
ACKNOWLEDGMENT 

We are indebted t o  B. Y. Lew, J. H. Blackburn, 
Michael Cowperthwaite, M. E. Hill, and  R. W. Woolfolk, 
S tanford  Research Inst i tute ,  f o r  helpful discussion. 

(12) Pitzer, K. S., Brewer, L., “Thermodynamics,” by G. N. 
Lewis and M. Randall, 2nd ed., p, 109, McGraw-Hill, 
New York, 1961. 

(13) Ramsay, J. B., Popolato, A., 4th Symposium on Det- 
onation, ACR-126, sponsored by U. S. Naval Ordnance 
Laboratory in cooDeration with Office of Naval Re- 

LITERATURE CITED 

Campbell, A. W., Davis, W. C., Travis, J. R., Phys. 
Fluids 4, 498 (1961). 
Cubicciotti, D., Eding, H., J. CHEM. ENG. DATA 10, _. 
345 (1965). 
Enig, J. W., Petrone, F. J., Phys .  Fluids 9, 398 (1966). 
Evans. M. W.. J .  Chem.  Phws. 36. 193 (1962). 
Gibson, F. C.,’ Watson, R. Hay, J: E., Summers, 
C. R., Ribovich, J., Scott, F. H., Quarterly Report, 
U. S. Dept. Interior, Bur. Mines, Pittsburgh, Pa., pre- 
pared for  Bur. Naval Weapons, Order 19-65-8023- 
WEPS,  1964. 
Goettelman, R. C., Evans, M. W., Nature  198, 679 
(1963). 
Hubbard, H. W., Johnson, M. H., J .  A p p l .  Phys.  30, 
765 (1959). 
Kretschmar, G. G., Je t  Propulsion 24, 379 (1954). 
Jones, W. M., Giauque, W. F., J .  Am. Chem. SOC. 69, 
983 (1947). 
Lipkin, M. R., Davidson, J. A., Harvey, W. T., Kurtz, 
S. S., I n d .  Eng. Chem.  16, 55 (1944). 
Mader, C. L., personal communication t o  Enig and 
Petrone, quoted in (3). 

search, Dept. of Ngvy, Washington, D. C., Oct. 12-15, 
1965, p. 233. 
Rohm and Haas, Report P-63-9, Contract Nos. DA-01- 
021-ORD-11878 and 11879, “Process Research,” June 
17, 1963. 
Rowlinson, J. S., “Liquids and Liquid Mixtures,” pp. 
14, 37, Academic Press, New York, 1959. 
Schmidt, D. N., Linde, R. K., Stanford Research Insti- 
tute, SRI Project PGU 6127, Contract A F  261601)- 
7236, Tech. Rept. AFWL-TR-68-33 (July 1968). 

(17) Shaw, R., J. CHEM. ENG. DATA 14,461 (1969). 
(18) Timmermans, J., Martin, F., J .  Chem. Phys.  23, 747 

(1926). 
(19) Toops, E.  E., J .  Phys .  Chem. 60, 304 (1956). 
(20)  Wojciechowski, M., J .  Res. Natl.  Bur. S t d .  19, 347 

(1937). 
(21)  Worthing, A. G., Halliday, D., “Heat,” p. 135, Wiley, 

New York, 1948. 

(14) 

(15) 

(16) 

RECEIVED f o r  review December 11, 1968. Accepted September 
18, 1969. Work supported by the Office of Naval Research 
under Contract Nonr 3760 (00) .  

Solubility of Lithium Bromide in Water between 

-500 and +lo00 C. (45 to 70% Lithium Bromide) 

DANIEL A. BORYTA 
Research & Engineering Laboratories, Foote Mineral Co., Exton, Pa. 19341 

The solubility curve between 45 and 70 weight % lithium bromide was studied 
and compared with published results. Solubility measurements were in good agree- 
ment with reported values obtained using the same technique. The addition of a 
small amount of lithium hydroxide or hydrogen bromide has a minimal effect on 
the solubility of lithium bromide. 

T H E  SOLUBILITY of l i thium bromide i n  w a t e r  has 
been studied by many invest igators  as listed by Linke 
and Seidell ( 6 ) ,  who point out  t h a t  there  is poor agree-  
ment  among published values, especially in the  range  of 
interest  to  t h e  air-conditioning field (2, 9 ) .  T h e  spread  
of these values is  demonstrated in  F i g u r e  1, which illus- 
t r a t e s  why th is  system has  remained a subject  f o r  
cont inuing research. 

The  present  s tudy  a t tempts  to define t h e  solubility 
curve, correlate  t h e  resul ts  with l i t e ra ture  values, and  
show the  effects of a small excess of l i thium hydroxide 
and hydrogen bromide on t h e  solubility, in  the tempera-  
t u r e  range  between -50” and  f100”  C. which encom- 
passes a concentration of 45 and 75 weight  % lithium 
bromide. 

EXPERIMENTAL 

P u r e  L i B r  w a s  prepared i n  solution f r o m  certified 
ACS HBr ( F i s h e r  Scientific Go.) and spectrographically 

pure  Li,CO, (Foote  Mineral Co.) . Recrystallized LiOH . 
H 2 0  o r  H B r  was  added to ad jus t  t h e  p H  to 7. T h e  p H  of 
t h e  neut ra l  b r ine  was  measured on a diluted sample (1 
p a r t  of br ine  to  10 p a r t s  of distilled w a t e r ) ,  The  desired 
concentration was finally obtained by evaporation o r  
addition of water  to  ensure t h e  presence of both a solid 
and a liquid phase. The  bromide ion concentration i n  
t h e  sa tura ted  solution w a s  determined by  t i t ra t ion  tech- 
niques using s tandardized silver n i t r a t e  and potassium 
chromate as a n  indicator. 

The  solubility technique involved main ta in ing  the  
solid and liquid phase together  in  a sealed polypropylene 
container  submerged i n  a constant  tempera ture  ba th  f o r  
a minimum of 3 hours, with s t i r r ing .  Samples main- 
ta ined a t  constant  temperature  f o r  a longer t ime (15 
hours)  did not  give different values, indicating t h a t  
equilibrium w a s  at ta ined.  A f t e r  t h e  3-hour period, t h e  
tempera ture  of t h e  mixture  was  measured at  1-hour 
intervals using copper-constantan thermocouples and  a 
Wheats tone br idge.  
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Before the  liquid phase was  sampled, s t i r r i n g  was  
stopped and  solids were allowed to  sett le.  T h e  clear 
solution was  t r ans fe r r ed  rapidly t o  a weighing bottle 
us ing  a pipet.  Mixtures  maintained above room tem- 
pe ra tu re  were  sampled wi th  a heated pipet to  prevent 
crystallization f rom the  sa tu ra t ed  solution. Th i s  pre- 
caution assures  t h a t  the  sample weighed fo r  analysis is 
representative of t he  solution main ta ined  at constant 
tempera ture .  Three  samples were  taken  for  each deter-  
mination, weighed in  sealed weighing bottles, diluted,  
and  t i t ra ted.  

RESULTS AND DISCUSSION 

I n  F i g u r e  1 the  results given in  Table I compare 
favorably wi th  the  published solubility da t a  of Kessis 
( 5 ) .  T h e  breaks  in  the curve a r e  due to the  changes in  
the  composition of t h e  solid phases-i.e., L iBr  . 5 H 2 0  * 
LiBr  . 3H,O a t  -51.2" C. and 45.7% LiBr ,  L i B r .  3H,O * LiBr  . 2 H 2 0  a t  2.9" C. and 58.2% LiBr ,  and  L iBr  . 
2 H 2 0  LiBr  . H,O at 42.8" C. and  64.7% LiBr  ( 5 ) .  A 
small amount  of l i thium hydroxide o r  hydrogen bromide 
in  solution is shown in Table I1 t o  have a negligible 
effect on the  solubility. 

Linke and  Seidell (6) showed concern fo r  t he  lack of 
reproducibil i ty for  solutions sa tu ra t ed  wi th  l i thium bro- 
mide d ihydra te  between 5" and 35" C. Special emphasis  
w a s  given t o  t he  fact  t h a t  t h e  solubility determination 
by Scot t  and  Durham (8) a t  25" C. (60.4% L i B r )  i s  in  
considerable disagreement  w i t h  the  o ther  results re- 
ported.  The  da ta  listed by Linke and Seidell a r e  illus- 
t r a t ed  in  F igu re  1, which shows Scott 's  determination 
t o  be in  agreement  wi th  the  present  study. 

Lack of consistency may be due  to the  different tech- 
niques each au tho r  used to  overcome the  tendency of 
sa tura ted  l i thium bromide solutions to  supercool, and  
methods of de te rmining  t h e  l iquidus t empera tu re  upon 
hea t ing  a f t e r  the  solid phase had formed (1, 3 ,  4 ) .  

Solubility determinations at constant tempera ture ,  a s  
opposed to  the  melting point technique, have been shown 
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to  be consistent wi th  one another  ( 5 ,  8) .  This  technique 
ensures  t h a t  equilibrium is  reached between the  solid 
and liquid phases. 

T h e  cooling curve method of de te rmining  the  sa tu ra -  
t ion tempera ture  recently used by Maust  ( 7 )  considers 
t he  supercooling property of L iBr  solutions. T h e  two 
samples studied gave sa tura t ion  tempera tures  of 31.83" 

~~ 

Table I. Solubility of Pure LiBr in Water 

Temp., S. D.a LiBr, S. D.a 
c. Wt. 7c 

-53.61 
-49.32 
-42.12 
-36.32 
-32.96 
-29.17 
-25.24 
-16.11 
-13.47 
- 8.94 
- 4.54 + 1.11 

5.10 
9.93 

18.99 
24.29 
33.14 
38.26 
44.27 
50.35 
57.58 
63.42 
70.90 
71.6gh 
82.68 
83.11* 
91.36 
91.82b 

102.02 
101.05b 

0.12 
0.09 
0.19 
0.58 
0.27 
0.20 
0.11 
0.16 
0.05 
0.04 
0.01 
0.13 
0.15 
0.03 
0.06 
0.07 
0.05 
0.19 
0.10 
0.03 
0.02 
0.06 
0.21 
0.05 
0.11 
0.08 
0.08 
0.03 
0.05 
0.04 

45.20 
48.03 
49.63 
50.09 
50.50 
51.20 
51.70 
51.95 
53.70 
54.75 
55.92 
56.81 
57.22 
58.08 
58.67 
60.63 
62.50 
63.96 
65.17 
65.82 
66.16 
66.55 
67.37 
67.39 
68.32 
68.27 
68.99 
69.05 
70.08 
70.04 

a Standard deviation. 
b Separate determinations on different sample. 

0.11 
0.07 
0.56 
0.53 
0.12 
0.47 
0.11 
0.17 
0.07 
0.18 
0.09 
0.55 
0.12 
0.13 
0.02 
0.11 
0.08 
0.01 
0.09 
0.07 
0.04 
0.16 
0.15 
0.09 
0.11 
0.16 
0.06 
0.08 
0.19 
0.19 

Table (I. Solubilitv of LiBr in Solutions Containing 

Sample 

Aa 
Bb 
Cc 
Dd 
Ee 

A 
B 
C 
D 
E 

A 
B 
C 
D 
E 

Small Amounts of 

Temp., O C. %LiOH 

43.19 
43.28 
43.27 
43.29 0.11 
43.32 0.27 

10.34 
10.34 
10.39 
10.33 0.14 
10.34 0.23 

-20.47 
-20.64 
-20.33 
-20.49 0.07 
-20.55 0.21 

HBr or LiOH 

%HBr 
. . .  
. . .  

0.17 
. . .  
. . .  

. . .  

. . .  
0.36 
. . .  
. . .  

. . .  

. . .  
0.12 
. . .  
. . .  

%LiBr 

64.3 
64.1 
63.7 
63.8 
63.7 

58.2 
58.1 
57.8 
58.0 
58.4 

51.6 
51.6 
51.6 
51.5 
51.4 

a Prepared from standard Li2C03. 
b Prepared from spectrographically pure LilCOs (Foote Mineral 
CO.). 
c Excess H+. 
dExcess OH-. 
e Excess OH-. 
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and 59.6” C. f o r  62.38 and  66.2% L i B r  i n  water, respec- 
tively, in  agreement  w i t h  t h e  present  solubility s tudy.  
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Liquid Hydrogen Sulfide in Contact with Sulfur 

J. J. SMITH, DAN JENSEN, and BEAT MEYER 
Chemistry Department, University of Washington, Seattle, Wash. 98105 

Sulfur in contact with liquid hydrogen sulfide at equilibrium pressure was studied 
between -Sl0 and 120° C. The solubility of solid sulfur i s  5 X 10-6 mole of 5, 
per gram of H,S at -SOo C. and 5 X 10-5 at E O 0  C. Over this range, log solu- 
bility vs. 1/T gives a straight line. From a least squares analysis of the data, 
AH, = 2.1 F 0.1 kcal. per mole. From SOo to -SOo C., the solubility can be repre- 
sented by log S = -4.52 X IO2 - 3.00. In contact with liquid H,S, sulfur melts at 

9S0 C., below the critical point of H,S. The melting point depression of sulfur i s  
about 20° C., indicating that H,S dissolves appreciably in solid sulfur. NMR spectra 
show that no detectable chemical reaction occurs up to 120° C. Photolysis yields a 
white, finely powdered precipitate, probably photosulfur, which redissolves or con- 
verts to orthorhombic sulfur within 4 weeks after irradiation; no sulfanes are formed. 
Slow reaction occurs between liquid sulfur and gaseous H,S above 150° C. 

T 

THE MUTUAL SOLUBILITY of su l fur  and  hydrogen 
sulfide has  been studied under  three  conditions : gaseous 
hydrogen sulfide and  liquid s u l f u r ;  solid su l fur  a n d  
gaseous hydrogen sulfide; and  solid su l fur  and liquid 
hydrogen sulfide. I n  the  first system, Fanelli ( 4 )  ob- 
served t h a t  the  solubility of hydrogen sulfide goes 
through a maximum between 150” and 200” C. In th is  
range  pure  liquid su l fur  undergoes a marked viscosity 
change and  i t s  color t u r n s  f r o m  yellow to red. T h e  
presence of hydrogen sulfide suppresses t h e  viscosity 
increase. 

I n  recent years, Hyne  and  coworkers ( 5 )  and Wie- 
wiorowski and  T u r r o  ( 1 5 ,  1 6 ) ,  using N M R  and inf ra red  
spectra, established t h a t  the  solution undergoes a slow 
chemical reaction, yielding long sulfane chains  of un- 
known length. I n  a s tudy  ( 1 4 )  of su l fur  solubility in  
gaseous hydrogen sulfide a t  pressures  between 40 and 
400 atm., resul ts  indicate increased su l fur  t ranspor t  by  
high pressure gas. It is  not yet  established whether  
sulfanes form.  I n  t h e  present  work  o u r  a t ten t ion  is 
directed towards t h e  system liquid hydrogen sulfide- 
solid su l fur ,  which h a s  been least studied. Several pub- 
lications (1, 3,  6, 7, 1 1 )  before 1934 mention i t  in  a 

vague fashion, without  report ing numerical da ta .  No 
recent d a t a  a r e  available. 

The  purpose of t h e  present  s tudy  i s  t o  determine t h e  
general behavior of t h e  system, r a t h e r  t h a n  t o  record 
very accurate  data .  T h r e e  types of experiments  were 
performed,  t o  establish solubility limits, t o  explore t h e  
critical region of H,S i n  t h e  presence of sulfur ,  and t o  
s tudy  possible reactions and reaction products, especially 
sulfanes. 

EXPERIMENTAL 

Dried Matheson C.P. g rade  hydrogen sulfide w a s  
condensed into a reservoir bulb and  vacuum-distilled 
into the  sample tubes. High  pur i ty  filtered su l fur  
(99.99%) was  donated by  t h e  Freepor t  Sulphur  Co. 

F o r  t h e  solubility determinat ion,  su l fur  was mea- 
sured into a glass tube  6 cm. long and 6 mm. in  o.d., 
which was  then connected to  a vacuum system. A f t e r  
evacuation, a known amount  of hydrogen sulfide w a s  
condensed i n  t h e  tube at  77” K., and  t h e  tube  w a s  evacu- 
a ted and sealed. The  elemental su l fur  content w a s  deter- 
mined i n  e i ther  of two ways :  Sul fur  crystals  were 
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