
P-T border  curves i n  t h e  cri t ical  reg ion  of t h e  mixture .  
T h e  accuracy of t h e  tabulated d a t a  i s  es t imated  as 

follows : t empera ture ,  * 0.5" C. ; pressure,  * 2.0 p.s.i. ; 
density,  *0.001 g r a m  pe r  cc. f o r  t h e  liquid a n d  *0.0001 
g r a m  per  cc. f o r  t h e  vapor.  However, i n  t h e  cri t ical  re- 
gion, t h e  uncer ta in ty  i n  t h e  values reported may  be 
somewhat g rea t e r ,  because of t h e  difficulty i n  assess ing  
t h e  accuracy of measurements  i n  t h i s  region. 

COMPARISON OF RESULTS WITH LITERATURE DATA 

T h e  propane-n-butane system w a s  studied by  Nyse- 
wander  e t  al.  (7)  and  t h e  propane-n-pentane sys tem 
by  Sage  and  Lacey (9) .  A n  appa ra tus  s imi la r  t o  t h a t  
employed in  th i s  s tudy  w a s  used. In Table  I X  (deposited 
w i t h  A S I S )  a comparison is  made  between the values of 
t h e  tempera ture  and  pressure  a t  t h e  cri t ical  point, maxi- 
mum pressure  point, and  maximum tempera tu re  point 
reported f o r  these  sys tems and  those  found i n  t h i s  s tudy .  
The  ag reemen t  i s  moderately good f o r  both systems, b u t  
noticeably be t t e r  f o r  t h e  propane-n-pentane system. 
Table X (deposited w i t h  A S I S )  compares bubble and  
dew point d a t a  f o r  t h e  propane-n-butane system. The 
dew point pressures  of mix tu res  of low propane  content 
ag ree  moderately well w i th  those found i n  t h i s  s tudy  ; f o r  
mix tu res  of h igh  propane  content,  t h e  agreement  is  less 
sa t i s fac tory .  The  bubble point pressures  show fa i r ly  
la rge  deviations. Th i s  is  due  t o  the  g rea t e r  sens i t iv i ty  of 
t h e  bubble point pressure ,  compared to t h e  dew point 
pressure,  to  small t races  of noncondensable gas in  t h e  
sample. 
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l o w  Temperature Heat Capacities of 15 Inorganic Compounds 

D. R. STULL, D. L. HILDENBRAND,' F. L. OETTING,2 and G .  C. SlNKE 
Thermal Research Laboratory, The Dow Chemical Co., Midland, Mich. 48640 

Smoothed low temperature heat capacities and derived thermodynamic functions 
for KOH, K,CO,, K,SiO,, K,S,O,, KBH,, LiCI, LiBO,, Li,SiO,, MgS, Mg(CO,H),, P,O,,,, 
BPO,, SnSO,, Na,SiF,, and AICI, * 6H,O are presented at even temperatures. Com- 
parisons with literature data indicate the entropies at 298.15O K. are accurate to 
at least 1%. Such values are useful in thermodynamic calculations, as evidenced 
by comparison with estimates based on ion contributions. 

D U R I N G  T H E  P A S T  D E C A D E  and  a half ,  t h e  pi- 
oneer  au tomat ic  ad iaba t ic  low-temperature calorimeter 
described by Stull  ( 1 3 )  w a s  used f o r  t he  measurement  
of t h e  hea t  capacity of a number  of inorganic  solids. 
T h e  precision of measurement  a t t a ined  w i t h  th i s  calo- 
r ime te r  w a s  somewhat  less t h a n  could be achieved wi th  
manually operated appara tus .  Samples used were  t h e  
best  available wi th in  t h e  t i m e  l imi ta t ions  of a n  indus- 
t r i a l  l abora tory  ; in  some cases th i s  mean t  relatively 
low pur i ty  and  i n  o thers  incomplete characterization. 
Heat capacity measurements  a r e  not  highly sensit ive 
t o  impurit ies,  however, and  the  smoothed hea t  capacity 

1 Present address : Douglas Advanced Research Laborato- 
ries, Huntington Beach, Calif. 92647 
2Present address: The Dow Chemical Co., Rocky Flats 
Division, Golden, Colo. 80401 

d a t a  led to  third-law entropies of good accuracy as 
shown by some comparisons wi th  d a t a  f rom o the r  lab- 
oratories.  Therefore,  although the  measurements  may  
not  w a r r a n t  a detailed account of individual d a t a  points,  
smoothed tables of thermodynamic func t ions  at even 
tempera tures  should prove useful i n  thermodynamic 
calculations. 

MATERIALS 

Reagent  g rade  potassium hydroxide w a s  dr ied  under  
vacuum at  425" C. Analysis by  acid t i t r a t ion  indicated 
97.8% K O H  and  2.2% K2C0,. 

Reagent  g rade  potassium carbonate  was  dr ied  at 
300" C. T h e  manufac turer ' s  analysis ind ica t ing  99.97" 
pur i ty  w a s  accepted. 

A sample of potassium metasil icate w a s  prepared f rom 
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stoichiometr ic  amoun t s  of the  dr ied K & 0 3  and  99.9% 
silica by react ion unde r  vacuum a t  1000" C. in  a plati- 
n u m  crucible. Gravimetr ic  analysis  gave 39.0% SiOp 
( theory  38.94%) b u t  acidimetry indicated 97.3% pur i ty .  

Reagent  g r a d e  potassium persu l fa te  was  99.9% pure  
by iodometric t i t ra t ion .  

Potassium borohydride f r o m  Metal Hydrides ,  Inc., 
was 98.1 % pure  by a rgent imet r ic  analysis  (2 ) .  Accord- 
i n g  to  the manufac tu re r ,  the  impur i t ies  included KOH,  
K 2 B 2 0 4 ,  and  methoxy-subst i tuted borohydride groups.  

Reagent  g rade  l i thium chloride was  dr ied at 200" C. 
under  vacuum f o r  several  hours .  T h e  sample analyzed 
83.34% chloride ( theory  83.63%).  T h e  manufac tu re r ' s  
analysis  indicated less t han  0.1% each of sodium and 
potassium. 

L i th ium metabora t e  was  prepared by mixing l i thium 
hydroxide and boric acid in s toichiometr ic  proport ions 
and  hea t ing  to  900" C. f o r  several hours .  Hydrochloric 
acid t i t r a t ion ,  mannitol-base t i t r a t ion ,  and  flame spec- 
t rophotometr ic  sodium analysis  w e r e  bes t  fitted by 
a s suming  99.6% LiBO, wi th  impur i t ies  Li,C0,3, Na,C03, 
and  residual  H 2 0  in about  equal amounts .  

A sample of l i thium metasi l icate  was  prepared f r o m  
reagent  g rade  l i thium carbonate  and 99.9';: silica by 
fusion unde r  vacuum at 1200° C. Gravimetr ic  analysis  
showed 66.7% SiO, ( theory  66 .8%) .  A few t e n t h s  per  
cent potassium was  present  according to flame spectro- 
photometry.  X-ray powder p a t t e r n s  showed only l ines  
due t o  Li2Si03 .  

Magnes ium sulfide was  prepared by passing hydrogen 
sulfide over p u r e  magnes ium t u r n i n g s  a t  900" C. f o r  8 
hours ,  followed by a d r y  n i t rogen  p u r g e  f o r  20 minu tes  
to remove excess su l fur .  T h e  sample analyzed 99.7% 
pure  by iodometric t i t ra t ion  f o r  sulfide ion and 99.9% 
by a n  acidimetr ic  procedure.  

Magnesium f o r m a t e  was  99.3% p u r e  by assay f o r  
f o r m a t e  ion. No o ther  character izat ion was  known or 
a t tempted ,  

Phosphorus  pentoxide analyzed 99.2% pure by acidi- 
met r ic  t i t ra t ion .  The  x- ray  diffraction p a t t e r n  showed 
only lines d u e  to  t h e  hexagonal form.  

A sample of boron phosphate  was  prepared by heat-  
i n g  s toichiometr ic  amoun t s  of boric acid and  phos- 
phoric acid to  d ryness  and  ign i t ing  at l l O O '  C. f o r  sev- 
e ra l  hours .  X- ray  p a t t e r n s  showed only crystal l ine BPO,. 
The  appa ren t  p u r i t y  based on t h e  determinat ion of 
phosphorus by the  phosphomolybdate volumetric method 
was  9 9 . 7 7 ~  and  by the  pyrophosphate grav imet r ic  
method was  99.2%. 

Commercial s t annous  su l fa te  was  analyzed by s tand-  
a r d  methods a s  54.6% S n  ( theory  55.3%) and 44.6G 
su l fa te  ( theory  44.7%).  No f u r t h e r  a t t e m p t s  at char-  
acter izat ion were made. 

F i s h e r  certified r eagen t  sodium fluosilicate was  ana-  
lyzed a s  99.8% p u r e  by t i t r a t ion  of t h e  fluosilicate ion 
w i t h  0.1N sodium hydroxide.  X- ray  powder p a t t e r n s  
agreed wi th  those published by Cox ( 3 ) .  

Reagent  g rade  a luminum chloride hexahydra t e  was  
analyzed a s  11.17% a luminum ( theory  11.17%) and  
43.98% chlorine ( theory  4 4 . 0 6 % ) .  

APPARATUS A N D  PROCEDURE 

T h e  calor imeter  has  been described in detai l  (5 ,  11,  
1 3 ) .  A brief resum6 is given here. Samples were  con- 
tained in a gold-plated copper container  of about  65-cc. 
volume. Re-en t r an t  wells were  provided f o r  a plat inum 
resis tance the rmomete r  ( R ,  = 93 ohms)  and  constantan 
wi re  hea ters .  Silicone grease  provided good thermal  
contact. The  the rmomete r  was  cal ibrated by comparison 

w i t h  plat inum the rmomete r s  cal ibrated a t  the  Nat ional  
Bureau  of S tandards .  Vert ical  copper fins bonded to  t h e  
hea ter  wells provided rap id  hea t  d i s t r ibu t ion  to the  
sample.  One atmosphere of helium g a s  in  the container  
also served a s  a hea t  exchange medium. 

T h e  container  was  surrounded by  a n  ad iaba t ic  copper 
shield. Automatic  control of the  shield was  achieved by 
feeding t h e  output  of Chromel-P ws. constantan thermels  
between sample container  and  shield to one or  more 
servoamplifiers which controlled t h e  shield hea t ing  cur-  
ren t .  Electr ical  power i n p u t  to  the  sample hea ter  was  
obtained by al ternately recording, on a Brown elec- 
t ronic  voltage recorder ,  t h e  potent ia l  drops across the  
sample hea ter  and across cal ibrated s t a n d a r d  resis t -  
ances. T h e  sample t empera tu re  was  recorded continu- 
ously on a Leeds & N o r t h r u p  "high precision" resis tance 
recorder.  A pendulum-operated clock, periodically 
checked aga ins t  a Berkeley T ime  In te rva l  meter ,  Model 
500C, automatically t imed the  dura t ion  of electrical 
hea t  inputs .  Ref r igera t ion  f o r  t h e  calor imeter  was  pro- 
vided by mount ing  t h e  assembly in  t h e  experimental  
cavity of a Collins helium cryostat .  

I n  practice, samples were cooled to t h e  lowest possible 
tempera ture ,  10" to 15"  K., and t h e  experimental  cavity 
was  evacuated. An equi l ibr ium t empera tu re  was  re-  
corded, a n  energy input  was  made  which resulted in  a 
t empera tu re  rise,  and  a final equi l ibr ium t e m p e r a t u r e  
was  recorded. Another  energy input  was  then  car r ied  
out ,  so t h a t  the  en t i re  t empera tu re  r ange  t o  300" K. 
was  continuously covered. The  hea t  capacity of t h e  
empty  container  was  obtained in separa te  ser ies  of 
experiments  a t  var ious t imes.  Determinat ions of t h e  
hea t  capacity of benzoic acid (Calor imetry Conference 
s t a n d a r d )  served a s  a check on performance and agreed 
wi th  s t a n d a r d  values a s  follows: t 3 . 0 7 0  below 20" K., 
'-1.0% f r o m  20 to 30" K., *0.5% f r o m  30 to  80" K., 
and &0.3% f r o m  80 to 310" K. 

All resul ts  a r e  reported in  t e r m s  of the  defined calorie 
= 4.1840 absolute joules and the  ice point i s  t aken  a s  
273.15" K. 

RESULTS 

Smoothed hea t  capacities and the  derived thermo- 
dynamic  funct ions a r e  presented in  Table  I. Experimen- 
ta l  measurements  extended f r o m  at least the  lowest 
t empera tu res  given to  298" K. o r  above. Extrapolat ion 
to  0" K. was  usually by a simple 2'3 law fit of t h e  mea- 
su remen t s  in  t h e  r ange  15" to  30" K. Maximum devia- 
t ion of experimental  points f r o m  t h e  smooth curve w a s  
0.5% f rom 298" K. down to 100" K., then  gradual ly  
increased to  1% a t  50" K. and 10% at 15" K. The  aver- 
a g e  deviation is about  40% of these maximum values. 

Potassium hydroxide values were corrected f o r  the 
presence of 2.2% carbonate .  N o  corrections were  applied 
to  the  r ema in ing  d a t a  because e i ther  they  were not 
necessary o r  they  were of doubtful  significance, since 
impur i t ies  were  not  well character ized.  

Several  t he rma l  anomalies were observed. Po ta s s ium 
hydroxide had a broad A-type t rans i t ion  with a hea t  
capaci ty  peak a t  227.5" K. Potassium borohydride had 
a much sha rpe r  A-type t rans i t ion  wi th  a hea t  capacity 
peak a t  77.0" K. S tannous  su l fa te  exhibited a n  a b r u p t  
j u m p  in the  hea t  capaci ty  a t  165" K. b u t  no t rans i t iona l  
enthalpy was  observed. Sodium fluosilicate showed 
anomalous behavior a s  a bump in  the  hea t  capacity, 
reaching a maximum a t  275" K. The  r ema in ing  com- 
pounds showed the  sigmoid curve typical of inorganic  
solids. 
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Table I. Smoothed Thermodynamic Functions in Gibbs per Mole 

H - HO 
T ,  OK. C, S 

Potassium Hydroxide 
20 0.387 
25 0.756 
30 1.25 
40 2.40 
50 3.62 

60 4.80 
70 5.84 
80 6.73 

100 8.15 
120 9.25 

140 10.15 
160 10.95 
180 11.78 
200 12.89 
210 13.80 

220 15.45 
224 16.79 
227.40 18.85 
229 16.15 
230 15.63 

234 15.25 
240 15.15 
260 15.21 
280 15.34 
298.15 15.51 

0.129 
0.253 
0.433 
0.947 
1.61 

2.38 
3.20 
4.04 
5.70 
7.29 

8.78 
10.19 
11.53 
12.82 
13.47 

14.14 
14.43 
14.70 
14.82 
14.89 

15.15 
15.54 
16.75 
17.88 
18.85 

Potassium Carbonate 
16 0.465 
20 0.885 
25 1.69 
30 2.83 
40 5.61 

50 8.30 
60 10.74 
70 12.89 
80 14.67 

100 17.30 

120 19.18 
140 20.65 
160 21.85 
180 22.85 
200 23.70 

220 24.49 
240 25.26 
260 25.97 
280 26.72 
298.15 27.35 

0.161 
0.306 
0.584 
0.987 
2.18 

3.72 
5.45 
7.28 
9.12 

12.69 

16.02 
19.09 
21.93 
24.56 
27.01 

29.31 
31.47 
33.52 
35.47 
37.17 

T 

0.095 
0.188 
0.323 
0.695 
1.16 

1.67 
2.19 
2.71 
3.66 
4.50 

5.25 
5.91 
6.52 
7.09 
7.39 

7.71 
7.86 
8.01 
8.07 
8.10 

8.23 
8.40 
8.92 
9.38 
9.74 

0.120 
0.228 
0.435 
0.733 
1.60 

2.68 
3.82 
4.97 
6.07 
8.07 

9.77 
11.22 
12.48 
13.58 
14.55 

15.41 
16.20 
16.93 
17.60 
18.17 

15 
20 
25 
30 
40 

50 
60 
70 
80 

100 

120 
140 
160 
180 
200 

Potassium Metasilicate 
0.530 0.180 0.133 
1.09 0.404 0.300 
1.88 0.729 0.532 
2.82 1.15 0.833 
4.94 2.25 1.60 

7.08 3.59 2.48 
9.11 5.06 3.42 

10.83 6.59 4.35 
12.43 8.15 5.27 
15.12 11.22 6.98 

17.34 14.18 8.53 
19.24 17.00 9.92 
20.88 19.68 11.19 
22.25 22.22 12.35 
23.47 24.63 13.40 

Potassium Metasilicate 
220 24.54 26.92 14.36 
240 25.55 29.09 15.25 
260 26.52 31.18 16.08 
280 27.46 33.18 16.86 
298.15 28.30 34.93 17.53 

Potassium Persulfate 
15 1.59 0.568 0.421 
20 3.18 1.23 0.905 
25 5.12 2.14 1.55 
30 7.28 3.27 2.32 
40 11.59 5.97 4.11 

50 15.55 8.99 6.01 
60 18.94 12.13 7.89 
70 21.80 15.27 9.68 
80 24.22 18.34 11.35 

100 28.20 24.20 14.34 

120 31.45 29.63 16.93 
140 34.24 34.70 19.21 
160 36.80 39.44 21.25 
180 39.27 43.91 23.11 
200 41.56 48.17 24.85 

220 43.66 52.23 26.46 
240 45.73 56.12 27.98 
260 47.66 59.86 29.42 
280 49.45 63.46 30.79 
298.15 50.93 66.61 31.97 

Potassium Borohydride 
15 0.175 0.077 0.040 
20 0.554 0.177 0.120 
25 1.04 0.351 0.252 
30 1.60 0.589 0.430 
40 2.88 1.22 0.878 

50 4.28 2.01 1.42 
60 5.82 2.93 2.02 
70 7.27 3.94 2.67 
80 8.58 5.68 3.99 

100 10.42 7.80 5.10 

120 12.08 9.85 6.12 
140 13.56 11.82 7.08 
160 14.96 13.72 7.98 
180 16.29 15.56 8.83 
200 17.60 17.35 9.64 

220 18.94 19.09 10.43 
240 20.26 20.79 11.19 
260 21.52 22.46 11.94 
280 22.66 24.10 12.66 
298.15 23.50 25.55 13.30 

Lithium Chloride 
15 0.044 0.017 0.012 
20 0.131 0.038 0.029 
25 0.334 0.087 0.068 
30 0.58 0.168 0.131 
40 1.31 0.426 0.327 

50 2.24 0.815 0.613 
60 3.23 1.31 0.966 
70 4.18 1.88 1.36 
80 5.08 2.50 1.77 

100 6.62 3.80 2.59 

120 7.77 5.12 3.36 
140 8.68 6.39 4.06 
160 9.38 7.59 4.68 
180 9.90 8.73 5.24 

T ,  K. 

200 

220 
240 
260 
280 
298.15 

15 
20 
25 
30 
40 

50 
60 
70 
80 

100 

120 
140 
160 
180 
200 

220 
240 
260 
280 
298.15 

30 
40 
50 
60 
80 

100 
120 
140 
160 
180 

200 
220 
240 
260 
280 
298.15 

15  
20 
25 
30 
40 

50 
60 
70 
80 

100 

120 
140 
160 
180 
200 

220 

CP 5 

Lithium Chloride 
10.32 9.80 

10.67 10.80 
10.97 11.74 
11.21 12.63 
11.40 13.46 
11.58 14.19 

Lithium Borate 
0.051 0.013 
0.138 0.039 
0.261 0.082 
0.418 0.143 
0.833 0.317 

1.35 0.557 
1.94 0.855 
2.55 1.20 
3.19 1.58 
4.50 2.43 

5.79 3.37 
7.02 4.35 
8.19 5.37 
9.28 6.40 

10.31 7.43 

11.27 8.46 
12.17 9.48 
13.00 10.48 
13.77 11.48 
14.43 12.36 

Lithium Metasilicate 
0.220 0.073 
0.740 0.203 
1.46 0.442 
2.34 0.785 
4.35 1.73 

6.60 2.94 
8.91 4.35 

11.18 5.89 
13.30 7.53 
15.30 9.21 

17.09 10.92 
18.73 12.62 
20.19 14.32 
21.49 15.98 
22.68 17.62 
23.68 19.08 

Magnesium Sulfide 
0.029 0.010 
0.068 0.023 
0.133 0.045 
0.229 0.076 
0.656 0.195 

1.31 0.409 
2.14 0.721 
2.99 1.12 
3.87 1.57 
5.42 2.61 

6.67 3.71 
7.67 4.82 
8.46 5.89 
9.10 6.93 
9.59 7.91 

9.98 8.85 

H - HO 
T 

5.72 

6.16 
6.55 
6.90 
7.21 
7.47 

0.013 
0.032 
0.065 
0.110 
0.237 

0.406 
0.612 
0.845 
1.10 
1.65 

2.23 
2.83 
3.43 
4.02 
4.60 

5.16 
5.71 
6.24 
6.75 
7.19 

0.057 
0.158 
0.344 
0.602 
1.28 

2.12 
3.06 
4.06 
5.08 
6.11 

7.12 
8.10 
9.05 
9.96 

10.82 
11.58 

0.007 
0.015 
0.032 
0.057 
0.148 

0.312 
0.548 
0.837 
1.16 
1.86 

2.56 
3.22 
3.83 
4.38 
4.88 

5.32 
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Table I. (Continued) 

H - HO 
T ,  OK. C, S T 

Magnesium Sulfide 
240 10.29 9.73 5.73 
260 10.52 10.56 6.09 
280 10.72 11.35 6.41 
298.15 10.89 12.03 6.68 

Magnesium Formate 
15 0.485 0.150 0.120 
20 0.948 0.350 0.265 
25 1.53 0.622 0.460 
30 2.21 0.959 0.693 
40 3.84 1.81 1.27 

50 5.70 2.87 1.97 
60 7.62 4.08 2.75 
70 9.49 5.40 3.58 
80 11.31 6.79 4.44 

100 14.55 9.67 6-15 

120 17.31 12.57 7.78 
140 19.64 15.42 9.31 
160 21.65 18.18 10.73 
180 23.35 20.83 12.04 
200 24.84 23.37 13.25 

220 26.15 25.79 14.36 
240 27.37 28.12 15.40 
260 28.52 30.36 16.36 
280 29.66 32.51 17.27 
298.15 30.66 34.41 18.06 

Phosphorus Pentoxide 
15 2.73 1.17 0.89 
20 4.60 2.22 1.59 
25 6.27 3.43 2.36 
30 7.58 4.69 3.13 
40 8.97 7.06 4.42 

50 10.38 9.22 5.47 
60 11.56 11.21 6.38 
70 13.30 13.12 7.24 
80 15.14 15.02 8.12 

100 18.65 18.76 9.86 

120 22.63 22.52 11.66 
140 26.46 26.30 13.50 
160 30.18 30.08 15.36 
180 33.71 33.83 17.20 
200 37.13 37.57 19.03 

220 40.34 41.26 20.82 
240 43.33 44.90 22.57 
260 46.21 48.48 24.28 
280 49.05 52.01 25.95 
298.15 51.56 55.17 27.43 

T, K. 

15 
20 
25 
30 
40 
50 
60 
70 
80 

100 
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220 
240 
260 
280 
298.15 

15 
20 
25 
30 
40 

50 
60 
70 
80 

100 

120 
140 
160 
180 
200 

220 
240 
260 
280 

c, S 

Boron Phosphate 
0.079 0.026 
0.158 0.059 
0.282 0.107 
0.465 0.173 
0.949 0.371 
1.54 0.644 
2.19 0.982 
2.87 1.37 
3.79 1.80 
5.11 2.76 
6.68 3.83 
8.24 4.98 
9.76 6.18 

11.24 7.42 
12.65 8.67 

14.01 9.94 
15.31 11.22 
16.55 12.49 
17.73 13.76 
18.75 14.91 

Stannous Sulfate 
0.932 
1.71 
2.61 
3.62 
5.73 

7.51 
9.10 

10.41 
11.65 
13.65 
15.31 
16.77 
18.25 
19.92 
21.11 

22.25 
23.27 
24.23 
25.17 

298.15 26.00 

0.339 
0.710 
1.19 
1.75 
3.09 

4.56 
6.08 
7.58 
9.05 

11.88 
14.52 
16.99 
19.32 
21.58 
23.74 

25.80 
27.78 
29.68 
31.51 
33.12 

Sodium Fluosilicate 
15 0.75 0.262 
20 1.67 0.595 
25 2.76 1.08 
30 3.98 1.69 
40 6.36 3.16 

H - HO 
T 

0.020 
0.043 
0.078 
0.127 
0.269 
0.463 
0.696 
0.957 
1.24 
1.86 
2.53 
3.24 
3.96 
4.69 
5.41 

6.13 
6.84 
7.54 
8.23 
8.84 

0.253 
0.517 
0.843 
1.22 
2.09 

3.00 
3.89 
4.73 
5.52 
6.96 
8.22 
9.33 

10.35 
11.33 
12.25 

13.11 
13.91 
14.67 
15.38 
16.00 

0.193 
0.440 
0.792 
1.22 
2.21 

T, K. 
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240 
250 
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279 
280 
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CP 5 

Sodium Fluosilicate 
8.77 

11.15 
13.47 
15.70 
19.75 

23.47 
26.92 
30.08 
32.92 
35.38 

37.70 
39.89 
40.91 
41.44 
42.16 

43.10 
43.88 
44.25 
44.12 
43.93 

43.62 
43.36 
43.37 
44.11 

298.15 44.71 

4.84 
6.65 
8.54 

10.49 
14.44 

18.37 
22.25 
26.06 
29.77 
33.36 

36.84 
40.22 
41.87 
42.68 
43.50 

44.31 
45.12 
45.93 
46.09 
46.25 

46.41 
46.57 
46.72 
48.26 
49.49 

H - HO 
T 

3.28 
4.39 
5.53 
6.66 
8.88 

11.00 
13.04 
14.97 
16.81 
18.55 

20.18 
21.74 
22.48 
22.85 
23.21 

23.58 
23.95 
24.32 
24.39 
24.46 

24.53 
24.60 
24.66 
25.32 
25.84 

Aluminum Chloride Hexahydrate 
16 1.73 0.69 0.50 
20 2.88 1.19 0.86 
25 4.85 2.03 1.45 
30 6.60 3.07 2.16 
40 10.44 5.49 3.75 

50 14.21 8.23 5.47 
60 17.68 11.13 7.22 
70 20.94 14.10 8.95 
80 24.02 17.10 10.64 

100 29.79 23.09 13.90 

120 34.92 28.99 16.99 
140 39.78 34.73 19.89 
160 44.48 40.36 22.68 
180 49.18 45.86 25.36 
200 53.48 51.27 27.96 

220 57.45 56.56 30.46 
240 61.20 61.72 32.87 
260 64.71 66.76 35.18 
280 67.95 71.67 37.41 
298.15 70.79 76.03 39.36 

DISCUSSION 

Shir ley ( 1 2 )  reported hea t  capaci ty  d a t a  on LiCl 
which a r e  in good ag reemen t  with t h e  present  work  
over  most  of t h e  t e m p e r a t u r e  r a n g e  s tudied ,  The calcu- 
lated en t ropy  at 298.15" K. given by Shir ley is 14.17 
gibbs per  mole compared to  14.19 given here .  F u r u k a w a  
e t  al. ( 4 )  published d a t a  f o r  KBH, which aga in  a r e  in  
reasonable ag reemen t  wi th  the  present  work  ; o u r  en- 
t ropy  a t  298.15" K. i s  25.55 gibbs per  mole compared 
to  25.40 derived by  F u r u k a w a  e t  al. T h e  t empera tu re  
and enthalpy of t rans i t ion  reported by F u r u k a w a  e t  al., 
77.16" K. and  53.8 cal. per  mole, a r e  in  good ag reemen t  
w i t h  77.0" K. a n d  52.8 cal. per  mole found here. 

Thermal  d a t a  given here  may  differ f rom quoted pre-  
l iminary  values ( 1 ,  6, 7 ,  9 )  because of reassessment  and 

recalculations. In par t icu lar ,  values for  phosphorus 
pentoxide communicated to  Andon e t  al. ( 1 )  were  con- 
s iderably in  e r r o r  d u e  t o  use of a n  outdated empty  
calor imeter  cal ibrat ion.  [This  is  also the  reason f o r  
discrepancies between the  d a t a  f o r  a luminum chloride 
quoted by Kelley and King  (9) and recent  work of 
Jus t ice  (8) 1. Based on comparison wi th  l i t e ra ture  
values a s  well a s  in t ra labora tory  checks, i t  is  es t imated 
t h a t  t h e  third- law entropies  a t  298.15" K. reported here  
a r e  accurate  t o  at least  1%. Entropies  of th i s  accuracy 
a r e  useful  in  thermodynamic  calculations, a s  evidenced 
by comparison w i t h  es t imates  based on t h e  tables  of 
ionic contr ibut ions listed by La t imer  (IO). As shown 
in  Table  11, t h e  average deviation i s  10% and in only 
one case is  the  es t imate  within 1% of the  measured 
entropy . 
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Table II. Measured and Estimated Entropies at 298.15” K. 
in Gibbs per Mole 

Compound 

KOH 
&COX 
K2Si03 
LiCl 
Li2Si03 
MgS 
SnSO, 
AlCls .6H20 

S 0298 Measured 

18.85 
37.17 
34.93 
14.19 
19.08 
12.03 
33.12 
76.03 

S 029R Estimated 

14.2 
33.6 
35.2 
13.5 
23.8 
12.6 
30.3 
82.5 

7; Diff. 

-24.7 
- 9.6 

0.8 
-4.9 
24.7 
4.7 

-8.5 
8.5 
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Volumetric Behavior of a Polar-Nonpolar Gas Mixture: 

T ri fl u or0 m et h a n e-Te t r a fl u or0 m et h a ne Sys te m 

HOWARD B. LANGE, JR.,l and  FRED P. STEIN 
Department of Chemical Engineering, Lehigh University, Bethlehem, Pa. 1801 5 

Compressibility factors were determined for the polar-nonpolar gaseous system, 
CF,H-CF,, for six compositions at temperatures between -30° and 9 5 O  C., and at 
temperatures as low as -70° C. for CF,. The data extend to pressures as high as 
1238 p.s.i.a. and are accurate to better than one part per thousand. Values are 
given for the constants in the Martin-Hou equation of state which correlate the 
volumetric data with average deviations of less than 0.5% for the pure components 
and 1.1% for the mixtures. Second and third virial coefficients were determined 
from the data; the virial coefficients for the pure gases and the interaction virial 
coefficients are presented. Intermolecular-potential-function parameters are given 
for CF,, which correlate the second virial coefficient for this gas within i t s  experi- 
mental uncertainty between -70° and 500° C. 

THE A P P A R E N T  N E E D  f o r  volumetric da t a  on g a s  
mix tu res  conta in ing  polar components, as well a s  a 
need f o r  such d a t a  to in t e rp re t  some vapor-liquid equi- 
l ib r ium da ta  (181, prompted the  de te rmina t ion  of t h e  
volumetric behavior of t h e  CF,H-CF, system. Of t h e  
available methods of volumetric measurement ,  t h e  Bur -  
n e t t  method w a s  selected as hav ing  the bes t  combination 
of accuracy and  efficiency. 

The  B u r n e t t  method is  a n  isothermal exper iment  i n  
which successive portions of a t e s t  gas, confined i n  a 
p r imary  chamber,  a r e  allowed t o  expand in to  a secon- 
d a r y  chamber ,  which i s  discharged and  evacuated a f t e r  
each expansion. F o r  each expansion, comparison of t h e  
r a t io  of t h e  pressures  before  and  a f t e r  t h e  expansion 
t o  the  known volume ra t io  of t h e  two  chambers  indi-  

1 Present address, Babcock and Wilcox Co., Research Center, 
Alliance, Ohio 44601 

ca tes  t h e  nonideality of t h e  tes t  gas.  T h e  B u r n e t t  
method has  been described in  detail  ( I ,  1 3 ) .  

EXPERIMENTAL 

T h e  experimental  p ressures  were  measured by  bal- 
anc ing  a hydraulic pressure  genera ted  by  a dead-weight 
gage  aga ins t  t h e  test-gas pressure,  us ing  a sensit ive 
differential-pressure t ransducer  (DP-cell) . T h e  l a t t e r  
employed a t h i n  metallic d iaphragm,  t h e  position of 
which was  sensed by a magnetic-reluctance circuit .  T h e  
pressure-measurement system had  a sens i t iv i ty  of 0.001 
p.s.i. and  an over-all accuracy of 0.01 p.s.i. T h e  test-gas 
pressure  w a s  continually monitored on a recorder,  ex- 
cept du r ing  and  immediately following expansions,  as a 
check f o r  leaks and  as evidence of t h e  res tora t ion  of 
thermal  equilibrium a f t e r  each expansion. 
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