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Di ssoci atioл of' C F C- 12 (Fгсоп - 1 2) hydгate iп to gas а пd sL1p eгcoo l ed \Vater at lo\v te lllpe гatuгes lias 
Ьсеп d i scoYe гed iп а pL1l sed пu сl еа г 111agп et i c геsопаnсе (N M R) study of di sperse ice. S L1pe гcoo l ed \\1аtе г was 
in Yestigated expeгim eпtally iп teгms of its qL1 aпtity d ynaпii cs duriпg dissoc i at ioп. Tl1e dissoc i at i o п rates iп t\YO 
gas l1 ydrate saпipl es \vе ге п1 eas L1red unde г diffe гen t expeгime пtal co п d i t i o п s. Supercooled \vate1· \\1as fouлd онt 
to cгystallize оп tl1e sшlaces апd iпsidc gas 11ydгa te pa гt i c l es at d iffe гen t Р- Т coп ditioп s of CFC-12 11 ydгate 
di ssoc i at i o п. 

T l1e present stlldy contiiшes earlier ехрегi meлtal 
reseaгcl1 ол t l1 e mec lыпi sш of gas l1ydгate dissocia
t ion into gas апd sнpeгcooled vva teг at SLtbzeгo tеш
регаtшеs [ Melnikov et al., 2007, 2009, 2010]. The ob
ject ive of tЬе fiгst pгoj ect stage was to ехралd t l1 e 
scope of gases foгmiлg hydгates that dissociate as 'gas 
!1ydгate ~ sнpeгcooled wateг + gas'. At tЬе second 
stage, t l1 e di ssoc iatioп pгocess !1 as been chec ked 
tЬ гo llgЬ diгect expeгimeвtal шeasшements нsiвg 
plllsed nL1 c1eaг шagп etic reso 11a11ce (NMR) \v l1i cЬ is а 
гeliable aвa l yt i caJ t ooJ appli ed Jate ly to ехрlоге gas 
Ьydrate foпnatio11 [ Aic/1ele et al" 2009; Gao et al" 
2009]. Тl1еге is гeason to believe [ Watanabe and Wake, 
2009] tЬat NMR can гeveal tЬе арреагаnсе of S L1peг
cooled water iп t he begiплing of gas l1 ydгate dissocia
t ion and, шогеоvег, сан tгасе tЬе dy11a111ics of its con
teпt. This data !1 as im poгtaпt impli cat i oвs fо г tЬе 
dissociatioл mесЬавisш, as \vell as fог t l1e role of sн -
percooled \vateг i11 tЬе efJect of gas !1ydгate self-pгes 
eгvat i oв [Istomin et al., 2006] . 

The 1·epoгted expeгim eлts wеге ГllП with CFC-
12 (CC12F2 c hJoгoflt1 oгocaгbo11 , ог Fгеоп -12) se lected 
for its ability to foпn Ьydгates at Jovv pressшes . Tbls 
fac ili tated t l1e iвstrLtшental vvoгk peгforшed 011 а 
Вп1kег Minispec - mq pt1!sed NMR re laxometeг op
e гating at tЬе resonaвce fгeqt1e11cy 19.65 MHz fог 
Ьуdгоgев 11L1c1ei. Апоtl1ег adva11tage of CFC-12 is tl1e 
lack of hydroge11 1ш c l e i \vhi ch simplifies NMR analy
sis авd a ll ows гecoгding signals fгош \vateг шolecllles 
only ( еitЬег free as li qL1 id \Vate г or ice, о г boнnd iп 
Ьydгates) . 

The starting шateгials for pгepariвg gas Ьуdгаtе 
saшples wеге disti l led vvate г and tecЬnolog i cal CFC-
12 . То proшote Ьydiate foпnatioл , ice \vas t1 sed i11 
-400 µ111 gгaiвs авd t l1e saшples vveгe sнbj ected to cy
clic tempeгatшe clы11ges [Stem et al" 1996] betweeп 
- 10 анd +З 0 С; tЬе ргеssше of gaseOLI S CFC-12 vvas 
шaintained at 150 kPa. As а гesнl t, \ve obtaiп ed а sys
teш coвsisting of а gгeat ПllшЬег of vегу sшal l co11-
tigнot1s CFC-12 Ьydrate paгtic les wЬich eвclosed 

согеs of 1111гeacted ice (ог vvateг, d ependiпg ол tЬе fi
пal tempeгat Ltгe of tЬе гL1n) . Note t hat as tЬе ншnЬег 
of 1·ш1s iп cгeased fгom 1 to 8, tl1e deg гee of i ce-to-Ьy
drate tгaпsfoпnatio11 ? 11 gгew fгоп1 42 to 94 %, respec
t i,rely. 

T l1e dyпamics of li qt1id vvateг совtенt \vas stllcl
ied Ьу теап s of NMR ге l ахошеtгу fюm free indllc
tio 11 decay (FID) follovviпg а 90° pнl se [C/1izhik, 
1991]. Tl1e tec hпiqLte vvas applied to estiшate tЬе 1;' 
111ag11et ic Ielaxatio11 t imes sepaгate l y fог liqнid water, 
ice, апd gas Ьуdгаtе i11 speciall y ргерагеd CFC-12 l1y 
dгate saшples, iп огdег to isolate liqllid \vater NMR 
sigпals . At tempe гat L1гes bet\veeп - 10 and О 0 С , t11e 
clыгacteгist i c F ID t im es \\1 е ге т;! , т2'1, - 10 µs Егош 
ice апd CFC- 12 Ьуdгаtе \vmle liqнid 'v\rater гelaxed at 
1;ш -1.5 ms. With this kп o\v ledge , vve estiшated t l1e 
FID amplit Ltde А 111 at tЬе tiш e t5 = 70 ~Ls elapsed afte г 
t l1 e 90° pll1 se (Fi g. 1) . ТЬе sig11a ls fгош ice авd gas 
Ьуdгаtе be iпg a lm ost zего at tlыt tiшe, t he шеаsшеd 
FID ampli tнd e соггеsропd еd 1111 iq11 ely to liqLtid 
wateг. 

Before t l1e NMR шeasшem eп ts iп CFC-12 
Ьуdгаtе sa шples, t l1e aшpli t t1d e А 111 'v\ras calibгated 
agaiвst t l1 e li qL1id \vateг weigl1t t1si11g staвdaгd 
saшples vvitЬ simiJ aг гe l axat i o 11 рагашеtегs (CLtS0 4 
aq ll eoнs solнtioп). Fн гtЬегтоrе , th e expe riшe11ta l 
ргосеdше vvas tested 011 CFC-12 Ь уdгаtе di ssocia
t i o п at posit ive tempeгatшes. Iв tЬis tешрегаtше 
гап gе , as \Уе expected, the aшo L111 t of liqнid vvate г 
гe1 eased оп d ec01n pos i tioп of gas Ьуdгаtе iвto water 
ancl gas obvioнs l y iл creased Ьеуопd tl1e \vateг-hy
dгate-gas' eq L1ilibгiшn liвe i11 all ехрегiш евts. T l1 e 
clissoc iati oп pгocess \vas a lso гecogпized Iroш ргеs 
sше iп сгеаsе iп tЬе Ьох with t l1 e sam ples. 

Additio11a l vvateг vvl1ich шау appear dнтiпg gas 
l1 y dгate dissociatio11 at negative tешрегаtнгеs vvas 
гeYealed Ьу NMR aвalysis Lt s iвg two saшp l es "'' i t l1 
differe11t iпi t ia l d egгees оЕ ice-to-Ьydгate tгaп sfo1·
шatio11 : ? 11 = 68 % for sample 1 анd Р1, = 90 % fог saш
ple 2. 
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Fig. 1. Beginning of FID in the system ice + gas 
hydrate + water. 
Das l1ed li11 e is 1110deli11g гest1ILs . А 0 is i11 itia l FID a111pli t t1 de; А,,, 
is FID a1npli tL1cle at ti111e t 5 elapsed а~е 1· 90° pL1ise; tP is pL1 \se 
dt1rat io11. 

In the begi nning of t he ехрс гi meпt, t l1e prepa гed 
samp les stayed at t he tempe гat LJгe +3 ° С апd t he 
pressllГe of l1 ydrate- foгmiпg gas 150 kPa fог at least 
а п hош, iп огс\ ег to ensLJГe compl ete 111elt i11g of LIПГe
acted ice iп tЬ е согеs of gas l1 yd1·ate paгti c l es, vvhi cl1 
vvas сопt"iгт еd Ьу staЬ!e measLJгed А 111 • At t l1 e fo llov.1-

iпg step, sa тpl es 1 апd 2 \Vеге cooled to - 1 ° С а пd 
- 3 ° С, respectively, at а гаtе of 0.5 K/miп, at -150 kPa 
pгess LJгe of CFC- 12 оvег the samples. The sL1bseqL1ent 
tra п s i t i oп to the domaiп of l1 ydгate t l1 eпnody пa 111ic 
iлstaЬility was at constaпt tempe гatшes апd t l1 e pгes 
Sl11·es l o \ve гed stepvvise (stepsize va гied fгom 5 to 
10 kPa) fо г sample 1 ог coп tiПl10l1 s l y at а mеап гаtе of 
3 kPa/miп fо г sampl e 2. 

Tl1 e сопtеп t of li q11id \Vatc г (Fig. 2) c haпged in 
the same vvay iп t l1 e t \vo sam pl cs iпespective of both 
t l1 e i г teтpe ratшe апd mod e of pгess LJгe гedLJ ct i o п. 
Note t l1 at acldit iona1 s L1peгcoo l ccl vvateг гc l eased оп 
d i ssoc i at i o п of CFC-12 Ьydrate iп sa mpl e 2 appeared 
п еа 1· t l1c ' s l1pe гcoo l ed wateг- l1 yd 1·atc-gas ' eqL1 ili bгi
llll1 \iп е \Ve obta iп ed t l1 гoug l1 cxtгapo l atioп of expc гi
meпta l data fгom [Byk, 1980 1 оп tо t he sLJbze гo tem
pe гatu гe cl om a iп. In sa mpl e 1 of mо ге s llpe гcoo l ed 

wate г, h oweveг, it occl1гed at 15 kPa belo'·'' th is line 
fo1· t he diffi cl1i ty to pгecise l y со п stгаiл the di ssocia
t i oл pгessLJГe гedl1 ced in tЬ е stepvvise mode. 

Tl1e d yп amic gгovvt l1 of S llpc гcoo l ed \.vatc r ге
со гd еd iп i:· ig. 2 coпespoпd s to а consta п t гаtе of 
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Fig. 2. Time-dependent variations in contents of su
percooled water while pressure was reduced above 
the sample. 
1: Sa111 ple 1, te 111peratшe - 1 ° С, step\\1ise l o\ve гed pгessuгe (at 
5 to 1 О k Ра) ; 2: Sample 2, tc n1pe гaLшe - 3 °С, ргеssшс l0\\1ered 
at 3 kPa/ 111in. Апо\УS poin t to co11te11 ts ac1·oss tl1e eqL1 ili bгiL1111 
l iп es of i ce- \1 ydгate-gas (а) а пd SL1pe1·cooled 1vate 1 ·- l1 ydгate
gas (b) . 

CFC- 12 hyd1·ate dissociat i oп, \v\1i cl1 we estimated at 
-1 mg/ min fог t he g i ve п sam pl es and ex peгim ental 
condi t i oпs. Fl1гtЬегmоге, we also calcLJla ted t \1e max
iпшm tliickпesses of wateг film s оп the sшt·aces of gas 
hydгate paгticles , \Vitl1 гegai-d to t he tota l co п tent of 
t l1 c fо ппсd li qLJ id wate1·, v.rl1i cl1 \vе гс п о l агgег thaп 
4.2 апd 3.6 µm fог sampl es 1 апd 2, respect ively. 

At some poiпt а~е 1· its peak, the coп tent of liquid 
\vater Ьеgа п to d ec гease as а гes ll l t of c гystalli zation , 
at а гаtе more thaп ап огdсг of magпitLJd e fasteг tЬап 
t l1e d i ssociatioп !'ate (Fig. 2). Note t \VO pieces of tЬ е 
Cll гvcs t l1 at 1·есогd tl1e cгysta l 1 i zat i o п of bll lk \vateг 
iп to ice at rates timcs diffe re пt from eac l1 otheг. Tl1e 
еагl у segm eп t coпespoпds to c гysta ll izat ioп of addi
t i o п a l \Vate г гeleased оп d i ssoc i at i o п о п t he s uгf·aces 
of l1 yd гate paгtic l es whi le t l1 c late опс i cгysta lliza
t i oп of v.rate1· tЬat exis ted o гi giп a ll y iпsidc the paгti
clcs. Th is is ql1 ite геаsопаЫе as, bei пg ап cпdotl1 eгшic 
p1·occss, d i ssociatioл coo ls cl o \v п t l1 c Sl11·face v.1 ateг 
а пd iп c гeases tЬ е pгoba Ьili ty fo1· ice пuc l eat i on iл it. 
Оп t l1 c ot l1 e1· lыnd , cгysta lli zatioп bcgiппiпg from tЬ е 
S l1гfacc t гi ggeгs t he \.\ratc г- to- i cc pl1ase c l1 a п ge iп tЬе 
li ql1i cl со гсs of gas hydгatc part icles. 

T lн1 s, t l1 e NMR a п a l ys i s l1 as pгovided so lid evi
d e п ce for cli ssoci at i oп ot· CFC-12 l1 y dгate iп to gas 
апd Sl1percool ed \Vate1· at sLJbzero te mpe гat LJГes, 
wl1icl1 may Ье а staгtiпg poiп t fог fL1r t l1 c г estim ating 
the 111 agп etic- гelaxatioп paгam eteгs of t l1i s vvateг. 
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