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Thermal Properties of Clathrate Hydrates

Haruo Nakayama

Thermodynamics and thermal properties of clathrate hydrates, including semiclathrate
hydrates of tetraalkylammonium salts as well as ordinary gas hydrates, have been reviewed.

For gas hydrates, the following topics have been discussed: (i) determination of a
hydration number from the temperature dependence of the dissociation pressure; (ii) heat of
encagement of guest molecules; and (iii) heat of formation of a vacant water cage from ice 1.

For semiclathrate hydrates ((n-C4Hy)4NF (or Cl)-30H,0 and (i-CsHy, )aNF (or Cl)-
39H,0), such topics as (i) direct calorimetric determination of the heat of solution in water
and of the heat of fusion of the hydrate solid and (ii) the calculation of their heats of solution
in saturated aqueous solutions from temperature dependence of their solubilities in water,

have also been discussed.
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Fig. 1 Phase diagram of the $0,—H,0 binary
system. 1 atm = 101 325 Pa.

Table 1. Temperature and pressure of invatiant

point Q.
Guest Structure t/C p/ atm™
Ar I —08 87
Kr I —0.1 14.3
N, I —1.3 1415
Cl, I ~022 0316
CH, I —02 25.3
C, Hy I —003 523
CsHg I C 1.74
CH,1 it ¢ 0.097

* latm=101 325Pa
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Table 2. Determination of hydration number (n)
at the invariant point Q, (Fig. 1) from
the enthalpies of dissociation of gas hy-
drates, AH| and AH,. For AH, and
AH,, see the text.

AH, AH,

Guest  Structure K] /mol K]/mol n

Ar I 49.04 12.30 6.15
Kr I 581 1665 6.90
Ny I 51.80 15.94 6.01
O, I 4954 1335 6.06
Cly [ 72.55 3021 7.05
H,S I 62.68 2552 6.06
SO, 1 695 33.1 6.20
CH, [ 5363 19.04 577
CoH, [ 75.23 2565 8.25
Cs;H, I 134 265 17.94
CH;1 I 131 31 16.79

AH (h—1+g)=~Rd Inp(h~1-g)/d(1/T)
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ERRIC, h—/ —g EEscst LT, M- nH,O(solid)—
M(g)+nH,O(ag. soln) ik v g v 254p AH,
B3,
AH(h— 1, +g)=—Rd Inp(h~1,~g) /d(1/T)
(1
ickokponz,
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Table 3. Estimation of enthalpy of formation of a vacant water
cage from ice I, AH(I—n") For AH (h’+g-h) and
AH(1+g—h), see the text.

FEWCFAEL D Bo Barrer 3 CO& 5 AH(h*+g—h) AH (I+g—h)  AH(1—h")

S F A 8 7R~ — > uest

AtsFkicd LT, —78C 10CiLs K] /mol K] /mol +]/mol

32 Ar E Kr 5ED, 37/ —40C~—

BB Yo SR B Ar —1590 —~12.30 0.59
€ tm 2 Kr —21.59 — 16565 079

EFLT, CMl(IZE{ZK’%i=10)"£¥L& Xe —3067 —2414 1.05

T 2) OREZE(L L0 (12)REAOT, N, —16.78 —15.94 0.13

AHy,, HIBAr, Krg £U Xe D12 0O; —17.32 —~13.35 067

Bk AL~ DR BEF LT CH, —2381 ~1904 079
‘ . C.Hs —30.00 — 2565 071

ZOERIZ, ROL DI, 2

Rid, ROL LD C.H, ~5293 ~265 155

Ar ¢ AHy, =—255k]/mol
Kr: AHy =—280k]/mol
Xe : AHy;, =—33.1%k]/mol
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Fig. 2 Solid-liquid phase diagrams of the
(C4Hg)4NX (X=F and Cl)—H,0
systems. X is the mole fraction of
each salt.
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Fig. 3 Solid-liquid phase diagrams of the
(is0-Cs Hyy )4 NX (X=F and Cl)— H,O
systems. X is the mole fraction of
each salt.

log X

Table 4. Fundamental properties of the tetraalkylammonium halide

clathrate hydrates.

S Hydration Melting point Solubility in water
alt —
number C mol +kg™!
(C,Hy)(NF 30 283 0.920+0.002(at 25C)
(C,Hy),NCI 30 150 0.561+0003Cat 100C)
(iso-CsH,,)NF 39 315 0.293+0.002(at 25C)
(iso-Cs;H,;),NCI 39 29.6 0.203+0.002(at 25T)
Netsu Sokutei 11(4) 1984 —171 —
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Fig. 4 Temperature dependence of solubility
(m'se;) of tetraalkylammonium halide
clathrate hydrates in water.

(C4Hg)a NF-30H,O (O);
(CaHo )4 NCI-30H,0 (@);
(iso-Cs Hyy ) o NF+39H,0 (D)s
(iso-Cs Hyy )4 NCI- 39H,0 (®)

Table 5. The tabulation of each term in eq. 16 and the calculation of AH .

t O Inml,/0{1/T) AH,
Hydrate -—C— (l~nme /MY 14+(0 1In7./0 Inm)ga IO:K = .motl“l
(C,Hy), NF - 30H,0 25 0.253+0.001 1.830+0.005 —214+005 165+4
(CHy)NCI- 30H,0 10 0.486+0.003 0.931+0.005 —1.80+003 135+3
(iso-C4H,, ,NF-39H,0 25 0631x0003 1.23+005 —1.84+004 237+11
(iso-CyH;;),NCI+39H,0 25 07350002 0.95+005 —2.27+005 263+15
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Fig. 5 Relationship between various enthalpy
changes discussed in the text,
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=%, (IXBITUDRELD, AH,, 13,

AHg = AH{+(AH;,—AHy) (20)
BT, (17)RickW % AHy(melt—sat.soln) i3
AHg,—AHy R LD TH S, Table 6 &5k U Table
TICR U HRER D &, ¢ D aH 13 (CHy) NX 7kF
PO TR 14k ]/ mol, (iso-CsH,), NXKKIgiC

Table 6. Enthalpies of solution, dilution and of solution to yield
infinitively dilute solution, of tetraalkylammonium

halide clathrate hydrates; Af,,, = AH,— AH,,
H drat _t‘ AHS AHdl AHsat
yarates T kJ/mol kJ/mol kJ/mol
(CyHy), NF + 30H,0O 25 1586+37 —126+02 1714
(C,Hy), NCI * 30 H,0 10 136.2:£40 —55:+£02 14244
(is0-Cy H,, ), NF * 39H,0 25 2231450 —62+03 729+5
(iso-CyH;;)¢ NCl1- 39H,0 25 2530+42 —39=x02 257x4

Table 7. Enthalpies of solution, dilution and fusion of tetraalkylammonium
halide clathrate hydrates; AH, =AH,— AH,,

Hodrat t AH, AH,, AH,
rate —

yara T kJ/mol kJ/mol kJ/mol
(CHy) NF + 30 H,0 25 1586+37 —258+05 184+4
(CsHg)4 NC1- 30H,0 10 136.2+4.0 —195+04 156+4
(iso-CyH;,; ) NF « 39H,0 25 223.1%50 —328+1.2 256+5
(iso-CsH;;)¢NCI« 3911,0 25 253.0+4.2 —29.7+03 283+4
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Table 8. Comparison of enthalpy of fusion of tetraalkylammonium
halide clathrate hydrates to enthalpy of fusion of ice I.

t AH, nAH; e nAH; seo— AH;
Hydrate —
T k] kJ k]

(C,Hy),NF - 30H,0 25 184 207 23

(C,H,), NCl+ 30H,0 10 156 191 35

(iso-CsHy), NF+ 39H,0 25 256 269 13

(iso-C;H,,),NCI+39H,0 25 283 269 —14
DINTIRE 27k]/mol T, TS AH,, D10%FEHRD 40
BTHY, RICAH,, & AHBRERCENDT Y 2 ;>/
- TH BT EEBR, FRHESHREICZ DT 30 /i
EAETE LT B, 5 ///

COEHILTE NI AR, &, A UHER B 2. A /
1) K DREIEE (AH;, i) & & HB L7 F D3 Table 8 3 / .
THBo AHy e i3 0CLLETORBILHETHD, K ¥ -] gl
LkoBEa™ VAR LT, 10C T 6375k]/mol, 10
25C T 6.896 k]/mol &HEBE L 72, Table 8ick13 % AH;
BEU nAH, o~ A OIEREHEKTY 1 =140 DX o
o} 05 1.0 1.5 20

vaLE - ThHD, BELOMBESL, NESEE, F
ECIONA A v DENMIEDERFEZ D L, Table 8
DR SHEPOERET SOREETIRENDS, 20O
FOEERIIAE, (1) FTBD (n-C,H)NX BHKH
¥TIE, nAH; e AH;=30k]/mol TH VO, (2)F2
B0 (is0-Cy Hyp ) NX BRI TIE, nAH; e~ AH;
~0D2 BT EBONE Do

(D ogEgiz, Kiwhokl =rdoigfiEinid
KA TR LT O BKOREBGOKOZN L0 6 1k]
PRI EAERLTED, COBRIT, £i4 3
TR, SUARKEEICE G D AH(1 -1 )=1k]/mol
FEREUETEKS LR EE R S M-T(CHNX:
30H,0 o # @M 1013 SlAUKTE & BTS00,
O ORMEERRSEKTYOBE LRIFH LR
ELHEEINS,

(DOORERIT, (DOMELEETLE, (iso-CH, )N
£ A VAR BEUKOKRFEER, (CH) N 143
BEOOKOBE X 0 & DIV EEIT - T BT EATRR
LT3, 2O &R, WEHB LI HITBHEEESSL
HETEH6DTH 5,

(i) —#ic, (iso-CyH;p), NXokFngom&id, FU
w44 XESD(CH) NX KFEORBRLVE,
BETH 5,

Cil) kF i3 (iso-CsHyy)y NX /KR D 354 39 T,
(C,Hy) NX/KF#H DRI 30&£ 0 £, FI& DAY
Z P FAEED ETeR 2 MRS F T 5FEENIE O
HORL L TODEEZ LB,

(i) Mt TH 265, (CyHy) NXIKIER O FE
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C /mol-kg™!

Fig. 6 Concentration dependence of the heat of
dilution to infinitely dilute solution.
(CaHy)4 NF at 25°C (O);
(CaHg)4NCl at 10°C (@);
(is0-Cs Hyy ) 4 NF at 25°C (D);
(iso-Cs Hy; ) NCl at 25°C (®);
(C4Hs) 4 NCl at 25°C taken from Ref. 26 (W);
(C4Ho) 4 NBr at 25°C taken from Ref. 26 ((J).
& (iso-CeHy W NXKBEROENA LK TH L, £DOR
EIREHIIBREOHBHEETH b, < DEFEEFig.6ic
R

7. &b Y [

Pl sk ot B AR AR08, B
LTz kS ic, BEKEI—BRNICEARERL
BTHY, FTHHEEELS ZBAUNAELOERT
OENFHBNTOAT RN E D KEMSEEL S -
TEO, BEEPEBSNTONRYE LD IS WHET
BB, COLDRRELTEEDDTIRBEENT —4
DBELALT, BENDENHOKE ~ LTS
BEBMEEO D, L, BEFODILOERTRSS
B3, AR TSNS LTE, 2oy
HAAL LIRSS, Lo IEmEawHE ERTS
ZOTEBODEREDN S, YIRIGER LEHLHFNE
A L% O RE THBIIKEKL Thcri &
EEE-T 0 Bo BBIC, ARETREBAIS o 7008, Bl
FOFER LSS, KYO(LEERMEOEBR IR
5, & 50K IMEROBRLEDOKREL E ORIV
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