4 and 5. This can, of course, be put in terms of average heat
capacity for the system by dividing Eq. 6 by AT, the difference
between T, and 7).

Equation 2 has been used by Yang and Yang (1964) in their
investigations concerning the critical point in liquid-gas transi-
tions. It has also been used by Rice and Chang (1972) and by
Goodwin and Weber (1969).

Rueff (1985) has shown that a similar analysis may be
applied to natural gas hydrate systems. The starting point for
such a derivation is the Gibbs-Duhem equation applied to a mul-
tiphase system. That is,

SdT — V. dp + Zndp, = 0 @)

The resulting equation for the rate of change of specific
entropy of the system is,

s, #p 8,
Zas) _ — = = 8
(6T)v Ders (aT2 ,~ 25 5), ®)
And ¢y, is, simply,
a’p %,
Cysys = vsysT(ﬁ)y - TZ X (37‘_2 v (9)

If the closed, constant volume system is in the three-phase
region and the hydrate is formed from a pure gas (e.g., pure
methane), then the system is univariant, just as the two-phase,
pure component system is univariant. In that case the differen-
tials in Eq. 9 are ordinary, and the change in internal energy of
the system from T to T, is,

Au = Kvg, + Z Kix; (10)
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where,

K, jr'l” (g%)ydr (11)
and
K ~— fn“ T(%)VdT (12)
Finally, since the system contains only two components,

Au = A + By + Cx, (14)

where,
A=K, (15)
B =K, (16)
C=K - K, 17)

Since the numbering of the two components is arbitrary, we
can allow component 1 to be water so that,

Au=A + Bvsys + Cxwat (18)

This again can be put in terms of average heat capacity by divid-
ing both sides by AT. The resulting equation forms the theoreti-
cal basis for this work.

To understand the utility of this theory to actual heat capac-
ity measurements, it is best to work in terms of system heat
capacity. Formally, for the two-phase system at any given tem-
perature, this means,

(19)

Cyasy = A + by,

For the three-phase, gas hydrate system, the relevant expres-
sion is,

Cropsa) = @ + DUy + CXoy (20)

It is important to remember that in each of these equations,
the specific heat capacity of the system refers to the amount of
energy required to raise the temperature of the system divided
by the total number of moles of all chemical species in the sys-
tem.

Equation 19 may be extrapolated to the conditions under
which the system is almost entirely composed of saturated liquid
by simply using the specific volume of the saturated liquid in the
equation. The resulting value for ¢y, is neither the saturation
heat capacity of the liquid, nor is it the constant-volume heat
capacity of the liquid. It is, rather, only the heat capacity of the
system when it is filled with a saturated liquid. However, ¢y,
may be adjusted to obtain each of the other heat capacities. For
instance, the saturation heat capacity may be obtained from,

dp\ {dv
Co1 = Cysysq) +T (_p) (—l)

aT),\dT 1)
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Likewise, the constant volume heat capacity may be calcu-

lated from,
dv\* (dp
Cyy = Cyaps(y + T(d_Tl‘), (3_'01)T

In both cases, ¢y is the value of ¢y, calculated from Eq. 19
by extrapolating it to the specific volume of the saturated lig-
uid.

It is interesting to note that while the saturation heat capacity
of the liquid differs very little numerically from ¢y, ¢y dif-
fers substantially. Equation 19 may, of course, be extrapolated
to the condition of the system containing only saturated vapor by
simply using the specific volume of saturated vapor in Eq. 19. In
that case,

(22)

dp\ [dv,
Cop = Cosys(v) +T (E)a ( dT)a’ (23 )
and
dv,\2 {dp
cV,v et cV.sys(v) + T ﬁ E r (24)

The second term on the right side of Eq. 23 is so large and
negative that it frequently causes the saturation heat capacity of
the vapor to be negative.

In a similar manner, the constant volume heat capacity of
hydrates formed from a pure gas may be obtained by,

dv,\? [ dp
d T), (avh)r
where ¢y refers to the heat capacity of the three-phase
hydrate system extrapolated to the specific volume and mole
fraction of water characteristic of the pure hydrate mass.

The equations above form the basis of a general experiment
principle for determining the constant volume heat capacity of

pure liquids and of hydrates formed from a pure gas. Formally,
the principle is as follows:

(25)

cV,h hal Cv;ys(J-h) + T

Two-phase pure-component system

1. Perform experiments to determine the heat capacity of
systems of various specific volumes.

2. Regress the heat capacity data, ¢y, on the system spe-
cific volume to estimate the coefficients of Eq. 19.

3. Extrapolate the ¢y, line to the specific volume of the satu-
rated liquid to obtain cy).

4. Adjust ¢y, according to Eqs. 21 and 22 to obtain the
saturation heat capacity and the constant volume heat capacity
of the pure liquid.

Three-phase hydrate system

1. Perform experiments to determine the heat capacity of
systems of various specific volumes and total water mole frac-
tions.

2. Regress the heat capacity data, ¢y, on the system spe-
cific volume, v, and the total mole fraction of water in the sys-
tem, X, to estimate the coefficients of Eq. 20.
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3. Extrapolate the ¢y, plane to the specific volume of pure
hydrate and to the total mole fraction of water in pure hydrate to
obtain cyyi.5)-

4. Adjust ¢y .4 according to Eq. 25 to obtain ¢y, the heat
capacity of pure one-phase hydrate.

Experiment
Apparatus

All of the experiments were performed using a Perkin-Elmer
model DSC-2 differential scanning calorimeter which was inter-
faced to an Apple II Plus microcomputer. The interfacing set-up
is described in detail by Rueff (1983). Subambient tempera-
tures were achieved by filling the DSC-2 fluid bath with a mix-
ture of ethanol and dry ice. Extra-dry nitrogen was used to
purge the DSC head during the experiments.

Because of the pressures generated by carbon dioxide and by
methane hydrates at and below ambient temperature, it was
necessary to use Perkin-Elmer high-pressure stainless steel DSC
capsules for these measurements. It was necessary, in all of these
experiments, to replace the copper gaskets that Perkin-Elmer
sells with the capsules with indium gaskets and indium disks of
our own construction. Samples sealed using the indium seals
easily contained pressures in excess of 2,000 psia (14MPa).

Each of the samples were weighed on a Cahn 4700 electro-
balance, which had a precision of 0.01 mg. The carbon dioxide
samples were weighed both before and after the experiments to
insure that no loss of mass occurred during the DSC scan. This
same procedure could not be applied to the methane hydrate
samples because, once dissociated, the hydrates were not easily
formed again.

Procedure: sample cell volume

The total internal volumes of the sample capsules were deter-
mined by observing the temperature at which the DSC thermo-
gram took a sudden and dramatic drop when each capsule was
filled with carbon dioxide. Each of the carbon dioxide scans
exhibited such behavior. The thermogram drop temperature
represents the point at which the system makes the transition
from a two-phase system to a one-phase system. For systems

which have a total density less than the critical density of carbon
dioxide, this is the point at which the last droplet of liquid evapo-
rates. For systems which have a total density greater than the
critical density of carbon dioxide, this is the point at which the
system becomes entirely liquid. In either case, the density of the
saturated phase at this temperature may be obtained from a
good equation of state. Since the total system mass is known, it is
a simple matter to calculate the total volume of the high-pres-
sure capsules. The total volume of the capsule used for the car-
bon dioxide experiments, as determined by this procedure, was
23.51 ul. with a standard deviation of 0.535 uL. The total vol-
ume of the capsule used in the methane hydrate experiments
was 23.54 uL with a standard deviation for six samples of 0.212
uL. The carbon dioxide system densities were calculated from a
32 parameter equation of state computer program for carbon
dioxide which was developed and coded by Dr. James F. Ely at
the National Bureau of Standards in Boulder, Colorado. The
program is called “PROPS.”

Heat capacity measurements

The carbon dioxide samples were scanned across 10 K inter-
vals from 230 to 290 K at 5 K/min.

Two types of experiments were performed on the hydrate
samples. One type of experiment was designed to yield the
hydrate heat capacity; the other was designed to measure the
internal energy of hydrate dissociation.

All of the methane hydrate samples were scanned across 10 K
intervals from 230 to 260 K at a scan rate of 2.5 K/min. The
heat capacity of the samples was calculated by both the
enthalpy method (for average heat capacities) and the scanning
method (for heat capacities at individual temperatures) as out-
lined by Mraw (1986). The next step in the procedures involved
scanning the interval from 270 K to the end of the ice/water
phase transition peak at 1.25 K/min. This peak indicated how
much ice was in the sample before any hydrate dissociation
occurred above the ice point.

Heat of dissociation

To determine the internal energy of dissociation of the
hydrate, a 20 K temperature interval was scanned, beginning at
the end of the ice/water phase transition, at a scan rate of 2.5

260 K/min. To calculate the heat capacity above the ice point, on
the other hand, 5 K intervals from 280 K to the temperature at
which hydrate dissociation ceased were scanned using a scan

200 rate of 1.25 K/min. The endpoint of hydrate dissociation pro-

" duced an effect on the DSC thermogram which was similar in
¥ form to the thermogram drop accompanying the two-phase/
g one-phase transition of the carbon dioxide samples.
3 1504 The amount of water in each hydrate sample was determined
2
3‘2 Table 1.  Slopes and Confidence Intervals of Eq. 19
100 Slope 95% Regression
T Avg. Regression Confidence
(K) PROPS J/L - K) Intervals
235 244.17 235.93 41.15
50 T T T T T T 245 298.54 323.09 33.15
000 006 040 016 020 025 030 035 255 359.47 382.80 40.87
visys) (L/mol) 265 428.40 447.58 31.91
Fiqure 1. ioxi . ] 275 508.25 526.94 42.63
igure g:rbon dioxide two-phase system heat capac 285 61068 599.41 98 66
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Table 2. Intercepts and Confidence Intervals of Eq. 19

Intercept 95% Regression
T Avg. Regression Confidence
(K) PROPS (J/mol - K) Intervals
235 75.460 77.907 6.962
245 73.370 73.558 6.297
255 72.577 72.7153 7.772
265 72.005 71.956 6.067
275 71.754 69.839 8.098
285 71.129 70.082 15.582

by chilling the sample to liquid nitrogen temperatures and vent-
ing the capsule. The chilling step froze the system water and
minimized the amount of water that might leave the cell in the
vented methane vapor. The capsule was closed, brought to ambi-
ent temperature, then rechilled and vented. By performing this
chill-and-vent step three times and weighing the cell after each
time, it was possible to determine the amount of water, and,
hence, the amount of methane in the original sample. Since the
total volume of the cell was known, it was possible to divide by
the total number of moles of both chemical species in the sample
to obtain the system specific volume.

Results and Discussion
Carbon dioxide heat capacity

Equation 19 describes the relationship between specific vol-
ume and heat capacity for a closed, constant-volume, two-phase,
pure component system. A pure material, encapsulated in a
high-pressure DSC capsule, represents such a system as long as
the sample is in the two-phase region. The experiments on sam-
ples of carbon dioxide were designed to test the ability of the
DSC to discern the relationship in Eq. 19 and to test the general
experiment principle for two-phase systems. For carbon dioxide,
the temperature range from 217 to 304 K constitutes the liquid-
vapor two-phase region.

The raw carbon dioxide data are presented graphically in Fig-
ure 1. This figure also shows the lines resulting from simple
linear regression of each data set. Tables ! and 2 give the slopes
and intercepts of the regression lines, their respective 95% confi-
dence intervals, and a comparison to the slopes and intercepts
predicted by the PROPS equation of state computer program.

The great utility of Eq. 20 is that manifested in Eq. 25. That
is, in order for Eq. 20 to be useful, it must be extrapolated to the
properties of the condensed hydrate phase. By analogy, the most
important application of Eq. 19 is that given in Eq. 21 and 22.
To test the accuracy of the general experiment principle, it was
necessary to extrapolate the carbon dioxide data to the con-

Table 3. Condensed-Phase Extrapolation to ¢, ;. ,,

Specific J/mol - K
TAvg. Volume eraty )
(K) (L/mol) PROPS  Regression + 95% Interval*
235 0.03971 85.16 87.28 7.44
245 0.04214 86.04 86.88 7.70
255 0.04303 88.05 89.26 9.46
265 0.04520 91.37 92.19 7.35
275 0.04800 96.15 95.13 9.77
285 0.05192 102.84 101.20 15.05

*Prediction Interval

1472

September 1988 Vol. 34, No. 9

160

o C(sat)
A €V [y

e
® This work o)
¥°

Lo o MO%@@}@%@O %oo%dm%@@

100

Heat Capacity (J/mol-K)

"] A%AAA;AA {AAA%AA[AA}AMA;
L

Y AR SRR LAY T ARSI
220 230 240 250 260 270 280 290

Temperature (K)

Figure 2. Carbon dioxide liquid heat capacity: saturation
and constant volume.

densed phase (liquid) specific volume and to make the adjust-
ments indicated in Eqs. 21 and 22. Table 3 shows the value of
Cygys that results when the regression models and the PROPS
prediction lines are each extrapolated to the specific volume of
the saturated liquid at the interval midpoint temperature. Table
3 also shows 95% prediction intervals on the extrapolated value
of ¢y s at v;.

Figure 2 illustrates how the calculated values of ¢,, and ¢y,
compare to the measurements of Magee and Ely (1985).

Hydrate heat capacity

Table 4 shows the raw data for average heat capacity experi-
ments involving methane hydrate systems. This table gives the
data for average ¢, across 10 K temperature intervals from
240 to 250 K and from 250 to 260 K. Table 5 presents similar
data obtained by the DSC scanning method at four individual
temperatures. The two-dimensional sample space map for these
data is shown in Figure 3. Tables 6 and 7 present the results of
multiple regression analysis on the average heat capacity values.
Table 8 shows the results of extrapolating the ¢, regression
planes to the pure hydrate properties. This table also shows 95%
prediction intervals for each extrapolated value of ¢, ., Table 9
lists the value of ¢, ,, the heat capacity for the pure one-phase
hydrate, when the values of Table 8 are adjusted according to
Eq 25. Finally, Figure 4 illustrates how these data compare to
the low-pressure heat capacity data for structure I cyclopropane
hydrate reported by Callanan and Sloan (1982).

Table 4. Methane Hydrate: Average Heat Capacity

Cpraye (3 /mol - K)

Sample Uy X at 245K 255K
A 0.05898 0.9123 42.10 46,98
B 0.03725 0.9020 35.89 37.70
C 0.04562 0.9261 39.75 43.14
D 0.05236 0.8679 38.28 40.48
E 0.04170 0.8849 — 39.31
F 0.05690 0.9350 43.01 —
G 0.04076 0.9361 39.69 41.48
AIChE Journal



Table 5. Hydrate System: Heat Capacity vs. Temperature*

Cyqs (J/mol - K)

Sample* 255K 256 K 257K 259K
A 42.45 42.90 43.57 45.31
B 36.59 37.59 37.44 37.70
C 40.53 41.27 41.48 42.53
D 37.68 38.54 38.73 39.44
E 36.53 37.49 3111 38.46
G 39.28 39.50 39.29 40.04

*See Table 4 for sample composition and specific volume.

Heat of hydrate dissociation

Table 10 shows the results of the internal energy of dissocia-
tion calculations and the enthalpy of hydrate dissociation for
each of six samples. The adjustment from internal energy to
enthalpy is based on an average temperature of hydrate disso-
ciation of 285 K. This results in a value for PAvg, of 13.28 J/g.

Discussion

Of primary interest in the carbon dioxide experiments are the
slopes and intercepts of the regression lines given in Tables 1 and
2. Tt is apparent from these results that the DSC is capable of
discerning the relationship of Eq. 19 for high-pressure liquid-
vapor systems. The slopes and intercepts of the regression lines
are very close to those predicted by the PROPS computer pro-
gram. Furthermore, for each temperature interval, the statisti-
cal hypothesis that the regression slope is actually equal to the
PROPS prediction slope cannot be rejected at a 95% level of sig-
nificance. The same is true of the regression intercepts. Of these
two statements, however, the one regarding the slopes is the
more significant. This is due to the fact that the slope of Eq. 19 is
related only to the vapor pressure of the pure material in the sys-
tem. Accurately predicting carbon dioxide vapor pressure is one
of the simpler tasks that PROPS performs.

Of more practical importance, however, is the ability of the
general experiment principle to produce accurate saturation and
one-phase heat capacities for the condensed phase from DSC
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Figure 3. Allowable sample space: methane hydrate ex-
periments.
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Table 6. Statistical Analysis of Average Heat

Capacity Data at 245 K
+95%
Confidence
Coeff. Value Std. Dev. t-ratio Interval
a —26.551 6.822 -3.89 33.128
b 245.07 21.36 11.48 103.69
[ 59.585 7.292 8.17 35.41

Standard Deviation about the regression line = 0.4204 J/mol - K.

data. This requires that the regression lines be extrapolated to
the specific volume of pure, saturated liquid carbon dioxide at
each interval midpoint temperature. Table 3 indicates that the
data regression compares extremely well with the PROPS pro-
gram when each is extrapolated to the specific volume of the lig-
uid phase. With the exception of the value at 235 K, the data
regression extrapolation agrees with the PROPS program val-
ues to within about 1.6%. Figure 2 indicates that the general
experiment principle is workable for liquid-vapor systems with a
differential scanning calorimeter. The DSC data compare very
well with the experimental data of Magee and Ely (1985).

It was much more difficult to measure the heat capacity of the
three-phase, methane hydrate systems than it was the two-phase
carbon dioxide systems. This is due largely to the differences in
the physical properties of each type of sample. Still, the methane
hydrate experiments established that the technique presented
here is workable as a method of determining the heat capacity of
pure gas hydrates.

Tables 6 and 7 indicate that the two “slope” coefficients of
Eq. 20 are statistically significant at a 95% level of significance.
The constant, a, in Eq. 20, is significant at about a 90% level of
significance for both temperature intervals. Furthermore, the
coefficient, b, calculated from the slope of the methane hydrate
vapor pressure curve, compares reasonably well with the value
obtained from regression of the heat capacity data. At 245 K,
the coefficients differ by about 17.6%. At 255 K, this difference
is about 4.6%. In both cases, however, the statistical hypothesis
that the regression coefficient is actually equal to the coefficient
calculated from the vapor pressure data cannot be rejected at a
95% level of significance.

The heat capacity data obtained by the scanning method at
four individual temperatures in the region from 250 to 260 K
were far more scattered than the average heat capacity data.
This implies that the hydrate sample may have lagged the DSC-
indicated temperature slightly throughout the scan. Only the
beginning and ending temperatures and the total heat input is
important to the average heat capacity, but for individual heat
capacity values, it is essential that the sample temperature be

Table 7. Statistical Analysis of Average Heat

Capacity Data at 255 K*
+95%
Confidence
Coefl. Value Std. Dev. t ratio Interval
a —42.21 11.95 -13.53 58.029
b 366.67 39.67 9.24 192.64
c 73.84 12.66 5.83 61.48

*Standard Deviation about the regression line = 0.7089J/mol - K.
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Table 8. Extrapolated System Heat Capacities and 95%

Prediction Intervals

cl’,sys
(J/mol - K)

Temp. (K) +95% Interval
245 29.47% 2.82
255 28.44* 4.78
255 29.43%* 2.23
256 30.98¢* 3.71
257 30,27** 4.76
258 29.09%* 5.74

*Average ¢, at 10 K interval midpoint.
**¢y., at individual temperatures.

known. Nevertheless, all except one of the b and ¢ coefficients
were statistically significant for the heat capacity planes at each
of these temperatures.

For the purposes of extrapolating the heat capacity plane, it is
important to keep in mind that the specific volume is in terms of
liters per total number of molecules in the system. It is not in
terms of liters per mole of hydrate. The nature of Eq. 20
demands this distinction.

Aside from the data of Comper et al. (1983) the data in Fig-
ure 4 are the only other data that exist for the heat capacity of
structure T hydrates. Unfortunately, it is impossible to compare
the results of that study to this one in this temperature range.

The prediction intervals of this study bracket the regression
line for the data of Callanan and Sloan, with the exception of ¢y,
calculated by the scanning method at 255 K. At 245 K, in fact,
the data points of each study are quite close.

A 95% prediction interval for the structure I cyclopropane
hydrate data of Callanan and Sloan, extrapolated to 5 K below
the lowest temperature data point in their study, serves as a
means of error comparison to the results of this study. This
interval and extrapolation point is shown in Figure 4. The size of
such a prediction interval is on the same order as the prediction
intervals of this study. This is particularly significant because
their data is the result of straightforward low-pressure DSC
heat capacity measurements. The results of this work, on the
other hand, come from the general experiment principle applied
to high-pressure differential scanning calorimetry. The confi-
dence intervals around individual data points are about the same
in each study.

Figure 5 shows the heat capacity of hydrates formed from
several different types of guest molecules. Of these data, only
Cherskii et al. (1982) and this study report the heat capacity of
high-pressure gas hydrates. The composition of the gas used to

Table 9. Pure One-Phase Methane Hydrate Heat Capacity
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O Ethylene oxide (Callanan and Sloan)
29 B Ethylene oxide (Leaist, et al.)
® This work
A This work (10K avg.)
1
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Tempetature (K)
Figure 4. Structure | hydrate: heat capacity.

form the hydrates of that study suggests that theirs was a struc-
ture IT hydrate. The relationship reported by Cherskii, et al. is so
much higher than the other hydrate data that it may be suspect.
They may have hydrate had dissociation occurred during the
sample heat capacity measurements.

Finally, it must be noted that the methane hydrate data
reported in this study represent ¢, the hydrate heat capacity at
constant volume. All other data in Figure 5 are reported as c,,
the heat capacity at constant pressure. The solid hydrate mass is
so incompressible, however, that the difference in ¢, and ¢y, is
on the order of one-tenth of one percent. The comparison of the
results of this work to the rest of those in Figure 5 is, therefore,
entirely justified.

Hydrate heat of dissociation

The average internal energy of hydrate dissociation above the
ice point for the six samples shown in Table 10 is 416.38 J/g.
The average enthalpy of dissociation is, therefore, 429.66 J/g.
The standard deviation for six samples was 6.01 J/g.

The enthalpy of dissociation may be calculated from the
Clausius-Clapeyron equation. If the slope of the vapor pressure
curve (plotted as Inp vs. 1/T) is constant, then the enthalpy of
hydrate dissociation varies linearly with the compressibility fac-
tor, Z. If we assume that the ratio of water to methane in the

Table 10. Heat of Hydrate Dissociation for Methane Hydrate
and 95% Confidence Intervals

Aug, Ahg
Sample J/g) /2
+95%

v Prediction AA 418.25 431.53

Temp. (K) J/g-X) Interval BB 423.38 436.66

CC 422.28 435.56

245 1.62 0.16 DD 414.26 427.54

255 1.56 0.27 EE 412.17 425.45

255 161 0.13 FF 407.95 421.23

256 1.70 0.21 Avg. 416.38 429.66

257 1.66 0.27 Std. Dev. 6.01 6.01

259 1.61 0.32 +95% Interval 6.31 6.31
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Figure 5. Hydrate heat capacity.

pure hydrate is 6.15:1, then the hydrate molecular weight is
126.81 g/mol. Furthermore, if we assume an average tempera-
ture of dissociation of 285 K and use the Peng-Robinson equa-
tion of state to calculate Z, then the Clausius-Clapeyron
equation yields a value for the enthalpy of methane hydrate dis-
sociation of 431.15 J/g. This differs from the average value
determined by this study by only 0.35%.

Villard measured the heat of formation of carbon dioxide
hydrate in 1897 and found it to be 63,000 J/mol. Carbon dioxide
forms a structure I hydrate. If its molar ratio of water to guest
molecules is the same as that for methane hydrate, then the
molecular weight is 154.82 g/mol and the heat of formation is
406.92 J/g. Nagayev et al. (1979) measured the heat of disso-
ciation of carbon dioxide hydrate and found it to be 57,980 J/
mol (374.40 J/g) at 281 K and 53,100 J/mol (342.98 J/g) at
279 K.

Summary

Differential scanning calorimetry may be used, in conjunc-
tion with the principles set forth in this work, to determine both
the heat capacity at constant volume and the heat of hydrate
dissociation of pure gas hydrates. The method is quite sensitive
to the accuracy of the system heat capacity measurements, how-
ever, and a more accurate calorimetry technique may provide
very precise heat capacity values for pure gas hydrates of many
kinds.
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Notation

¢y, = constant-volume heat capacity of pure hydrate
Cy.sps = constant-volume heat capacity of the system

¢y, = constant-volume heat capacity of vapor

¢y, = constant-volume heat capacity of liquid
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¢,» = saturation heat capacity of vapor
¢, = saturation heat capacity of liquid
5 = specific entropy of the system
S,y = total entropy of the system
Vs = specific volume of the system
Viys = total volume of the system
vy, = specific volume of pure hydrate
vy = specific volume of vapor
x = mole fraction
Z = compressibility

Greek letters

¢ = saturation condition
Au = change in specific system internal energy
1 = chemical potential
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