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Abstract. P, T, X phase diagrams of the CH,Cl,-H,0, the CHCl;-H,0 and the CCl,~H,O systems
have been studied by DTA in the pressure range 103 to 5.0 kbar. Under pressure the cubic structure
IT (CS-1II) hydrates forming in all the systems are replaced by hydrates with the composition M-7.3 H,0
whose stoichiometry and positive d7/dP values of melting lead us to believe that they are CS-I hydrates.

In the CH,Cl, and CHCI, systems the nonvariant point coordinates of the hydrate transformation Q%
(1;hy;h,1,, where }; and 1, are liquid phases abundant in water and hydrate former, respectively, h,, and
h, are hydrates with hydrate numbers 17 and 7, respectively) are P =0.6kbar, T = -1.5°C and
P =2.65kbar, T = —10.5°C, respectively. In the CCl, system the 4-phase Q% point (1, h,;h;s, where ‘s’
is crystalline CCl,) has coordinates P = .75 kbar and T = 0.4°C.

The main obstacle of the present study, the very slow achievement of equilibrium, has been eliminated
by adding small amounts (0.25% by mass) of surfactants followed by ultrasonic mixing. We have shown
that this accelerates the achievement of equilibrium without changing its position,
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1. Introduction

The application of pressure destroys cubic structure IT (CS-II) clathrates which are
then replaced by hydrates of the denser cubic structure I (CS-I). This regularity has
been established for liquid hydrate formers dissolved in water in any proportion
(cyclic ethers, acetone) [1, 2].

It was of interest to investigate systems with guest components unable to form
H-bonds so as not to complicate the interpretation of hydrate formation. Mutual
solubility in such systems is usually low and it was difficult to make the clathration
reaction go to completion. This is more evident in such systems as H,O-CCl,,
where the mutual solubility of the liquids is negligible and a great difference in
densities results in rapid phase separation. On cooling, clathrate formation practi-
cally stops long before equilibrium is attained. These difficulties have been over-
come by adding small amounts (0.25% by mass) of surfactants which resulted in
stable emulsions. This allows easier hydrate formation and the reactions go almost
to completion [3]. The study of clathrate formation in the CH,Cl,—H,O system,’
with and without surfactant, has revealed that the addition of small proportions of
a surfactant does not appreciably affect the equilibrium state, but considerably
increases the reaction rate and decreases the time required to reach equilibrium.

! Since in this system the mutual solubility of liquids is still appreciable it was possible to achicve the
equilibrium state without a surfactant, but it was more time consuming.
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At low pressures (P > 1atm) the hydrate formers chosen by us form CS-II
hydrates quite readily. CH,Cl, and CHCl; can be accommodated not only in the
CS-II 16-hedral H-cavity, but also in the CS-I 14-hedral T-cavity. For CCl,, whose
molecular size is large even for the H-cavity, the arrangement of the guest molecule
is not so evident. Therefore, CCl, is of interest as a hydrate former.

2. Materials and Methods

We used substances labelled ‘pure’ and additionally purified them by washing with
water followed by distillation. At 20°C the products obtained had the following
densities: pecy, = 1.5933(5) gem™>, pepcy, = 1.4891(3) gem™>, pep,a, = 1.3350(2)
gcm ™3, Water was distilled twice. The oxyethylated nonylphenol surfactant, with
an average number of oxyethylene groups of 10 (ON-10), was not additionally
purified.

The mixture of the required concentration was prepared on an ultrasonic
disperser USD H-2M at 22-40 kHz for 1 to 4 minutes. The composition of the
resulting emulsion was determined on the basis of the densities at 20°C which was
necessitated by the guest components being rather volatile, especially during
ultrasonic mixing. The emulsions obtained were poured into Teflon ampoules with
a capacity of 0.12 mL.

The DTA technique used under pressure is described in [3,4]. In the phase
diagrams only heating curves are depicted because these systems are prone to
supercooling. Heating and thermostatting rates were regulated with the aid of a
precision PL-element RIF-101. For the general case the heating rate was 1.0°C/min.

To determine the composition of a high pressure hydrate a Tammann triangle
was constructed at pressures where only this hydrate is stable. Because of the low
rate of clathrate formation in the systems concerned three endothermic effects
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Fig. 1. The heating curve showing the relation between the values of the endothermic effects of: (a) the
polymorphic transition I==II; (b) the water eutectic melting; (c) the decomposition of the clathrate at
high pressure under conditions close to equilibrium, which are used to construct Tammann triangles at
P =1.25 kbar and with the composition of the sample 1:7.8 H,O for the CCl,—H,O system.
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(melting of the eutectic abundant in the guest,” water and hydrate decomposition)
have always been observed on the heating curves of the initially frozen binary
mixtures of any composition.

An equilibrium or near equilibrium state was achieved in the following way:
mixtures of certain compositions were frozen, heated to 1 to 2°C below the
decomposition point of the hydrates and kept at this temperature for 20 to 30
minutes. Then the system was cooled and heated again to 1 to 2°C below the
decomposition point of the hydrates. The procedure was repeated until the thermal
effects of one of the eutectics (or both, if the mixture composition was close to that
of the hydrate) disappeared or became fairly small. In this case the endothermic
effect corresponding to the hydrate decomposition effect increased. In several cases
it took 3 to 4 cycles to achieve a state close to equilibrium. However, with mixtures
of composition close to that of the hydrate it took many more cycles (12 to 15). As
an example the CCl,—H,O system is presented in Figure 1 for the heating
thermogram (after 14 cycles) showing the relation among the values of endothermic
effects of the polymorphic I = II transition, of the water eutectic melting and of the
decomposition of the high pressure clathrate under conditions close to equilibrium
at P =1.25kbar and the composition of the sample was 1:7.8 H,0. These en-
dothermic effects are used to construct Tammann triangles.

3. Results and Discussion
3.1. UNARY SYSTEMS

The P, T phase diagrams of the unary systems of chloromethane derivatives were
first studied by Bridgman [5, 6], with the results being confirmed by later investi-
gators [7-13].

Our data on the melting of the hydrate formers CH,Cl, and CHCI, under
pressure agree closely with reported data [5—7] and we do not cite them here. The
data on the unary CCl, system in the range studied are also in good agreement
with previous work [10—-13], both on the melting (the upper curve) and on the
polymorphic I = II transition® (the lower curve). We will discuss only the problems
which, in our opinion, are of interest. On the P, T phase diagram of this system
between the points n, and =, (Figure 2) we have discovered small but well
reproducible effects (Figure 3) whose values are essentially smaller than those of the
transition I =1II effects.* The nature of these effects has not been investigated, but
we think they belong to the polymorphic CCl, transition, which we designate T = V.5

% In the H,0-CCl, system at atmospheric pressure it was also convenient to study the excess CCl, in
the clathrate formation process by following the CCl, polymorphic transition thermal effect since its
value was several times greater than that of the thermal melting effect. At pressures above 0.6 kbar
(Figure 6) this is the only way to study the excess CCl,, since its melting temperature becomes higher
than the hydrate decomposition temperature and the eutectic abundant in the guest disappears.

? Phase 1 corresponds to phase Ib in the common notation [10-13].

* On the CCl, heating curve from —40°C to —70°C (depending on pressure) prior to the endothermic
effect at temperatures 6° to 10° lower an exothermic effect was observed which disappeared when the
thermogram was recorded repeatedly.

3 Five (V) has been chosen because at high pressure in the range of approximately (6—15 kbar) phases
HI and IV have already been observed [9-11].
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Fig. 2. The P, T phase diagram of the CCl, unary system. #, and 7, are the 3-phase nonvariant points.
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Fig. 3. The heating curve showing the relation among the values of the endothermic effects for the

polymorphic I =11, I =V transitions and melting V == 1 in the CCl, unary system at P = 3.7 kbar (see
the caption to Fig. I).
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To simplify the figure and the description of the P, T phase diagram of the CCl,
system we do not describe the equilibria with the metastable Ia modification and
phase transitions in the pressure range from 5kbar and above. Sometimes we
observed equilibria with the Ia phase in our studies at P < 1 kbar, but we eliminated
them by repeated recording of the heating thermogram. Neither we nor other
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Fig. 4. The projection of the P, T phase diagram of the CH,Cl,~H,O binary system; the P, T melting
lines in the unary system practically coincide with the eutectic lines and are not shown in the figure.
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Fig. 5. The projection of the P, T phase diagram of the CHCl;—H, O binary system (see also Table I).
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Fig. 6. The projection of the P, T phase diagram of the CCl,~H,O binary system. h; stands for h;; or
h,. The cause of this uncertainty is that we have not managed to register the location of the quadruple
points (h;;h,s,s; and i,1,h;h;). The dashed lines show the 3-phase equilibria curves with the
participation of the metastable phases; the dashed-dotted lines depict the curves of the supposed
equilibria; the solid lines represent the curves of the stable equilibria. The experimental points of the
water eutectic melting lines are not marked in the figure, since they practically repeat the melting lines
of the ices (within the experimental accuracy) which is due to the binary system components being
almost insoluble in each other.

authors [10-13] who have studied this system can confirm the data of Trappeniers
(8].

A typical CCl, heating thermogram without the exothermic effect mentioned in
note 5 at a pressure of x3.7 kbar is shown in Figure 3. In this case the recorder
made two curves: the signals from a simple thermocouple (the sample temperature)
and a differential thermocouple (the difference in temperature, AT, between the
sample and the standard) vs time. Since the device provided the direct proportional
dependence between temperature and time with good accuracy we do not show here
the record of the signals from a simple thermocouple, and the temperature scale is
transferred to the X-axis (time).



44 YU. A. DYADIN ET AL.
3.2. BINARY SYSTEMS
3.2.1. Systems at P > 1 atm

Figures 4 to 6 show the P, T projections of the phase diagrams of the binary
water-chloromethane system based on our experimental data. For discussion it is
convenient to pick out two groups of lines. One of them is determined by the unary
systems because the mutual solubility of the components is negligible. Under
pressure the melting curve of the eutectic rich in water essentially repeats that of
ices under pressure, and melting curves of the eutectic rich in the hydrate former
coincide with those of pure hydrate formers under pressure. This is also true of the
monotectic lines and those of polymorphic transitions in ices and CCl,.
However, of most interest to us are monovariant lines describing the transforma-
tion of the hydrates forming in those systems. As mentioned previously in all the
systems under consideration at atmospheric pressure CS-II hydrates of composition
M:17.0 H,O (h;;) are formed which, at positive temperatures, decompose into
practically pure liquid abundant in water 1, and liquid which is practically pure
hydrate former 1,. Thus, under pressure, the syntectic equilibrium h;, =1, +1, is
monovariant (henceforth such equilibria will be referred to as 1 h,,1,, the phases

Table I. Coordinates of quadruple points (@) in binary systems.

Q Coexistent The Aqueous Systems with
Phases in the

Nonvariant CH,Cl, CHCl, CCl,
Points
P, kbar T, °C P,kbar T,°C P kbar T,°C
0% Lh;h,l, 0.6 —1.5 2.65 —-105 - -
0% ijy;1,hy5h, 2.18 —22.5 - - - -
l;hy;h,s° - - - - 0.75 0.4
0™ l,h,1;s - - 4.10 45 - -
l;h;;h,s - - - - 0.6 0.4
0P 1, h,s;8y; - - - - 2.55 53
or ii; i hy, 2.08 —~24.0 2.08 —240 208 —24.0
0% iy, i1 hy 3.55 —18.0 3.55 —18.0 3.55 —18.0
0, il hy;8 1.62 x 10~% 0.12 - - - -
0, L,h;L,g 2.18 x 10—* 1.852 - - - -
0, hy;lgs 5.0 x 10~%° —96.7° - - - -
Q% h,hsl,s —1073*<P<0.6> —-967<T<—-850 - - - -
hy; and h, - hydrates M-17 H,O and M'7 H,O, respectively.
i, and s — ice and solid hydrate former; lower index indicates polymorphic modification of the phase.
1, and ], — liquid phases rich in water and in hydrate former, respectively.

g — gaseous phase.
oh, 0%, 08— quadruple points, in which at least two hydrates coexist.
om — quadruple points, in which the liquid (1,) and solid hydrate former coexist.
? 0%, 08— quadruple points, in which the unary systems exist in two polymorphic modifications.
0., 0>, Q; — quadruple points of hydrate formation at various phase surfaces.
2 Data [10, 11];
b evaluated data, —96.7°C = the melting point of the CH,Cl, [24];
¢ See Figures 4, 5 and 6.
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being written in the order of increasing content of the hydrate former). As one
would expect for CS-II hydrates [1,2] under pressure in this kind of system
monovariant lines 1,h;;1, are directed to the low temperature range and in the
CHCI; and CH,Cl, systems end in the monovariant point Q%, where 4 phases
(1;h;;h;1,) are in an equilibrium state. In CCl, it ends in the point Q% (1;h,;h,s, for
the notations see Table I), since transformation of the hydrates occurs at pressures
higher than the CCl, crystallization pressure, i.e., point 0™ (l;h;,1,s) is located in
a lower pressure region than point Q5.

With pressure increase syntectic decomposition of CH,Cl,-7.1 H,O and
CHC1,-7.3 H,O hydrates (the composition will be discussed later) is observed at
higher temperatures. This is also true of the peritectic melting (1,h,,s) in the systems

Temperature

Py

— pI‘CSS vre

Fig. 8. The general scheme of the P, T projection of the phase diagram of the CH,Cl,—H,O system.
The solid lines show the stable equilibria; the dotted-dashed lines represent the assumed equilibria; the
dashed lines depict the curves of the unary systems.
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with CCl, and CHCl,; after point 0™, In the CCl, system at a pressure above
2.55 kbar (point QP) the peritectic lines ascend more slowly and with further
pressure increase the value of d7/dP becomes negative. The phase diagram evolu-
tion under pressure is clearly shown in Figure 7, illustrating characteristic isobaric
sections in the CCl,—H,O system.

3.2.2. The Complete CH,Cl, System Phase Diagram

Literature data [14, 15] on phase equilibria of this system, provided there is a
gaseous phase, allow us to picture its complete phase diagram. Schematically the
phase equilibria of this system are shown in Figure 8. For convenience we use
conventional notations for Q,, Q, and further they will be used as a basis for
other notations. The index ‘h’ refers to the points of the transformation of the
hydrates; the index ‘P’ stands for the quadruple points corresponding to polymor-
phic transformations. The coordinates of points Q; and Q% are not known to us.
0, has been evaluated by extrapolation of the melting and boiling lines of CH,Cl,
as functions of pressure up to their crossing. As to point Q" one can say that it is
probably located in the pressure range 1072 < P < 0.6 kbar and its temperature is
located near the CH,Cl, melting line in this pressure range.

3.2.3. The Compositions of the Hydrates

We did not determine the compositions of the CS-II hydrates, because they have
already been determined accurately by other authors [14-18]. Of much greater
interest to us were the compositions of the high pressure hydrates determined by
constructing the Tammann triangles on the invariants (at constant pressure) of
water eutectic, rich in hydrate former and syntectic decomposition line. For
instance, for the CH,Cl, hydrate the determination was carried out at
P = 3.1 kbar (Figure 9a). Since the equilibrium is reached slowly, the determina-
tion was conducted as described in Section 1. The hydrate CCl, composition was
determined at P = 1.25 kbar, but since at this pressure the hydrate melts incongru-
ently, in the mixture with surplus CCl, its amount was followed by observing the
size of the endothermic effect of the polymorphic transformation (Figure 9b).
Hydrate numbers determined as described above are; for the CH,Cl, hydrate
7.1 £0.8; for the CCl, hydrate 7.4 + 0.8; for the CHCI; hydrate 7.3 + 0.8 (the
hydrate numbers are given with mean-square uncertainty).

For the CHCI; system the Tammann triangles were not constructed. Our
judgment of its composition is based on the fact that on the heating curves of the
sample with the ratio of components CHCl;: H,O = 1:7.3 at P = 3.0 kbar thermal
effects of the eutectics rich in water on the one hand and the eutectics rich in the
hydrate former on the other hand were extremely small.

3.2.4. The Nature of High Pressure Hydrates

While studying the H,O-THF [19] system an assumption has been made that the
hydrate forming at high pressure (THF:7.1 H,0) is CS-I. It is evidenced by the
hydrate composition, a positive value of d7//dP and modelling using Stuart—Brigled
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models. One more argument in favour of this opinion was Andersson’s and Ross’
experiments [20]. By measuring thermophysical properties of the hydrate in the
H,O-THF system at high pressure they have shown that the THF:7.1 H,O
hydrate, like the THF-17 H,O hydrate, has a clathrate nature. The clathrate nature
of the high pressure is also proved by the experiments aimed at the investigation of
hydrate formation in the H,O—-TMO (trimethyleneoxide) system at high pressures.
In this system, even at atmospheric pressure, hydrates of both CS-II and CS-I form.
The structure of the hydrates has been determined by the X-ray technique [21, 22].
The appearance of this system under pressure is similar to those of the water—cyclic
ethers and the water—acetone systems [1, 2, 23]. From the above, and on the basis
of the composition of the high pressure hydrates forming in the systems studied in
this work, one draws the conclusion that they are also of CS-I.

As mentioned previously CH,Cl, and CHCl; molecules can fill the CS-I T-cavi-
ties quite easily. As to the CCl, molecule it can occupy this cavity with difficulty,
using empty space in the ‘walls’ which is likely to be promoted by pressure.

References

1. Yu. A. Dyadin and K. A. Udachin: Zh. Struk:t. Khim. 28, 75 (1987); C.A. 107, 167544v (1987).

2. Yu. A. Dyadin and K. A. Udachin: J. Incl. Phenom. 2, 61 (1984); C.A4. 103, 104464r (1985).

3. Yu. A. Dyadin, F. V. Zhurko, and T. V. Mikina: Izv. Sib. Otd. Akad. Nauk SSSR 4, 65 (1988); C. 4.
109, 157373r (1988).

4. Yu. M. Zelenin, Yu. A. Dyadin, and F. V. Zhurko: VINITI N5239-84 dep. (1984); C.4. 103,

43553v (1985).

. P. W. Bridgman: Phys. Rev. 3, 153 (1914).

P. W. Bridgman: Proc. Am. Acad Arts. Sci. 74, 399 (1942).

H. Shimizu: Chem. Phys. Lett. 105, 268 (1984).

. N. Trappeniers: Ind. Chim. Belg 16, 372 (1951); Acad. Roy. Belg., Classe Sci., (Ser. 2), Mém., 27, 1

(1952).

9. C. E. Weir, G. J. Piermarini, and S. Block: J. Chem. Phys. 50, 2089 (1969).

10. D. M. Adams and S. K. Sharma: J. Chem., Soc. Dalton Trans. 23, 2424 (1976).

11. R. G. Ross and Per. Andersson: Mol. Phys. 36, 39 (1978).

12. . Badiali, J. Bruneaux-Poulle, and A. Defrain: J. Chem. Phys. 73, 113 (1976).

13. . Bean and S. D. Wood: J. Chem. Phys. 72, 5838 (1980).

14. V. Stackelberg and H. R. Miiller: Z. Elektrochem. 58, 25 (1954),

15. . Fester and H. W. Wiegandt: 4. I. Ch. E. Journal 15, 239 (1969).

16. W. Davidson: in Water: A Comprehensive Treatise, (F. Franks editor) Plenum Press., Vol. 2, p.

15 (1973).

. A. Ripmeester and D. W. Davidson: Mol. Cryst. Lig. Cryst. 43, 189 (1977).

. W. Davidson, Y. P. Handa, C. I. Ratchiffe, J. A. Ripmeester, J. S. Tse, J. R. Dahn, F. Lee, and

. D. Calvert: Mol. Cryst. Lig. Cryst. 141, 141 (1986).

19. Yu. A. Dyadin, P. N. Kuznetsov, I. I. Yakovlev, and A. V. Pirinova: Dokl. Akad. Nauk. SSSR, 208,

103 (1973); C.A4. 78, 102558r (1973).

20. R. G. Ross and Per. Andersson: Can. J. Chem. 60, 881 (1982).

21. F. V. Zhurko, G. O. Zhurko, Yu. A. Dyadin, and Yu. I. Mironov: Izv. Sib. Otd. Akad. Nauk. SSSR
2, 72 (1989).

22. S. R. Gough, S. K. Garg, and D. W. Davidson: J. Chem. Phys. 3, 239 (1974).

23. Yu. A. Dyadin, F. V. Zhurko, and 1. V. Bondaryuk: Clathrate Hydrates at High Pressure: Preprints:
87-12, 87-13, Sib. Otd. Akad. Nauk SSSR, Institute Inoganic Chemistry, Novosibirsk (1987).

24. Handbook of Chemistry: Vol. 2, ‘Chemistry’, M.—L. (1964).

=

p
E
W

—_—

17.
18.

alivhn



