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( )The hydrate disappearance conditions HyL yV™L yV transition in the wa-w w
ter � methane� water-soluble hydrocarbon system were measured and modeled. The hy-

( )drocarbons in the experiments are tetrahydrofuran THF , 1,3-dioxolane and tetrahy-
dropyran, and THF, 1,3-dioxolane and acetone in the modeling study. Experiments and
calculations, which correspond qualitati®ely and quantitati®ely ®ery well, show a large
reduction in the equilibrium pressure upon addition of the hydrocarbons. The minimum
pressure is about 5 � 6 mol % hydrocarbon relati®e to water, independent of tempera-
ture and applied hydrocarbon, with the composition almost equal to the ratio between

( )the number of large cages and water molecules in structure II hydrates 5.88% . Based
on this obser®ation, the hydrates are assumed to be structure II methane� hydrocarbon
mixed hydrates. The model is also used to calculate the occupancies of the hydrate
ca®ities. No experimental data are a®ailable to compare the predicted ®alues, but the
results help understand obser®ed phenomena better.

Introduction
Natural-gas hydrates are icelike compounds consisting of

water and one or more other hydrate-forming compounds.
The hydrate lattice contains certain cavities, which should at
least partially be filled with the hydrate-forming compound.
Without the presence of the compound filling the hydrate
cavities the hydrate lattice is unstable and will therefore not
exist. The hydrate formers are typically low molecular-weight
compounds like methane, ethane, or carbon dioxide, but in
certain cases also larger molecules such as tetrahydrofuran
Ž .THF , 1,3-dioxolane, and acetone can fit in the hydrate cavi-

Ž .ties. Three different hydrates structures I, II, and H are
known. Each structure has its own composition of cavities of
various sizes. The structure that is formed in a certain system
depends strongly on the composition.

Hydrates are not only of academic interest but are also
problematic to the oil and gas industry, as natural-gas hy-
drate formation can lead to the plugging of gas transporta-
tion lines. A potential application of hydrates may be in natu-
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ral-gas storage and transportation. The high equilibrium
pressures of natural-gas hydrates are a major drawback in
this application.

ŽIn recent years several articles Ng and Robinson, 1996;
.Mainusch et al., 1997; Saito et al., 1996; Jager et al., 1999

have been published that describe the reduction of hydrate
equilibrium pressures by adding small concentrations of wa-
ter-soluble organic compounds. Addition of organic com-
pounds in smaller concentrations than 5 mol % relative to
water lowers the equilibrium pressure at a given temperature
significantly, while addition of higher concentrations dimin-
ishes the pressure-reducing effect.

Ž .Ng and Robinson 1996 showed this effect in the
water�methane�acetone system, in which acetone is the sol-

Ž .uble hydrate stabilizer. Research by Mainusch et al. 1997 in
our laboratory confirmed the findings in the acetone system
by Ng and Robinson. Saito et al. used several other organic
compounds, such as THF, 1,4-dioxane, and 1,3-dioxolane
Ž .Saito et al., 1996; Saito, personal communication, 1996 .
Their results show similar behavior to that shown by Ng and

ŽRobinson and Mainusch et al. In our previous article Jager
.et al., 1999 , we reported an experimental and modeling in-

vestigation, with 1,4-dioxane as the water soluble hydrate sta-
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bilizer. The present contribution is a continuation of this ef-
fort using a revised model.

The equilibrium pressure reduction effect by water�solu-
ble compounds differs from the pressure effect of other com-
pounds by its concentration dependency. Insoluble stabilizers
like benzene, cyclohexane, cyclopentane, neopentane, and
methylcyclopentane, as described by Tohidi and coworkers
Ž .Tohidi et al., 1996, 1997a,b; Danesh et al., 1993, 1994 , form
an extra liquid phase in the system, which reduces by one the
number of degrees of freedom according to the Gibbs phase
rule. This results in the absence of concentration dependence
on the hydrate equilibrium pressure.

Systems containing water-soluble additives lose their con-
centration dependency if the solubility limit is reached, if ap-
plicable. Examples of this phenomenon are the water�
methane�tetrahydropyran system and the water�meth-
ane�1,3-dioxolane�sodium chloride system. The solubility of

Žtetrahydropyran in water is about 1.5 mol % Bennet and
.Philips, 1928 . Systems exceeding this concentration form an

additional liquid phase and lose the concentration depen-
dency of the hydrate equilibrium conditions. The same phe-
nomenon is observed in the water�methane�1,3-dioxolane�
sodium chloride system. 1,3-Dioxolane is completely miscible
with water, but the solubility is reduced dramatically by the
addition of sodium chloride. This again results in an extra

Žliquid phase and loss of concentration dependency De Deugd
.et al., unpublished results, 1998 .

The earlier hydrate modeling effort has to be modified if
these mixed hydrate systems are to be modeled. None of these
models can predict hydrate formation by water-soluble hy-
drate formers, since they assume that the concentration of
hydrate formers in the water phase is very low. In such cases,
the activity of water is not influenced dramatically and the
activity coefficient can be approximated as being one. The
described concentration-dependent pressure reduction effect
requires another approach, because the aqueous liquid phase
contains a large number of hydrate formers. The activity co-
efficients of the components in the aqueous liquid phase de-
viate from one and must be described by means of an activity
coefficient model.

Until now, two studies have been published on modeling
mixed hydrate systems containing water-soluble organic hy-

Ž .drate formers. Mainusch et al. 1997 describe hydrate forma-
Ž .tion using a hydrate inhibition model. Jager et al. 1999 use

a model based on the statistical thermodynamical approach
Ž .originally introduced by Van der Waals and Platteeuw 1959 .

As mentioned earlier, the present contribution is a continua-
Ž .tion and extension of the work done by Jager et al. 1999 .

The discussed systems can have practical importance for
several potential applications in which hydrates are used. Ex-
amples are the storage and transportation of gases like natu-
ral gas. The addition of the organic compounds lowers the
hydrate equilibrium pressure at a given temperature, or stated
differently, raises the hydrate equilibrium temperature at a
given pressure. This effect can be advantageous in technolo-
gies that make use of single hydrates. Economic, safety, and
environmental aspects are also important.

The presence study reports experimental and calculation
results of hydrate formation in systems containing water,
methane, and water-soluble organic compounds. The organic
compounds in this report are acetone, 1,3-dioxolane, tetrahy-

Ž . Ž .drofuran THF , and tetrahydropyran THP . This article
contains both experimental and modeling results of systems,
with 1,3-dioxolane and THF as the organic compound. In the
case of the system containing acetone, we only present mod-
eling results using the experimental data by Mainusch et al.
Ž . Ž .1997 and Ng and Robinson 1996 . Due to the lack of data
on the activity in the liquid phase, we had to limit our consid-
eration of the THP system to experimental results.

The experimental results report data on the HyL yVw
™L yV transition in systems with water�methane and thew
water-soluble organic compound just mentioned.

The model is based on the theory proposed by Van der
Ž .Waals and Platteeuw 1959 and on the modifications Parrish

Ž .and Prausnitz 1972 made to describe the hydrate phase. The
aqueous liquid phase is modeled using an equation proposed

Ž .by Holder et al. 1980 . The activity coefficient models
are the Van Laar equations in the case of the water�
methane�acetone and water�methane�THF systems and the
Wilson equations for the water�methane�1,3-dioxolane sys-
tem. The coefficients in the equations are obtained from the
activity coefficient at infinite dilution for the Van Laar model
and from vapor�liquid equilibria in the case of the Wilson
model.

Experimental Studies
All experiments have been carried out in a high-pressure

Ž .Cailletet apparatus. De Loos et al. 1993 have discussed the
design and principle of this equipment before. The details of
the experimental procedure also have been described exten-

Ž .sively by Coorens et al. 1988 . The accuracy of pressure mea-
surement is 0.001 MPa, and the temperature has been mea-
sured with an accuracy of 0.01 K.

This article describes experiments determining the HyLw
yV™L yV hydrate disappearance conditions in systemsw
containing water, methane, and a water-soluble organic com-
pound. The applied organic compounds in this study are 1,3-

Ž .dioxolane, tetrahydrofuran THF , and tetrahydropyran
Ž .THP . The experiments with 1,3-dioxolane have been car-

Žried out with seven different compositions 1, 2.5, 4.2, 5, 7.1,
.10 and 20 mol % relative to water . In the case of the experi-

Žments with THF, three different compositions 1, 5, 10 mol
.% relative to water have been applied. The water�

methane�THP system has only been investigated at one com-
Ž .position 1 mol % relative to water .

In the experiments the HyL yV™L yV transitionw w
temperatures were determined at different constant pres-
sures for each composition. The applied pressures were 2,
3.5, 5, 6.5, 8, 9.5, 11, 12.5, and 14 MPa. At a fixed pressure,
the temperature is raised until the last tiny hydrate crystal
disappears from the mixture of hydrate, aqueous liquid, and
vapor.

Table 1 summarizes the suppliers and the purity of the
chemicals used in this study. All chemicals were used without
further purification.

Theory
The model used to describe the systems containing water-

soluble organic hydrate formers is based on the equivalence
of the chemical potentials in both the hydrate phase and the
aqueous liquid phase.
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Table 1. Suppliers and Purity of the Pure Substances Used

Substance Suppliers Purity in Mol %

Methane Air Products 99.995
Tetrahydrofuran J. T. Baker �99
1,3-Dioxolane Merck-Schudchardt �99
Tetrahydropyran Acros �99
Water Distilled

In all the models proposed so far, the chemical potential is
given as the difference between the chemical potential in the
aqueous liquid or hydrate phase and the chemical potential
in a theoretical empty hydrate lattice:

�Ls�H 1Ž .w w

��Ls� �y�Ls��Hs� �y�H. 2Ž .w w w w w w

Ž .Van der Waals and Platteeuw 1959 derived an expression
for the chemical potential of water in the hydrate phase. Par-

Ž .rish and Prausnitz 1972 introduced modifications to include
the description of mixed hydrates:

��HsyR �T � � � ln 1y � . 3Ž .Ý Ýw C i kiž /
i k

The fractional occupancy of the hydrate cavity i by guest
molecule type k can be expressed by using the following
equation:

C � fki k
� s . 4Ž .ki 1q C � fÝ ji j

j

The description of the fractional occupancy is very similar to
the equation describing Langmuir adsorption isotherms. The
C in the equation is therefore called the Langmuir con-ki
stant.

The fugacities of the hydrate formers like methane can be
calculated from an equation of state. For all hydrate formers
in a hydrocarbon phase, an equation of state like the Peng-
Robinson or Soave-Redlich-Kwong equations of state can be
used. Due to the low fugacities of the water�soluble hydrate

Žformers in the systems investigated acetone, 1,3-dioxolane,
.and THF , it is assumed that the vapor phase consists of pure

Žmethane. The Soave-Redlich-Kwong equation of state Soave,
.1972 has been used to calculate this fugacity.

The fugacity of the water-soluble hydrate formers in the
systems studied has been calculated from the aqueous liquid
phase by using the composition of the aqueous liquid phase
and the activity coefficient of the soluble hydrate former:

L Ž sat.V � Py Pk

R � TCsat satf s x �� � � � P � e . 5Ž .k k k k k

The vapor pressures can be calculated using the Antoine
equation. The Antoine constant for acetone and THF are

Ž .given by Reid et al. 1987 , and for 1,3-dioxolane in the
Ž .Chemistry Data Series Gmehling et al., 1981 . The activity

coefficients are calculated from the Van Laar equation in the
case of acetone and THF, and from the Wilson equation in
the case of 1,3-dioxolane. The constants in the Van Laar
equation are calculated from data on the activity coefficients
at infinite dilution. The activity coefficients at infinite dilu-

Ž .tion are given by Kojima et al. 1997 and in the Chemistry
Ž .Data Series Gmehling et al., 1994a . Matching the data to

the equation given below was successful:

	

ln � s q� . 6Ž .Ž .k T

The activity coefficients for 1,3-dioxolane are calculated
Ž .from the Wilson constants given by Francesconi et al. 1980

based on vapor�liquid equilibria. In every investigated sys-
tem extrapolations had to be made to use the literature data
in the experimental temperature range.

The Langmuir constants for the fractional occupancy can
be calculated from the following summation of all
water�guest-molecule interactions inside the hydrate cage:

4� R yŽ� Ž r ..rŽk � T . 2C s � e � r dr . 7Ž .Hki k �T 0

Ž .The spherical symmetrical cell potential � r is calculated
using the Kihara approach for the interaction between the
guest molecule and the surrounding water molecules. The ex-
pression for the Kihara potential, as given by McKoy and

Ž . Ž .Sinanoglu 1963 , has been used to calculate � r :

12 6
 a 
 a
10 11 4 5� r s2 � z �� � � � q �� y � � q � ,Ž . 11 5ž / ž /R RR r R r

8Ž .

with

yN y N1 r a r a
N� s � 1y y y 1q y . 9Ž .ž / ž /N R R R R

The constants used in the description for the hydrate phase
Žradius of hydrate cage R, coordination number z, number of

. Ž .cages per water molecule � are given by Sloan 1998 and
Ž .Jager et al. 1999 . The Kihara parameters are known for

Ž .methane and are also given by Sloan 1998 and Jager et al.
Ž .1999 . The Kihara parameters for acetone, 1,3-dioxolane, and
THF are calculated in this study by fitting the model to the
experimental data.

The chemical potential of water in the aqueous liquid phase
can be calculated from an equation given by Holder et al.
Ž .1980 :

��L ��0 � H L �V LpTw w w w
s y dTq dpH H2R �T R �T R �TR �TT 0C C 0 CC0

yln � � x . 10Ž . Ž .w w

Values for ��0 and �V L, and a relation to describe the ref-w w
Ž .erence enthalpy, can be found in Sloan 1998 and Jager et

Ž .al. 1999 .
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Table 2. Experimental and Modeling Results H� L �V™w
L �V Transition Water–Methane–THF Systemw

Ž . Ž . Ž . Ž . Ž . Ž .T K p MPa T K p MPa T K p MPa

Xs0.0107 Xs0.0500 Xs0.1008

289.54 2.051 293.11 2.051 292.77 2.051
293.02 3.550 296.76 3.549 296.73 3.549
295.66 5.049 299.28 5.049 299.07 5.049
297.48 6.549 301.05 6.548 300.97 6.548
299.07 8.048 302.50 8.047 302.31 8.048
300.32 9.548 303.74 9.547 303.52 9.547
301.17 11.047 304.73 11.047 304.56 11.047
301.81 12.047 305.52 12.547 305.45 12.547
302.18 12.547 306.22 14.046 306.23 14.047
303.01 14.047

Note: xsmol % THF relative to water.

The activity coefficients are again calculated from the Van
Laar equations and the Wilson equations. The same consid-
erations as those made for the activity coefficients of the sol-
uble hydrate formers apply here. Activity coefficient data have

Žbeen taken from various literature sources Koijma et al.,
.1997; Francesconi et al., 1980; Gmehling et al., 1994b .

There are two additional assumptions regarding hydrate
structure and methane solubility that should be made. The
first assumption is that the water�methane�water-soluble or-
ganic compound systems form structure II hydrates. This
statement is supported by the findings presented in several

Žpublications Jager et al., 1999; Saito et al., 1996; Sum et al.,
1997; Subramanian and Sloan, 1999; Saito, personal commu-

.nication, 1996 . Another assumption is that the solubility of
methane in the aqueous liquid phase is very small. This means
that the activity coefficients can be calculated from literature
data for activity coefficients at infinite dilution in the binary
water�water-soluble hydrocarbon without methane systems.
However, in determining the composition of the aqueous liq-
uid phase, as used in the model. the concentrations of all the
components, including methane, are considered. Methane
solubility is calculated by means of the Krichevsky-Kasarnov-

Ž .sky equation Krichevsky and Kasarnovsky, 1935 .
The compositions of both the aqueous liquid phase and the

vapor phase are not influenced by the composition of the hy-
drate phase, because the calculations determine the condi-

Figure 1. p,T -Diagram of the H - L -V™L -V transi-w w
tions in the water–methane–THF system.

tions under which the last hydrate crystal disappears. This
means that an infinitely small amount of hydrate is present
that is far too small to influence the composition of the other
two phases. Based on these assumptions, the composition of
the aqueous phase at the hydrate dissolution conditions is
equal to the composition that was inserted into the Cailletet
tube.

( )Figure 2. a p, x -Diagram of the H -L -V™L -V transi-w w
( )tions in the water–methane–THF system; b

cumulative fractional occupancy of the 512

( )cavities at 293 K; c cumulative fractional oc-
cupancy of the 51264 cavities at 293 K.
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The model developed to describe the hydrate formation of
systems containing water-soluble organic hydrate formers
consists of two parts. The first regression part calculates Ki-
hara parameters out of a set of experimental data points,
while the second prediction part calculates the HyL yVw
™L yV transition pressure given the temperature andw
composition. The second part requires the Kihara parame-
ters calculated in the first part.

Two Kihara parameters, � and 
 , are fitted to the experi-
mental data. Parameter a is calculated using the method pro-

Ž .posed by Tee et al. 1966 . The critical pressure and tempera-
ture and the acentric factor, which are necessary in the calcu-

Ž .lation, have been taken from Reid et al. 1987 . In the case of
1,3-dioxolane, these data were not available, so the Ambrose

Ž .method as described by Reid et al. 1987 is used to obtain
the critical data. The Kihara parameters are calculated for
each data point. It emerged that parameter � is the most
important parameter to fit the model to the experimental
data.

Results and Discussion
Experimental results

Table 2 displays the experimental data on HyL yV™w
L yV transition in the water�methane�THF system. Thesew
data are graphically shown as isopleths in the pressure vs.
temperature plot in Figure 1. Two isotherms have been cal-
culated, based on the experimental data. The isotherms were
obtained by fitting an exponential equation to the experimen-
tal data of each isopleth. This approach gave a very good
correlation, which is suitable to use for interpolation. Figure
2a shows the isotherms in a pressure vs. composition dia-
gram. The data for pure methane hydrate as used in Figure

Ž2a are taken from the literature De Roo et al., 1988; Deaton
.and Frost, 1946; McLeod and Campbell, 1961 .

The data on the HyL yV™L yV transition in thew w
water�methane�1,3-dioxolane system are reported in Table

Figure 3. p,T -Diagram of the H - L -V™L -V transi-w w
tions in the water–methane–1,3-dioxolane
system.

3. The isopleths are plotted in the pressure vs. temperature
plot in Figure 3. In this system, the same procedure as men-
tioned previously is used to transform isopleths into
isotherms. The results are shown in Figure 4.

For the water�methane�THP system, only one composi-
tion has been measured, due to the limited solubility of THP
in water. The experimental data are shown in Table 4. Be-
cause only one composition has been measured, it is not pos-
sible to construct isotherms.

Modeling results
The calculated Kihara parameters are shown in Table 5.

The parameters have been fitted to experimental hydrate
data, and therefore represent the gas�water interaction.

The model just discussed has been applied to the ex-
perimental results for the water�methane�THF and
water�methane�1,3-dioxolane systems, as well as to the wa-

Table 3. Experimental and Modeling Results H � L �V™L �V Transition Water–Methane–1,3-Dioxolane Systemw w

Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .T K p MPa T K p MPa T K p MPa T K p MPa
Xs0.0099 Xs0.0250 Xs0.0420 Xs0.0499

282.55 2.061 285.53 2.059 286.60 2.056 287.10 2.061
286.38 3.556 289.39 3.555 290.30 3.554 290.40 3.555
288.77 5.054 291.82 5.054 292.74 5.053 292.91 5.054
290.69 6.553 293.49 6.553 294.61 6.552 294.60 6.552
292.06 8.052 294.86 8.051 295.81 8.051 295.84 8.051
293.27 9.551 295.99 9.551 296.88 9.551 297.00 9.551

296.92 11.051 297.83 11.051 297.94 11.050
297.70 12.551 298.70 12.551 298.72 12.550
298.39 14.050 299.35 14.050 299.44 14.050

Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .T K p MPa T K p MPa T K p MPa T K p MPa
Xs0.0708 Xs0.1002 Xs0.2002

286.38 2.057 286.03 2.055 284.24 2.053
290.43 3.553 289.03 3.553 287.93 3.551
292.71 5.053 292.04 5.051 290.31 5.051
294.33 6.552 293.85 6.551 292.16 6.551
295.65 8.051 295.20 8.050 293.42 8.050
296.83 9.551 296.26 9.550 294.60 9.549
297.70 11.051 297.23 11.049 295.54 11.049
298.52 12.550 297.98 12.549 296.45 12.549
299.23 14.050 298.69 14.049 297.07 14.048

Note: xsmol % 1,3-dioxolane relative to water.
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( )Figure 4. a p, x -Diagram of the H -L -V™L -V transi-w w
tions in the water–methane–1,3-dioxolane

( )system; b cumulative fractional occupancy
12 ( )of the 5 cavities at 288 K; c cumulative

fractional occupancy of the 51264 cavities at
288 K.

ter�methane�acetone system, as reported by Mainusch et al.
Ž . Ž .1997 and Ng and Robinson 1996 .

The error percentage has been calculated as:

p y pŽ .calc exp
Error %s �100%. 11Ž .

pexp

Table 4. Experimental Results of the Phase-Transition H �
L �V™L �V in the Water–Methane–THP systemw w

Ž . Ž . Ž . Ž .T K P MPa T K P MPa
Xs0.0098 Xs0098

2.051 288.31 9.547 299.87
3.550 292.46 11.047 300.82
5.049 295.10 12.547 301.85
6.548 297.07 14.047 302.58
8.048 298.76

Note: xsmol fraction THP relative to water.

Ž .The average absolute deviations AADP% are calculated by
means of the equation:

� �error %
AADP%s . 12Ž .

Nexp

Table 6 presents an example of the calculation results for
one of the three compositions of the water�methane�THF
system and a comparison with the experimental data points.
Figure 5a represents the calculation of the hydrate disap-
pearance conditions, the HyL yV™L yV transition inw w
a pressure vs. temperature plot. The example shows a com-
position of 5 mol % THF relative to water. Figure 2a
displays the pressure vs. composition diagram of the
water�methane�THF system. The correspondence between
the experimental results and the calculation is excellent, as
can be seen from both the tables and the figures.

Figure 4a shows the pressure vs. composition plot of the
water�methane�1,3-dioxolane system. The differences be-
tween the experimental and the modeling results are some-
what larger than in the water�methane�THF system, but the
description is still accurate.

Figure 6a presents an example of a pressure vs. tempera-
ture plot of the water�methane�acetone system. Figure 7a
gives the plot of the pressure vs. composition diagram. As
can be seen from Figure 6a, the HyL yV™L yV tran-w w
sition of the water�methane�acetone system is modeled very
accurately. With concentrations of acetone that are higher
than 20 mol %, however, the model does not correspond very
well with the experimental data. The p, x-plot in Figure 7a
shows this graphically. The calculations between 9 and 20 mol
% acetone relative to water show a considerable AADP%,
but Figure 7a shows a rather large scatter in the experimen-
tal data in the concentration range. The model prediction
based on the experimental results of both literature sources
is quite accurate. The calculation relation lies in the middle
of the mass of experimental data coming from both sources.
At high acetone concentrations, the deviation between exper-

Table 5. Calculated Kihara Parameters for the Applied Wa-
(ter-Soluble Organic Compounds Organic Compound–Water

)Interaction

˚ ˚a in A 
 in A �rk in K

Acetone 1.024 3.3 224.2
1,3-Dioxolane 0.927 3.3 236.2
THF 0.881 3.6 296.4
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Table 6. Experimental and Modeling Results H � L �V™L �V Transitions in the Water–Methane–THF Systemw w

Fractional Occupancies

Small Cavities Large Cavities
Ž . Ž . Ž .T K p MPa P MPa Error % Methane THF Methane THFcalc

293.11 2.051 2.030 y1.02 0.659 0.000 0.003 0.997
296.76 3.549 3.530 y0.54 0.744 0.000 0.004 0.995
299.28 5.049 5.077 0.55 0.789 0.000 0.006 0.994
301.05 6.548 6.521 y0.41 0.817 0.000 0.007 0.993
302.50 8.047 7.991 y0.70 0.836 0.000 0.008 0.992
303.74 9.547 9.500 y0.49 0.851 0.000 0.009 0.991
304.73 11.047 10.903 y1.30 0.863 0.000 0.009 0.990
305.52 12.547 12.164 y3.05 0.871 0.000 0.010 0.990
306.22 14.046 13.398 y4.61 0.878 0.000 0.010 0.989

AADP% 1.409

Note: 5 mol % THF relative to water.

imental data and modeling results becomes quite large. This
Ž .phenomenon was also observed by Jager et al. 1999 model-

ing the water�methane�1,4-dioxane system.
A detailed set of modeling results for all the mentioned

compositions of the system containing THF, 1,3-dioxolane,
and acetone as the organic compound is available on the In-
ternet: http:rrwww.dct.tudelft.nlricrhydrates.htm.

Discussion of the experimental results
Figure 8 contains the isotherms of the three systems mea-

sured in this study, the data for the water�methane�acetone
Ž . Ž .system by Ng and Robinson 1996 and Mainusch et al. 1997 ,

and the water�methane�1,4-dioxane data by Jager et al.
Ž .1999 . The survey shows that the pressure-reducing effect is
dependent on the applied organic compound. Another obser-
vation is the dependence of the pressure-reduction effect on
the structure of organic molecules. The cyclic ethers consid-
ered in this study and in the study by Jager et al. show a
certain analogy. THF and 1,3-dioxolane are five-membered
cyclic compounds, while THF and 1,4-dioxane are six-mem-
bered cyclic compounds. THF and THP have one oxygen atom
in the ring, and 1,3-dioxolane and 1,4-dioxane contain two
oxygen atoms. Looking at Figure 8, it can be seen that mixed
hydrates of five-membered cyclic ethers have a lower equilib-
rium pressure than the mixed hydrates of six-membered cyclic
ethers when comparing the hydrates with the same number
of oxygen atoms in the ring of the cyclic ether. Furthermore,
mixed hydrates of cyclic ethers with one oxygen atom have
lower equilibrium pressures than mixed hydrates of cyclic
ethers with two oxygen atoms. These facts suggest that the
five-membered cyclic compound without any oxygen atoms,
cyclopentane, would even have a lower equilibrium pressure,

Ž .as confirmed by Tohidi et al. 1997a,b . The systematic differ-
ences can be explained by differences in size and polarity of
the molecules. Apparently, five-membered cyclic compounds
fit better in the cavities of the hydrate than six-membered
cyclic compounds. Very polar compounds are very good hy-
drate inhibitors. The smaller polarity of cyclic compounds
with fewer oxygen atoms in the ring of the molecule causes
less distortion of the hydrate lattice and apparently leads to
more stable mixed hydrates.

The pressure-reducing effect of the organic compounds can
be calculated as the ratio of the equilibrium pressure of the

mixed hydrate and the equilibrium pressure of pure methane
hydrate. The suppression varies between about 50% of the
equilibrium pressure of methane hydrate for acetone�
methane mixed-hydrate systems to about 92% for THF�
methane mixed hydrate at 290 K and 5 mol % organic com-
pound relative to water. The pressure-reducing ratio is slightly
dependent on temperature. In Figure 9 the dependency of
the pressure suppression ratio vs. mole fraction 1,3-dioxolane
relative to water is plotted for three different isotherms.

Figure 8 clearly shows that the pressure minimum is found
at about the same concentration of organic compounds in ev-
ery system displayed. Because the correlation in the pressure
vs. mole fraction organic compound is rather flat around the
pressure minimum, it is very difficult to determine the exact
minimum with great accuracy. The minimum is between 5
and 6 mol % relative to water for each of the systems com-
pared in Figure 8.

ŽThe position of the pressure minimum 5�6 mol % relative
.to water corresponds to the ratio between the number of

large cavities and water molecules in a structure II hydrate
Ž .unit cell 1r17 or 5.88 mol % relative to water . Based on this

determination, we assume that the water�methane�applied
organic compound systems form structure II mixed hydrates.

Ž . Ž .Saito et al. 1996 and Saito personal communication, 1996
Žsupport this assumption. Sloan and coworkers Sum et al.,

.1997; Subramanian and Sloan, 1999 also use this assumption
in their investigations of cavity occupation, hydration num-
bers, and formation kinetics with Raman spectroscopy.

Discussion of the modeling results
The modeling results are, in general, very accurate. For

concentrations up to 20 mol % organic compound relative to
water, the differences between experimental data and model-
ing results are quite small.

Ž .At very low concentrations 1 mol % the deviations are
larger than at somewhat higher concentrations. A possible
explanation for this is the strong dependence on the organic
concentration, as can be seen in Figures 2a, 4a, and 7a. A
small error in the concentration of the organic compound can
cause large errors. Another error can be caused by the distri-
bution of the organic compound over the aqueous liquid phase
and the vapor phase. We assume the amount of organic com-
pound in the vapor to be zero. If this assumption is not valid,

March 2001 Vol. 47, No. 3AIChE Journal 699



( )Figure 5. a p,T -Diagram of the H - L -V™L -V transi-w w
(tions in the water–methane–THF system 5

) ( )mol % THF relative to water ; b methane
12 [fractional occupancy in 5 cavities same

( )] ( )composition as in a ; c methane and THF
12 4 [fractional occupancy 5 6 in cavities same

( )]composition as in a .

this has the largest impact on the calculations with low con-
centrations of water-soluble hydrate formers.

At very large concentrations, the deviation between the
model and the experimental data becomes substantial. We
assumed that the methane solubility in the aqueous liquid
phase would be very limited. That assumption enabled us to

Figure 6. p,T -Diagram of the H - L -V™L -V transi-w w
tions in the water–methane–acetone system
( ) (3.33 mol % acetone relative to water Data:

( )] ( )Mainusch et al. 1997 ; b methane frac-
12 [tional occupancy in 5 cavities same com-

( )] ( )position as in a ; c methane and acetone
12 4 [fractional occupancy in 5 6 cavities same

( )]composition as in a .

treat the aqueous liquid phase as a binary liquid that could
be described according to binary activity coefficient data. The
high concentrations of organic compound in the liquid phase
will increase the methane solubility, and this will influence
the water and the water-soluble hydrate-former concentra-
tion in the liquid phase. Moreover, this brings in doubt the
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( )Figure 7. a p, x -Diagram of the H -L -V™L -V transi-w w
tions in the water–methane–acetone system;
( ) 12b cumulative fractional occupancy of the 5

( )cavities at 282 K; c cumulative fractional oc-
cupancy of the 51264 cavities at 282 K.

validity of the assumption that the activity coefficients can be
taken from binary data. Ternary data for these systems are
not available in the literature, as far as we know.

The pressure minimum, as observed in own and the experi-
mental results in the literature, is also found in the modeling

Ž .results. In an earlier publication Jager et al., 1999 and in
the previous section, we also considered the position of the
pressure minimum and concluded that the position of the

Figure 8. Survey p, x -diagram of the H - L -V™L -Vw w
transitions in the water–methane–organic
compound system at T=290 K.

minimum is closely related to the ratio of large cavities to
water molecules in structure II hydrates. We interpreted this
as a strong indication that the hydrates formed were indeed
structure II hydrates. We regard the present modeling re-
search as further evidence for this statement. The model has
been used to analyze the position of the pressure minimum
when water-soluble organic compounds are added. Table 7
shows the position and pressure of the pressure minimum of
the isotherms displayed in Figures 2, 4, and 7. It is clear that
the position of the pressure minimum is only slightly depen-
dent on the temperature and on the applied additive. The

Ž .same observation has been reported by Jager et al. 1999 for
the water�methane�1,4-dioxane system. The deviation from
the ratio between the number of large cavities and the num-

Ž .ber of water molecules in structure II hydrate 0.0588 and
the modeling results is small.

Consideration of the fractional occupancies of the hydrate
ca©ities

Besides calculation of the hydrate disappearnce conditions,
we used the model to calculate the composition of the hy-
drate phase. Although we lack the experimental data to vali-
dation our results, we are quite confident that the calculated

Figure 9. Survey pressure ratio vs. x -diagram of the H -
L - V ™ L - V tr a n s it io n s in th ew w
water–methane–1,3-dioxolane system.
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Table 7. Modeling of the Position of the Pressure Minimum in Selected Isotherms

Position Pres. Fractional Occupancies
ŽMin. Mol Small Cavities Large Cavities

Fract. Organic Pres. Organic Organic
Ž . . Ž .Isotherm K Compound MPa Methane Compound Methane Compound

1,3-Dioxolane
288 0.0547 2.614 0.747 0.016 0.000 0.982
295 0.0547 7.608 0.861 0.038 0.000 0.961

THF
293 0.0554 1.989 0.656 0.003 0.000 0.997
303 0.0550 8.551 0.842 0.008 0.000 0.992

Acetone
282 0.0525 2.700 0.791 0.054 0.000 0.942
290 0.0494 8.040 0.885 0.112 0.000 0.885

fractional occupancies of the hydrate cavities represent the
physical behavior. This composition is obtained in the calcu-
lation route toward the hydrate equilibrium pressure of the
hydrate system. Because the calculated hydrate equilibrium
pressures and the experimental data show good correspon-
dence, we believe that the cavity fillings that the model pro-
vides also have physical significance.

The model has been used to calculate the hydrate compo-
sition between 0 mol % water-soluble organic hydrate former
and the highest experimental concentration. If no water-solu-
ble hydrate former is present, the system will form single-hy-
drate methane with structure I instead of structure II. The
figures show a structure II calculation at 0 mol % water-solu-
ble hydrate former, but it must be clear that this calculation
has only a theoretical meaning and will not be reached in
practice.

In Figures 6b and 6c, the calculated fractional occupancies
of methane�acetone mixed hydrate are shown. In Figure 6,
the concentration of acetone in the system is 3.33 mol % rel-
ative to water. Figure 6b shows the calculated methane occu-
pancy in the small 512 cavities. Because acetone is too large
to fit in these small cavities, the rest of the cavities is empty.
Figure 6c shows the occupancies in the large 51264 cavities.
The fraction of empty large cavities is small.

The calculated results correspond with the hydrate disap-
pearance conditions as shown in Figure 6a. In Figures 6b and
6c, it can be seen that the fractional occupancy of methane
increases with higher temperatures. The increasing fractional
occupancy, as depicted in Figures 6b and 6c, is coupled with
not only higher temperatures, but also with higher pressures.
In Figure 6c it appears that the fractional occupancy of ace-
tone in the large hydrate cavities decreases with higher tem-
peratures and pressures. This observation can be interpreted
as a shift in the competitive adsorption equilibrium. The re-
sults are an illustration of the Langmuir adsorption analogy
in the Van der Waals and Platteeuw hydrate equilibrium the-
ory.

Figures 5b and 5c contain the results of the same calcula-
tions for methane�THF hydrate with a THF concentration of
5 mol % relative to water. The results show the same trends,
but the values of the occupancies differ significantly. The
methane occupancy in the large 51264 cavity is almost re-
duced to zero and the THF occupancy is almost 100%. The
methane filling of the small cavities is also lower in the case
of methane�THF hydrate.

Figures 2b, 2c, 4b, 4c, 7b, and 7c depict the fractional occu-
pancies as a function of the mole fraction organic compound.
The figures show that the methane filling of the large 51264

cavities decreases rapidly when some organic compound is
added to the system, while the fractional occupancy of the
organic compound grows rapidly. The methane occupancy in
the small 512 cavities exhibits a minimum between 4.94 and
5.54 mol % organic compound, depending on the compound
and temperature. This minimum coincides with the minimum
in the pressure vs. composition plots in Figures 2b, 2c, 4b, 4c,
7b, and 7c. This observation complies with our earlier re-
marks and presumptions about the structure of the hydrates
studied.

The results of the fractional occupancy calculation also
show some other trends. Figures 6 and 7 show the effect of
acetone on the methane occupancies in both the small and
the large cavities as a function of both temperature and com-
position. Figures 2 and 5 show the same information for THF
as organic compound. As discussed before, THF has the
strongest hydrate equilibrium pressure reducing effect. Fig-
ures 2b, 2c, 5b, and 5c show the methane occupancies of the
cavities. It is quite clear that the methane occupancy of both
kinds of cavity is more affected in the system with THF than
in the acetone system. The calculation for the system contain-
ing 1,3-dioxolane shows the same trend. This means that the
organic compound with the best equilibrium pressure reduc-
ing capabilities also has the largest impact on the methane
content of the hydrate phase. This observation has serious
negative implications for the application of hydrates as a
storage or transportation medium for natural or other gases.

Conclusions
The HyL yV™L yV hydrate disappearance condi-w w

tions have been determined experimentally for three differ-
ent water�methane�water-soluble organic compound sys-
tems. The examined organic compounds are 1,3-dioxolane,

Ž . Ž .tetrahydrofuran THF , and tetrahydropyran THP . In addi-
tion to this experimental study, we also calculated the hy-
drate disappearance conditions, HyL yV™L yV tran-w w
sition, for various water�methane�water-soluble organic
compound systems. In the modeling study, the organic com-
pounds that were used were THF, 1,3-dioxolane, and ace-
tone.
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The measurements showed a sharp decrease in hydrate
equilibrium pressures upon addition of small amounts of the
water-soluble organic compounds. The maximum pressure-
reducing effect was reached upon addition of around 5 to 6
mol % organic compound relative to water. The pressures
are reduced down to 20% of the equilibrium pressure
without the addition of an organic compound for the
water�methane�1,3-dioxolane system and 8% for the
water�methane�THF system.

The calculated results correspond well with experimental
data. The experimentally observed pressure-reducing effect
of adding small amounts of water-soluble organic compound
can be modeled using the approach presented in this study.

Ž .The average absolute deviation of the pressure AADP in
the water�methane�THF system is between 2 and 4%. The
deviations in the water�methane�1,3-dioxolane system are
between 2 and 12%, while they are between 2 and 10% in
the water�methane�acetone system. With high acetone con-

Ž .centrations above 20 mol % relative to water , the deviations
increase dramatically. The explanation for this is found in the
limitations of the assumption on the solubility of methane in
the aqueous liquid phase.

This contribution also considered the fractional occupan-
cies of the hydrate cavities, as can be calculated with the same
model. The results of the consideration show a very interest-
ing insight in the phenomena that happen in mixed hydrate
formation. The reduced hydrate equilibrium pressure can be
attributed to the reduced methane content in both kinds of
cavities and the partial replacement by the water-soluble or-
ganic compound. The Langmuir adsorption analogy in the

Ž .Van der Waals and Platteeuw theory 1959 is illustrated ele-
gantly.

The position of the pressure minimum that has been found
in both the experimental and the modeling results around 5
and 6 mol % organic compound relative to water is indepen-
dent of the applied organic compound and temperature. The
composition of the minimum corresponds very well with the
ratio of large cavities to water molecules in structure II hy-
drates. This observation provides strong evidence that the hy-
drates in this study are structure II hydrates. Without spec-
troscopic evidence, it is impossible to draw a final conclusion.
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Notation
˚AsKihara parameter, spherical potential hard core radius, A

Bsheat capacity temperature dependency, Jrmol �K 2

CsLangmuir constant, Pay1

�C 0sreference-heat-capacity difference, Jrmol �Kp
fsfugacity, Pa

� Hsenthalpy difference, Jrmol
� H 0sreference enthalpy difference, Jrmol

ksBoltzmann constant, JrK
Nsexponent in Kihara expression
Pspressure, Pa

P satssaturated pressure, Pa
˚rsdistance to hydrate cavity center, A

˚Rsradius of hydrate cavity, A

R suniversal gas constant, Jrmol �Kc
Tstemperature, K

Ž .T smelting point of water 273.15 K0
Vsmolar volume, Jrmol

�Vsvolume difference, m3rmol
xsmole-fraction liquid phase
zscoordination number

Greek letters
	sconstant
�sconstant
� sactivity coefficient
�sKihara delta function
�sKihara parameter, maximum attractive potential, J
�sfractional cavity occupancy
�schemical potential, Jrmol �K

��schemical potential difference, Jrmol �K
��0sreference chemical potential difference, Jrmol �K

˚
 sKihara parameter, zero potential energy distance, A
� sstoichiometric constant

�satsfugacity coefficient at saturation pressure
Ž .� r sinteraction potential function

Subscripts and superscripts
isi type of cavity
jsj type of molecule

ksk type of molecule
wswater property

expsexperimental value
calcscalculated value

Hsproperty of the hydrate phase
Lsproperty of the liquid phase
�sproperty of a theoretically empty hydrate lattice

sinfinite dilution
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