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Phase Equilibrium for Structure | and Structure H Hydrates Formed with
Methylfluoride and Methylcyclohexane
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This paper reports the presstitemperature conditions for the three-phase aqueous li¢iiydrate+ vapor
equilibrium in the structure | hydrate forming watermethylfluoride water system and for the four-phase aqueous

liquid + hydrate+ liquid hydrocarbont vapor equilibrium in the watet- methylcyclohexane- methylfluoride

system. The pressure and temperature ranges of the present measurements are from (0.267 to 3.582) MPa and
from (273.5 to 296.2) K in the water methylfluoride system and from (0.185 to 2.703) MPa and from (273.7

to 294.2) K in the water- methylcyclohexanet methylfluoride system. The crystallographic structure of the
hydrate formed in the watet methylcyclohexanet+ methylfluoride system at 279.7 K was determined to be
structure H based on the X-ray diffraction measurement. The phase equilibrium data suggest the formation of
structure | simple methylfluoride hydrate at temperatures above 289 K in the system with methylcyclohexane.

Introduction fluorocyclopentaner difluoromethane systems. They reported

. . ... _an equilibrium temperature exceeding 308 K at the pressure of
Clathrate hydrates are crystalline solid compounds consisting approximately 5 MPa in the watet fluorocyclopentanet-

of_ hydrogen-bonded water molgcules forming cage structures Krypton system.
with guest molecules enclosed in the cages. Depending on the . . 78 . .
Following previous attempfs’-8 we consider in the present

size and shape of the guest molecules, water molecules form X ; ' ) oo
P J study a different option to obtain a higher hydrate equilibrium

different cages that interconnect to yield various hydrates oft : ther than th f ical ts. This opti
different crystallographic structures such as structures I, I, and temperature otherthan Ihe use of supercritical guests. 1his option

H.! The phase equilibrium conditions in the hydrate forming is simply the use of a guest substance having a relatively high

systems also depend on the chemical species of the guesi’apOr pressure. As an example of such high vapor pressure

substances. Novel technologies utilizing hydrates, such as natura?huetsr;[’ we r]:(.)crl:sed on methylflut:rr:de (g?ﬂr monof[[lrj]oromter;[hane)
gas and hydrogen storageé separation/purificatiof,and heat at has a higner vapor pressure than diflucromethane, the vapor

pump/refrigeration systents? etc., have been proposed. The pressure of methylfluoride at 290 .K is approximately 3 M_Pa,
high pressure or low temperature required to form hydrates is muchtrtngherltréa'r\l/”tah: (g)rrespilcmd;ng vapotr ;}rers]sure dOIhdIIIUO_
often a major obstacle to developing the hydrate-based tech-'omethane (1. ). Recently, Prager et &tshowed tha

nologies. Particularly, increasing the hydrate equilibrium tem- the crys'_callographic structure of the simple mgthylfluoride
perature is the key for the development of the hydrate-basedhyOIrate Is structure | baseql_ on neutron scattering measure-
heat pump/refrigeration system, which is the direct background ments. As for the phase equilibrium conditions for methylfluo-

i i 2
technology of this study. For increasing the hydrate equilibrium r|??hhydrgte% xllllalrgthreportted tr;'e temper?r;[umresstur_etdat?th
temperature, Imai et altested the addition of cyclopentane to atthe end of the century. However, the uncertainty of the

the water+ difluoromethane system and succeeded in an phasg-equilibrium measurements as well as the purity of the
equilibrium temperature increase by 6 K. The maximum material was not specified by VI||2.51!’JCJr..ThUS, we performed
equilibrium temperature available with the cyclopentafe accurate measurements on the equilibrium pressaraperature

difluoromethane double hydrate is reported to be 299.75 K at conditions for the si_mple methylfluoride hydrat(_a formed in the
1.544 MPa. Takeya and Ohmiirthen tested the addition of water+ methylfluoride system. We also experimentally dem-

cyclopentane to the water krypton system, noting that the onstrated the formation of a structure H hydrate with meth-
highest equilibrium temperature is practically limited by the yifluoride and methylcyclohexane, which was previously men-

liquefaction of difluoromethane. This is a relatively low vapor tioned by Ripmeester and Ratcliféout was not experimentally

pressure guest substance, but this limitation can be overcomeconf'rmed' In addition to the phase equilibrium measurement

by using a guest substance that is in the super critical state,reSUItS' the determination of the crystallographic structure of

such as krypton. They have reported that the equilibrium the metgylflur?nd& methylcyclohexane double hydrate is also

temperature exceeded 304 K at the pressure of 4 MPa. Veryreporte In this paper.

recently, Imai et af.reported the hydrate phase equilibrium data . .

for the water+ fluorocyclopentanet krypton and watert- Experimental Section
Materials. Fluid samples used in the experiments were
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Table 1. Aqueous Liquid + Hydrate + Methylfluoride-Rich Vapor 4 T B | T T
Three-Phase Equilibrium p—T Conditions in the Water + g mE [
Methylfluoride System - mE O
T/IK p/MPa T/IK p/MPa o | - .@
2735 0.267 290.2 1.625 °
276.6 0.371 292.2 2.049 o ®
278.6 0.468 293.3 2.343 Uo
281.0 0.598 293.8 2.514 1| [ ] -
283.2 0.749 2945 2.765 @ I O
284.9 0.902 295.1 3.029 % ™ ®
287.6 1.204 296.2 3.582 s oqe
Table 2. Aqueous Liquid + Hydrate + Methylcyclohexane-Rich O
Liquid + Methylfluoride-Rich Vapor Four-Phase Equilibrium p, T » L
Conditions in the Water + Methylcyclohexane+ Methylfluoride |
System e}
TIK p/MPa T/IK p/MPa i ¢
273.7 0.185 287.0 1.054 i
275.7 0.240 289.0 1.400
278.7 0.356 290.2 1.609
279.9 0.415 291.6 1.906 LT B
282.5 0.577 292.5 2.115 275 280 285 290 295
284.9 0.794 294.2 2.703

- TIK
distilled water was laboratory-made. The other samples were Figure 1. Equilibrium p, T conditions for aqueous liquig- hydrate+

used as supplied by the manufacturers. vapor three phases in the watemethylfluoride system©O, present study;
Apparatus and ProcedureThe experimental apparatus used and aqueous liquig- hydrate+ hydrocarbon liquict vapor four phases

to measure the pressurgemperature conditions for the three in the water+ methylcyclohexanet methylfluoride system®, present

phases, aqueous liquid .+ hydrate (H)+ methylfluoride- study. The three-phase equilibrium T conditions reported by Villard

rich vapor (V) and the four phases, aqueous liquig) (k- are also indicated;], ref_ 12. Closed squares indicate the saturated vapor

hydrate (H)+ methylcyclohexane-rich liquid () + meth- pressure of methylfluoride, ref 9.

ylfluoride-rich vapor (V) are the same as those used in our

previous studie$!*The main part of the apparatus is a stainless

steel cylinder with inner dimensions of 80 mm diameter and

40 mm height. A magnetic stirrer was installed in the vessel

through its lid to agitate the fluids and hydrate crystals inside

the vessel at 400 rpm. The vessel was immersed in a temper-

ature-controlled bath to maintain the temperature inside the |

vessel 1) at a prescribed value th 0.1 K. Two platinum-wire

resistance thermometers were inserted into the vessel to measure |

T. The pressure in the vessel, was measured with a strain-

gauge pressure transducer (model PH 100 KB, Kyowa Electric | ! |

Co" Ltd’ T0kyo) Wherp = 21 Mpa For measu”ng less n 1 1 mnou ey mn W nnerrnErameEmuyy

than 2.1 MPa, another strain gauge pressure transducer (model L 1 ' T

PH-20KB, Kyowa Electric Co., Ltd.) was used. The estimated

uncertainty of the temperature measurementsta@el K. The 10 20 30 40 50

uncertainty of the pressure measurements #wa3.016 MPa

for p > 2.1 MPa andt+ 0.004 MPa forp < 2.1 MPa.

206/degree

The equilibrium conditions were measured with the batch, Figure 2. PXRD profiles obtained from hydrate sample prepared in the
water+ methylcyclohexane- methylfluoride systems. The crystal sample

?S(.).Choric procedu_re described by_Danesh éf_a_Ch run was was prepared ap = 0.45 MPa andT = 279.7 K in the water+
'n't'at_ed _by charging the vessel with 50 g of liquid water or 35 methylcyclohexane- methylfluoride system. The diffraction measurement

g of liquid water and 20 g of methylcyclohexane. The vessel was performed at 93 K. The crystallographic structure of the hydrate was
containing the liquid was then immersed in the temperature- determined to be structure H. In the lower part, the upper stick patterns
controlled bath. The methylfluoride gas was supplied from a correspond to the structure refinement results of the structure H hydrate,
high-pressure cylinder through a pressure-regulating valve into and the lower stic_k patterns correspond to thqse‘of hexagqnal ic_e that was
the evacuated vessel until the pressure inside the vasehs transformed from interstitial water. The arrows indicate the dlff!'actlon peaks

. . of unknown crystals that would be formed from methylfluoride, methyl-
increased to the pr_escrlbed level k_)etween 0.18 and _3'6 Mpa'cyclohexane, and water. Only thé 2ange from 6 to 5C° is shown here.
After T and p stabilized, the valve in the line connecting the

vessel and the high-pressure cylinder was closed. Subsequentlydissociates, thereby substantially increagingfter the complete

T was decreased to form the hydrate. If hydrate formation in dissociation of the hydrate, only a smaller increase in pressure
the vessel was detected by a decreageand an increase in, is observed due to the change in the phase equilibria of the
the temperature of the bath was kept constant for 6 h, therebyfluids in the vessel. Consequently, the point at which the slope
keepingT constant. We then incrementally increa3eid steps of the p—T data plots sharply changes is considered to be the
of 0.1 K. At every temperature step,was held constant for 6  point at which all hydrate crystals dissociate and hence as the
h to achieve a steady, equilibrium state in the vessel. In this point of the four-phase equilibrium. This operation was repeated
way, we obtained g@—T diagram for each experimental run, at several different initial pressures to obtain the four-phase
from which we determined a four-phase equilibrium poinfT If ~ equilibrium data over the temperature range from (273.5 to
is increased in the presence of a hydrate, the hydrate partially296.2) K for the water methylfluoride system and from (273.7
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to 294.2) K for the water methylcyclohexane- methylfluo- in the 52 and 45%6° cages and methycyclohexane molecules
ride system. in the 5268 cages. The crystallographic structure of the hydrate
A hydrate crystal sample for the powder X-ray diffraction was identified on the basis of the PXRD measurements. Figure
(PXRD) measurement was prepared with liquid water, meth- 2 depicts the PXRD profile obtained with the hydrateystal
ylfluoride and methylcyclohexane using the same experimental sample prepared in the water methylcyclohexaner meth-
apparatus as used for the phase equilibrium measurements. Thglfluoride system. From this profile, the crystallographic
amounts of the liquid samples were the same as those for thestructure is identified to be structure H for the methylfluoride
phase equilibrium measurements. The pressure and temperaturg methylcyclohexane double hydrate. The lattice constants of
was set ap = 0.45 MPa andl = 279.7 K slightly outside the  this hydrate were determined to &e= 1.218 nm anat = 0.999
conditions for the simple methylfluoride hydrate formation. The nm (Note that the two lattice constangsandc, are defined for
line connecting the test cell and the high-pressure methylfluoride the structure H hydrates). These values are comparable with
cylinder was opened during the hydrate formation in the test those for the structure H hydrates formed with methne.
cell to keepp constant by continuously supplying methylfluoride At temperatures below 289 K, the equilibrium pressures in
gas to compensate for the pressure reduction in the test cellthe system with methylcyclohexane are lower than those in the
due to hydrate formation, so that a sufficient amount of hydrate system without methylcyclohexane. But at temperatures above
crystals would be stored in the cgiland T were kept constant 289 K, the equilibrium pressures in the system with methylcy-
for over 200 h along with continuous agitation in the vessel at clohexane overlap with those in the system without methylcy-
400 rpm after nucleation of the hydrate. The vessel was clohexane. These phase equilibria suggest that the stable hydrate
subsequently taken out of the temperature-controlled bath andchanges from the structure H methylfluorite methycyclo-
then immediately immersed into a liquid nitrogen pool in a hexane double hydrate to the structure | simple methylfluoride
stainless steel container. We allowed 20 minTdo decrease hydrate at temperatures above 289 K, as previously shown in
below ~ 170 K and then disassembled the vessel to remove several studies reporting similar phase equilibrium d&tz.

the formed hydrate crystals. The sample thus prepared was
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